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Abstract

Abstract
This PhD dissertation focuses on the characterization of atmospheric aerosols
properties during day- and night-time combining active and passive remote sensing
measurements. The study provides both column-integrated and vertically resolved
aerosol properties.
The key for this thesis is the combination of advanced ground-based remote
sensing instrumentation. By one hand, it is used a multiwavelength Raman lidar that
which measures both elastic and Raman signals, therefore, independent backscatter
and extinction profiles can be calculated. The system operates twice a week in the
frame of ACTRISE - ARLINET (Aerosols, Clouds, and Trace gases Research
InfraStructure Network - European Aerosol Research LIdar NETwork) and more
intensively during special field campaigns. But due to the low signal-to-noise ratio
Raman measurements are only available during night-time, being the daytime
measurements based on the use of multiwavelength elastic measurements.
Additionally, continuous measurements during the entire year have been registered
with a ceilometer in the infrared range. Finally, sun/sky photometry was used to
obtain direct estimation of aerosol optical properties during daytime and lunar
photometry for direct estimation of spectral aerosol optical depths during night-time.
Experimental

measurements

used

were

collected

during

ChArMEx/ADRIMED (Chemistry-Aerosol Mediterranean Experiment/Aerosol
Direct Radiative Impact on the regional climate in the MEDiterranean region) field
campaign in 2013, and during SLOPE I (Sierra Nevada Lidar AerOsol Profiling
Experiment) field campaign in 2016. Both field campaigns were developed at the
Andalusian Global ObseRvatory of the Atmosphere (AGORA) that deployed
instrumentation at three different sites at different altitudes near the city of Granada
1
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(Southeastern Spain): the UGR station located at Andalusian Institute for Earth
System Research (IISTA-CEAMA) in the city at 680 m a.s.l.; and two mountain
stations located at short distance in Sierra Nevada mountains: Cerro Poyos (CP)
station at 1820 m a.s.l. and Sierra Nevada Station (SNS) at 2500 m a.s.l..
The atmospheric aerosol properties analyzed in this thesis are mainly
retrieved by Generalized Retrieval of Aerosol and Surface Properties algorithm
(GRASP), which was developed in the Laboratoire d’Optique Atmosphérique, Lille
(France). GRASP is a versatile and flexible algorithm for the retrieval of aerosol
microphysical properties from their optical properties, and in this thesis, it uses the
combination of sun/sky photometer with lidar measurements to retrieve enhanced
columnar aerosol microphysical properties that allow the separation between fine
and coarse mode properties, and also vertically-resolved microphysical properties.
The retrievals from GRASP algorithm are evaluated versus in-situ airborne
measurements during ChArMEx/ADRIMED field campaign for a desert dust
episode. GRASP was run using as inputs lidar and sun/sky photometer
measurements acquired either in UGR or CP stations to explore the effect of
incomplete overlap associated with lidar measurements. The extinction profiles at
532 nm retrieved by GRASP present differences less than 20% with respect the insitu measurements on board the ATR-42 aircraft by CAPS (Cavity Attenuated Phase
Shift). In the case when the dust layer was coupled to the aerosol layer close to
surface, the total volume concentration differences between airborne in situ data and
GRASP retrievals are 15% or 36%, depending on the use of the sun/sky
measurements at UGR or at CP for the retrievals. In contrast, in the case when dust
layer was decoupled from the aerosol layer close to the surface the differences are
around 17% for both retrievals.
GRASP algorithm is also used for retrieving continuous day- and night-time
aerosol properties during a dust event registered during the SLOPE I campaign. For
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extending the use of GRASP to night-time, three different schemes have been
proposed in this thesis. The first one assumes that there is no change in the aerosol
column-integrated properties along the night, in this way the retrieval is done
combining the night time elastic lidar measurements with the closest sun/sky
measurements registered the day before or the day after. The second approach
considers that the aerosol load in the vertical column can be monitored by lunar
photometry, but assumes that there are no changes in the aerosol column-integrated
intensive properties, that is this approach considers that there are no changes in the
aerosol type. In this way, the night-time elastic lidar signal is combined with the
aerosol optical depth measured by lunar photometer, fixing the aerosol complex
refractive index and spherical particle fraction to the values retrieved from the
closest daytime retrieval. The last approach uses night-time elastic lidar signals and
aerosol optical depth measurements retrieved from a lunar photometer in
combination with relative sky radiances at the lunar aureole, retrieved from a Sky
images. The different approaches are applied to the evolution of a Saharan dust
outbreak registered during SLOPE I field campaign. The dust plume evolution has
been monitored and the results discussed with the different approaches.
Furthermore, considering the availability of independent measurements of some
aerosol properties at SNS station, GRASP retrievals at 2500m a.s.l. are compared
with in-situ measurements obtained at SNS station, assuming that the proximity of
this station allow us to consider that it is in the same vertical column explored by
the lidar system operated at UGR. GRASP retrievals show coherent values when
compared with AERONET retrievals, being observed a smooth and coherent dayto-night evolution. GRASP and Raman retrieved values agrees quite well, with
differences below 30%. Generally, both GRASP retrievals and in-situ measurements
follow the same patterns and are sensitive to the arrival of Saharan dust particles.
Finally, it is presented a novel approach for the estimation of verticallyresolved aerosol concentrations from GRASP retrievals using combined
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measurements of ceilometer and sun/sky photometer measurements. Sensitivity
tests for this configuration are performed with synthetic data to show the
performance of this new methodology, especially for coarse particles. This new
configuration is applied to measurements at UGR station and the retrievals are
compared

with

in-situ

airborne

measurements

acquired

during

the

ChArMEx/ADRIMED field campaign. This study shows that the retrieved aerosol
volume concentration profiles agree well with in-situ airborne measurements, being
the mean differences within the uncertainty of GRASP retrievals. An additional
validation of the methodology is based on the use of in-situ aerosol volume
concentration registered at SNS station during the SLOPE I field campaign station.
In this sense, the aerosol volume concentration retrieved at 2500m a.s.l. from the
combination of ceilometer and sun/sky photometer present a high correlation with
some trends to overestimation of the in-situ measurements obtained at SNS station.
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Resumen
Esta tesis doctoral se centra en la caracterización de las propiedades de los aerosoles
atmosféricos durante el día y la noche, combinando medidas de teledetección activas
y pasivas. El trabajo presentado proporciona propiedades del aerosol atmosférico
tanto integradas en columna como resueltas verticalmente.
La clave para esta tesis es la combinación de diferentes instrumentos de
teledetección. Por un lado, se utiliza un lidar Raman multiespectral que mide tanto
señales elásticas como Raman, por lo tanto, se pueden calcular los perfiles de
retrodispersión y extinción de manera independiente. Este sistema mide dos veces
por semana en el marco de ACTRIS-EARLINET (Aerosols, Clouds, and Trace
gases Research InfraStructure Network - European Aerosol Research LIdar
NETwork) y más intensamente durante el desarrollo de campañas. Debido a la baja
relación señal-ruido, las mediciones Raman solo están disponibles durante la noche.
Durante el día, el lidar Raman mide la señal elástica retrodispersada en tres
longitudes de onda, desde el rango ultravioleta al infrarrojo. Además, también se
utilizan las medidas de retrodispersión elástica en el rango infrarrojo de manera
continua realizadas con un ceilómetro. Finalmente, los fotómetros solares se utilizan
para realizar una estimación directa de las propiedades ópticas del aerosol durante
el día, pero en los últimos años se han desarrollado los fotómetros lunares (miden
tanto empleando el sol como la luna) los cuales permiten estimar el espesor óptico
del aerosol a distintas longitudes de onda durante la noche.
Las medidas experimentales utilizadas a lo largo de esta tesis fueron tomadas
durante la campaña de medidas ChArMEx/ADRIMED (Chemistry-Aerosol
Mediterranean Experiment/Aerosol Direct Radiative Impact on the regional climate
in the MEDiterranean region) en 2013, y durante la campaña SLOPE I (Sierra
5
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Nevada Lidar AerOsol Profiling Experiment) en el verano de 2016. Ambas
campañas se desarrollaron en el Andalusian Global ObseRvatory of the Atmosphere
(AGORA) que desplegó instrumentación en tres sitios diferentes a diferentes
altitudes cerca de la ciudad de Granada (sureste de España): la estación UGR
ubicada en el Instituto Andaluz para la Investigación del Sistema Terrestre (IISTACEAMA) en la ciudad de Granada a 680 m s.n.m.; y dos estaciones de montaña
ubicadas en las montañas de Sierra Nevada: la estación de Cerro Poyos (CP) a 1820
m s.n.m. y la estación de Sierra Nevada (SNS) a 2500 m s.n.m..
Las propiedades de los aerosoles atmosféricos analizadas en esta tesis se
obtienen principalmente mediante el algoritmo GRASP (Generalized Retrieval of
Aerosol and Surface Properties) desarrollado por el Laboratoire d’Optique
Atmosphérique (LOA), Lille (Francia). GRASP es un algoritmo versátil y flexible
que permite el cálculo de las propiedades ópticas y microfísicas del aerosol
atmosférico. En esta tesis, GRASP se utiliza combinando las medidas de un
fotómetro con las medidas de lidar para obtener las propiedades ópticas y
microfísicas de aerosol en columna como los perfiles verticales separando en modo
fino y grueso.
Se ha realizado una evaluación de las propiedades que proporciona el
algoritmo GRASP mediante la comparación con medidas in situ realizadas desde un
avión durante la campaña ChArMEx/ADRIMED para un episodio de polvo
desértico. En este estudio, GRASP se ha utilizado empleando como variables de
entrada las medidas del lidar en la estación UGR, pero también medidas del espesor
óptico del aerosol y las radiancias de cielo tomadas con el fotómetro de las
estaciones UGR o CP para explorar el efecto del solapamiento asociado con las
medidas lidar. Los perfiles de extinción a 532 nm calculados con GRASP presentan
diferencias menores del 20% con respecto a las medidas in situ a bordo del avión
ATR-42 medidas con CAPS (Cavity Attenuated Phase Shift). En el caso de que la
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capa de polvo este acoplada a la capa de aerosol cercana de la superficie, las
diferencias de concentración de volumen total entre GRASP y los valores in situ son
del 15% o 36%, dependiendo de si se usa el fotómetro de UGR o de CP para los
cálculos de GRASP. Por otro lado, cuando la capa de polvo estaba desacoplada de
la capa de aerosol cercana a la superficie, las diferencias entre los valores obtenidos
con GRASP y las medidas in situ son en torno al 17%, usando tanto el fotómetro de
UGR como el de CP.
El algoritmo GRASP también se ha utilizado para inferir las propiedades del
aerosol tanto de día como a la noche durante un evento de polvo desértico registrado
durante la campaña SLOPE I. En esta tesis se han propuesto tres esquemas diferentes
para calcular las propiedades del aerosol durante la noche mediante el uso de
GRASP. El primer esquema supone que las propiedades integradas en columna del
aerosol no cambian a lo largo de la noche, por lo tanto, las inversiones GRASP
utilizan como datos de entrada la combinación de las medidas nocturnas del lidar
con las medidas diurnas del fotómetro más cercanas. El segundo esquema considera
que la carga de aerosol en la columna se puede calcular mediante fotometría lunar,
pero supone que no hay cambios en las propiedades intensivas integradas en la
columna de aerosol, es decir, este enfoque considera que no hay cambios en el tipo
de aerosol. De este modo, el segundo esquema combina la señal lidar elástica
nocturna con la profundidad óptica del aerosol medida por el fotómetro lunar y
fijando el índice de refracción del aerosol y la fracción de partículas esféricas a los
valores obtenidos de la inversión diurna más cercana. El último esquema utiliza las
señales lidar elásticas nocturnas, el espesor óptico del aerosol obtenido del fotómetro
lunar y la radiancia relativa del cielo, medida con de una cámara de cielo, en torno
a la aureola lunar. Se ha monitoreado la evolución de la nube de polvo y se han
discutido los resultados con los diferentes esquemas. Además, los valores de las
propiedades obtenidas por GRASP a 2500 m s.n.m. se han comparado con los
valores medidos in situ en la estación de SNS, asumiendo la proximidad de esta
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estación. Las inversiones de GRASP muestran valores coherentes en comparación
con los valores de AERONET, observándose una evolución suave y coherente de
día a noche. Los valores de GRASP coinciden bastante bien, con los de Raman,
mostrando diferencias por debajo del 30%. En general, tanto los valores de GRASP
como las medidas in situ siguen los mismos patrones y son sensibles a la llegada de
partículas de polvo del Sahara.
Finalmente, se presenta un nuevo esquema para la estimación de los perfiles
de concentración del aerosol a partir de las inversiones de GRASP combinando las
medidas de ceilómetro con las del fotómetro solar. El rendimiento de esta
metodología se ha comprobado mediante pruebas de sensibilidad con datos
sintéticos. Posteriormente, esta configuración se ha aplicado a las medidas de la
estación UGR y los valores obtenidos se comparan con las medidas in situ obtenidas
en la campaña ChArMEx/ADRIMED. Este estudio muestra que los perfiles de
concentración calculados con GRASP concuerdan con las medidas in situ, siendo
las diferencias inferiores a la incertidumbre de las inversiones de GRASP. Una
última validación de esta metodología se ha realizado comparando la concentración
en volumen del aerosol obtenida con GRASP a 2500 m s.n.m. con las medidas in
situ en la estación SNSN durante la campaña SLOPE-I. La combinación de las
medidas de ceilómetro y fotómetro solar presenta una alta correlación, pero
sobrestimando las medidas in situ obtenidas en la estación SNS.
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1. Introduction
Atmospheric aerosols play an important role in the Earth–atmosphere radiative
budget because they can scatter and absorb solar and terrestrial radiation. This is the
well-known aerosol direct effect and its sign (warming or cooling) depends on
aerosol properties and on their vertical distribution [e.g. Boucher et al., 2013]. On
the other hand, aerosol particles can act as cloud condensation and ice nuclei and
thus can modify the development, microphysical properties and lifetime of clouds
[e.g. Andreae et al. 2004]. Although the uncertainties associated with the aerosol
direct effect have been reduced in the last years, there is a large uncertainty in
aspects related to their absorption properties and how they can affect cloud
developments [IPCC, 2013]. The atmospheric aerosol properties can present large
variations between the free troposphere and the atmospheric boundary layer, and
even within this last one. In this sense, a better understanding of the aerosol vertical
distribution, and more specifically the vertical profiling of its microphysical
properties, is a current challenge. Furthermore, aerosol profiling is also relevant in
practical aspects like the management of aviation traffic, especially during a
volcanic eruption [Prata, 2009; Flentje et al., 2010].
The column-integrated optical and microphysical aerosol properties can be
gathered with passive remote sensing instruments. Satellites with this kind of
instrumentation (e.g. MODIS, MISR, POLDER or OMI) usually provide global
coverage of atmospheric aerosol properties, but with a lack of temporal resolution.
On the contrary, ground-based measurements from sun/sky photometers such as
those from the Aerosol Robotic Network (AERONET) [Holben et al., 1998] and
SKYNET [Takamura and Nakajima, 2004, Nakajima et al., 2007], provide aerosol
column-integrated properties with high temporal resolution, but with limited spatial
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coverage. A limitation of satellite and of the most ground-based passive remote
sensing techniques is that only provide daytime measurements, but there is demand
of night-time measurements for understanding the aerosol dynamic along the whole
day [e.g. Pérez-Ramírez et al., 2012]. Furthermore, the characterization of aerosol
properties at night-time is crucial in polar areas, where there is a lack of daytime
measurements in winter [Stone et al., 2010; Tomasi et al., 2015]. Recent
technological advances are allowing new achievements in night-time aerosol
characterization through passive remote sensing measurements such as stellar
photometry [e.g. Pérez-Ramírez et al., 2008, 2011; Baibakov et al., 2015], lunar
photometry [e.g. Berkoff et al., 2011; Barreto et al., 2013, 2016], and VIIRS satellite
through the measurements of radiance values above artificial light sources [e.g.
McHardy et al., 2015]. However, all these techniques only provide columnintegrated properties of aerosol particles, being the vertical characterization of
aerosol properties a current challenge in evaluating aerosol impact on climate.
Active remote sensing measurements by lidar systems (from both space and
ground) have been proven as a very useful technique to face issues related with
aerosol vertical distribution. In this sense, several studies remarked that the direct
radiative forcing of the aerosol is very sensitive to the aerosol vertical distribution
[e.g. Meloni et al., 2006]. Space measurements from CALIPSO [Winker et al., 2010]
or CATS [Yorks et al., 2016] satellites provide global coverage, while global
networks such as MPLNET [Welton et al., 2002] are providing extended temporal
coverage. These lidar systems only have information about the elastic signal which
allows the calculation of vertical profiles of the backscatter coefficient (𝛽) by the
Klett-Fernald method [Fernald et al., 1972; Fernald, 1984; Klett, 1981] (described
in Section 4.1.1) and the corresponding aerosol extinction coefficient (𝛼) by
assuming the extinction-to-backscattering ratio, the so-called lidar ratio (LR), as
constant.
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There are two kinds of lidar systems, the basic lidar systems which only have
information on the elastic scattered signal and which allows the retrieval of the
vertical profiles of the aerosol backscatter coefficient by the Klett-Fernald method.
Among these systems are the ceilometers, which usually works with a wavelength
in the infrared region. The main advantages of ceilometers are cheap, easily
deployable and capable of operating continuously. On the other hand, the advanced
multiwavelength lidar systems, which measure the elastic and non-elastic (Raman
signal) scattered signals at different wavelengths. The signals measured by this kind
of systems can be used to calculate independently backscatter and extinction
coefficients [Ansmann et al., 1992] (described in Section 4.1.2). In this sense, the
EARLINET (European Aerosol Research LIdar NETwork) [Pappalardo et al., 2014]
and LALINET (Latin American LIdar NETwork) [Guerrero-Rascado et al., 2016]
networks, which provide vertical distribution of aerosols over Europe and Latin
America, respectively, implement networks based on multiwavelength Raman
systems for more accurate vertical profiling of aerosol properties.
Current challenges to improve our knowledge about the aerosol effects on
Earth-atmosphere radiative budget call for a better vertical characterization of
aerosol optical and microphysical properties. In this sense, in recent years different
inversion algorithms have been developed based on the regularization technique to
retrieve vertical profiles of aerosol microphysical properties using three backscatter
and two extinction coefficients (the so-called 3𝛽 + 2𝛼 configuration) [e.g. Müller
et al., 1999; Böckmann et al., 2001; Veselovskii et al., 2002]. Only a limited number
of stations fulfil the requirements of the 3𝛽 + 2𝛼 configuration while a larger
number of lidar stations included in the observational network operate elastic lidar
with up to 3 𝛽 configuration. For that, additional retrieval schemes have been
developed in the framework of EARLINET that combine elastic lidar measurements
(by far more frequent than Raman) with ground-based AERONET photometers.
Here, it is highlighted the LIdar-Radiometer Inversion Code (LIRIC) [Chaikovsky
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et al., 2016] and the Generalized Retrieval of Atmosphere and Surface Properties
algorithm (GRASP) [Dubovik et al., 2014], which includes the Generalized Aerosol
Retrieval from Radiometer and Lidar Combined data algorithm (GARRLiC)
[Lopatin et al., 2013].
The main algorithm used throughout this thesis is GRASP, which is
described in detail in Section 4.2.2. GRASP consists of several modules that can be
used in different ways according to the needs of the user. Its versatility allows the
retrieval of aerosol optical and microphysical properties by combining different
remote sensing measurements. Actually, GRASP was successfully used for the
retrieval of the vertical aerosol properties using different configurations and
measurements: as the combination of aerosol optical depth, sky radiances and elastic
lidar [Lopatin et al., 2013; Bovchaliuk et al., 2016; Tsekeri et al., 2017]; polar
nephelometer data [Espinosa et al., 2017]; satellite images [Kokhanovsky et al.,
2015]; aerosol optical depth and sky radiances (including polarization) [Fedarenka
et al., 2016]; spectral aerosol optical depth and sky camera images [Román et al.,
2017a] and even only spectral aerosol optical depth measurements [Torres et al.,
2017].
The research activities of this thesis are in the framework of advancing in the
understanding of aerosol vertical distribution, more specifically in aerosol
microphysical properties. In this sense, the main objective of this thesis is the
implementation of new schemes in GRASP algorithms that allows continuous dayto-night aerosol vertical profiles characterization, with focus on aerosol
microphysical properties. To this end, in this thesis is studied the potential of
GRASP algorithm to retrieve vertically-resolved aerosol properties by means of the
synergic use of lidar and sun/sky photometer data, the combination of different
passive and active remote sensing measurements for continuous day- and night-time
retrievals. Finally, in this thesis is studied the potential of GRASP to combine the
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ceilometer and sun/sky measurements for obtaining aerosol properties using singlewavelength lidar systems.
This thesis is structured in eight chapters. The first chapter presents an
overview of current research in atmospheric aerosols followed by the objectives and
outline of this thesis. The second chapter focus on the theoretical fundaments needed
to follow this thesis and include a discussion of the Earth's atmosphere structure and
aerosol definitions including their sources, impacts and properties. The third chapter
is for detailed descriptions of the experimental stations and of the remote sensing
and in-situ instrumentations used.
The fourth chapter is devoted to the description of the methodologies and
inversion schemes used. First the lidar inversions, both Klett and Raman inversion
methods, are presented. Secondly, the LIRIC and GRASP algorithms are described,
with an extended description of GRASP due to its extensive use in this thesis.
The fifth chapter compares aerosol properties retrieved by GRASP with insitu airborne measurements acquired during the ChArMEx/ADRIMED field
campaign. Here, GRASP combines the lidar and the sun/sky photometer data for
retrieving both vertically-resolved and column-integrated aerosol properties.
GRASP is used to investigate its potential for studying aerosol properties by
comparing its retrievals with airborne measurements, AERONET and LIRIC
products.
The sixth chapter presents the results of day and night aerosol microphysical
properties retrieved by GRASP during an intense Saharan dust event that occurred
during SLOPE I field campaign. The different schemes and instrumentations used
for night-time retrievals are discussed. Evaluations of retrieved parameters are done
versus in-situ measurements at the high mountain Sierra Nevada station.
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The seventh chapter is focused on the retrieval of vertical profiles of aerosol
microphysical properties using low-cost lidar systems such as ceilometers combined
with sun/sky photometers. The accuracy of this approach is evaluated using
synthetic data. The results of this approach are discussed using measurements
collected in ChArMEx/ADRIMED and SLOPE I field campaigns.
Finally, the eighth chapter presents the summary and main conclusions of
this thesis, and also an outline of future research.
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2. Fundamentals
2.1. Earth’s atmosphere structure and properties
The Earth’s atmosphere is a layer of the planet retained by its gravity and mainly
composed by clouds, gases and suspended particles. The life at Earth can be
developed thanks in part to the atmosphere because of its contribution to modulate
the planetary temperature (greenhouse effect) and to absorb harmful ultraviolet solar
radiation. Figure 2.1 shows the layering structure of the Earth’s atmosphere based
on its thermal structure, characterized by the presence of different temperature
gradients along the vertical profile. It should be noted that 75% of the atmospheric
mass is located within the first 12 km from ground and the atmosphere does not has
an abrupt end, in fact, it slowly becomes thinner and fades into space [Seinfeld and
Pandis, 1998].

Figure 2.1. Atmosphere structure and temperature profile (source:
http://unilaggeography2012.blogspot.nl/p/gry-101-introduction-to-physical.html).
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The regions of the atmosphere are summarized as follows:
-

Troposphere is the lowest layer of the atmosphere which extends from Earth’s
surface up to ~12 km (depending on latitude and time of year) and where all
activities and aspects related with weather occurs. In this layer the temperature
decreases with the altitude at a mean rate of 6.5ºC/km (in normal conditions) and
there is an active vertical mixing. On top of the troposphere there is an isothermal
layer known as tropopause.

-

Stratosphere is the layer from above tropopause up to 50 km. The presence of
atmospheric aerosol in this layer is usually related to volcanic injection where
the time residence varies between several months to few years [AladosArboledas and Olmo, 1997; Seinfeld and Pandis, 1998]. In this region, in
contrast to the troposphere, the vertical mixing is weak and the temperature
increases with the altitude due to absorption of UV radiation by the ozone. The
maximum temperature occurs in the stratopause, located at the top of the
stratosphere.

-

Mesosphere is the layer extending from stratopause up to 80 km. In this region,
the temperature gradient with altitude is negative again and at mesopause, the
upper boundary of mesosphere, the temperature reaches up to -80ºC.

-

Thermosphere, which height extends from 80 to 640 km. The radiation at
shortest wavelengths is absorbed by N2 and O2 and causes the increasing of
temperature with height.

-

Exosphere is the outermost layer of atmosphere where only He and H 2 are
found.
Earth’s atmosphere is mainly composed by two groups of gases. The first

group includes the permanent gases with percentages almost constant, among which
are the nitrogen, oxygen and several noble gases. The second group consists of gases
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with variable concentrations and account for about one tenth percent of the
atmosphere. Among other atmospheric components atmospheric aerosol particles,
which are highly variable in space and time, are included. Table 2.1 shows the
percentage in volume of the gases in the atmosphere.
Table 2.1. Average composition of the dry atmosphere below 25 km [Barry and Chorley, 1987].

Constant gases

Variable gases

Gas

Volume (%)

Gas

Volume (%)

Nitrogen (N2)

78.08

Water vapor (H2O)

0-4

Oxygen (O2)

20.95

Carbon dioxide (CO2)

3.94x10-2

Argon (Ar)

0.93

Methane (CH4)

1.5x10-4

Neon (Ne)

1.8x10-3

Nitrous oxide (NO2)

3.25x10-5

Helium (He)

5.2x10-4

Carbon monoxide (CO)

0.19 x10-4

Krypton (Kr)

1.1x10-4

Ozone (O3)

0-12x10-4

Xenon (Xe)

8.9x10-5

2.2. Atmospheric aerosol
2.2.1. Atmospheric aerosol definition and origins
The atmospheric aerosol is defined as the suspension of solid and/or liquid particles
in a gaseous medium such as atmospheric air [Seinfeld and Pandis, 2006]. The
atmospheric aerosols can be mainly classified by their origin, source, shape and size.
Aerosols sources can be split into natural and anthropogenic. Also, aerosols particles
can be divided into primary or secondary depending on the origin. Primary aerosols
account for that emitted directly to the atmosphere in the particulate phase, whereas
secondary aerosols undergo a more complex formation pathway, produced by gasto-particle conversion of aerosol precursors.
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Primary natural aerosol particles include sea salt from the oceans, volcanic
ash, biogenic particles (e.g. pollen or other plant material), smoke from fires, and
wind-blown mineral dust. Mineral dust is produced by wind erosion of soil in arid
and semi-arid regions (e.g. Sahara Desert) and is injected into the atmosphere under
favorable weather conditions, being one of the major aerosols of the Earth's
atmosphere. Once lifted into the air, mineral dust can be transported over several
thousands of kilometers [Hamonou et al., 1999; Goudie and Middleton, 2001;
Ansmann et al., 2003], therefore it is not only a regional phenomenon that has a
global climate effect. On the other hand, natural sources of secondary aerosols can
be the biosphere and volcanoes that emit sulfur (e.g. in form of dimethyl sulfide,
DMS, and sulfur dioxide into the atmosphere) which through oxidation to sulphate
forms new particles. The biosphere can also emit volatile organic compounds
(VOCs) that can be oxidized and are able to form new particles [Ehn et al. 2014].
Primary anthropogenic aerosol particles mainly include black carbon (BC)
and organic carbon (OC). The origin of BC and OC are mainly from biomass
burning (e.g. land clearing and land-use) and fossil fuel combustion by traffic and
industry processes. The mineral dust emissions are also assumed anthropogenic
when the origin is agricultural or industrial practices [Prospero et al., 2002;
Rodríguez et al., 2011]. Secondary anthropogenic aerosol particles are generated
from precursor gases (e.g. SO2, NO, NH3 and VOCs) emitted through domestic
heating systems based on coal or wood combustion, industrial plants, vehicle
emissions and agricultural activities.
The lifetime of aerosol particles can generally span from a few days to a few
weeks and are removed from the atmosphere by wet deposition through
incorporation into precipitation or dry deposition through sedimentation. The
combination of specific sources and lifetimes of aerosol particles explains their
highly non-uniform distribution around the globe. The shape of aerosol particles is
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very variable and may be irregular as shown Figure 2.2. The size of aerosol particles
is also highly variable, ranging from a few nanometers to several hundreds of
micrometers. Indeed, the aerosol size distribution is characterized by different size
modes, which are specific concerning their sources and their different
transformation.

Figure 2.2. Aerosol particles analyzed by the scanning electron microscope (source:
http://alg.umbc.edu/usaq/archives/001044.html).

Figure 2.3 shows a schematic of aerosol particle size distribution (PSD) with
an overview of the relevant processes that affect different size of particles and lead
to changes in the size distribution of particles [Zieger, 2011]. Generally, four groups
of atmospheric particles can be defined based on the diameter of aerosol particles.
The first group is nucleation mode with diameters not exceeding 0.025 μm. They
are thought to be generated by gas-to-particle conversion processes and have a very
short lifetime. The second group is the Aitken mode particles which have diameters
between 0.025 and 0.1 μm. These particles are formed from gas-to-particle
conversion of hot vapors and are transformed through coagulation into particles of
the accumulation mode. The accumulation mode is the third group, which the
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particles have diameters from 0.1 to 1 μm. These three particle modes are
collectively referred to as fine particles. The last group is defined as the coarse mode
and it includes particles with diameters larger than 1 μm. These particles are
introduced directly into the atmosphere, from both natural and anthropogenic
sources, and due to their large size and mass, the more important removal process is
sedimentation.

Figure 2.3. Idealized scheme of the distribution of particle surface area of an atmospheric aerosol
Whitby et al. [1976]. Principal modes, sources and particle formation and removal mechanisms are
also indicated (Figure taken from Zieger [2011], originally adapted from Whitby and Cantrell
[1976]; Seinfeld and Pandis [1998]; Heintzenberg et al. [2003]).
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2.2.2. Aerosol effects on climate
The study of atmospheric aerosols is important because affect directly human health,
ecosystems, materials, visibility and Earth’s budget. The atmospheric aerosols
climate effect is associated to their influence on the radiative budget of the Earth.
The two main roles of atmospheric aerosols within the Earth-atmosphere energy
budget are its interaction with the solar and terrestrial radiation and its interaction
with clouds [IPCC, 2013]. Figure 2.4 gives a scheme of aerosol-radiation (ARI) and
aerosol-cloud interactions (ACI).

Figure 2.4. Schematic of the aerosol-radiation and aerosol-cloud interactions. The blue arrows
depict solar radiation, the grey arrows terrestrial radiation and the brown arrow symbolizes the
importance of couplings between the surface and the cloud layer for rapid adjustments. Adapted
from Boucher et al. [2013] (Source: IPCC, 2013).

The ARI is mainly associated with the aerosol direct effect: extinction of
incoming solar through scattering and absorption mechanisms. The aerosol radiative
forcing (the difference in the incoming and outgoing radiation in the Earthatmosphere system caused by aerosols) due to the direct effects may be both positive
and negative and depends on the absorption both from the aerosol and the underlying
surface albedo (e.g. oceans, desert, snow, clouds) [Chylek and Wong, 1995;
Haywood and Shine, 1995; Haywood and Boucher, 2000].
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The ACI is based on the modifications of cloud properties due to the role of
some aerosol particles as cloud condensation nuclei (CCN) and/or ice forming
nuclei (IN). The aerosol affects clouds in several possible pathways, as is catalogued
by Denman and Brasseur [2007]. All radiative consequences of aerosol-cloud
interactions are included in the “effective radiative forcing due to aerosol-cloud
interactions” (ERFaci). ERFaci explains the aerosol-related microphysical
modifications of the cloud albedo [Twomey, 1974, 1977], as well as any secondary
effects from clouds adjustments to changes in their environment [Pincus and Baker,
1994].

Figure 2.5. Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the
main drivers of climate change taken from IPCC [2013]. Values are global average radiative
forcing. The best estimates of the net radiative forcing are shown as black diamonds with
corresponding uncertainty intervals; the numerical values are provided on the right of the figure,
together with the confidence level in the net forcing (VH – very high, H – high, M – medium, L –
low, VL – very low). Total anthropogenic radiative forcing is provided for three different years
relative to 1750.
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The aerosol-radiation and aerosol-cloud interactions still have associated an
uncertainty that, together with the scarce knowledge of the spatial and temporal
distribution of the atmospheric aerosol, cause a large uncertainty in the estimation
of the radiative forcing due to atmospheric aerosol [Boucher et al., 2013]. Figure 2.5
shows the main components of the climate radiative forcing. The atmospheric
aerosol distribution is highly non-uniform around the globe due to combination of
specific sources and their lifetimes. The quantification of radiative forcing by the
aerosol effect is more complex compared with the greenhouse gases due to their
short lifetime, which usually can span from a few days to a few weeks.

2.3. Interactions of light with aerosol particles
3

The light crossing the atmosphere is attenuated due to scattering and absorption of
radiation by particles and gas molecules. The extinction of light caused by particles
is the sum of the absorption and scattering processes.
Absorption is a process where the incident radiative energy becomes part of
the internal energy of the particles or gases interacting with radiation. The
fundamental idea of the absorption process lies in the exchanges of energy between
the electromagnetic field and the molecules in the atmosphere. For gases, this
process depends on the molecule energy state that at the same time depends on the
rotational, vibrational or electronic energies. The gas absorption process is selective
because the absorption occurs only at discrete wavelengths, having in mind that the
energy levels associated with these different kinds of energy are quantized. The
absorption that may take place over a number of wavelengths very close to each
other is called absorption band [Iqbal, 1983]. In contrast with gases absorption,
which is spectrally selective, the absorption by aerosols does not vary abruptly with
wavelength, at least from ultraviolet to near infrared wavelengths [Dubovik et al.,
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2002a]. In general, the absorption processes produce an increase of atmospheric
components internal energy and therefore of their temperature.
Scattering is a process where the incident energy transported by an
electromagnetic wave is scattered in other directions as a result of the interaction of
the gases or particles with this electromagnetic wave. For gas molecules, due to their
small size, the scattering cross section depends on the λ-wavelength as λ-4 [Nicolet,
1984; Bodhaine et al., 1999], phenomenon called as Rayleigh scattering and being
responsible of the blue-sky color in cloud-free sky. On the other hand, due to the
bigger size of the aerosols, the aerosol scattering is explained by the Mie theory,
which predicts weaker dependence of scattering cross section on wavelength. Due
to the high variability of real particles shapes, the exact solutions describing the
interaction between the electromagnetic field and particles have been calculated
only for a few selected geometrical shapes [Mishchenko et al., 2000, 2002]. Hence,
one of the main difficulties in remote sensing of atmospheric aerosols is the
modelling of light scattering by non-spherical particles [Dubovik et al., 2006].
Mishchenko et al. [1997] noted that non-spherical particles assumed as mixture of
randomly-oriented spheroids with different sizes and axis ratios can reproduce the
phase function of desert dust. This spheroid model is applied in different aerosol
retrieval using remote sensing data [Dubovik et al., 2002b, 2006; Veselovskii et al.,
2010; Lopatin, 2013].
The scattered light mostly preserves the frequency of the incident light
(elastic scattering), but sometimes the scattering has a shift of frequency (Raman
scattering). The Raman scattering allows variations in the quantum state of the
molecule, changing its vibrational, rotational and/or vibrational-rotational energy
level. If scattered radiation energy decreases due to absorption of energy by the
molecule, then the wavelength of the scattered radiation is shifted towards higher
values and the process is called Stokes Raman scattering. On the other hand, anti-
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Stokes Raman scattering happens when the frequency of the scattered radiation
increases and the wavelength is shifted towards lower values due to the loss of
energy by the scattered molecule. It should be noted that the intensity of the Raman
scattered electromagnetic radiation is three orders of magnitude lower than the
intensity of the elastic scattering [Kovalev and Eichinger, 2004].
The scattering process strongly depends on the size parameter, x, defined as
the relation between the particle radius and the wavelength of the incident wave
(x=2πr/λ) and also on the complex refractive index (CRI) which depends on the
particle chemical composition [Bohren and Huffmann, 1998]:
-

For x < 0.6/𝑛, where 𝑛 the real part of the CRI of the particles, the scattering
process is described by Rayleigh theory. The Rayleigh’s theory describes the
scattering of solar radiation by air molecules and it is based on the assumption
that the scattering particles are spherical with radii less than 0.2 times the
wavelength of the incident radiation.

-

For 0.6/𝑛 < x < 5, the scattering is explained by Mie theory. It is applied when
the size of the particles is comparable to the incident wavelength (x∼1). This
scattering produces interference patterns with the partial waves emitted by
multipoles of the particles having phase differences. Therefore, there is a
strong angular dependency which increases in the forward scattering
(compared to Rayleigh pattern) and the spectral dependence of the scattering
is smaller.
More detail on Lorentz-Mie scattering theory can be found in Born and Wolf

[2013]. Figure 2.6 shows the angular pattern for Rayleigh and Mie scattering
theories. Rayleigh scattering is symmetric respect to the plane perpendicular to the
propagation with maxima at Θ = 0º and, hence, Θ = 180º, being its minima at Θ = ±
90º. By other hand, Mie scattering presents an asymmetry pattern, with a strong
forward scattering compared to Rayleigh pattern. The angular distribution of
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scattered radiation can be described by the phase function, which is well known for
gases (Rayleigh phase function), while it varies for particles with the aerosol type.
The phase function, P(Θ), is a variable which describes the angular distribution of
the scattered energy as function of the scattering angle Θ. Usually the aerosol phase
function is approximated by the Henyey-Greenstein phase function [Henyey and
Greenstein, 1941], which depends on a parameter called “asymmetry parameter”
that quantifies the scattered radiation fraction in the hemispherical forward
direction.

Figure 2.6. Rayleigh (a) and Mie (b) scattering processes.

According to Beer-Lambert-Bouguer law, a well collimated beam of
monochromatic light with radiant flux 𝐿𝜆 will be attenuated by 𝑑𝐿𝜆 which passes a
heterogeneous medium of length 𝑑𝑠 (Figure 2.7).

Figure 2.7. Schematic drawing of the radiance variation observed when a radiant flux beam travels
through a distance in the medium.
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The 𝑑𝐿𝜆 is defined as:
𝑑𝐿𝜆 = −𝐿𝜆 𝛼𝑡𝑜𝑡 (𝑠, 𝜆)𝑑𝑠

Eq. 2.1

where 𝛼𝑡𝑜𝑡 is the total extinction coefficient, which is the attenuation of light by
atmosphere due to a combination of scattering (𝜎𝑠𝑐𝑎 ) and absorption (𝜎𝑎𝑏𝑠 )
processes both aerosols and molecules; it is the sum of molecules and particles
extinction coefficients. The relation for the attenuated beam through a medium of
length R is obtained by integrating the Equation 2.1:
𝑅

𝐹𝜆 = 𝐹0,𝜆 𝑒 − ∫0

𝛼𝑡𝑜𝑡 (𝑠,𝜆)𝑑𝑠

Eq. 2.2

where 𝐹0,𝜆 is the incident light beam.

2.4. Optical and microphysical aerosol properties
The measurements of atmospheric aerosol properties are necessary for the study of
the atmospheric aerosol impact on the Earth’s climate. Aerosol optical and
microphysical properties are used as input data for the atmospheric aerosol models
[Thomas and Stamnes, 2002]. The main aerosol properties used for the discussion
of the obtained results in this dissertation are described in the following subsections.

2.4.1. Aerosol optical properties
From the Equation 2.2, the optical thickness (𝑂𝑇) is defined as the integrated
extinction coefficient between two points located at 𝑠1 and 𝑠2 :
𝑠2

𝑂𝑇(𝜆) = ∫ 𝛼𝑡𝑜𝑡 (𝑠, 𝜆) 𝑑𝑠

Eq. 2.3

𝑠1

By the other band, in atmospheric science it is used the total optical depth,
𝜏𝑡𝑜𝑡 , or normal optical thickness as the optical thickness measured in the vertical
direction between the ℎ1 and ℎ2 altitudes:
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ℎ2

𝜏𝑡𝑜𝑡 (𝜆) = ∫ 𝛼𝑡𝑜𝑡 (ℎ, 𝜆) 𝑑ℎ

Eq. 2.4

ℎ1

The relationship between optical thickness and optical depth is
𝑂𝑇(𝜆) = 𝜏𝑡𝑜𝑡 (𝜆) · 𝑚0

Eq. 2.5

where 𝑚0 is the relative optical air mass. The Equation 2.6 shows the relative optical
air mass, 𝑚0 , as a function of the solar zenith angle (SZA; 𝜃) defined as the angle
between the zenith (the vertical direction) and the direct solar irradiance path:
𝑚0 =

1
cos(𝜃)

Eq. 2.6

The Equation 2.6 is valid for a uniform atmosphere with refractive index
equal to one is assumed, a plane-parallel atmosphere is considered, and values of 𝜃
smaller than 80º [Iqbal, 1983]. Otherwise, a different approximation has to be used
[i.e. Kasten and Young, 1989].
The atmospheric total optical depth is usually defined from ground up to the
top of the atmosphere (TOA) and it includes the scattering and absorption processes
of the different atmospheric components:
𝜏𝑡𝑜𝑡 (𝜆) = 𝜏𝑔 (𝜆) + 𝜏𝑐 (𝜆) + 𝜏𝑎 (𝜆)

Eq. 2.7

where 𝜏𝑔 refers to the optical depth of gases absorption such as by water vapor,
nitrogen, dioxide and ozone, and also refers to the gases scattering contribution by
the Rayleigh scattering; 𝜏𝑐 represents the optical depth of absorption and scattering
of light by clouds (this optical depth will be neglected using only cloud-free
absorption and scattering); 𝜏𝑎 is the aerosol optical depth (AOD). Hereafter, it will
refer to 𝜏𝑎 as 𝜏 since in the results presented in this thesis it will focus mainly in this
term.
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The spectral dependence of the aerosol optical depth is parameterized by
means of the Ångström law [Ångström, 1964]:
𝜏(𝜆) = 𝜏1𝜇𝑚 · 𝜆−𝐴𝐸

Eq. 2.8

where λ units are microns, 𝜏1𝜇𝑚 is the turbidity parameter which corresponds with
AOD at 1 µm, and AE is the Ångström exponent which characterizes the spectral
features of aerosols and is linked to the size of the particles [Shifrin, 1995]. Large
AE values are related with the prevalence of fine particles (e.g. anthropogenic
pollution) and low values indicate the presence of coarse particles (e.g. desert dust
and marine aerosols) [Dubovik et al., 2002a].
The complex refractive index is also an optical property of the aerosol that
is involved in the extinction of light:
𝑚(𝜆) = 𝑛(𝜆) + 𝑖𝜅(𝜆)

Eq. 2.9

where 𝑛 and 𝜅 are the real and imaginary part of the complex refractive index, 𝑚,
respectively. The real refractive index (RRI) is related with the scattering efficiency
of particles which depends on the size and shape of particles. On the other hand, the
imaginary refractive index (IRI) is related with the absorption efficiency of particles
which depends on the particles chemical composition.
Single scattering albedo (SSA; 𝜔0 ) determines the relation between the
processes of scattering and absorption occurring simultaneously when the radiation
interacts with particles:
𝜔0 (𝜆) =

𝜎𝑠𝑐𝑎 (𝜆)
𝜎𝑠𝑐𝑎 (𝜆)
=
𝜎𝑠𝑐𝑎 (𝜆) + 𝜎𝑎𝑏𝑠 (𝜆)
𝛼(𝜆)

Eq. 2.10

The SSA is a key parameter for the estimation of the direct radiative impact
of aerosols. It depends on the relative source strengths of the various aerosol
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substances. Purely scattering particles (e.g. sulphates) exhibit values of 1, while very
strong absorbers (e.g. black carbon) can have values of 0.2 [Schnaiter et al., 2003].

2.4.2. Aerosol microphysical properties
As commented in the Section 2.2, the size of atmospheric aerosols ranges from a
few nanometers to several hundreds of micrometers which can be described by the
number size distribution n(𝑟) as:
n(𝑟) =

𝑑𝑁
𝑑 ln 𝑟

Eq. 2.11

representing the number of particles with radius in the logarithmic interval [ln 𝑟,
ln 𝑟 + 𝑑 ln 𝑟]. From the n(𝑟), the equivalent surface size distribution 𝑠(𝑟) is defined
as:
𝑠(𝑟) =

𝑑𝑆
𝑑𝑁
= 4𝜋𝑟 2
= 4𝜋𝑟 2 n(𝑟)
𝑑 ln 𝑟
𝑑 ln 𝑟

Eq. 2.12

and the volume size distribution 𝑣(𝑟) is expressed as:
𝑑𝑉
4𝜋𝑟 3 𝑑𝑁
4𝜋𝑟 3
𝑣(𝑟) =
=
=
n(𝑟)
𝑑 ln 𝑟
3 𝑑 ln 𝑟
3

Eq. 2.13

These relations of the surface and volume distributions with number
distribution can only be used assuming spherical particles.
The particle size distributions often present certain behavior allowing their
modelling. The log-normal distribution function is a mathematical expression which
allows an analytical representation of these size distributions, especially for the
smaller particles, in clean and polluted areas [Hegg et al., 1993]:
𝑣(𝑟) =

30

𝑑𝑉
𝑉𝐶
ln2 (𝑟⁄𝑟𝑚 )
=
exp [−
]
𝑑 ln 𝑟 𝜎𝑣 √2𝜋
2𝜎 2

Eq. 2.14
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where VC is the total volume concentration of particles, 𝑟𝑚 is the volume median
radius which identifies the location of the peak in the curve (the center) of the size
distribution, and 𝜎𝑣 is the standard deviation from volume median radius and it
represents the width of this distribution. These parameters are calculated as follows:
𝑟𝑚𝑎𝑥

VC = ∫
𝑟𝑚𝑖𝑛

𝑑𝑉
𝑑 ln 𝑟
𝑑
ln 𝑟
𝑚𝑖𝑛
𝑟𝑚𝑎𝑥 𝑑𝑉
𝑑 ln 𝑟
∫𝑟
𝑚𝑖𝑛 𝑑 ln 𝑟

𝑟𝑚𝑎𝑥

ln 𝑟𝑣 =

∫𝑟

𝑟𝑚𝑎𝑥

𝜎𝑣 = √

∫𝑟

𝑚𝑖𝑛

𝑑𝑉
𝑑 ln 𝑟
𝑑 ln 𝑟

ln 𝑟

(ln 𝑟 − ln 𝑟𝑣 )2
𝑟𝑚𝑎𝑥

∫𝑟

Eq. 2.15

𝑚𝑖𝑛

Eq. 2.16

𝑑𝑉
𝑑 ln 𝑟
𝑑 ln 𝑟

𝑑𝑉
𝑑 ln 𝑟
𝑑 ln 𝑟

Eq. 2.17

These three parameters for both fine and coarse modes describe a bimodal
log-normal size distribution. In this thesis, also is used a secondary aerosol property
as the effective radius (𝑟𝑒𝑓𝑓 ), which is the ratio between the third and second
moments of aerosol number size distribution:
𝑑𝑁
𝑑 ln 𝑟
𝑑
ln 𝑟
= 𝑚𝑖𝑛
𝑟𝑚𝑎𝑥 2 𝑑𝑁
𝑟
𝑑 ln 𝑟
∫𝑟
𝑑 ln 𝑟
𝑚𝑖𝑛
𝑟𝑚𝑎𝑥

𝑟𝑒𝑓𝑓

∫𝑟

𝑟3

Eq. 2.18
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3. Experimental sites and instrumentation
3.1. AGORA
The experimental part of this thesis has been developed at Andalusian Global
ObseRvatory of the Atmosphere (AGORA), located in Southern Spain and
including several experimental sites. AGORA is operated by the Atmospheric
Physics Group (GFAT) being the main research activities focused on the study of
the atmosphere, the Earth’s surface and their interactions using remote sensing and
in-situ techniques. AGORA combines complementary stations with different
atmospheric conditions, high-degree of expertise and many facilities providing an
ideal environment for a wide range of aerosol research, from urban to remote
background conditions. AGORA favors integrated studies by using a broad range of
instrumentation from active and passive remote sensing to a variety of in-situ
methodologies.
The location of the installations, in the most meridian sector of the European
continent near the African coast, allows a detailed analysis of the Saharan dust [e.g.
Guerrero-Rascado et al., 2008; Cazorla et al., 2017] and the impact of the
anthropogenic aerosol (originated at the metropolitan area of Granada) [e.g.
Lyamani et al., 2010; Titos et al., 2017]. Due to its location at the slopes of Sierra
Nevada Mountain range, AGORA offers a unique combination of remote sounding
and in-situ techniques at different elevations, which is an added value for validation
of vertical profiles of aerosol optical and microphysical properties retrieved by
inversion of remote sensing data acquired at the valley level.
Figure 3.1 shows a scheme of the three different stations included in
AGORA. The UGR station (37.16º N, 3.61º W, 680 m a.s.l.) is located at the
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Andalusian Institute for Earth System Research (IISTA-CEAMA) in the city of
Granada. The UGR station combines long-term monitoring of vertical distribution
of atmospheric aerosol, based on active and passive remote sensing, with in-situ
measurements for the characterization of aerosol particles at ground level, as well
as the monitoring of atmospheric and solar radiation at several spectral ranges.
AGORA includes two additional stations in Sierra Nevada Mountain range:
Cerro Poyos station (hereinafter called CP) at 1820 m a.s.l. (37.11º N, 3.49º W) and
Sierra Nevada station (hereinafter called SNS) at 2500 m a.s.l. (37.10º N, 3.39º W)
located about 12 and 25 km away (horizontally) from UGR. The SNS station can
allows for characterization of regional and long-range transport episodes and the
validation of inversion algorithms used to retrieve aerosol optical and microphysical
properties.

Figure 3.1. Spatial distribution of AGORA stations.

3.2. Remote sensing instrumentation
For the atmospheric aerosol characterization is commonly used both active and
passive remote sensing. The active remote sensing systems include an emitting
energy source and the system scan the atmosphere using a sensor that measure the
energy that interacts with the atmosphere and come back towards the instrument; in
the lidar systems the backscattered radiation from both gaseous molecules and
atmospheric aerosol (under cloud-free conditions). On the other hand, the passive
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remote sensing consists of a detection system that measures a natural light source
after crossing the atmosphere. In the case of sun photometers, the natural source is
the radiation emitted by the Sun that is transmitted by the aerosol and gaseous
molecules in the atmosphere. The active and passive instrumentation used in this
thesis are described in the following subsections.

3.2.1. Active remote sensing instruments
Lidar (Light Detection and Ranging) and ceilometer are examples of active remote
sensing instruments which allow monitoring the vertical structure, composition and
dynamics of atmosphere.
These systems emit short monochromatic light pulses into the atmosphere
and measure the radiation scattered by atmospheric constituents in the backward
direction at scattering angle of 180º. These systems usually emit pulses in the
vertical direction pointing to the zenith. After a time, 𝑡, the backscattered light
returned by the atmospheric layer is measured by the photodetectors of the system
and therefore with the relation ℎ = 𝑐 · 𝑡⁄2, the distance, ℎ, between the scattering
particle and the lidar system can be calculated knowing the speed of light, 𝑐.
In its simplest form, the detected lidar signal can be written as:
ℎ
𝐾 · 𝑂(ℎ)
𝑃(ℎ, 𝜆) =
𝛽𝑡𝑜𝑡 (ℎ, 𝜆) exp (−2 ∫ 𝛼𝑡𝑜𝑡 (ℎ′ , 𝜆) 𝑑ℎ′ )
ℎ2
0

Eq. 3.1

where 𝑃(ℎ, 𝜆) is the received power, 𝐾 is a parameter that depends on the geometry
and characteristics of the system, 𝑂(ℎ) is a geometrical factor (overlap function),
𝛽𝑡𝑜𝑡 (ℎ, 𝜆) and 𝛼𝑡𝑜𝑡 (ℎ, 𝜆) are the spectral backscatter and extinction coefficients of
the atmospheric layer at altitude ℎ. The 𝛽𝑡𝑜𝑡 (ℎ, 𝜆) and 𝛼𝑡𝑜𝑡 (ℎ, 𝜆) are defined as:
𝛽𝑡𝑜𝑡 (ℎ, 𝜆) = 𝛽𝑎𝑒𝑟 (ℎ, 𝜆) + 𝛽𝑚𝑜𝑙 (ℎ, 𝜆)

Eq. 3.2

𝛼𝑡𝑜𝑡 (ℎ, 𝜆) = 𝛼𝑎𝑒𝑟 (ℎ, 𝜆) + 𝛼𝑚𝑜𝑙 (ℎ, 𝜆)

Eq. 3.3
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where de subscripts 𝑎𝑒𝑟 and 𝑚𝑜𝑙 are the aerosol and molecular components,
respectively. Hereafter, it will refer to 𝛽𝑎𝑒𝑟 and 𝛼𝑎𝑒𝑟 as 𝛽 and 𝛼, respectively, since
in the results presented in this thesis it will focus mainly in these terms. The squared
transmittance (due to travel back and forth), 𝑇 2 (ℎ, 𝜆), of the laser signal is defined
as:
ℎ

𝑇 2 (ℎ, 𝜆) = exp (−2 ∫ 𝛼𝑡𝑜𝑡 (ℎ′ , 𝜆) 𝑑ℎ′ )

Eq. 3.4

0

For lidar and ceilometer applications is usual to use the so-called range
corrected signal (RCS), which is defined as:
𝑅𝐶𝑆(𝜆) = 𝑃(ℎ, 𝜆) · ℎ2

Eq. 3.5

3.2.1.1. Multiwavelength Raman lidar system
Figure 3.2 shows the lidar system operating at the UGR station which is a
multiwavelength Raman lidar LR331D400 (Raymetrics S.A.).

Figure 3.2. Raman lidar system operated at UGR station.
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The main characteristics of the system are presented in Table 3.1. It is
configured in a monostatic biaxial alignment pointing vertically to the zenith. The
transmission system consists of a pulsed Nd:YAG laser that emits at 1064 (110 mJ),
532 (65 mJ) and 355 nm (60 mJ) by means of the 2nd and 3rd harmonic generators.
Table 3.1. Technical characteristics of the UGR lidar system.

Emitter
Pulsed laser source

Nd:YAG (Quantel CFR Series)

Wavelength

355, 532 and 1064 nm

Energy/pulse

60, 65, 110 mJ

Repetition rate

1, 2, 5 and 10 Hz

Laser beam diameter

6 mm

Laser beam divergence

<0.1 mrad

Receiver Optics
Telescope

Cassegrain

Primary/secondary mirror

400/90 mm

diameter
Focal length

3998 nm

Wavelengths

355, 387, 408, 532p, 532s, 607,
1064 nm
1.0, 2.7, 1.0, 0.5, 0.5, 2.7, 1.0

Full Width at Half Maximum

Detection Unit
Transient Recorder
Detectors

LICEL
APD (at 1064 nm), PMT (other
channels)

Detection mode

Analog and photon counting

Nominal spatial resolution

7.5 m
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The receiving system has seven channels: three to measure the backscatter
light at emission wavelengths plus one additional channel to measure crosspolarized light at 532 nm; two channels at 387 and 607 nm for the detection of
Raman scattering from N2 and an additional channel to detect the Raman scattering
from water vapor at 408 nm. The vertical resolution of the system is 7.5 m. Due to
incomplete overlap, atmospheric information up to 500 m above the system is
limited [Navas-Guzmán et al., 2011]. The system is included in EARLINET
network since 2005 and contributes to the ACTRIS research infrastructure. A
detailed description of this multiwavelength lidar system can be found in GuerreroRascado et al. [2008].

3.2.1.2. Ceilometer
The ceilometer installed at UGR station is a
CHM15k-Nimbus,

manufactured

by

Jenoptik

company (now these ceilometers are in charge of
Lufft manufacturer). This instrument operates with a
pulsed Nd:YAG laser which emits at 1064 nm and
measures the backscatter signal by the atmosphere at
the same wavelength. The spatial resolution is 15 m,
reaching a maximum height around 15000 m a.g.l.
The complete overlap is found around 1500 m a.g.l.
[Heese et al., 2010] but with the overlap function
provided by the manufacturer the 90% complete
overlap is obtained between 555 and 885 m a.g.l..
The instrument directly provides NetCDF files with
the RCS at 1064 nm every 15 seconds along all full Figure 3.3. Ceilometer operated
at UGR station.

day.
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In addition, the software also provides some products as the cloud base
height and the total cloud cover. The ceilometer at UGR station is part of the Iberian
Ceilometer Network (ICENET) [Cazorla et al., 2017]. Table 3.2 presents the main
characteristics of the system, more information about it and its products can be found
in the Jenoptik CHM15k user manual [Jenoptik, 2013].
Table 3.2. Technical characteristics of the UGR ceilometer system.

Emitter
Pulsed laser source

Nd:YAG

Wavelength

1064 nm

Energy/pulse

8.4 µJ

Repetition rate

5-7 kHz

Laser beam divergence

<0.3 mrad

Detection Unit
Transient Recorder

LICEL

Detectors

APD

Detection mode

Photon counting

Nominal spatial resolution

15 m

3.2.2. Passive remote sensing instruments
3.2.2.1. Sun/sky/lunar photometer
The automatic sun/sky photometer CIMEL CE318 (Cimel Electronique) is the
standard instrument for the AERONET network. In this case, a CIMEL CE318-N
installed at the UGR station (Figure 3.4a) was in operation since 2004 in a regular
basis, but a CE318-NE model started to take measurements in 2011 and a CE318-T
in 2016. At CP station, operated only from late spring to early autumn due to its
remote location and snowfalls, a CIMEL CE318-NE is operated in a seasonal basis
since 2011, being a CIMEL CE318-T since 2017. The calibration of these
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photometers is annually performed by RIMA network (Red Ibérica de Medida
fotométrica de Aerosoles, www.rima.uva.es) nowadays so-called GOA Calibration
Facility, which is part of the European branch of AERONET (AERONETEUROPE) in the framework of ACTRIS infrastructure. A complete description of
the instrument and its measurements can be found in Holben et al. [1998]. Table 3.3
presents some characteristics and measurements of this system (CE318-NE).

Figure 3.4. Sun/sky photometer CIMEL operated at UGR station (a). Scheme for measurement of
direct irradiance, principal and almucantar plane (b).

The sun/sky (and lunar for CE318-T) photometer is equipped with 7-9
spectral channels (it depends on the photometer model) covering the spectral range
between 340 and 1020-1640 nm. It performs direct sun (and lunar for CE318-T)
irradiance measurements and sky radiance observations in both the almucantar and
principal plane configurations at least at 440, 675, 870, and 1020 nm spectral
channels (Figure 3.4b). Principal plane measurements are replaced by hybrid plane
observations, a mix between principal and almucantar planes measurements, in
CE318-T model. The direct sun irradiance measurements are made each 15 minutes,
the almucantar and principle plane radiances are made hourly. For the almucantar
radiance measurements, additional four sequences are also made, both in morning
and afternoon, at optical airmasses of 4, 3, 2 and 1.7. In the principle plane, the
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measurements are performed for different zenith angles with the azimuth angle
constant and equal to the solar azimuth angle. On the other hand, for almucantar
configuration, the zenith angle remains equal to the solar zenith angle and makes a
scan clockwise and counter clockwise giving two measurements for each azimuth
angle with respect to the sun position.
Table 3.3. Characteristics of photometer CIMEL CE318-NE.

Photometer CIMEL CE318-NE
Detector
Wavelength

Si and InGaAs photodiodes
340, 380, 440, 500, 675, 870, 940, 1020 (with
Si and also InGaAs) and 1640 nm

FOV

1.2º

Applications

Atmospheric aerosol
Water vapor
Direct sun irradiance

Measurements

Almucantar radiance
Principal plane radiance

The CE318 measurements are automatically transferred in near real-time
(every ~2 hours) to the GOA Calibration Facility, which resends after a first quality
control the raw data to AERONET, where data are processed by the AERONET
algorithm [Holben et al., 1998; Dubovik and King., 2000] to provide columnar
aerosol optical and microphysical properties such as AOD, PSD, CRI and SSA. The
data provided by AERONET (version 2 in this thesis) have various levels of quality:
Level 1.0 hosts the unscreened data; Level 1.5 data are cloud-screened and Level
2.0 data are quality assured because they are reprocessed after calibration and
manually inspected to fulfil a set of AERONET criteria [Holben et al., 2006]. In this
thesis, the AERONET inversion products Version 2 Level 2.0 are used. However,
in some cases, data of Version 2 Level 1.5 are used. The uncertainty of the
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AERONET inversion products is described by Dubovik et al. [2000]. Errors in PSD
retrievals are around 10–35 % for particles in the size range 0.1< r <7 μm, while for
sizes lower than 1 μm and higher than 7 μm retrieval errors rise up to 80–100%. For
data products of Version 2 Level 2.0 (AOD440>0.4 and 𝜃>50º), the uncertainty in
the retrieval of SSA is <0.03 and the errors are about 30–50% for the IRI. On the
other band, the products Version 2 Level 1.5 provide accuracy levels drop down to
0.05–0.07 for the SSA, to 80% – 100% for the IRI, and to 0.05 for the RRI.
As mentioned before, the new sun/sky/lunar CIMEL CE318-T photometer
(Cimel Electronique) was installed at UGR station since March 2016 and since 2017
at CP station. More details of the new CE318-T and its additional and enhanced
operational functionalities are described by Barreto et al. [2016]. The most
important feature of this new photometer is its capacity to measure the sun radiation
reflected by the Moon during night-time providing valuable information of
atmospheric aerosols during whole day. The new CE318-T characteristics are
similar as CE318-NE sun/sky photometer (Table 3.3), taking measurements with a
filter wheel (9 narrow filters) both with two detectors: Si for 340 to 1020 nm, and
InGaAs (indium gallium arsenide) for 1020 and 1640 nm. During the day, the new
instrument makes similar measurement to those described for the CE318-NE but
replacing principal plane measurements by hybrid plane observation. For nighttime, CE318-T makes multi-wavelength direct lunar irradiance measurements
between first and third Moon quarters. CE318-T photometers (and the other models)
used in this work were periodically calibrated following the standards of
AERONET. The calibration of the CE318-T for AOD calculation at night-time has
been done by the Lunar-Langley calibration method explained by Barreto et al.
[2016].
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3.2.2.2. Sky camera
The SONA sky camera (“Sistema de Observación de Nubosidad Automático”:
Automatic Cloud Observation System) is a device which provides hemispherical
sky images along the whole day (Figure 3.5). The system is composed by a quartz
dome with a shadow band in order to block the direct sun signal and a CCD camera
with a fisheye lens inside of a waterproof case. The CCD camera provides RGB
images with a resolution of 480x480 pixels. The camera takes images with an
infrared (IR) cut-off filter which block IR light into the sensor which makes that the
camera is not sensitive to infrared light above 700 nm. The CCD effective
wavelengths for night moon scenarios were calculated by Román et al. [2017a],
being 469 nm, 533 nm and 608 nm for blue, green and red channels, respectively.
The main objective of the system was cloud cover detection identifying cloudy and
cloud-free pixels, but it can be used with other purposes as to calculate the relative
sky radiance near the Moon.

Figure 3.5. Sky camera SONA at UGR station and 9 sky images from the 16 images HDR multiexposure sequence.

This camera was configured to take a multi-exposure sequence of sky images
every 5 minutes. There is one sequence for daytime [Román et al., 2017b] and other
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for night-time [Román et al., 2017a]. The night-time sequence consists of 16
consecutive sky images (9 of them are shown in Figure 3.5 as example) with
exposure times following a doubling sequence. It allows obtaining a high dynamic
range (HDR) image viewing the most illuminated parts of the sky in the lowexposure images and the darkest in the high-exposure ones. Using the pixel
sensitivity function, that corrects linearity, calculated by Román et al. [2017a], an
HDR image is calculated from the 16 images (dark frames are corrected previously
in each individual image). This HDR is a linear image where every pixel signal is
proportional to the incoming radiance, and the proportion is the same for every pixel
(changes with the effective wavelength).
Once an HDR is calculated, the background light (previously calculated in
Román et al. [2017a]) is removed in order to obtain the relative sky radiance at the
lunar aureole. Then, the recorded relative irradiance in the HDR image is divided by
the field of view (FOV) of each pixel to calculate the relative sky radiance (RSR).
The RSR data points with same zenith angle of the Moon and different azimuth
angles from 3° to 20° (1° steps) away from the Moon are chosen. The first azimuth
is in agreement with the first angle of the almucantar measurements sequence used
in the AERONET and the last azimuth is selected because beyond of it the camera
signal does not significantly change. Both almucantar branches are averaged
assuming the sky radiance is symmetric and finally, for each channel, the obtained
signals are normalized giving as result the normalized camera radiance (NCR). A
full description of this method is given by Román et al. [2017a], who quantified the
uncertainty in NCR around 10% for the three channels.

3.3. In-situ instrumentation
The in-situ measurements presented in this study were mainly collected at SNS
station. SNS station is part of the ACTRIS network and operates under ACTRIS
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guidelines (http://actris2.nilu.no/). Air was sampled from the top of a stainless steel
tube of 10 cm diameter and 4 m length located at about 15 m above the ground, on
the roof of the building. Inside this main stack, there are several stainless steel pipes
that drive the sampling air to the different instruments. A blower maintained a flow
of 0.00167m3 s-1 and the residence time of the air in the main pipe is 0.6 s. Thus,
particles losses in the main pipe are considered negligible.

3.3.1. Nephelometer
The integrating nephelometer (model TSI 3563; Figure 3.6) measures the particle
light scattering and backscatter coefficients, 𝜎𝑠𝑐𝑎 (𝜆) and 𝛽(𝜆), at three wavelengths
(450, 550 and 700 nm) with 5-min temporal resolution. A quartz-halogen lamp
equipped with a built-in elliptical reflector illuminates over an angle of 7 to 170° the
air sample (particle + gas) extracted by a small turbine blower at a constant flow of
30 l min−1. The nephelometer underestimates the scattering and backscattering
coefficients measurements due to the limits of the angular integration of the
scattered light, since part of forward (0º–7º) and backward (170º–180º) signals are
not measured. Nephelometer data were corrected for truncation and non-Lambertian
illumination errors using the method described by Anderson and Ogren [1998].

Figure 3.6. Nephelometer TSI 3563.

A routine maintenance and calibration of the nephelometers was carried out
periodically using CO2 and filtered air. The nephelometer was zero adjusted using
particle-free air every hour. The uncertainty in 𝜎𝑠𝑐𝑎 is of 7% [Heintzenberg et al.,
2006].
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3.3.2. SMPS & APS
The Scanning Mobility Particle Sizer (SMPS; Figure 3.7)
composed of an Electrostatic Classifier (TSI Mod. 3080)
and a Condensation Particle Counter (CPC; TSI Mod.
3772) measures the sub-micron particle number size
distribution within the 12–615 nm particle mobility
diameter range with 5-min temporal resolution. Aerosol
and sheath flow rates were 1.0 and 5.0 lpm, respectively.
SMPS data were corrected of internal diffusion losses and
multiple charges with the AIM software (version 9.0.0,

Figure 3.7. Scanning
Mobility Particle Sizer.

TSI, Inc., St Paul MN, USA). Following calibration
procedures, uncertainty in the measured particle size distribution is within 10% and
20% for the size range 20-200 nm and 200-800 nm, respectively [Wiedensohler et
al., 2017].
In addition, the coarse particle number size distribution within the 0.5–20 µm
aerodynamic diameter range was measured by an Aerodynamic Particle Sizer (APS;
TSI Mod. APS-3321; Figure 3.8). The APS measures number aerosol concentrations
up to 1000 particles·cm-3 with coincidence errors inferior to 5% and 10% at 0.5 and
10 μm diameters, respectively. From these measurements, aerosol volume
concentrations were obtained in the 0.05–10 μm radius range with 5-min time
resolution. For that, Q-value=1 has been assumed for conversion from aerodynamic
(APS) to mobility size distribution [Sorribas et al., 2015].

Figure 3.8. Aerodynamic Particle Sizer.
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4. Methodology
4.1. Lidar inversion
There are two widely used techniques for retrieving the aerosol backscatter and
extinction coefficients from lidar signals. The Raman inversion technique that uses
both elastic and Raman signal [Ansmann et al., 1992] and Klett-Fernald inversion
which only uses elastic signal [Fernald et al., 1972; Klett, 1981; Fernald, 1984].
Details on these inversion techniques are given in the following sections.

4.1.1. Elastic lidar technique
The Klett-Fernald method uses the elastic signal from lidar to retrieve the
backscatter coefficient by the elastic lidar equation (Equation 3.1). The molecular
terms are calculated using standard atmosphere conditions, usually tuned with the
surface pressure and temperature measured in the lidar station or an atmospheric
profile from radiosondes launched nearby, if it is available. Hence, to resolve the
elastic lidar equation with two unknowns (𝛽𝑎𝑒𝑟 (ℎ, 𝜆) and 𝛼𝑎𝑒𝑟 (ℎ, 𝜆)) is necessary
to assume the aerosol extinction-to-backscatter ratio, which is called lidar ratio
(𝐿𝑅(ℎ, 𝜆)). Aerosol lidar ratio is defined as:
( )
𝐿𝑅(ℎ, 𝜆) = 𝛼 ℎ, 𝜆 ⁄𝛽(ℎ, 𝜆)

Eq. 4.1

𝐿𝑅 is a parameter that depends on the aerosol type and could vary with the
height due to the variability of aerosol types with height. But under the assumption
of constant lidar ratio with height, the equation for 𝛽(ℎ, 𝜆) can be solved following
the Klett-Fernald procedure as follows:
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𝛽(ℎ, 𝜆) + 𝛽𝑚𝑜𝑙 (ℎ, 𝜆) =
ℎ

=

𝑅𝐶𝑆(ℎ, 𝜆) exp {−2 ∫ℎ [𝐿𝑅(ℎ′ , 𝜆) − 𝐿𝑅𝑚𝑜𝑙 ]𝛽𝑚𝑜𝑙 (ℎ′ , 𝜆) 𝑑ℎ′ }
0

ℎ
𝑅𝐶𝑆(ℎ0 , 𝜆)
− 2 ∫ℎ 𝐿𝑅(ℎ′ , 𝜆)𝑅𝐶𝑆(ℎ′ , 𝜆) 𝑇𝐸 (ℎ′ , ℎ0 )𝑑ℎ′
𝛽( ℎ0 , 𝜆) + 𝛽𝑚𝑜𝑙 ( ℎ0 , 𝜆)
0

Eq. 4.2
with:
ℎ′

𝑇𝐸

(ℎ′

, ℎ0 ) = exp {−2 ∫ [𝐿𝑅(ℎ′′ , 𝜆) − 𝐿𝑅𝑚𝑜𝑙 ]𝛽𝑚𝑜𝑙 (ℎ′′ , 𝜆) 𝑑ℎ′′ }
ℎ0

Eq. 4.3

where the molecular extinction-to-backscatter ratio (𝐿𝑅𝑚𝑜𝑙 ) is well determined by
Rayleigh scattering with a value of 8𝜋⁄3 𝑠𝑟.
In order to determine 𝛽(ℎ, 𝜆) is necessary to estimate the aerosol backscatter
coefficient at a specific reference height ℎ0 (𝛽( ℎ0 , 𝜆)). The reference height is
selected such that the aerosol backscatter coefficient at this height is negligible
compared to the known molecular backscatter value. Such height is normally given
for clear air conditions in the upper troposphere.

4.1.2. Inelastic lidar technique
The inelastic lidar technique, so-called Raman inversion, is based on the Raman
scattering described in Section 2.3. The most important advantage is that this
technique allows independent retrievals of aerosol backscatter and extinction
coefficients without any assumption of lidar ratio. Due to the Raman scattering, the
scattered light wavelength (𝜆𝑅 ) is shifted with respect to emitted laser wavelength
(𝜆). This shift depends on the molecule that interacts with light. If the Raman
scattering is due to a gas with known atmospheric density, as N2 or O2, the
backscatter coefficient in the Raman lidar equation is known, therefore, only the
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aerosol extinction and its wavelength dependence remain as unknowns [Ansmann
et al., 1990]. The extinction coefficient is calculated as follows:
𝑑
ln[𝑁𝑅 (ℎ)⁄𝑅𝐶𝑆(ℎ, 𝜆𝑅 )] + 𝛼𝑚𝑜𝑙 (ℎ, 𝜆) − 𝛼𝑚𝑜𝑙 (ℎ, 𝜆𝑅 )
𝛼(ℎ, 𝜆) = 𝑑ℎ
1 + (𝜆⁄𝜆𝑅 )𝑘

Eq. 4.4

where 𝑁𝑅 (ℎ) is the atmospheric number density of the reference gas and can be
calculated using the pressure and temperature profile defined by a standard
atmospheric model, usually tuned with the surface temperature and pressure
measured at the lidar station, or from radiosonde measurements; 𝑘 is the extinction
Ångström exponent that consider the spectral changes between the elastic and
Raman wavelengths.
The aerosol backscatter coefficient 𝛽𝑎𝑒𝑟 (ℎ, 𝜆) can be expressed as:
𝛽(ℎ, 𝜆) + 𝛽𝑚𝑜𝑙 (ℎ, 𝜆) = [𝛽(ℎ0 , 𝜆) + 𝛽𝑚𝑜𝑙 (ℎ0 , 𝜆)]·
ℎ
′
′
′
𝑃(ℎ0 , 𝜆𝑅 )𝑃(ℎ, 𝜆) 𝑁𝑅 (ℎ) 𝑒𝑥𝑝 {− ∫ℎ0[𝛼(ℎ , 𝜆𝑅 ) − 𝛼𝑚𝑜𝑙 (ℎ , 𝜆𝑅 )] 𝑑ℎ }
·
·
𝑃(ℎ0 , 𝜆)𝑃(ℎ, 𝜆𝑅 ) 𝑁𝑅 (ℎ0 ) 𝑒𝑥𝑝 {− ∫ℎ [𝛼(ℎ′ , 𝜆) − 𝛼 (ℎ′ , 𝜆)] 𝑑ℎ′ }
𝑚𝑜𝑙
ℎ
0

Eq. 4.5
where 𝑃(ℎ, 𝜆) and 𝑃(ℎ, 𝜆𝑅 ) are the received elastic backscatter signal and the
Raman signal, respectively. As in the Klett-Fernald retrieval, a reference height is
selected in a region with clear air where 𝛽(ℎ0 , 𝜆) can be approximated to 0. The
molecular extinction and backscatter coefficients are calculated using Rayleigh
scattering model [Bucholtz, 1995].

4.2. Combination of active and passive instruments
The first algorithms developed to retrieve vertically–resolved aerosol optical and
microphysical properties use measurements of three aerosol backscatter and two
extinction coefficients, as is mentioned in the Introduction chapter. However, these
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measurements are scarce compared to the large database of elastic lidar
measurements since multiwavelength Raman lidars are mostly capable of measuring
only at night-time and the number of these kind of lidar is limited due to its high
cost.
In this sense, different inversion methods have been recently developed
within the European project ACTRIS and the EARLINET framework. These
methods combine information of elastic lidar and sun/sky photometer measurements
in order to retrieve vertical profiles of aerosol microphysical properties. Such kind
of algorithms include the LIdar-Radiometer Inversion Code (LIRIC) developed in
the Institute of Physics of Minsk (Belarus) and the Laboratoire d'Optique
Atmosperique in Lille (France) [Chaikovsky et al., 2008] and also the Generalized
Aerosol Retrieval from Radiometer and Lidar Combined data (GARRLiC; Lopatin
et al., 2013). The last algorithm being nowadays a branch of the Generalized
Retrieval of Aerosol and Surface Properties (GRASP; Dubovik et al., 2014)
developed in the Laboratoire d'Optique Atmosperique (LOA) in Lille (France). A
brief description of these algorithms is given in the following subsections.

4.2.1. LIRIC algorithm
LIRIC is described in detail in the literature [e. g. Chaikovsky et al., 2008, 2012,
2016; Granados-Muñoz et al., 2014]. The input information needed and the aerosol
properties retrieved by LIRIC algorithm and used in this thesis are shown in Table
4.3. The inputs of LIRIC algorithm are the lidar elastic backscattered signals at three
different wavelengths (355, 532 and 1064 nm; if available, the cross-polarized signal
at 532 nm), together with the inversions of the sun/sky photometer measurements
retrieved from AERONET (Version 2, Level 1.5). These data are put through an
iterative procedure based on the Levenberg–Marquardt method, which is described
in detail by Chaikovsky et al. [2016].
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Table 4.1. General input and output data of LIRIC algorithm.

LIRIC

OUTPUT

INPUT

Sun/sky photometer
•
•
•
•

Aerosol optical depth
Complex refractive index
Volume concentration
Spherical particle fraction

Lidar
•
•

Elastic backscatter signal at
355, 532 and 1064 nm
Cross-polarized signal at
532 nm

Vertical profile
•

Volume concentration for fine and coarse modes (spherical and
spheroid if 532-cross is provided)

This algorithm does not use directly the sun/sky photometer measurements,
but assumes as true the column aerosol products from AERONET retrieved from
sun/sky photometer measurements. LIRIC provides height-resolved aerosol volume
concentration profile for the fine and coarse modes with a vertical resolution as high
as the vertical resolution of the lidar system. Using information on the backscattered
cross-polarized in a channel, 532 nm in our case, it is feasible to discriminate the
contribution of the spherical and spheroid particles in the coarse mode. Additional
products such as the aerosol extinction and backscatter coefficients or the lidar ratio
for the different modes, among others, can be derived. In cases of good mixing
within the boundary layer and low layering, the uncertainties of the retrieved vertical
profiles of microphysical properties are below 10%, but they reach higher values
(up to 30%) in cases of more complex structures [Granados-Muñoz et al., 2014].
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4.2.2. GRASP/GARRLiC algorithm
GRASP algorithm is a versatile and open-source algorithm (www.grasp-open.com)
which can retrieve vertical and columnar properties of atmospheric aerosols from a
variety of remote sensing observations [Dubovik et al., 2014]. GARRLiC, which is
part of GRASP algorithm, simultaneously inverts coincident elastic lidar and
sun/sky photometer measurements to retrieve both vertical profiles and columnintegrated optical and microphysical aerosol properties. In contrast to LIRIC,
GARRLiC uses directly the sun/sky photometer measurements instead of the
columnar AERONET products. GARRLiC algorithm applications and sensitivity
tests are discussed in detail by Lopatin et al. [2013]. Hereafter, it will refer to
GARRLiC directly as GRASP since it is run from GRASP in this thesis.

Figure 4.1. General structure of the GRASP algorithm (source: Lopatin et al., 2013).

GRASP is a modification of AERONET and POLDER/PARASOL
algorithms [Dubovik et al., 2011] for inclusion of, among others, lidar data [Lopatin
et al., 2013]. GRASP algorithm is divided in two main independent modules as
shown in Figure 4.1: forward model and numerical inversion modules. The forward
model is based on radiative transfer and aerosol models and it is capable of
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generating the radiative measurements from a given set of parameters. The
numerical inversion module is the main part of the core algorithm program which
includes general mathematical operations based on multi-term least square method
(LSM).

4.2.2.1. Forward model
The first versions of the retrieval algorithm [Dubovik and King, 2000; Dubovik et
al., 2011] and its first modifications (which invert only passive observations by
ground-based, satellite and airborne radiometers) [Sinyuk et al., 2007; Gatebe et al.,
2010], were modified for modelling lidar observations [Lopatin et al., 2013]. Figure
4.2 shows a diagram of the main components of GRASP forward model module
where elastic lidar measurements are simulated by lidar equation and sun/sky
photometer observations are modelled by means of solving the vectorial radiative
transfer equation [Lopatin et al., 2013].

Figure 4.2. General scheme of the forward model of GRASP (from Lopatin, 2013).
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The aerosol is defined as a mixture of several aerosol components (𝑘) which
have a different particle size distribution and a complex refractive index. Each
aerosol component is a sum of spherical and non-spherical fractions. Sensitivity
studies by Lopatin et al. [2013] demonstrated that a combination of multiwavelength
lidar and ground-based sun/sky photometer measurements provides enough
information to retrieve bi-component (𝑘=2) aerosol mixture properties. Therefore,
the extinction and scattering properties of the aerosol in whole atmospheric column
can be modelled as:
𝑠𝑝ℎ
𝑘
𝑘
𝜏𝑒𝑥𝑡
⁄𝑠𝑐𝑎 (𝜆) = ∑ [ ∑ [𝐶𝑠𝑝ℎ 𝐾𝑒𝑥𝑡⁄𝑠𝑐𝑎 (𝜆, 𝜅, 𝑛, 𝑟𝑝 )
𝑘=1,2 𝑝=1,…,𝑁𝑟
𝑛𝑜𝑛𝑠
𝑘
+ (1 − 𝐶𝑠𝑝ℎ
)𝐾𝑒𝑥𝑡
⁄𝑠𝑐𝑎 (𝜆, 𝜅, 𝑛, 𝑟𝑝 )]

Eq. 4.6
𝑑𝑉(𝑟𝑝 )
]
𝑑 ln 𝑟𝑝

𝑘
𝑘 (𝜆)𝑃𝑘 (𝜆,
𝜏𝑠𝑐𝑎
Θ) ∑ [ ∑ [𝐶𝑠𝑝ℎ
𝐾𝑖𝑗𝑠𝑝ℎ (𝜆, Θ, 𝜅, 𝑛, 𝑟𝑝 )
𝑖𝑗
𝑘=1,2 𝑝=1,…,𝑁𝑟

+ (1 −

𝑘
𝐶𝑠𝑝ℎ
)𝐾𝑖𝑗𝑛𝑜𝑛𝑠 (𝜆, Θ, 𝜅, 𝑛, 𝑟𝑝 )]

𝑑𝑉(𝑟𝑝 )
]
𝑑 ln 𝑟𝑝

Eq. 4.7

where 𝜏𝑒𝑥𝑡 and 𝜏𝑠𝑐𝑎 are the columnar extinction and scattering optical depth,
respectively, 𝑘 is the number of aerosol components, the 𝑃𝑖𝑗 (𝜆, Θ) is the element of
scattering matrix, 𝐶𝑠𝑝ℎ is the fraction of the spherical particles, 𝑁𝑟 is the number of
size distribution bins and finally, 𝐾𝑒𝑥𝑡⁄𝑠𝑐𝑎 and 𝐾𝑖𝑗 are the kernels of extinction,
scattering and their properties. The detailed information of the calculation of the
kernels was described by Dubovik et al. [2002b, 2006, 2011] and Volten et al.
[2001].
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On other hand, the atmospheric backscattering vertical profile is modelled as
follows:
𝛽(ℎ, 𝜆) =

1
𝑘 (180º,
∑ 𝛼 𝑘 (ℎ, 𝜆)𝜔0𝑘 (𝜆)𝑃11
𝜆)
4𝜋
𝑘=1,2

Eq. 4.8

where 𝜔0 (𝜆) is the atmosphere single scattering albedo, 𝑃11 (180º, 𝜆) is the phase
function at scattering angle Θ=180º and 𝛼 𝑘 (ℎ, 𝜆) is the aerosol extinction modelled
as:
𝛼 𝑘 (ℎ, 𝜆) = 𝜏𝑘 (𝜆)𝑐𝑘 (ℎ)

Eq. 4.9

where 𝜏𝑘 (𝜆) is the aerosol optical depth and 𝑐𝑘 (ℎ) is the modelled vertical profiles
of volume concentration where it is normalized to unity as:
ℎ𝑇𝑂𝐴

∫

𝑐𝑘 (ℎ)𝑑ℎ = 1

0

Eq. 4.10

In the computations of volume concentrations, GRASP assumes that modal
radius and complex refractive index do not changes with height. Due to incomplete
overlap in the first meters above the ground, the volume concentration below a
minimum altitude (ℎ𝑚𝑖𝑛 ) fixed by the user is assumed constant and equals to the
value on this ℎ𝑚𝑖𝑛 . For very high altitudes (above a maximum altitude, ℎ𝑚𝑎𝑥 ) where
it has very weak lidar measurements, GRASP assumes that aerosol load is
negligible.
Finally, assuming the plane parallel approximation, the full radiative
equation is solved using vertically dependent optical properties of the atmosphere:
𝑔𝑎𝑠

Δ𝜏𝑖 (𝜆) = Δ𝜏𝑖

(𝜆) + Δ𝜏𝑖𝑚𝑜𝑙 (𝜆) + ∑ Δ𝜏𝑖𝑎𝑒𝑟,𝑘 (𝜆)
𝑘=1,2

Eq. 4.11
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𝜔0𝑖 (𝜆)

𝑃𝑖𝑗𝑖 (Θ, 𝜆)

=

Δ𝜏𝑖𝑚𝑜𝑙 (𝜆) + ∑𝑘=1,2 Δ𝜏𝑖𝑎𝑒𝑟,𝑘 (𝜆)𝜔0 (𝜆)
=
Δ𝜏𝑖 (𝜆)

Δ𝜏𝑖𝑚𝑜𝑙 (𝜆)𝑃𝑖𝑗 (Θ, 𝜆) + ∑𝑘=1,2 Δ𝜏𝑖𝑎𝑒𝑟,𝑘 (𝜆)𝜔0 (𝜆)𝑃𝑖𝑗𝑎𝑒𝑟,𝑘 (Θ, 𝜆)
Δ𝜏𝑖𝑚𝑜𝑙 (𝜆) + ∑𝑘=1,2 Δ𝜏𝑖𝑎𝑒𝑟,𝑘 (𝜆)𝜔0 (𝜆)

Eq. 4.12

Eq. 4.13

where Δ𝜏𝑖 (𝜆), 𝜔0𝑖 (𝜆) and 𝑃𝑖𝑗𝑖 (Θ, 𝜆) represent optical properties of 𝑖-th homogeneous
layer of the atmosphere. More details about GRASP forward model module are
described by Lopatin [2013].
GRASP forward module can also be independently run in order to simulate
the optical observations for any aerosol scenario that users want. Particularly,
forward model can also be used for generating measurements (e.g. lidar signals, sky
radiances) for any given instrument.

4.2.2.2. Numerical inversion
The numerical inversion module is based on the multi-term LSM that solves the
following system of equations [Dubovik and King, 2000; Dubovik, 2004; Dubovik
et al., 2011]:
𝒇∗ = 𝒇(𝒂) + ∆𝒇
{ 𝟎∗ = 𝑺𝒂 + ∆𝑆
𝒂∗ = 𝒂 + ∆𝒂

Eq. 4.14

In the first formula of Equation 4.15, 𝒇∗ is a vector of measurements 𝑓𝑖 , 𝒂 is
the vector of unknowns to retrieve, 𝒇(𝒂) denotes a physical forward model that
allows adequate simulations of observations 𝑓𝑖 from predefined parameters 𝑎𝑖 , and
∆𝒇 is the vector of measurements errors. The vector 𝒂 includes the atmospheric
aerosols properties: particles size distribution, spherical fraction of particles, real
and imaginary part of refractive index and vertical profile of concentration.
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The second formula in Equation 4.15 represents a priori smoothness
parameters to constrain the variability of retrieved parameters. 𝟎∗ is the vector of
zeros which allows rejecting the solutions with strong oscillations and
unrealistically high derivatives. The matrix 𝑺 is composed of coefficients for
calculating k-th differences of the retrieved parameters and Δ𝑆 is the vector of the
uncertainties characterizing the deviations of the differences from the zeros.
The third equation in Equation 4.15 represents the parameters to retrieve, 𝒂,
while 𝒂∗ are the a-priori parameters to initialize the algorithm, ∆𝒂 represents the
uncertainty in these a priori estimates.
Assuming that the errors are normally distributed and using the multi-term
LSM, it is possible to find the solution to the Equation 4.15 through the minimization
of the following quadratic form:
Ψ(𝒂𝑝 ) = Ψ𝒇 (𝒂𝑝 ) + Ψ𝑺 (𝒂𝑝 ) + Ψ𝒂 (𝒂𝑝 )
1
= {(∆𝒇 𝑝 )𝑇 𝑾𝑓−1 ∆𝒇 𝑝 + 𝛾𝑆 (𝒂𝑝 )𝑇 𝛀𝒂𝑝
2
𝑝
∗
+ 𝛾𝑎 (𝒂𝑝 − 𝒂∗ )𝑇 𝑾−1
𝑎 (𝒂 − 𝒂 )}

Eq. 4.15

where 𝛀 is the correspondent smoothness matrix and can be written as: 𝛀 = 𝑺𝑇 𝑺,
where 𝑺 is the matrix of k-th differences. The 𝑝 is the iteration index, and 𝑾 and 𝛾
are the weighting matrices and Lagrange parameters, respectively, defined as
follows:
𝑾𝑓 =

1
𝑪
𝜖𝒇2 𝒇

𝛾𝑆 =

𝜖𝒇2
𝜖𝑺2

𝑾𝑎 =

𝛾𝑎 =

1
𝑪
𝜖𝒂2 𝒂
𝜖𝒇2

Eq. 4.16

𝜖𝒂2
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where 𝜖𝒇 , 𝜖𝑺 and 𝜖𝒂 are the first diagonal elements of the corresponding covariance
matrices 𝑪𝑓 and 𝑪𝑎 , respectively. More details about the iterative process are
described by Dubovik and King [2000], Dubovik [2004], Lopatin et al. [2013] and
Torres et al. [2017].
GRASP estimates the errors of the retrieved parameters by means of
̂ are
formulations of multi-term LSM. The errors of the estimated parameters Δ𝒂
normally distributed and have two components, random and systematic, that result
from ∆𝒇𝑟𝑎𝑛 and ∆𝒇𝑠𝑦𝑠 in the measurements as:
̂ = ∆𝒂
̂𝑟𝑎𝑛 + ∆𝒂
̂𝑠𝑦𝑠
Δ𝒂

Eq. 4.17

Then, it is possible to derive the covariance matrix from the errors, which
will also consist of two components, random and systematic, as follows:
̂𝑏𝑖𝑎𝑠 (𝒂
̂𝑏𝑖𝑎𝑠 )𝑇
𝐶𝒂̂ = 𝐶∆𝒂̂𝑟𝑎𝑛 + 𝒂

Eq. 4.18

where,
−1

̂ 𝑏𝑖𝑎𝑠 = (𝑲𝑇 𝑾𝑓−1 𝑲 + 𝛾𝑆 𝛀 + 𝛾𝑎 𝑾𝑎−1 ) (𝑲𝑇 𝑾𝑓−1 𝒃𝒇 + 𝛾𝑆 𝛀𝒃𝑆
𝒂
+ 𝛾𝑎 𝑾𝑎−1 𝒃𝑎 )

Eq. 4.19

−1

2
𝐶∆𝒂̂𝑟𝑎𝑛 = (𝑲𝑇 𝑾𝑓−1 𝑲 + 𝛾𝑆 𝛀 + 𝛾𝑎 𝑾−1
𝑎 ) 𝜀𝒇

Eq. 4.20

where K is the matrix corresponding to the first derivatives and 𝒃𝒌 is the bias
introduced by each data set.
In order to obtain the total error estimate, it is necessary to calculate:
2
2
𝜎𝑎 = √𝜎𝑟𝑎𝑛𝑑
+ 𝜎𝑏𝑖𝑎𝑠

where it is important to note that 𝜎𝑎 is in log-scale.
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On the other hand, GRASP return the retrieved parameters in normal scale.
So, to express the parameter with its error estimate in the normal scale, it is necessary
to write:
𝑎′ = 𝑎̂ · exp(±𝜎𝑎 )

Eq. 4.22

Therefore, the absolute error of the retrieved parameters can be written as
follows:
𝜀+ = 𝑎̂ · (−1 + exp(+𝜎𝑎 ))
𝜀− = 𝑎̂ · (1 − exp(−𝜎𝑎 ))

Eq. 4.23

A detailed description of the error estimation can be found in Dubovik [2004].

4.2.2.3. Input data
GRASP retrieval starts from an assumed initial guess scenario followed by the
iterative procedure, explained in the subsection 4.2.1.2, which allows to retrieve the
characteristics of atmospheric aerosols; Figure 4.3 shows a diagram of this process.

Figure 4.3. Evolution of retrieved characteristics during GRASP processing (source:
https://www.grasp-open.com).
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The initial guess is loaded as the first characteristic array to be retrieved, then
GRASP provides the optical observations of the “initial guess scenario” and these
observations are compared with the real measured observations (in the so-called
SDATA file) and a new set of aerosol properties is obtained by the inversion module
minimizing the differences between both set of observations. Iteratively, the forward
module is run with the new aerosol properties obtained in the before iteration,
providing a new set of observations that is compared with the real observations again
in order to provide more realistic aerosol properties using the minimization
equations. Finally, when the iterative process is stopped (when the residuals between
consecutive iterations are lower than a fixed threshold by the user), the final array
represents all the retrieved aerosol properties.

Figure 4.4. Part of a SDATA file example.

The SDATA file contains all information related to the measurements that
can be inverted. This file is structured using the GRASP original input data format
and it contains the measurements of sun/sky photometer and lidar or ceilometer
(even sky camera when it is used). Figure 4.4 shows a piece of an example of
SDATA file, where it is observed a simple structure: the first line contains the
identifier SDATA followed by the version number; the second line contains the
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spatial and temporal dimensions; and after an empty line, the information about the
lidar and sun/sky photometer measurements are added. In this thesis, both the
number of pixels in the SDATA and temporal dimension are considered one. A
detailed description of the SDATA file is provided in www.grasp-open.com.
Table 4.2. General input and output data used by GRASP algorithm

GRASP

INPUT

Sun/sky photometer
•
•

Aerosol optical depth*
Normalized radiances*

*at 440, 675, 870 and 1020 nm

Lidar
•

Range corrected profile
normalized at 60 log-spaced
bins at different heights at
355, 532 and 1064 nm**
**for ceilometer only at 1064 nm

OUTPUT

Column-integrated
•
•
•
•
•
•

Particle size distribution
Complex refractive index
Spherical particle fraction
Volume concentration
Single-scattering albedo
Lidar ratio

Vertical profile
•
•
•
•
•
•
•

Volume concentration
Extinction coefficient
Backscatter coefficient
Lidar ratio
Single-scattering albedo
Scattering coefficient
Absorption coefficient

Table 4.2 summarizes the sun/sky photometer and lidar data used in one
SDATA file by GRASP. On the one hand, the sun/sky photometer measurements
used are the aerosol optical depth and sky radiances at 440, 675, 870 and 1020 nm.
In the case of sky radiances, a pre-processing of the data is necessary. Following the
procedures applied by AERONET [Holben et al., 2006]: the data with azimuth
angles from 3.5º to 160º are selected checking that the differences between both
almucantar branches are below 20% and finally the data are normalized using the
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“2000

ASTM

Standard

Extraterrestrial

Spectrum

Reference

E-490-00”

(http://rredc.nrel.gov/solar/spectra/am0).
On the other hand, the lidar data used corresponds to 30 minutes averages of
the raw signals to which a preprocessing is applied to calculate a range corrected
profile for each wavelength. This preprocessing includes at least background noise
subtraction and altitude correction, but other corrections can also be applied as
overlap correction, analog and photon-counting signals gluing and depolarization
correction [Bravo-Aranda, 2014]. To reduce the number of retrieved parameters and
remove the noise in lidar signals at higher altitudes a logarithmical altitude/range
scale with 60 points between a minimum (ℎ𝑚𝑖𝑛 ) and maximum (ℎ𝑚𝑎𝑥 ) altitudes
previously selected is used. The minimum altitude is selected as low as possible
considering that the incomplete overlap is reliably corrected and the maximum
altitude is selected in a region where the lidar measurements noise is acceptable and
the amount of atmospheric aerosols is enough. Finally, the range corrected signal is
normalized as follows:
1 ℎ=ℎ𝑁
∑ℎ=ℎ1 𝑅𝐶𝑆(ℎ, 𝜆)
𝑁
𝑁𝑅𝐶𝑆(ℎ, 𝜆) = ℎ𝑚𝑎𝑥
𝑅𝐶𝑆(ℎ, 𝜆)𝑑ℎ
∫ℎ

Eq. 4.24

𝑚𝑖𝑛

where 𝑁𝑅𝐶𝑆(ℎ, 𝜆) is the normalized range corrected signal at the ℎ-bin (ℎ ranges
from 1 to 60), 𝑁 is the number of RCS values between the ℎ-bin and ℎ1 , ℎ2 , … and
ℎ𝑁 is the 𝑁 heights of the available RCS that are inside the ℎ-bin.

4.2.2.3.a. BRDF data
A part of measured sky radiance has its source in the light reflected by the Earth
surface. Therefore, the Bidirectional Reflectance Distribution Function (BRDF) is
used to take into account this phenomenon. The BRDF is introduced in GRASP
through the BRDF parameters of the Li–Ross model [Ross, 1981; Li and Strahler,
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1992]. GRASP is capable to calculate BRDF parameters from satellite images
[Dubovik et al., 2014] but the BRDF parameters used for this work are obtained
from the V005 Collection MCD43C1 product (V005 MODIS Terra+Aqua
BRDF/Albedo 16-Day L3 0.05Deg CMG) of MODIS (MODerate-resolution
Imaging Spectroradiometer) with a spatial resolution of 0.05º [Schaff et al., 2011].
This product is generated every 8 days with 16 days of acquisitions at seven narrow
bands, 470, 555, 659, 858, 1240, 1640 and 2130 nm. The available MCD43C1 data
at the Granada coordinates from 2000 to 2014 have been averaged obtaining a table
of BRDF parameters every 8 days for one representative year. The BRDF values are
introduced in the settings of GRASP instead in the SDATA file.

4.2.2.4. Output data
GRASP output depends on the input settings and on the number of spectral channels
of the lidar. In the case of single-wavelength lidar data (ceilometer case), the aerosol
properties are retrieved for the whole aerosol load without discriminating between
modes, while for multiwavelength lidar data, the algorithm provides separately the
aerosol properties for fine and coarse modes [Bovchaliuk et al., 2016]. The list of
products obtained by GRASP and used in this thesis is summarized in Table 4.2.
The column-integrated aerosol properties retrieved by GRASP are provided
directly for total, fine and coarse modes, depending on whether the single- or
multiwavelength lidar data is used. Properties as CRI, SSA and LR are wavelength
dependent and therefore are provided for each wavelength.
For aerosol vertical-properties, GRASP provides the profiles of each mode
assuming that modal radius and complex refractive index do not change with height.
Thus, assuming retrievals of two modes, fine and coarse mode respectively, GRASP
provides the profiles of fine (AVPf) and coarse (AVPc) mode respectively. From
these profiles, GRASP computes the rest of properties vertically-resolved, which are
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summarized in Table 4.3 (subscript 𝑓 and 𝑐 are again for fine and coarse mode,
respectively).
Table 4.3. Equations to calculate the vertical profiles of aerosol properties

Property

Equation

Volume
𝑉𝐶(ℎ, 𝜆) = 𝑉𝐶𝑓 ∗ 𝐴𝑉𝑃𝑓 (ℎ) + 𝑉𝐶𝑐 ∗ 𝐴𝑉𝑃𝑐 (ℎ)

Eq. 4.25

𝛼(ℎ, 𝜆) = 𝜏𝑓 (𝜆) ∗ 𝐴𝑉𝑃𝑓 (ℎ) + 𝜏𝑐 (𝜆) ∗ 𝐴𝑉𝑃𝑐 (ℎ)

Eq. 4.26

coefficient

𝛽(ℎ, 𝜆) =

𝜏𝑓 (𝜆) ∗ 𝐴𝑉𝑃𝑓 (ℎ) 𝜏𝑐 (𝜆) ∗ 𝐴𝑉𝑃𝑐 (ℎ)
+
𝐿𝑅𝑓 (𝜆)
𝐿𝑅𝑐 (𝜆)

Eq. 4.27

Absorption

𝜎𝑎𝑏𝑠 (ℎ, 𝜆) = 𝜏𝑓 (𝜆) ∗ 𝐴𝑉𝑃𝑓 (ℎ) ∗ (1 − 𝑆𝑆𝐴𝑓 (𝜆))

coefficient

Eq. 4.28

+𝜏𝑐 (𝜆) ∗ 𝐴𝑉𝑃𝑐 (ℎ) ∗ (1 − 𝑆𝑆𝐴𝑐 (𝜆))

concentration
Extinction
coefficient
Backscatter

Single-scattering
albedo
Scattering
coefficient
Lidar ratio
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𝑆𝑆𝐴(ℎ, 𝜆) =

𝛼(ℎ, 𝜆) − 𝜎𝑎𝑏𝑠 (ℎ, 𝜆)
𝛼(ℎ, 𝜆)

𝜎𝑠𝑐𝑎 (ℎ, 𝜆) = 𝜏𝑓 (𝜆) ∗ 𝐴𝑉𝑃𝑓 (ℎ) ∗ 𝑆𝑆𝐴𝑓 (𝜆)
+𝜏𝑐 (𝜆) ∗ 𝐴𝑉𝑃𝑐 (ℎ) ∗ 𝑆𝑆𝐴𝑐 (𝜆)
𝐿𝑅(ℎ, 𝜆) =

𝛼(ℎ, 𝜆)
𝛽(ℎ, 𝜆)

Eq. 4.29

Eq. 4.30
Eq. 4.31
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5. Assessment of GRASP with airborne
measurements
This chapter is adapted from “Comparative assessment of GRASP algorithm for a
dust event over Granada (Spain) during ChArMEx-ADRIMED 2013 campaign” by
Benavent-Oltra, J. A., Román, R., Granados-Muñoz, M. J., Pérez-Ramírez, D.,
Ortiz-Amezcua, P., Denjean, C., Lopatin, A., Lyamani, H., Torres, B., GuerreroRascado, J. L., Fuertes, D., Dubovik, O., Chaikovsky, A., Olmo, F. J., Mallet, M.,
and Alados-Arboledas, L. (2017) Published in Atmospheric Measurement
Techniques, 10, 4439-4457, doi:10.5194/amt-2017-200.
This chapter presents the comparison of vertically-resolved and column integrated
aerosol properties retrieved combining lidar and sun/sky photometer measurements
into GRASP against in-situ airborne measurements as reference. Two scientific
flights took place over Granada (Spain) on 16th and 17th June 2013 in the framework
of

the

ChArMEx/ADRIMED

field

campaign.

Data

gathered

during

ChArMEx/ADRIMED campaign give us an excellent opportunity to evaluate the
recently developed algorithms for retrieving aerosol microphysical and optical
profiles. The GRASP configuration evaluated in this study is the one that combines
lidar and sun/sky photometer data measured at UGR station. The same configuration
but with different sun/sky photometer datasets are used: one co-located with the
lidar system and the other in the CP station, at short horizontal distance of lidar
system but at 1200 m height.

5.1. ChArMEx/ADRIMED campaign
The ADRIMED (Aerosol Direct Radiative Impact on the regional climate in the
MEDiterranean region) field campaign, which was part of the international
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cooperative research program Chemistry-Aerosol Mediterranean Experiment
(ChArMEx) [Dulac et al., 2014], was carried out with the main objective of
capturing the high complexity of the different aerosol types in the Mediterranean
region [Mallet et al., 2016]. Several in-situ and remote sensing measurements, both
at surface and onboard airborne platforms, were collected during this campaign. The
measurements were performed at different stations over the western Mediterranean
region during summer 2013, to gather an updated database of the physical, chemical
and optical aerosol properties as well as the vertical distribution of the major
“Mediterranean aerosols” [Mallet et al., 2016; Denjean et al., 2016].
During the period from 14th June to 4th July 2013, 16 flights were performed
in the framework of ChArMEx/ADRIMED over the Mediterranean Basin with the
ATR-42 aircraft of SAFIRE (French aircraft service for environmental research;
http://www.safire.fr). These flights ascended or descended performing a spiral
trajectory during 30 min.

5.1.1. Airborne instrumentation
The instrumentation onboard the ATR-42 airplane used in this chapter is
summarized in Table 5.1. The SMPS with an accuracy of 5% [Wiedensohler et al.,
2012] and the Ultra-High Sensitivity Aerosol Spectrometer (UHSAS) with an
accuracy of 10% [Cai et al., 2008] are used for measuring aerosol number size
distribution in the submicron range.
The wing-mounted Forward Scattering Spectrometer Probe, model 300
(FSSP-300) with an accuracy of 30% [Baumgardner et al., 1992] and the in-cabin
GRIMM OPC (sky-OPC 1.129) with an accuracy of 10% [Denjean et al., 2016]
were used to measure the optical size distributions in the diameter nominal size
range between 0.28 and 20 µm and between 0.3 and 32 µm, respectively. The total
particle volume concentrations in the diameter range 0.1 - 30 µm and volume
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concentrations of fine (0.1 - 1 µm) and coarse (1 - 30 µm) modes were calculated
from the measured aerosol number size distributions, assuming that aerosol particles
are spherical.
Table 5.1. Instruments on board the ATR-42 aircraft. (*not applicable)

Size distribution

Instrument
Forward Scattering
Spectrometer
Probe, Model 300,
Particle Measuring
Systems
Sky-Optical
Particle Counter,
model 1.129,
Grimm Technik
Ultra-High
Sensitivity Aerosol
Spectrometer
Droplet
Measurement
Technologies

Optical properties

Scanning mobility
particle sizer,
custom-built
3λ Integrated
Nephelometer,
Model 3563, TSI
Cavity Attenuated
Phase Shift,
Aerodyne Research
Inc.
Photomètre Léger
Aéroporté pour la
Surveillance des
Masses d’Air

Abbreviation

Scientific
objective

Nominal
size range
[µm]

𝝀 [nm]

FSSP-300

Coarse
mode
conc.

0.28 - 20

632.8

GRIMM

Coarse
mode
conc.

0.25 - 32

655

UHSAS

Aiken +
accumulati
on mode
conc.

0.04 - 1

1054

SMPS

Aiken +
accumulati
on mode
conc.

0.03 - 0.4

n/a

Nephelometer

Scattering
coefficient

n/a*

450, 550,
700

CAPS

Extinction
coefficient

n/a*

530

PLASMA

Extinction
coefficient
AOD

n/a*

340-2250
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In addition, the TSI (model 3563) nephelometer was used to measure particle
scattering coefficients at three wavelengths (450, 550 and 700nm) with an accuracy
of 5% [Müller et al., 2011] and a Cavity Attenuated Phase Shift (CAPS) was
employed to obtain particle extinction coefficient at 530 nm with an accuracy of 3%
[Massoli et al., 2010]. Also, the PLASMA (Photomètre Léger Aéroporté pour la
Surveillance des Masses d’Air) system, which is an airborne sun-tracking
photometer, was used to obtain AOD with wide spectral coverage (15 channels
between 0.34 - 2.25 µm) with an accuracy of approximately 0.01 [Karol et al., 2013],
as well as the particle extinction vertical profiles derived from these AOD
measurements [Torres et al., 2017].

5.1.2. ChArMEx/ADRIMED flights over Granada
Two of these ChArMEx/ADRIMED flights took place over Granada on 16th (14:15
- 14:45 UTC) and 17th (07:15 - 07:45 UTC) June 2013. Figure 5.1 shows the spiral
trajectory of the second flight, the first flight trajectory was similar to second flight,
covering in both cases a similar atmospheric column. Flight details were described
by Mallet et al. [2016] and Denjean et al. [2016].

Figure 5.1. Map illustrating the UGR and CP stations. The red line indicates the trajectory and the
black points the altitude of the aircraft on 17 th June 2013.
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Figure 5.2 shows the time series of the lidar RCS and the depolarization ratio
(𝛿) at 532 nm measured at Granada station on both analyzed days. On the first day,
a homogeneous layer is observed from the surface up to 5 km a.s.l., with an elevated
aerosol layer coupled to the surface aerosol layer throughout the day. The next day
this layer was decoupled from the aerosol layer close to surface and it disappeared
around 13:00 UTC. The 𝛿 measurements evidence that there was an aerosol type
below 2.7 km a.s.l. and another aerosol type above this altitude up to 5.5 km a.s.l..

Figure 5.2. Temporal evolution of the lidar range corrected signal (a, b) and the depolarization ratio
(c, d) at 532nm on 16th (a, c) and 17th (b, d) June, 2013. The two purple lines indicate the lidar
analyzed time interval. The black dashed line indicates the time of the sun/sky photometer
measurements. The AOD values at 440 nm obtained at UGR and CP stations are also included.

The time when the lidar and sun/sky photometer measurements used in
GRASP were taken for both days are marked with purple lines and black dashed
line, respectively, in Figure 5.2. On 16th June, the lidar measurements used were
obtained during the first flight between 14:15 and 14:45 UTC, while the chosen
sun/sky photometer measurements were collected at 16:22 UTC at UGR and CP
stations. The selected sun/sky photometer measurements were the closest ones
available in time to the first flight. On 17th June, the lidar measurements between
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07:15 to 07:45 UTC and the sun/sky photometer measurements obtained at 07:40
UTC, for both UGR and CP stations, were selected for further analysis.
AERONET aerosol columnar products during these flights (shown in Figure
5.3) indicate the presence of dust particles in the atmosphere column. In fact, on 16th
June; AOD at 440 nm (AOD440) at 14:15 UTC was around 0.26 and 0.19 for UGR
and CP stations, respectively, and 0.27 and 0.22 at 16:22 UTC. On this day, the
AE440-870 (AE calculated with AOD at 440 and 870 nm) was 0.30 - 0.26 (UGR-CP)
at 14:30 UTC and 0.34 - 0.27 (UGR-CP) at 16:22 UTC, indicating moderate
atmospheric aerosol load dominated by coarse particles. On 17th June, the AOD440
at 07:40 UTC was 0.21 and 0.18 and the AE440-870 was 0.43 and 0.30 for UGR and
CP stations, respectively, which also indicates the predominance of coarse particles
in this day.

Figure 5.3. Temporal evolution of the AOD at 440 nm (blue) and AE (440-870 nm) (red) on 16th (a,
c) and 17th (b, d) June, 2013 at UGR (a, b) and CP (c, d).

The presence of mineral dust over Granada region during both days is
confirmed by the analysis of five-day back-trajectories obtained by HYSPLIT
model (Hybrid Single-Particle Lagrangian Integrated Trajectory) [Stein et al.,
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2015], which indicates that the relevant air masses came at Granada from the
Saharan desert, specifically from Algeria and northern Morocco, at different heights
(Figure 5.4).

Figure 5.4. Five-day HYSPLIT backward trajectories arriving at Granada at 18:00 UTC on 16 th
June 2013.

5.2. Column-integrated aerosol properties
The aerosol columnar properties obtained from AERONET and retrieved by
GRASP (combining lidar signals at 355, 532 and 1064 nm and sun/sky photometer
measurements at 440, 675, 870 and 1020 nm) on 16th and 17th June at UGR and CP
stations are shown in Figures 5.5 to 5.7 and summarized in Table 5.2.
Figure 5.5 shows the column-integrated particle size distribution, PSD,
retrieved by both AERONET and GRASP algorithms on 16th and 17th June for UGR
and CP stations. The retrieved PSDs evidence the predominance of coarse mode
particles, as expected for dust events [Lyamani et al., 2005; Guerrero-Rascado et al,
2009]. Both AERONET and GRASP retrieved PSDs present a bimodal behavior,
with the fine mode below 0.5 µm and the coarse mode above 0.5 µm. The
differences between the PSD retrieved by GRASP and AERONET are mostly within
uncertainties associated with both methods, being ±(10 - 35)% for the size range
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from 0.1 µm to 7 µm and ±(35 - 100)% outside this range [Dubovik et al., 2000],
except for the size range 5 - 8.7 µm where the differences are higher, especially at
6.64 µm (> 100%). Furthermore, the coarse mode retrieved by GRASP over both
sites shows a clear shift towards higher radii in comparison to the AERONET
retrievals (Figure 5.5). This shift was also observed by Lopatin et al. [2013] during
dust and biomass burning events over Minsk, Belarus and by Bovchaliuk et al.
[2016] during dust events over Dakar, Senegal. These authors attributed this coarse
mode shift towards higher radii to the use of the lidar data in the GRASP retrievals.
The lidar data provide additional information at scattering angles of 180º and further
wavelengths compared to the only sun/sky photometer dataset, influencing the size
distribution retrieved especially in the coarse mode.

Figure 5.5. Size distribution retrieved by GRASP (blue) with its uncertainty (shaded area) and by
AERONET (green) on 16th (a, b) and 17th (c, d) June 2013 at UGR (a, c) and CP (b, d).
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Table 5.2 summarizes the columnar 𝑟𝑒𝑓𝑓 and VC of fine and coarse modes
obtained at both stations by AERONET and GRASP algorithms on 16th and 17th
June. The retrieved microphysical properties are similar to those typically obtained
during African desert dust events over Granada [Valenzuela et al., 2012a]. The fine
mode 𝑟𝑒𝑓𝑓 retrieved by both methods ranges between 0.10 and 0.13 µm. Differences
between fine mode 𝑟𝑒𝑓𝑓 retrieved by GRASP and AERONET are below 0.02 µm,
which are within the uncertainty of the inversions [Lopatin et al., 2013; Torres et al.,
2014]. For the coarse mode, the 𝑟𝑒𝑓𝑓 values obtained by GRASP were 0.03 µm
higher than those retrieved by AERONET but the differences are within the
uncertainty range. A similar behavior is observed for the VC, with slightly larger
values provided by GRASP for the fine and coarse modes (0.016 ± 0.003 µm3/µm2
and 0.148 ± 0.017 µm3/µm2) compared to AERONET (0.014 ± 0.003 µm3/µm2 and
0.125 ± 0.013 µm3/µm2), but differences are still within the uncertainties.
Table 5.2. Columnar effective radius and particle volume concentration for coarse and fine particles
modes retrieved by GRASP and AERONET algorithms.

𝒓𝒆𝒇𝒇
[µm]

16th June 2013
UGR
CP

17th June 2013
UGR
CP

GRASP

Fine
Coarse

0.12
2.2

0.13
2.2

0.10
2.4

0.12
2.2

AERONET

Fine
Coarse

0.12
1.9

0.11
1.9

0.11
2.1

0.12
1.9

GRASP

Fine
Coarse

0.018
0.17

0.017
0.15

0.018
0.14

0.011
0.13

AERONET

Fine
Coarse

0.015
0.14

0.015
0.13

0.016
0.12

0.010
0.11

VC
[µm3/µm2]

Figure 5.6 illustrates the retrieved columnar RRI and IRI for each day
obtained by GRASP and AERONET at UGR and CP stations. Moreover, RRI and
IRI at 530 nm estimated by Denjean et al. [2016] using airborne measurements over
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Granada on 16th and 17th June, are added in the plot. AERONET provides RRI and
IRI for the whole size distribution, while GRASP is able to provide RRI and IRI for
fine and coarse modes separately. The RRI retrieved by GRASP and AERONET
algorithms do not show any spectral wavelength variations, and the differences
between RRI values retrieved by both inversion algorithms are within the
uncertainties (differences below 5%). Because of the predominance of the coarse
mode during the analyzed dust event, both the AERONET and airborne RRI values
are close to the values retrieved by GRASP for coarse mode, with differences <0.03,
on both days.
On the other hand, the IRI values retrieved by GRASP for the fine mode
present a rather low spectral dependence while IRI values for the coarse mode
presents a clear increase in the UV region. These results are coherent with those
reported for different absorption species by Schuster et al. [2016] using AERONET
data. At CP, the IRI values do not show the spectral dependence typically associated
to mineral dust. The AOD440 were around 0.18 - 0.27 and the AERONET products
used are Level 1.5, therefore, IRI values have large uncertainties (> 50%) [Dubovik
et al., 2000]. The lack of IRI spectral dependence can be an artifact of the inversion.
However, there is still discussion in the scientific community about dust refractive
index and about the differences in dust particles between different sources [e.g.
Colarco et al., 2014]. The results can suggest possible differences in dust refractive
index between long range transported and mixture with local dust injections (the
area is very dry in summer, thus favoring local mineral dust resuspension) and local
pollution. The RRI and IRI values provided by AERONET show good agreement
with GRASP retrievals for coarse mode, as expected due to the large predominance
of dust particles. Better agreement between IRI retrieved by AERONET and by
GRASP for coarse mode was found for CP, with differences ~ 10%, while for UGR
these differences are between 35 - 80% (larger differences for shorter wavelengths).
The high discrepancy between IRI retrieved by AERONET and by GRASP in the
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case of UGR can be explained by the uncertainty associated to the incomplete lidar
overlap. On the other hand, CP station is located above the lidar incomplete overlap
height, and thus the effect of the incomplete overlap on the retrieval is negligible.
On 16th June, IRI airborne values estimated at 530 nm are close to IRI retrieved by
GRASP at 532 nm for coarse mode, and the differences are within the associated
uncertainties. On the other hand, on 17th June, there are more differences between
IRI values retrieved by GRASP at UGR station and those estimated from airborne
measurements, with differences over 100%, whereas for the CP retrievals the
differences are 50%.

Figure 5.6. Spectral real (RRI) and imaginary (IRI) refractive indices retrieved by GRASP for the
fine (blue) and coarse (red) modes with its uncertainty (shaded area); by AERONET (green) and
airborne measurement (black) on 16th (a, b) and 17th (c, d) June 2013 in UGR (a, c) and CP (b, d).
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Figure 5.7 shows the columnar SSA values retrieved by GRASP and
AERONET on 16th and 17th June at UGR and CP. The SSA value at 530 nm
calculated by Denjean et al. [2016] for dust layer using airborne measurements
during the campaign was 0.95 ± 0.04. SSA retrieved by GRASP at 532 nm is close
to this airborne value. Better agreement with this value is found for the retrievals
from UGR on 16th June and at CP on 17th June. The differences from UGR on 17th
June could be due the in-situ value was calculated for the dust layer whereas that
GRASP and AERONET use sun/sky photometer data, which measures the total
atmospheric column. Furthermore, in the case of UGR station, these measures could
be influenced by injections of local pollution.

Figure 5.7. Single-scattering albedo retrieved by GRASP (blue) with its uncertainty (shaded area),
AERONET (green) and airborne measurement (black) on 16 th (a, b) and 17th (c, d) June 2013 at
UGR (a, c) and CP (b, d).
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The retrieved SSA values are in the range 0.85-0.98 (in the 355-1064 nm
wavelength range) and are in the ranges of the typical values for dust aerosols
[Dubovik et al., 2002; Toledano et al., 2011; Lopatin et al., 2013]. Both AERONET
and GRASP retrievals follow the same pattern with wavelength, with increasing
SSA as wavelength increases, which is a typical characteristic of dust aerosols
[Dubovik et al., 2002; Valenzuela et al., 2012b]. Differences between SSA retrieved
by AERONET and GRASP algorithms are below 0.03 at all wavelengths, which are
within the uncertainties associated with each method. The small discrepancies
between SSA retrieved by AERONET and GRASP algorithms are <1% for CP
station in particular at 1020 nm, whereas for UGR retrievals the differences are
bigger and the lowest discrepancies are obtained at 675 nm.

5.3. Vertically-resolved aerosol properties
Figure 5.8 shows particle total volume concentration profiles for the fine, coarse and
total (fine+coarse) modes, retrieved by GRASP and LIRIC algorithms, together with
the results obtained with airborne instrumentation. In general, there is a good
agreement between the profiles retrieved by GRASP and LIRIC algorithms and
those obtained by the airborne instrumentation, with both retrievals and the airborne
data reproducing similar vertical structures on both days. The airborne data show a
larger variability compared to GRASP and LIRIC mostly associated to their larger
uncertainty and the fact that the airborne data are instantaneous measurements
whereas the lidar data are an average over a 30-minute period.
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Figure 5.8. Volume concentration profile (total, fine and coarse mode) retrieved by GRASP (blue)
with its uncertainty (shaded area), aircraft measurements (green) and LIRIC (red) on 16 th (a, b) and
17th (c, d) June 2013 at UGR (a, c) and CP (b, d).

Both GRASP and LIRIC retrievals overestimate the airborne concentration
data for the fine mode while they overestimate/underestimate the total mode on
16th/17th June using sun/sky photometer data at both UGR and CP stations. In the
case of fine mode concentration, the differences between the airborne and the
GRASP and LIRIC retrievals are lower than 5 µm3/cm3 (about 80%). The agreement
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for the coarse mode is high with differences lower than 6 µm3/cm3 (25%), except
for the LIRIC retrieval from CP on 16th June, where the difference is 19 µm3/cm3
(around 80%). Both algorithms show the largest differences for the retrievals from
CP on 16th June, whereas the differences for the retrievals from UGR for total and
coarse mode are around 15% and 25% using GRASP and LIRIC, respectively. On
17th June for UGR retrieval, the differences between both algorithms and airborne
data below 2 km a.s.l. could be explained because the flight was not exactly over
Granada city as shown in Figure 5.1 and in the first two kilometers of the atmosphere
differences are expected because of the influence of the city. In the dust layer on
17th June, the differences are around 20% for coarse and total volume concentration
by both algorithms for UGR and CP stations. Differences between GRASP and
LIRIC retrievals are below 30%, being within the combined uncertainty from both
retrievals.
Table 5.3. Comparison of fine, coarse and total mean volume concentration (µm 3/cm3) retrieved by
GRASP, measured by airborne and retrieved by LIRIC for dust layers on 16 th (up to 4.5 km a.s.l.)
and 17th (from 2.6 to 5.0 km a.s.l.) June.

VC
[µm3/cm3]

16th June 2013

17th June 2013

UGR
4.7 ± 0.6
2.6 ± 0.4
4.2 ± 0.8

CP
5.5 ± 0.3
2.6 ± 0.4
4.6 ± 1.0

UGR
5.5 ± 1.3
1.9 ± 0.6
5.3 ± 1.3

CP
3.5 ± 1.0
1.9 ± 0.6
2.8 ± 1.1

GRASP
Coarse AIRBORNE
LIRIC

28 ± 4
31 ± 8
37 ± 4

32 ± 4
27 ± 5
46 ± 4

35 ± 7
41 ± 11
35 ± 5

36 ± 5
41 ± 11
38 ± 6

GRASP
AIRBORNE
LIRIC

33 ± 4
33 ± 8
41 ± 5

38 ± 4
28 ± 5
50 ± 4

40 ± 8
42 ± 11
40 ± 6

39 ± 6
42 ± 11
41 ± 6

GRASP
AIRBORNE
LIRIC

Fine

Total

Table 5.3 summarizes the VC mean values and associated standard
deviations retrieved from the in-situ airborne measurements, but also from GRASP
and LIRIC profiles shown in Figure 5.8. Data are analyzed only for those layers with
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total VC above 20 µm3/cm3 to avoid undesirable outliers for low aerosol loads.
Hence, for 16th June it is analyzed the layer between 1.2 and 4.5 km a.s.l. and for
17th June, the analyzed layer is that from 2.6 to 5.0 km a.s.l.. There is a slight
contribution of the fine mode to the dust layers on both days, with values between 3
µm3/cm3 for the airborne data and 5.3 µm3/cm3 for LIRIC. In general, it is observed
that the coarse mode contributes the most to the total VC, as expected due to the
predominance of mineral dust and the higher size of these particles. Coarse mode
concentration averaged (± standard deviation) values are 28 ± 4 µm3/cm3 and 46 ±
4 µm3/cm3 on June 16th, and 35 ± 5 µm3/cm3 and 42 ± 11 µm3/cm3 on June 17th,
depending on the dataset considered.
Figure 5.9 shows the aerosol 𝛽 coefficient profiles at 355, 532 and 1064 nm
retrieved by GRASP and the profiles calculated by Klett-Fernald method. The LR
used in Klett method is assumed constant for the entire profile and was computed
by fitting the integral of the different extinction profiles to the measured AOD.
However, GRASP uses both sun/sky radiances and the RCS lidar data to retrieve
LR values, both in column-integrated and vertical profiles. The GRASP LR values
are close to the LR values used by Klett-Fernald method and are typical LR values
of Saharan dust measured over the southeastern Spain [Guerrero-Rascado et al.,
2009; Navas-Guzmán et al., 2013]. Below 1.6 km, the Klett retrieval at 355 showed
unrealistic values probably associated with instrumental problems. However, for
GRASP this problem does not appear and seems to be canceled due to the use of the
combined data of lidar and sun/sky photometer. GRASP algorithm underestimates
the 𝛽 values obtained by Klett-Fernald method, except for CP retrieval on 17th June.
Larger differences were observed for Granada 𝛽 retrievals. Nevertheless, the
differences are within the uncertainties claimed for our system (approximately
30%). The 𝛽 differences at the ultraviolet channel reached 19% and around 9% for
UGR and CP retrievals, respectively. The discrepancies between backscatter
coefficient profiles at 532 nm retrieved by GRASP and Klett-Fernald are around
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16% and 11% for UGR retrieval on 16th and 17th June, while for CP retrievals the
discrepancies are around 11% on both days. In the case of backscatter coefficient
profiles at 1064 nm, the differences between both retrievals are close to 24% for
UGR on 16th June and CP on 17th June, while for the other two cases the differences
are the lowest (6%).

Figure 5.9. Aerosol backscatter coefficient profiles retrieved at 355, 532 and 1064 nm by GRASP
with its uncertainty (shaded area) and Klett-Fernald on 16th (a, b) and 17th (c, d) June 2013 at UGR
(a, c) and CP (b, d). LR values used in each inversion retrieval are also included in the figure.
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Figure 5.10. Aerosol extinction coefficient profiles retrieved by GRASP (355, 532 and 1064 nm)
with its uncertainty (shaded area), PLASMA (350, 530 and 1000 nm) and CAPS (530 nm) on 16 th
(a, b) and 17th (c, d) June 2013 at UGR (a, c) and CP (b, d).

The comparison between aerosol 𝛼 coefficient profiles retrieved by GRASP
and those measured by airborne instruments (CAPS and PLASMA) is shown in
Figure 5.10. Profiles retrieved by GRASP show good agreement with the CAPS data
(measurements only on 16th June at 532 nm), even though with slightly higher values
for GRASP of approximately 3 ± 3 Mm-1 (7%) and 9 ± 5 Mm-1 (18%) for the UGR
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and CP retrievals, respectively. GRASP extinction coefficient retrievals were larger
than PLASMA measurements at all wavelengths, with larger differences at the
ultraviolet channel (~50%). On 16th June, the differences for the ultraviolet channel
are 20 ± 11 Mm-1 (45%) and for the visible and infrared channels are 11 ± 8 Mm-1
(30% and 40%, respectively). These differences were similar or lower than those
obtained by Karol et al. [2013] when comparing PLASMA with lidar data. On 17th
June, 𝛼 profiles obtained by PLASMA and GRASP show the same layers, but their
differences are larger, reaching 50% for the visible channel and more than 60% for
the ultraviolet and infrared channels. As GRASP and LIRIC reproduce the same
layer structures for volume concentrations, these differences can be mainly
associated with PLASMA due to the high fluctuations.
Vertical profiles of SSA obtained by GRASP at UGR and CP stations on 16th
and 17th June are shown in Figure 5.11. As SSA is an intensive aerosol parameter,
only SSA values for the layers with large aerosol loads are represented. On 16th June,
there are no remarkable changes in SSA with altitude, which agrees with the
extinction and backscatter coefficients profiles and with the particle volume
concentrations. For 17th June, vertical profiles of SSA are sensitive to the different
aerosol layers with different aerosol types illustrating the capabilities of GRASP for
detecting different aerosol layers with different composition. Nonetheless, the
values of SSA are also within those associated with dust aerosol in previous studies
[Dubovik et al., 2002a; Toledano et al., 2011; Lopatin et al., 2013]. Differences are
observed again between the SSA profiles obtained at UGR and CP stations. On 16th
June SSA differences between both retrievals are lower than 2% while on 17th
differences reach up to 10%. This result is again associated with overlap issues,
although the influence of the city with injection of large amounts of particles
confined below the altitude of CP cannot be neglected in sky radiance
measurements. Orographic differences between UGR and CP could also partially
explain the obtained results.
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Figure 5.11. Single scattering albedo profiles at 355, 532 and 1064 nm retrieved by GRASP on 16th
(a, b) and 17th (c, d) June 2013 at UGR (a, c) and CP (b, d).

Figure 5.12 shows scattering- Ångström Exponent computed between 450
and 700 nm, AEsca (450-700), obtained by GRASP algorithm at UGR and CP
stations together with those obtained from nephelometer airborne measurements.
GRASP scattering coefficient profiles are calculated by multiplying the extinction
coefficient by the SSA at the same wavelength. Despite the fact that the AEsca (450700) profiles from the airplane data are noisier than GRASP profiles, general good
agreement is observed, with discrepancies within the uncertainties.
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Figure 5.12. Scattering – Ångström Exponent (450 - 700 nm) retrieved by GRASP (blue and red) at
UGR and CP, respectively, and aircraft measurements (green) on 16 th (a) and 17th (b) June 2013.

In general, GRASP AEsca (450-700) values are larger than the airborne data
for altitudes above 2.5 km a.s.l.. Above this altitude, the AEsca (450-700) values are
close to zero on both days, which is typical of aerosols dominated by coarse particles
[Bergstrom et al., 2007]. However, in the lower part of the profiles, the airborne
AEsca (450-700) values are larger (~0.7 and ~1.6 for the airborne data on 16th and
17th June, respectively) and GRASP AEsca (450-700) profiles underestimate the
airborne data. The values for these lower altitudes, including those retrieved by
GRASP using the sun/sky photometer data measured at UGR and the airborne data,
were similar to in-situ measurements at UGR station, with AEsca (450-700) values
around 0.70 ± 0.10 and 1.67 ± 0.07 on 16th and 17th June, respectively. GRASP
profiles have similar values above and below 2.5 km a.s.l. with better agreement
between airborne data and CP GRASP retrievals. UGR GRASP retrievals show
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more differences on 17th June, the case with aerosol layers with different aerosol
types. On 17th June, in the altitude range ∼1.8 – 2.7 km a.s.l. the aerosol load was
low (~5 µm3/cm3) and, hence, SSA and AE values could be less reliable in this layer.
However, the layer up to 1.8 km a.s.l. showed a moderate aerosol concentration (~17
µm3 /cm3 ) with a different composition to the layer above 2.7 km a.s.l. as shown by
the SSA and AE profiles.
Finally, the Table 5.4 shows the mean values, with ±1 standard deviation, of
backscatter-AE computed between 532 and 1064 nm, AEβ (532-1064), and color
ratio (CR=𝛽(532 𝑛𝑚)⁄𝛽(1064 𝑛𝑚)) calculated with the obtained GRASP
products in the layer between 1.8 and 4.5 km a.s.l. and between 2.8 and 5.0 km a.s.l.
on 16th and 17th June, respectively. The values of AEβ and CR (0.5 ± 0.2 and 1.3 ±
0.3, respectively) are in the range of typical values of dust aerosols [e.g. Perrone et
al., 2014].
Table 5.4. Mean value of backscatter - Ångström exponent (β-AE) and Color Ratio (CR) between
532 and 1064 nm, retrieved by GRASP for dust layers on 16th and 17th June 2013.

AEβ
CR

16th June 2013
UGR
CP
0.65 ± 0.07 0.46 ± 0.05
1.15 ± 0.05 1.13 ± 0.05

17th June 2013
UGR
CP
0.63 ± 0.12 0.40 ± 0.10
1.09 ± 0.09 1.08 ± 0.04

5.4. Conclusions
The GRASP retrievals show a good agreement with AERONET column-integrated
products, with discrepancies within the uncertainties. Total volume concentration
profiles retrieved by GRASP and those obtained by airborne measurements show a
good agreement with differences around 15% on 16th June using for the GRASP
retrieval sun/sky photometer data measured at UGR station and on 17th June using
for the GRASP retrieval sun/sky photometer data measured at CP station. The
agreement between GRASP 𝛽 profiles and those obtained using only lidar data and
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Klett-Fernald algorithm are quite good using both station data, showing differences
below 12% at 355 and 532 nm for CP station. In the case of the 𝛼 profiles, good
agreement was found between GRASP and the CAPS data (differences below 20%),
while the comparison of GRASP retrievals with PLASMA data shows larger
differences. The SSA profiles retrieved by GRASP show typical values of dust
aerosols and the differences between GRASP retrievals using sun/sky photometer
data measured at UGR and CP stations are below 10% at the lidar wavelengths.
Other aerosol properties obtained with GRASP, like the CR and the AEβ, also show
similar values to those reported in the literature for dust aerosols.
GRASP algorithm is quite robust as its retrievals show the good agreement
with the optical and microphysical properties retrieved by AERONET and those
obtained by airborne measurements. The results obtained here show that using
GRASP algorithm by combining lidar and sun/sky photometer data can provide
more complete column-integrated aerosol properties compared to AERONET
retrieval. The GRASP algorithm can also provide reliable vertically-resolved
aerosol properties such as the SSA, 𝛼 or VC, improving the capabilities of previous
algorithms such as LIRIC. Nonetheless, the AEsca profiles retrieved by GRASP
together with the better agreement found between CP retrievals and the aircraft
measurements compared to UGR retrievals indicate that GRASP vertical
distribution of some of the aerosol properties is still affected by considerable
uncertainties.
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6. Evaluation of day and night-time GRASP
retrievals during an intense desert dust event
In this chapter, GRASP is applied to retrieve continuous day-to-night aerosol
properties, both column-integrated and vertically-resolved. The study is focused on
the evaluation of GRASP retrievals during an intense Saharan dust event that
occurred during the Sierra Nevada Lidar aerOsol Profiling Experiment I (SLOPE I)
field campaign. SLOPE I was held in the Andalusian Global ObseRvatory of the
Atmosphere from May to September 2016 with the general objective of
characterizing vertical variability of atmospheric aerosols combining in-situ and
remote sensing measurements.
For daytime aerosol retrievals, GRASP is used, as described in Chapter 5,
combining of elastic lidar signals and sun/sky photometer measurements, while for
night-time retrievals three different combinations of active and remote sensing
measurements are proposed. Evaluations of the columnar aerosol properties
retrieved by GRASP are done versus standard AERONET retrievals. The coherence
of day-to-night evolutions of the different aerosol properties retrieved by GRASP is
also studied. The extinction coefficient profiles retrieved by GRASP are compared
with the profiles calculated by Raman technique at night-time. Finally, GRASP
aerosol retrievals at 2500 m a.s.l. are evaluated by in-situ measurements at this
height at SNS station.

6.1. SLOPE I campaign
The objective of SLOPE I field campaign was the study of the vertical variability of
the atmospheric aerosols in the region surrounding the city of Granada. SLOPE I
uses a unique combination of active and passive remote sensing instruments at UGR
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station (680 m a.s.l.) combined with in-situ measurements at the surrounding high
mountain site of SNS station (2500 m a.s.l). The altitude difference between both
stations (~1.8 km) and the short horizontal distance (less than 25 km) make SLOPE
I ideal for fulfilling the objective of evaluating atmospheric aerosols vertical
variability.
Active remote sensing instruments at UGR ran almost continuously during
SLOPE I, particularly the multiwavelength Raman lidar. In this sense, several
studies have been done using SLOPE I database: day-to-night evolution of
atmospheric boundary layer [de Arruda Moreira et al., 2018] and its turbulence
behavior [de Arruda Moreira et al., 2019], aerosol hygroscopic growth [BedoyaVelásquez et al., 2018], the characterization of the angular scattering of the Sahara
dust aerosol by means of polar nephelometry [Horvath et al, 2018] and the
evaluation of the aerosol properties during daytime retrieved by GRASP by
combining a ceilometer and sun/sky photometer measurements as will be
demonstrated in Chapter 7. Here, the unique dataset of SLOPE I is used to evaluate
GRASP aerosol retrievals during an intense desert dust event using different
combinations of remote sensing instruments.

6.1.1 Dust event overview
This chapter is focused on an intense dust event that reached the southeastern of the
Iberian Peninsula during SLOPE I field campaign from 18th to 21st July 2016. The
analysis of five-day backward-trajectories computed by HYSPLIT model (Figure
6.1) shows that the air masses that arrived to Granada came from southwestern
direction on 18th and 21st July 2016. These air masses originated from Sahara Desert
area and passed along the south Morocco and Moroccan coast before reaching
Granada. As shown hereafter, these Saharan air masses have transported large
amounts of Saharan dust particles to the study area.
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Figure 6.1. Five-day backward-trajectories computed using HYSPLIT reaching Granada at 20:00
UTC on 18th July (a) and at 19:00 UTC on 20th July 2016 (b).

Figure 6.2a and b show the day- and night-time AOD440 and the AE440-870 at
UGR station. Day-time values are provided by AERONET while night-time values
are from lunar photometry measurements. Figure 6.2a and b reveal lower AOD440
on period 18th-19th July (hereinafter P1 period) than on 20th-21st July (hereinafter P2
period). Actually, AOD440 mean value and standard deviation during P2 (0.94 ±
0.08) is almost twice than on P1 (0.50 ± 0.03). The AE440-870 shows a smooth
behavior with no significant variations around the mean value of 0.17 ± 0.03, which
is typical of Saharan dust intrusions over Granada region [e.g. Lyamani et al., 2006:
Guerrero-Rascado et al., 2008]. Pérez-Ramirez et al. [2016] analyzed long-term
record of AERONET measurements for Saharan dust outbreaks at Granada
obtaining a mean AOD440 of 0.24 and mean AE440-870 of 0.3. From Figure 6.2,
AOD440 mean values obtained in P1 and P2 periods are two and four times higher
than the AOD mean value reported by Perez-Ramirez et al. [2016] for desert dust
intrusions over Granada, which make this Saharan dust event extraordinary.
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Figure 6.2. Day-to-night evolution of the AOD at 440 nm (blue) and AE (440-870 nm) (red)
obtained at UGR station from 18th to 19th July 2016 (a) and from 20th to 21st July 2016 (b). Day-tonight temporal evolution of the total volume concentration (VC) and the scattering coefficient
(σsca ) at 550 nm measured at SNS station from 18 th to 19th (c) and from 20th to 21st (d) July 2016.

Figure 6.2c and d show the day-to-night temporal evolution of 𝜎𝑠𝑐𝑎 at 550
nm and the total VC obtained from in-situ instrumentation at SNS high mountain
station, both from 18th to 21st July 2016. At a first sight, both VC and 𝜎𝑠𝑐𝑎 show a
monotonous increase starting with a minimum on 18th July (~50 Mm-1 for 𝜎𝑠𝑐𝑎 and
~40 μm3/cm3 for VC), reaching the maximum values early in the morning on 21st
July (~350 Mm-1 for 𝜎𝑠𝑐𝑎 and ~250μm3/cm3 for VC). This large increase on these
two extensive aerosol properties, especially on 20th-21st July, is associated with the
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transport of Saharan dust particles and shows the drastic impact of this Saharan dust
event on aerosol load at SNS remote station.

Figure 6.3. Temporal evolution of the lidar range corrected signal at 532nm from 18 th to 19th (a)
and from 20th to 21st(b) July 2016. The purple horizontal line indicates the SNS altitude.

Figure 6.3 shows the temporal evolution of the lidar RCS at 532 nm from
lidar system at UGR station and gives detailed layers evolution during this Saharan
dust event. Dashed horizontal purple line shows the height of SNS mountain station.
Figure 6.3 clearly reveals important variability in the layer structures of the
atmosphere. On 18th July evening two different and de-coupled aerosol layers are
observed, one at 4 km a.s.l. and the other one near surface up to 1.2 km a.s.l.,
approximately. However, during the 18th - 19th night the upper aerosol layer went
gradually down until it mixed up with the surface aerosol layer avoiding any clear
layered vertical structure. On the following day, particularly after 08:00 UTC, two
different aerosol layers can be observed again. From afternoon on 19th to noon on
20th, the clouds were present over the site and hence the RCS data obtained during
this period are excluded from further analysis. After re-starting lidar measurements,
on 20th July a de-coupled aerosol layer at approximately 4 km a.s.l. is observed
again; this layer also went gradually down until it mixed up with the boundary layer
early at night. But the most remarkable observation in this period is the very
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different structure observed after 04:00 UTC on 21th July when two decoupled layers
at ~2 - 3 km a.s.l. altitude appeared. Later, on 21st July morning, the upper layer
collapsed and mixed-up with the surface layer.
The multi-layers aerosol evolution revealed in Figure 6.3 agrees with AOD
and AE evolutions and with in-situ measurements at SNS. In fact, the increase in
the intensity of RCS on 20th July agrees with the increase in AOD. Also, the increase
of RCS at the altitude of 2500 m a.s.l. coincides with the increase in in-situ 𝜎𝑠𝑐𝑎 and
VC measured at SNS station. Furthermore, the collapse of the layer at 2500 m a.s.l.
after 08:00 UTC on 21st July agrees with the decrease of 𝜎𝑠𝑐𝑎 and VC at SNS.
Given the coherence among all measurements, hereafter, GRASP aerosol
retrievals are evaluated using different combinations of these measurements as input
to GRASP algorithm. In the following section, the different measurement
combination used as input in GRASP algorithm for retrieving vertical and columnar
aerosol optical and microphysical properties during this dust event are described in
detail.

6.2. GRASP configurations
In this chapter GRASP algorithm is used for retrieving continuous day- and nighttime aerosol properties. Table 6.1 summarizes the different GRASP input data used
for day- and night-time retrievals. Daytime scheme (denoted as D) combines lidar
and sun/sky photometer measurements, while night-time schemes uses three
different configurations of passive and active remote sensing measurements
(denoted as N0, N1 and N2).
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Table 6.1. Data set used as input in GRASP algorithm for day and night-time retrievals. (*30 min of
lidar range corrected signal at 355, 532 and 1064 nm). The number of the obtained converging
retrievals for each scheme obtained during the first (P1) and second (P2) periods is also provided in
the table.

Nº Retrievals
Input data

Daytime

(P1/P2)

D

•

RCS*

•

AOD and sky radiances at 440, 675, 870

10/7

and 1020 nm (daytime).

N0

•

RCS*

•

AOD and sky radiances on the closest

8/16

Night-time

daytime measurements (daytime).

N1

•

RCS*

•

AOD at 440, 675, 870 and 1020 nm (nighttime).

•

9/11

CRI and spherical particle fraction (daytime
average values retrieved by GRASP using
D scheme).

•

RCS*

•

AOD at 469 (interpolated to camera canal),

N2

675, 870 and 1020 nm (night-time).
•

6/7

Relative sky moon radiance at 469, 533 and
608 nm

Day-time GRASP retrieval (D scheme) of the microphysical properties of
the atmospheric aerosol, both column-integrated and vertical profiles, requires as
input the elastic lidar and the sun/sky photometer measurements. Available nighttime measurements to be used as GRASP input are restricted, so the challenge is
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how to manage the available information to run GRASP. In this thesis three different
schemes have been proposed for extending the use of GRASP to night-time (see
Figure 6.4). The first one (N0 scheme) assumes that there is no change in the aerosol
column integrated properties along the night, in this way the retrieval is done
combining the night-time elastic lidar measurements with the closest sun/sky
measurements registered the day before or the day after. The second (N1 scheme)
approach considers that the aerosol load in the vertical column can be monitored by
lunar photometry, but assumes that there are no changes in the aerosol columnintegrated intensive properties, that is this approach considers that there are no
changes in the aerosol type. The last (N2 scheme) approach uses night-time elastic
lidar signals and aerosol optical depth measurements retrieved from a lunar
photometer in combination with relative sky radiances at the lunar aureole. Figure
6.4 schematizes the different combination of passive and remote sensing
measurements proposed here for GRASP retrievals. Details about each
configuration scheme are given in the following subsections.

Figure 6.4. Diagram of different instrumentation used in each GRASP scheme for day- (D) and
night- (N0, N1 and N2) time retrievals

6.2.1. Daytime GRASP configuration scheme
For daytime retrievals, the set of measurements used as input in GRASP are those
recommended by Lopatin et al. [2013]: three wavelengths dependent lidar RCS and
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four wavelengths dependent AOD and sky radiance measurements, covering the
spectral range from the UV to the near-infrared region. In this approach, a bimodal
log-normal size distribution is assumed, which allows the retrieval of fine (particles
of radii below 0.5 μm) and coarse mode (particles of radii above 0.5 μm) aerosol
properties respectively. The input data used by GRASP for this scheme is shown in
Table 6.1.

6.2.2. Night-time GRASP configuration schemes
6.2.2.1. N0 scheme
AOD and sky radiance measurements during night-time are very scarce. Thus, the
first night-time GRASP scheme (N0) uses the night-time RCS measured by lidar
combined with the closest daytime measurements of AOD and sky radiances both
at 440, 675, 870 and 1020 nm (Table 6.1). This scheme offers the possibility to
retrieve aerosol vertical properties in stations where night-time photometer
measurements are not available.

6.2.2.2. N1 scheme
Currently, night-time AOD measurements, taken with the recently developed
sun/sky/lunar photometer CE318-T are available in some stations [e.g. Barreto et
al., 2013, 2016, 2019]. GRASP scheme based on night-time AOD measurements
alone was applied by Torres et al. [2017], showing the ability of GRASP to retrieve
the total column aerosol properties at night-time using this configuration.
The N1 scheme proposed in this thesis attempts to go further and provide
vertically-resolved aerosol properties at night-time by combining elastic lidar and
the AOD at 440, 675, 870 and 1020 nm from lunar photometry measurements (Table
6.1). As in Torres et al. [2017] a bimodal log-normal size distribution is considered
the CRI and the spherical particle fraction are not retrieved but are assumed as
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known. Here, the CRI and the spherical particle fraction used as input in GRASP
are the averaged GRASP values retrieved during the closest (after and before)
daytime retrievals.

6.2.2.3. N2 scheme
The third scheme (N2) avoids any assumption about CRI and spherical particle
fraction and uses the sky radiance near the Moon (lunar aureole) measured by sky
camera as input in GRASP algorithm [Román et al., 2017a]. More specifically, the
third scheme for night-time GRASP retrievals uses the lidar RCS, lunar aureole
normalized sky radiances at 469, 533 and 608 nm derived by the SONA sky camera
and the night-time AOD at 469, 675, 870 and 1020 nm from CE318-T (Table 6.1).
The AOD at 469 nm is calculated by Ångström exponent interpolation computed in
440-675 nm wavelength range.

6.3. Evaluation of columnar aerosol properties retrieved by GRASP
For evaluating daytime columnar aerosol properties retrieved by GRASP (using D
scheme) during the intensive observational period of 18th-21st July 2016, GRASP
columnar aerosol retrievals were compared with those provided by AERONET
operational algorithm. Generally, the data of Level 2.0 from AERONET Version 2
are used for this comparison, but for specific cases when retrieved SSA and CRI do
not pass the thresholds imposed by AERONET Level 2.0 (see subsection 3.2.2.1)
data of Level 1.5 from AERONET Version 2 are used.
There are not AERONET aerosol retrievals during night-time yet; thus, for
evaluating columnar aerosol properties retrieved by GRASP at night-time an
indirect approach is applied. In this sense, the results are discussed in terms of the
smoothness and temporal coherence of the variation of the aerosol retrievals along
the night and having as benchmarks the daytime retrievals (AERONET and/or
GRASP) obtained the day before and the day after.
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The selected study case presents, as previously shown, a situation with
apparent smooth variation of the aerosol load (Figures 6.2 to 6.4) within a wide
range of values but with the constancy of some of the intensive properties,
identifying the type of aerosol, along the whole studied period, excluding the period
with absence of remote sensing measurements. In this sense, the selected case offers
an appropriate situation for testing the discussed night-time retrievals proposed,
having in mind the smoothness of the aerosol evolution in spite of the ample change
in the aerosol load. Hereafter, evaluations of the different GRASP aerosol parameter
retrievals using different input data set are presented.

6.3.1. Columnar particle size distribution parameters
Table 6.2 summarizes the columnar aerosol properties retrieved by GRASP using
different configuration schemes and those provided by AERONET. Due to the
drastic change in aerosol load (as indicated by AODs) between 18th - 19th July (P1)
and 20th - 21st July (P2) periods, the results of GRASP and AERONET retrievals are
provided separately for these two periods.
The daytime aerosol parameters obtained by GRASP using scheme D are
consistent with AERONET products, with differences being mostly within
uncertainties. As in the case studied in Chapter 5, coarse modal radius retrieved by
GRASP using scheme D is slightly larger than that provided by AERONET during
both P1 and P2 periods. As commented in Chapter 5, this difference is attributed
this to the use of the lidar data in the GRASP retrievals. The relative differences
between GRASP and AERONET retrievals in the two analyzed periods are similar
both for fine and coarse modes with mean relative differences around 8% (26%),
12% (35%) and 8% (10%) for VCc (VCf), 𝑟𝑣𝑐 (𝑟𝑣𝑓 ) and 𝜎𝑣𝑐 (𝜎𝑣𝑓 ), respectively (Table
6.2). It is noted that the coarse mode parameters obtained during the Saharan dust
event analyzed here are the typical values obtained at Granada during dust events
originating from Western Sahara [Valenzuela et al., 2012a].
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Table 6 2. The average values (±standard deviations) of volume concentration (VCf, VCc [µm3/µm2]),
volume modal radius (𝑟𝑣𝑓 , 𝑟𝑣𝑐 [µm]) and standard deviation (𝜎𝑣𝑓 and 𝜎𝑣𝑐 ) for fine and coarse modes
retrieved by GRASP using different configuration schemes and those provided by AERONET. The
retrievals are provided for the first period 18 th - 19th July (P1) and the second period 20 th-21st July
(P2). The subscript 'f' denotes fine mode and 'c' denotes coarse mode.

Nocturnal columnar aerosol properties retrieved by GRASP using different
schemes show a good coherence and smooth variation when they are compared
against daytime AERONET and GRASP retrievals (Table 6.2). In fact, the GRASP
night-time retrievals using the N0 scheme present average values similar to those
provided by GRASP daytime retrievals with discrepancies around 10% for both
modes in the two periods. The values of aerosol properties of coarse mode retrieved
by GRASP using N1 scheme are systematically slightly higher than those obtained
during day time (by both D scheme and AERONET). The use of night-time AOD
measurements in N1 scheme, which reveals change in AOD values (aerosol load)
between day and night, can be behind these changes in the retrieved aerosol
parameters revealed by N1 scheme. Finally, the values of aerosol parameters
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retrieved by GRASP using the N2 scheme are almost similar to the values retrieved
by AERONET the day before and after, especially for coarse mode where the
discrepancies are around 12%, 3% and 20% for VCc, 𝑟𝑣𝑐 and 𝜎𝑣𝑐 , respectively.
However, for fine mode properties (VCf, 𝑟𝑣𝑓 and 𝜎𝑣𝑓 ) there are considerable
differences between GRASP and AERONET retrievals mainly due to the low
concentration of fine particles.

6.3.2. Columnar complex aerosol refractive indices
The RRI and IRI values obtained by GRASP and AERONET methods are not
directly comparable because the GRASP configurations used here provide RRI and
IRI for fine and coarse modes, separately, and AERONET provides only RRI and
IRI equivalent values for the whole size distribution. Nevertheless, the RRI and IRI
values provided by AERONET are used to study the consistency of GRASP
retrievals. Retrievals of RRI are given in Table 6.3 while IRI are given in Table 6.4.
In this case, the mean RRI and IRI values and their corresponding standard
deviations correspond to the whole analyzed period. This is done because, in
contrast to VC retrievals that showed a large change between P1 and P2 periods,
RRI and IRI retrieved by GRASP (using different schemes) and AERONET were
almost stable and showed a very small variation along the whole analyzed period,
as indicated by the corresponding standard deviations. As can be seen in these tables,
standard deviations were within and even below the uncertainties associated with
the AERONET retrievals; ± 0.03 for RRI and ±50% for IRI [Dubovik et al., 2000].
On the other hand, it is important to remember that RRI and IRI values for the N1
scheme are not reported in Table 6.3 and 6.4 because in this case the average day
values retrieved by GRASP during daytime were used as input for this GRASP
configuration scheme.
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Table 6.3. The average values (± standard deviation) of the real refractive indices (RRI) retrieved by
GRASP (D, N0 and N2; both fine and coarse modes) and AERONET (for whole aerosol population)
during 18th-21st July 2016.

RRI values retrieved by both GRASP (using different schemes) and
AERONET show no remarkable spectral dependence, with maximum spectral
variations of 0.03 which is below the uncertainties of the AERONET method. Also,
no notable differences are observed between the retrieved values (using different
GRASP schemes) or between the day and night retrievals. Retrieved RRI values
agree with those reported in previous studies. In fact, using AERONET data,
Dubovik et al. [2002a] reported a mean RRI value of 1.48 ± 0.05 for desert dust at
Cape Verde (Republic of Cabo Verde). Also, using GRASP algorithm, Tsekeri et
al. [2017] obtained an RRI value of 1.45 for a desert dust event at Finokalia (Crete).
Nevertheless, the RRI values obtained here are lower than that (RRI of 1.53 for the
visible spectral region) used for desert dust by several models [Shettle and Fenn,
1979, WMO, 1983, Koepke et al., 1997]. However, the differences between RRI
values obtained here for desert dust event and those reported in literature can be
explained by the differences in the chemical composition of dust [e.g., Patterson et
al. 1977; Carlson and Benjamin, 1980, Sokolik et al., 1993, Sokolik and Toon,
1999].
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Table 6.4. The average values (± standard deviation) of the imaginary refractive indices (IRI)
retrieved by GRASP (D, N0 and N2; both fine and coarse modes) and AERONET (for whole aerosol
population) during 18th-21st July 2016.

For IRI, consistency during the whole analyzed period is observed again with
smooth variations in the retrieved values. For fine mode, IRI values retrieved by
GRASP (using different schemes) show neutral spectral dependence with
wavelength and the differences between the three schemes (D, N0 and N2) are very
small with mean difference values around 0.003. On the other hand, the spectral
behavior of IRI retrieved by GRASP for coarse mode was similar to that of
AERONET retrievals, showing a typical IRI spectral dependence of desert dust,
characterized by higher IRI in the UV region [Patterson et al., 1977; Dubovik et al.,
2002a; Wagner et al., 2012]. The mean IRI values retrieved using D and N0 schemes
for coarse mode are almost similar to AERONET retrievals being the differences
within the uncertainties (about 50%) associated with IRI provided by AERONET
[Dubovik et al., 2000]. Although the discrepancy between IRI values retrieved using
N2 scheme for coarse mode and those provided by AERONET is high, the IRI
values of N2 scheme are consistent with IRI values around 0.008 at 675 nm obtained
at night-time during a dust event in Dakar (Senegal) by Bovchaliuk et al. [2016].
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Considering the success in this issue for daytime IRI retrievals, it can be
concluded that accurate sky measurements combined with lidar measurements are
required for accurately characterizing CRI, and particularly for separating the
features of coarse and fine modes as discussed by Dubovik et al. [2000]. The
approach proposed using additional relative radiance in the lunar aureole is also
promising for the retrievals of IRI.

6.3.3. Columnar single-scattering albedo
Table 6.5 shows the average values of SSA and their corresponding standard
deviations obtained by GRASP (using different schemes) and AERONET during
entire dust event from 18th to 21st July 2016. As in the case of IRI and RRI retrievals,
SSAs retrieved by both GRASP (using different schemes) and AERONET show
very small temporal variation during the whole analyzed period, as confirmed by
the low standard deviations of the SSAs values.
SSA retrieved by GRASP (using different schemes) and AERONET show a
smooth variability between day and night for the total period. Actually, mean
differences in SSAs retrieved by GRASP (using different schemes) and AERONET
are below 0.03 which it is within uncertainty associated to AERONET retrieval for
dust aerosol [Dubovik et al., 2000]. Also, SSAs retrieved by GRASP and
AERONET present a common and remarkable spectral variability with SSA
increasing from values around 0.85 at the UV to values around 0.99 in the nearinfrared. Such SSA values and spectral dependence with wavelength is typically
found in pure desert dust [Dubovik et al., 2002a; Valenzuela et al., 2012a].
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Table 6.5. The average values (± standard deviation) of single-scattering albedo (SSA) retrieved by
GRASP (using D, N0 and N2 schemes) and AERONET for the period 18 th - 21st July 2016 (* 469
nm for N2 scheme).

SSA
GRASP
AERONET

λ [nm]

D

N0

N1

N2

355

0.85 ± 0.02

0.85 ± 0.03

0.83 ± 0.02

0.82 ± 0.05

440*

0.89 ± 0.02

0.88 ± 0.02

0.88 ± 0.02

0.86 ± 0.03

532

0.93 ± 0.01

0.92 ± 0.02

0.92 ± 0.01

0.89 ± 0.02

675

0.96 ± 0.01

0.95 ± 0.01

0.96 ± 0.01

0.94 ± 0.01

0.97 ± 0.03

870

0.98 ± 0.01

0.97 ± 0.01

0.98 ± 0.01

0.96 ± 0.01

0.98 ± 0.03

1020

0.98 ± 0.01

0.98 ± 0.01

0.98 ± 0.01

0.97 ± 0.01

0.98 ± 0.03

1064

0.99 ± 0.01

0.98 ± 0.01

0.98 ± 0.01

0.97 ± 0.01

0.89 ± 0.03

6.4. Evaluation of vertical aerosol properties retrieved by GRASP
6.4.1. Aerosol extinction profiles at night-time
As commented in subsection 3.2.1.1, the multiwavelength lidar system used in this
thesis has two channels that detect Raman scattering at 387 and 607 nm and thus
Raman method was used here to independently obtain the extinction coefficient at
355 and 532 nm. An estimate of the extinction profile at 1064 nm is computed using
the backscatter coefficient retrieved using the Klett-Fernald method with a constant
LR for the entire profile of 50 sr; which is a representative value of desert dust
[Guerrero-Rascado et al., 2009]. Because Raman measurements of this lidar system
are noisy, the lidar signal is averaged ± 15 min around the GRASP retrieval time to
get a high signal-to-noise ratio. Moreover, as commented in subsection 4.2.2.3,
GRASP is currently optimized to provide aerosol vertical-properties at 60 levels
altitude logarithmically spaced. However, Raman lidar profiles are obtained with a
vertical resolution of 7.5 m after smoothing. Hence, the comparison presented
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hereafter is made between the GRASP values and the Raman values obtained at the
closest GRASP heights.

Figure 6.5. Aerosol extinction coefficient (α) retrieved by GRASP for N0 (a, b and c), N1 (d, e
and f) and N2 (g, h and i) as a function of the α calculated by Raman technique at 355 (a, d and g)
and 532 nm (b, e and h) and Klett-Fernald method at 1064 nm (c, f and i) during dust event
observed over Granada during 18th-21st July 2016.

Figure 6.5 shows extinction coefficients at 355, 532 and 1064 nm retrieved
by GRASP (N0, N1 and N2 schemes) at night-time versus the values obtained by
multiwavelength Raman lidar measurements during dust event observed over
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Granada in the period 18th - 21st July 2016. For all schemes and all wavelengths,
extinction coefficients retrieved by GRASP and those obtained by Raman lidar
measurements are highly correlated with a correlation coefficient (r2) ranging from
0.8 to 0.9. The slopes of the regression lines varied between 0.75 and 1.07, indicating
that in general GRASP underestimate the extinction coefficient obtained by Raman
and Klett-Fernald methods. A statistical overview of the differences between
GRASP retrievals and Raman measurements of extinction coefficient is given in
Table 6.6. Particularly, mean differences given by 𝛥𝛼 = 𝛼𝐺𝑅𝐴𝑆𝑃 − 𝛼𝑅𝑎𝑚𝑎𝑛 and also
relative absolute differences given by 𝛥𝛼(%) = 100 · |𝛼𝐺𝑅𝐴𝑆𝑃 − 𝛼𝑅𝑎𝑚𝑎𝑛 |⁄𝛼𝑅𝑎𝑚𝑎𝑛
are shown. Error bars are the standard deviations of the statistics.
Table 6.6. Differences (± standard deviation) between the extinction values retrieved by GRASP
(N0, N1 and N2 schemes) and Raman during dust event observed over Granada from 18 th to 21st July
2016. The percentage differences are between parenthesis.

∆𝜶(𝝀)
[Mm-1]

N0

N1

N2

355 nm

1.3 ± 40 (23%) -11 ± 31 (23%) -20 ± 30 (24%)

532 nm

-30 ± 30 (30%) -30 ± 30 (30%) -40 ± 40 (40%)

1064 nm

15 ± 24 (21%)

20 ± 23 (24%)

12 ± 22 (20%)

The relative differences at 355 nm between α values retrieved by GRASP
and those obtained from Raman lidar measurements are around 23% for the three
schemes. The lowest difference at 355 nm between values retrieved by GRASP
(using different schemes) and those obtained from Raman lidar measurements is
found for N0 scheme (1.3 ± 40 Mm-1), while the highest absolute difference (20 ±
30 Mm-1) is obtained for N2 schemes. However, for 532 nm, the differences between
GRASP (using different schemes) and Raman lidar measurements are larger than
those encountered at 355 nm and 1064 nm, being the relative differences of 30%,
30% and 40% for N0, N1 and N2 schemes, respectively. In addition, the mean biases
are higher in this case, being of -30 ± 30 Mm-1, -30 ± 30 Mm-1 and -40 ± 40 Mm-1
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for N0, N1 and N2 schemes, respectively. Finally, for 1064 nm the relative
differences are between 20% and 24%.
Large part of the differences observed here can be associated to the different
hypotheses used in GRASP retrievals being critical the assumption associated with
the incomplete overlap region. Also, the rather broad assumption of constant lidar
ratio used in the estimation of the extinction at 1064 nm, derived from the
backscatter coefficient retrieved by Klett-Fernald retrieval, explains part of the
discrepancies at 1064 nm. However, all these differences commented here are
similar or lower than those encountered between GRASP retrievals and airborne
photometer extinction coefficient measured by PLASMA (see Chapter 5).

6.4.2. Evaluation of GRASP retrievals versus in-situ measurements
Hereafter, 𝜎𝑠𝑐𝑎 (𝜆) and VC retrieved by GRASP are compared versus in-situ
measurements obtained at SNS station (2.5 km a.s.l). For these comparisons the
averaged values of GRASP retrievals at an altitude of 2.5 ± 0.2 km a.s.l. are used.
In addition, in-situ measurements of scattering coefficient obtained by integrating
nephelometer at SNS station are averaged ± 15 min around the GRASP retrieval
time. Comparisons of 𝜎𝑠𝑐𝑎 are made at 450, 550 and 700 nm and the Ångström
exponent computed from GRASP retrievals is used to get the equivalent 𝜎𝑠𝑐𝑎 at
these wavelengths.
Figure 6.6 shows the temporal evolutions of the 𝜎𝑠𝑐𝑎 at 550 nm obtained by
GRASP (D, N0, N1 and N2 schemes) and integrating nephelometer at SNS station.
Generally, both GRASP and in-situ measurements follow the same evolution pattern
and are sensitive to the arrival of Saharan dust particles. Furthermore, differences
between GRASP (using different schemes) and in-situ measurements are very small,
being the differences less than 25 Mm-1 in 90% of the cases. Generally, the
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differences are negligible for daytime. For night-time, the better agreement is found
for the N1 scheme and the less accordance is obtained for the N2 scheme.

Figure 6.6. Temporal evolutions of 𝜎𝑠𝑐𝑎 at 550 nm measured by integrating nephelometer at Sierra
Nevada Station (red) and retrieved by GRASP (D: blue; N0: green; N1: black; N2: cyan) at 2.5 km
a.s.l. from 18th to 19th (a) and from 20th to 21st(b) July 2016.

Figure 6.7 a, b and c show the scattering coefficients at 450, 550 and 700 nm
retrieved by GRASP versus those measured at SNS. As can be seen these figures,
the correlation coefficient (r2) between the measured and the retrieved values is very
high with values between 0.87 and 0.97. In general, the slopes of the linear fits
indicate that the GRASP overestimates the in-situ scattering coefficient
measurements at SNS.
An overview of the statistical analysis of the differences between GRASP
retrievals and in-situ scattering coefficient measurements is given in Table 6.7 that
𝐺𝑅𝐴𝑆𝑃
𝑆𝑁𝑆
shows the mean (∆𝜎𝑠𝑐𝑎 = 𝜎𝑠𝑐𝑎
− 𝜎𝑠𝑐𝑎
) and relative differences ∆𝜎𝑠𝑐𝑎 = 100 ·
𝐺𝑅𝐴𝑆𝑃
𝑆𝑁𝑆 |/𝜎 𝑆𝑁𝑆
|𝜎𝑠𝑐𝑎
− 𝜎𝑠𝑐𝑎
𝑠𝑐𝑎 for each scheme. Due to the drastic change in the scattering

coefficient between P1 and P2 periods, this statistical analysis is provided separately
for these two periods. For the P1 period, GRASP algorithm underestimates the insitu scattering coefficient measurements both at day and night and at all
wavelengths. The highest differences are found for N2 scheme with differences
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between 30% (at 700 nm) and 35% (at 550 nm). However, for the others schemes
(D, N0 and N1) the differences are less than 20%. Again, the uncertainties associated
with IRI and with the incomplete overlap assumption as well as the particles losses
in sampling inlet can be behind these differences. However, for P2 period, the
differences are considerably small and even in some cases are one half than the
differences observed in P1 period.

Figure 6.7. Scattering coefficient, 𝜎𝑠𝑐𝑎 , at 450, 550 and 700 nm (a, b, c) and volume concentration,
VC, (d) retrieved by GRASP (D: blue; N0: green; N1: black; N2: purple) at SNS station height
versus in-situ scattering coefficient and volume concentration measurements at SNS during dust
event over Granada in the period 18th-21st July 2016.
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Table 6.7. Differences (± standard deviation) between the scattering values retrieved by GRASP (N0,
N1 and N2 schemes) and in-situ measurements at SNS.

∆𝝈𝒔𝒄𝒂
[Mm-1]
P1

P2

𝝀
[nm]

D

N0

N1

N2

450

-5 ± 4 (8%)

-17 ± 10 (14%)

-9 ± 19 (13%)

-40 ± 14 (30%)

550

-7 ± 8 (10%)

-20 ± 9 (17%)

-14 ± 15 (13%)

-43 ± 13 (40%)

700

-5 ± 11 (12%)

-21 ± 9 (19%)

-21 ± 11 (17%)

-36 ± 14 (30%)

450

40 ± 60 (21%)

26 ± 17 (13%)

9 ± 8 (5%)

-31 ± 16 (14%)

550

30 ± 60 (16%)

11 ± 13 (7%)

8 ± 7 (4%)

-32 ± 17 (13%)

700

30 ± 60 (16%)

1.3 ± 12 (4%)

6 ± 30 (12%)

-17 ± 19 (9%)

Figure 6.8. Temporal evolution of VC measured in-situ at Sierra Nevada Station (red) and the
values retrieved by GRASP (D: blue; N0: green; N1: black; N2: cyan) at 2.5 km a.s.l. from 18th to
19th (a) and from 20th to 21st(b) July 2016.

On the other hand, Figure 6.8 shows the temporal evolutions of the VC
retrieved by GRASP at 2500 m a.s.l. and those measured at SNS station. As for the
scattering coefficient, the VC retrieved by GRASP and the measured at SNS follow
the same evolution pattern both being sensitive to the increase of dust event
intensity. Differences at daytime are negligible, while at night-time the differences
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depend on the GRASP scheme used, being the differences in the P1 period much
smaller than in P2 period indicating that the differences increase with increasing
aerosol load. Figure 6.7d shows the VC values retrieved by GRASP (using different
schemes) versus those measured at SNS station. The correlation between the
measured and the retrieved values is very high with r2 between 0.75 and 0.98. As in
the case of the scattering coefficient, the slopes of the linear fits generally indicate
an overestimation by GRASP.
Table 6.8 presents an overview of the statistical analysis of the VC
comparisons. Particularly, in the table mean ∆𝑉𝐶 = 𝑉𝐶𝐺𝑅𝐴𝑆𝑃 − 𝑉𝐶𝑆𝑁𝑆 and absolute
relative differences ∆𝑉𝐶(%) = 100 · |𝑉𝐶𝐺𝑅𝐴𝑆𝑃 − 𝑉𝐶𝑆𝑁𝑆 |⁄𝑉𝐶𝑆𝑁𝑆 are shown. It is
clearly observed that GRASP overestimates the measured values low than 15% for
D, N0 and N1 schemes during P1 period, while for N2 scheme is observed an
underestimation of 30%. However, for P2 period, the GRASP underestimates the
in-situ measurements with differences around 20% for D, N0 and N1 schemes; while
for N2 scheme, GRASP overestimates the in-situ measurements again but with
lower differences than P1 period. Again, the different assumption in GRASP
algorithm and the particles losses in sampling inlet (which increase with increasing
aerosol load) can be behind the observed differences between GRASP retrievals and
in-situ measurements.
Table 6.8. Differences (± standard deviation) between the volume concentration values retrieved by
GRASP (N0, N1 and N2 schemes) and in-situ measurements at SNS.

∆VC
[µm3/cm3]

D

N0

P1

-4 ± 9 (14%)

-5 ± 7 (9%)

P2

30 ± 50 (20%)

29 ± 12 (20%)
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N2

1.6 ± 10 (12%) -21 ± 14 (30%)
31 ± 32 (23%)

-9 ± 21 (10%)
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6.5. Conclusions
The use of GRASP algorithm to retrieve vertical profiles and column-integrated
optical and microphysical aerosol properties at night-time combining elastic lidar
measurements with different passive remote sensing measurements has been
explored.
The experimental measurements used were acquired during a Saharan dust
event that took place during SLOPE I campaign at Granada (Spain) from 18th to 21st
July 2016. This event was an extraordinary dust event because the aerosol load
registered doubled the typical values registered during ordinary Saharan dust events
that reach the study area. Moreover, during the dust event the aerosol extensive
properties were more or less stable – e.g. Ångström exponent value which was
around 0.2, points out that the coarse particles dominates in the atmosphere. That
allows to evaluate GRASP retrievals using continuous measurements of
multiwavelength lidar, sun/sky/lunar photometer during day- and night-time and sky
camera images.
For column-integrated aerosol optical and microphysical AERONET
inversion products were used as reference to evaluate the robustness of GRASP
retrievals. Daytime GRASP retrievals used the same inputs as AERONET and also
additionally elastic lidar signals. Consequently, GRASP retrieve a bi-modal size
distribution with the capacity of separating aerosol CRI between fine and coarse
mode. Comparisons of PSD between AERONET and GRASP retrievals do not show
significant discrepancies in radii, widths and volume concentration for each mode.
Slight differences are explained because the use of additional information about
aerosol vertical distribution in GRASP. Retrieved RRI by AERONET and GRASP
are quite similar, with no spectral dependences, being the values obtained typical
for Saharan dust outbreaks. Comparisons between AERONET and GRASP for IRI
remarked that AERONET values are very similar to the obtained by GRASP for
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coarse mode, being identified the typical spectral dependence associate to dust
particles with increasing absorption in the UV. Similar results were found for SSA.
Thus, the results obtained verify the coherence of GRASP retrievals and show the
potentiality to retrieve fine and coarse mode properties.
AERONET inversion products were also used to study the coherence of
night-time retrievals and of the continuous day-to-night aerosol evolution when the
combination of active and passive remote sensing is used at night-time. For the
parameters derived from PSD, GRASP retrievals show coherent values when
compared with AERONET retrievals, being observed a smooth and coherent dayto-night evolution. Similarly happens for CRI and SSA, although more variability
is observed, particularly for the N2 scheme due to the large uncertainties in relative
sky radiance measurements at lunar aureole and the higher freedom degrees
assumed than in N1 scheme. Spectral dependencies in IRI and SSA agree again with
typical values for mineral dust from Western Sahara measured at Granada in
previous studies [Olmo et al., 2006; Valenzuela et al., 2014].
Generally, GRASP and Raman retrieved values agrees quite well, with
differences below 30%. Nevertheless, these imply that some issues remain: The way
of how the incomplete overlap area is analyzed in GRASP can yield to some
incorrect values. Also, the uncertainties in IRI are behind these differences. But with
the experimental data used here the study can not go further because a-priori aerosol
optical and microphysical properties are not known. Additional studies are needed
in this sense to investigate the accuracy of GRASP retrievals, particularly these with
synthetic data from global models.
SLOPE I field campaign provided a unique opportunity of evaluating highaltitude GRASP retrievals versus in-situ measurements thanks to the correlative insitu measurements at SNS station (2500 m a.s.l). Here, the evaluation of aerosol
scattering coefficient and volume concentrations retrieved by GRASP is performed.
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Generally, both GRASP retrievals and in-situ measurements follow the same
patterns and are sensitive to the arrival of Saharan dust particles. Differences
between GRASP and in-situ measurements are negligible for daytime. For nighttime, however, some differences were observed. It is remarkable that no
homogeneity was observed between the three night-time scheme, being GRASP
retrievals larger for N0 and N1 schemes while the opposite was observed for N2.
The use of relative sky radiances from lunar measurements can be behind these
differences due to the large uncertainties associated with these lunar measurements
[e.g. Román et al., 2017a].
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7. Ceilometer and sun/sky photometer retrieval
This chapter is adapted from “Retrieval of aerosol profiles combining
sunphotometer and ceilometer measurements in GRASP code” by Román, R.,
Benavent-Oltra, J. A., Casquero-Vera, J. A., Lopatin, A., Cazorla, A., Lyamani, H.,
Denjean, C., Fuertes, D., Pérez-Ramírez, D., Torres, B., Toledano, C., Dubovik, O.,
Cachorro, V. E., de Frutos, A. M., Olmo, F. J., and Alados-Arboledas, L. (2018)
Published

in

Atmospheric

Research,

204,

164-177,

doi:

10.1016/j.atmosres.2018.01.021.
This chapter presents the sensitivity test performed with synthetic data to verify the
capability of the GRASP to derive the aerosol properties from coincident ceilometer
and sun/sky photometer observations. This method is applied to real data acquired
during the ChArMEx/ADRIMED and SLOPE I campaigns. In the case of
ChArMEx/ADRIMED campaign, the profiles of volume concentration are
compared with airborne measurements whereas for SLOPE I campaign, the volume
concentration values retrieved at 2500 m a.s.l. are compared with in-situ
measurements obtained at SNS station.

7.1. Sensitivity test
As commented in the subsection 4.2.2, GRASP has been designed to distinguish the
aerosol properties between fine and coarse modes separately in the case where
multiple wavelength lidar data are used. In contrast, the use of sun/sky photometer
and single wavelength lidar by GRASP can only retrieve the aerosol properties for
the total amount of aerosols, since aerosol modes cannot be discerned in the vertical
with a single wavelength.
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In this chapter it is used the ceilometer which provides RCS profiles at only
one single wavelength (1064 nm), therefore, for the retrieval constraining, intensive
aerosol properties such as CRI, SSA, or lidar ratio are assumed equal for fine and
coarse mode in the retrieval. Column-integrated properties obtained by GRASP
using this method are shown in Table 4.2. However, the hypothesis of vertically
constant aerosol intensive parameters allows changes in extensive properties and,
therefore, vertical profiles of aerosol volume concentration and of extinction,
backscatter, absorption and scattering coefficients at 5 wavelengths (440, 675, 870,
1020 and 1064 nm) are provided.
GRASP needs an initial aerosol scenario, also known as initial guess
(described at subsection 4.2.2.3), to initialize each retrieval. The initial guess of each
parameter has been assumed the same for all retrievals except for the size
distribution, which has been assumed as a trapezoidal distribution proportional to
the measured AOD at 440 nm wavelength. The minimum and maximum altitudes
in the used RCS signal are 250 and 7000 m a.g.l..

7.1.1. Synthetic data
A sensitivity study with synthetic data is done in order to observe the capability of
the GRASP to retrieve aerosol properties combining ceilometer and sun/sky
photometer data. To this end, two kinds of aerosol are considered: Smoke and Dust,
including different mixtures among them. Smoke and Dust typical PSD and CRI
values are assumed the shown by Dubovik et al. [2002] for biomass burning in the
African savanna (Zambia) and for desert dust at the Arabian Peninsula (Saudi
Arabia), respectively. Figure 7.1 shows the typical PSD for these two aerosol types
(Figure 7.1a) and their vertical distribution (Figure 7.1b), RRI (Figure 7.1c), and IRI
(Figure 7.1d) according to values reported in the bibliography.

118

Ceilometer and sun/sky photometer retrieval

Figure 7.1. Microphysical and optical properties of the two aerosol models (Smoke and Dust) used
to obtain synthetic data: particle size distribution (a); vertical volume concentration, VC, (b); real
(c) and imaginary (d) refractive indices, RRI and IRI, respectively.

The PSD for each aerosol type (Figure 7.1a) is assumed as triangle binned
and bimodal distribution: the fine mode is log-spaced in 10 radius bins (radius from
0.05 µm to 0.58 µm) and the coarse mode log-spaced in 15 bins (radius from 0.33
µm to 15 µm). Fine mode is predominant in Smoke aerosol with residual coarse
mode, while for Dust the opposite occurs. For each scenario both fine and coarse
mode have the same complex refractive indices, RRI being independent on
wavelength with values of 1.51 and 1.56 for Smoke and Dust, respectively (Figure
7.1c). The IRI is wavelength independent for Smoke, with a value of 0.021, while
for Dust it is assumed variable with wavelength varying from 0.003 at 440 nm to
0.001 at 1064 nm (Figure 7.1d). The vertical aerosol distribution has been assumed
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as an exponential decay with altitude for Smoke, while this distribution has been
considered as a Gaussian layer centred at 2000 m a.g.l. for Dust (Figure 7.1b).
Different synthetic scenarios are considered consisting to Smoke, Dust and
mixtures among them. In the mixtures scenarios are assumed that fine mode has the
intensive properties of Smoke while for coarse mode they are those of Dust. Fine
mode of PSD is proportional to Smoke while that for coarse mode is proportional to
Dust. Two different mixtures are considered, Mix-1 that imposes that AOD440 is
equal for fine and coarse mode, and Mix-2 that imposes AOD at 1064 nm is equal
for both modes. The difference between Mix-1 and Mix-2 is the larger volume
concentration of fine particles in Mix-2 than in Mix-1. The PSD and the vertical
concentration for these scenarios can be observed in the figures discussed in Section
7.1.2, labeled as “Original” in Figure 7.3 and 7.4, respectively. From all these
scenarios, twelve (4 aerosol types x 3 AODs) synthetic data are computed from
different AOD440 values: 0.1 (low aerosol load), 0.4 (minimum AOD440 used by
AERONET to provide quality assured SSA, RRI and IRI in version 2 retrievals) and
1.0 (high aerosol load).
The GRASP forward model is used to compute the synthetic observations
(spectral AOD, sky radiances and RCS at 1064 nm) for each of the twelve aerosol
scenarios, and varying the SZA by 10º from 40º to 80º in order to test different sets
of scattering angles. Note that in all simulations the ground is assumed as the sea
level and the assumed BDRF parameters for these simulations are the climatological
values (explained in subsection 4.2.2.3a) for Granada in summer. Later, using the
GRASP forward model the required observations for GRASP are computed: AOD
and sky radiances (26 values from 3.5º to 160º azimuth angles) at 440, 675, 870 and
1020 nm and RCS (60 heights) at 1064 nm.
The computed synthetic observations are not representative of real
measurements unless instrument uncertainties are considered, which are ±0.01 for
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AOD and ±5% for sky radiances according to AERONET standards [Holben et al.,
1998]. Therefore, next step in the simulation scheme is to add uncertainties to the
simulated AOD and sky radiances, which is done by adding random errors generated
from random number that follows a normal distribution with standard deviation
equal to the uncertainties. The addition of noise to the simulated ceilometer values
is done assuming a constant uncertainty (𝐾) on raw ceilometer signal and, therefore,
the RCS uncertainty 𝜎 varies with the square of the distance (ℎ) and at a level ' ℎ' is
given as:
(𝑅𝐶𝑆ℎ ) = 𝐾 · ℎ2

Eq. 7.1

where is the range corrected signal at ℎ.
The calibration constant for Granada ceilometer obtained by Cazorla et al.
[2017] for molecular (aerosol free) regions presents variations with standard
deviation of approximately 30% (result not published). Thus, the uncertainty of
ceilometer RCS could be assumed as a 30% at the reference height (ℎ𝑟𝑒𝑓 ) where
only molecular backscatter is detected. Then the uncertainty of RCS at ℎ𝑟𝑒𝑓 can be
written as:
𝜎 (𝑅𝐶𝑆ℎ=ℎ𝑟𝑒𝑓 ) = 0.3 · 𝑅𝐶𝑆ℎ=ℎ𝑟𝑒𝑓

Eq. 7.2

and combining Equation 7.1 and Equation 7.2:
𝐾=

0.3
ℎ𝑟𝑒𝑓 2

· 𝑅𝐶𝑆ℎ=ℎ𝑟𝑒𝑓

Eq. 7.3

Finally, if Equation 7.3 is put in Equation 7.1, the uncertainty of RCS at each
height can be expressed as:
𝜎(𝑅𝐶𝑆𝑧 ) =

0.3
2
2 · 𝑅𝐶𝑆ℎ=ℎ𝑟𝑒𝑓 · ℎ
ℎ𝑟𝑒𝑓

Eq. 7.4
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The most frequent value of ℎ𝑟𝑒𝑓 obtained by the method used in Cazorla et
al. [2017] is about 4000 m a.g.l.; therefore, in this work, the uncertainty of
ceilometer RCS is calculated by Equation 7.4 using 4000 m as ℎ𝑟𝑒𝑓 . Once RCS
uncertainty has been characterized, synthetic RCS is interpolated every 15 m, and
for each RCS value at 15 m at each scenario, a pseudorandom number normally
distributed is generated with a standard deviation equal to the uncertainty of this
RCS value, and this random number is added to the previously simulated RCS.

Figure 7.2. Range corrected signals (RCS) at 1064 nm, from 250 m to 9000 m every 15 m,
normalized by the sum of all data (a) for three cases: half hour average of measured ceilometer
signal on 17 June 2013, 07:40 UTC (AOD440~0.21) (black line); synthetic and noisy signal of
Smoke with AOD440 equal to 0.4 (blue line); and synthetic and noisy signal of “Mix-2” with
AOD440 equal to 0.4 (red line). Panel b shows the RCS of panel a, but normalized to 60 log-spaced
points following the criteria used for GRASP.
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As an example, Figure 7.2 shows the synthetic RCS after adding
uncertainties for the Smoke and Mix-2 scenarios with AOD440 equal to 0.4. In
addition, a particular example of measured RCS in UGR station (dust case with
AOD440 = 0.21) is included to illustrate the capabilities of the scheme to generate
synthetic RCS with uncertainties. An iterative method to skip negative values in the
measured RCS is applied to the initial values (Measured-Initial), that iteratively
computes the 60 RCS log-spaced points decreasing 100 m the maximum altitude
until all 60 values are positive, and it is observed as the final signal avoids negative
values (Measured-Final). As can be observed the profiles look noisier at higher
heights both for the synthetic and measured profiles. In fact, the shape of the added
noise to the synthetic profiles is very similar to the one observed in the real
measurements, which indicates that the obtained synthetic signal can be considered
as realistic. The noise is higher for Smoke likely because for this scenario molecular
zone is not completely well represented by the assumed ℎ𝑟𝑒𝑓 equal to 4000 m a.g.l.
Figure 7.2b shows the RCS of Figure 7.2a normalized to the 60 heights required as
input in GRASP. It can be appreciated that noise is reduced by the averaging of RCS
in log-scaled bins.

7.1.2. Analyses of retrieved parameters
Once the noisy synthetic observations are obtained for each aerosol scenario and
SZA value, these data are used as input in GRASP. The differences, Δfit, between
the synthetic observations used as input in GRASP and the observations generated
by the retrieved aerosol scenario are calculated to quantify the fitness of each
GRASP retrieval. Δfit is defined as:
∆𝑓𝑖𝑡 (𝑘, 𝑛) = 𝑂𝑟 (𝑘, 𝑛) − 𝑂𝑖 (𝑘, 𝑛)

Eq. 7.5

and in percentage as:
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∆𝑓𝑖𝑡 (𝑘, 𝑛)(%) = 100 ·

𝑂𝑟 (𝑘, 𝑛) − 𝑂𝑖 (𝑘, 𝑛)
𝑂𝑖 (𝑘, 𝑛)

Eq. 7.6

where O represents an observation; the subscript i and r indicated if the observation
is an input or a value obtained from the retrieved aerosol scenario, respectively; k
determines the kind of observation (AOD, sky radiances or RCS) and n is the
number of this kind of observation. The fitness of the retrieval can be quantified for
each k-kind observation by the mean (MBE; mean bias error) and standard deviation
(STD) of Δfit using all n available observations for the k-kind. MBE represents the
accuracy between Or and Oi, while STD indicates their precision. Following this
method, MBE and STD for AOD (subscript aod), sky radiance (subscript rad) and
RCS (subscript rcs) are calculated for all retrievals and they are shown in Table 7.1.
MBEaod and STDaod are shown in absolute values while MBE and STD for sky
radiance and RCS are in percentage. Scattering angle interval is also added in Table
7.1, reaching bigger angles when SZA increases. Table 7.1 reveals that MBEaod,
MBErcs, STDaod, and STDrcs are usually larger for retrievals with AOD440=0.1;
MBErad is usually within ±1% and STDrad around 3%. In general, the fitness
estimation does not show a clear dependence on aerosol type, SZA or AOD, which
could indicate that differences in these values for different cases are mainly caused
by the noise in the synthetic measurements since it is random.
Several aerosol GRASP products are obtained for each retrieval, but this
work is mainly focus on columnar particle size distribution and especially on aerosol
VC profiles. Figure 7.3 shows, for different aerosol types and loads, all the retrieved
size distributions for various SZA values. It reminds that errors were added to input
optical data. The original particle size distributions are also included. In general, the
retrieved particle size distributions look qualitatively similar to the original ones,
especially for the coarse mode, for all aerosol scenarios. Discrepancies on fine mode
are more evident especially at low AODs. Worse agreement is expected for small
SZA values since the scattering angle range is shorter, however it is not observed.
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Table 7. 1. Mean bias error (MBE) of the GRASP retrievals of AOD, sky radiance, and lidar rangecorrected signal under different aerosol scenarios. Standard deviation (STD) is in parenthesis.

The differences between the original and retrieved size distributions are
mostly related with Δfit. For example, the retrieved size distribution for Mix-1 type
with AOD440=0.4 differs more from the original at SZA equal to 60º than for the
other angles; it should be caused by a worse fit between the inputs and the retrieved
observations as it can be observed in Table 7.1, where MBErad and STDrad reach
their highest values (2.3% and 7.0%, respectively) for all retrievals with
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AOD440=0.4. It can also be appreciated in the Mix-1 type with AOD440=1.0 and SZA
of 80º.

Figure 7.3. Original aerosol size distribution as retrieved by GRASP for different aerosol types
(Smoke, Dust, Mix-1 and Mix-2) and loads (AOD440=0.1, 0.4 and 1.0), and at different solar
zenith angles from 40° to 80°.

Figure 7.4 shows the VC profiles for the same data than in Figure 7.3. These
profiles show a good agreement with the original ones when coarse mode
predominates as can be observed for Dust and Mix-1 cases. The larger differences
between retrieved and reference profiles are found for Smoke, being particularly
noisy for heights above 2 km. This worse agreement for Smoke could be due to the
use of RCS at 1064 nm, this wavelength being less sensitive to the fine particles like
those prevailing in Smoke. The original Mix-2 profiles present two intense aerosol
layers: dust around 2 km and smoke below 1 km; GRASP is able to detect both
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aerosol layers, although it shows discrepancies compared with the reference. This
can be explained by the limited information of using RCS at only one wavelength.

Figure 7.4. Original aerosol volume concentration vertical profile as retrieved by GRASP for
different aerosol types (Smoke, Dust, Mix-1 and Mix-2) and loads (AOD440=0.1, 0.4 and 1.0), and
at different solar zenith angles from 40° to 80°.
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Table 7.2. MBE and STD from the differences between the VC retrieved by GRASP and the original
under different aerosol scenarios and SZA values. Original VC values below 1 μm3/cm3 have not
been taken into account in the calculations. MBE and STD are given in % in parenthesis.
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To quantify all the differences, it is defined ∆vc as the difference between
the retrieved and original VC profiles given by:
∆vc (𝑎, 𝜃, ℎ) = 𝑉𝐶𝑟 (𝑘, 𝜃, ℎ) − 𝑉𝐶𝑜 (𝑎, 𝜃, ℎ)

Eq. 7.7

and in percentage as:
∆vc (𝑎, 𝜃, ℎ)(%) = 100 ·

𝑉𝐶𝑟 (𝑎, 𝜃, ℎ) − 𝑉𝐶𝑜 (𝑎, 𝜃, ℎ)
𝑉𝐶𝑜 (𝑎, 𝜃, ℎ)

Eq. 7.8

where VCr and VCo represents the retrieved and original VC values,
respectively; a determines the aerosol scenario (aerosol type and AOD440), 𝜃 are the
solar zenith angle and ℎ being one of the 60 bins of the retrieved VC profiles. Table
7.2 shows the MBE and STD calculated as the mean and standard deviation,
respectively, of the 60 ∆vc values of each profile. The ∆vc values with VCo below 1
µm3/cm3 have been discarded in the MBE and STD calculation since they could
provide extreme differences in percentage. The results of Table 7.2 are showed for
each of the 12 different aerosol scenarios and for different SZA. MBE and STD of
Table 7.2 do not show any dependence with SZA. The best agreements (minima
MBE and STD) are found for Dust and Mix-1 scenarios, where coarse mode is
predominant. In general, unsigned MBE increases with AOD440 while the precision
of GRASP, given by STD, decreases in percentage with AOD440. As a general result,
for all scenarios together GRASP systematically underestimates VC showing a
MBE of -5.9% and with an uncertainty, which is given by STD, of 21%. The lowest
uncertainties of GRASP are for Dust aerosol (~14%) with bias close to zero, while
the highest uncertainties are for the Smoke type (~28%).
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Table 7.3. Percentage of differences between the VC retrieved by GRASP and the original that is
below the uncertainty, 𝜎𝑎 , of VC given by GRASP, for different aerosol scenarios and SZA values.
The same percentage but for differences below 2𝜎𝑎 is also shown.

In order to observe if the obtained differences between the original VC and
the retrieved by GRASP are within 𝜎𝑎 (the estimation of retrieval uncertainty
provided by GRASP; see Equation 4.26), the percentage of unsigned ∆vc values that
are below 𝜎𝑎 and 2𝜎𝑎 have been calculated and named as ∆vc <𝜎𝑎 and ∆vc <2𝜎𝑎 ,
respectively. If ∆vc <𝜎𝑎 and ∆vc <2𝜎𝑎 are similar to 68% and 95%, respectively, 𝜎𝑎
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will represent the uncertainty in a good way indicating that Δvc is similar to a normal
distribution with a standard deviation equal to 𝜎𝑎 . Table 7.3 shows the obtained
results for each scenario shown in Table 7.2. ∆vc <𝜎𝑎 and ∆vc <2𝜎𝑎 do not show any
dependence on SZA or AOD440. Mix-2 aerosol scenario presents the ∆vc <𝜎𝑎 and
∆vc <2𝜎𝑎 values closer to 68% and 95%; Dust and Mix-1 show even higher values.
Smoke aerosol shows the lowest values when all SZA and AOD440 values are taken
into account, but it is mainly caused by various individual cases with SZA=60º and
AOD440=0.1 or SZA=40º and AOD440=1.0. For the combination of all the different
aerosol scenarios, ∆vc <𝜎𝑎 is 74% and ∆vc <2𝜎𝑎 is 91%, which are close values to the
expected 68% and 95%, and therefore it can be concluded that GRASP reproduces
well the VC profiles within the margins given by the uncertainty associated with the
numerical inversion.
For backscatter and extinction coefficients at 1064 nm and column integrated
intensive properties such as CRI, SSA and LR it also did the same computations as
in Table 7.2 and Table 7.3. Combining all the data of the different aerosol scenarios
MBE are -11% and -5% and STD equal to 31% and 21% for backscatter and
extinction profiles, respectively. For the backscatter coefficient, MBE presents the
largest values for Smoke and Mix-2, while Dust and Mix-2 show the largest STD
values. In the case of the extinction coefficient, Dust and Mix-1 present the lowest
STD (13% and 15%) and MBE (3% and 2%) values. Regarding the retrieved
column-integrated SSA, considering the five wavelengths together, the retrieved
SSA fits better the original values when AOD440 increases, MBE being equal to 0.02, 0.01 and 0.00 and STD equal to 0.08, 0.05, and 0.02 for AOD440 of 0.10, 0.4
and 1.0, respectively for all aerosol types and SZA values. The retrieved SSA also
agrees better as SZA increases, indicating the importance of large scattering angles
in this property as expected [Dubovik et al., 2000], but this dependence is only clear
for AOD440=0.4 and 1.0. Similar dependence on AOD440, but not on SZA, appears
for the retrieved LR. These LR retrievals agree with the references when all
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scenarios are considered together (MBE and STD are 10% and 29%). This
agreement is found particularly for the Smoke aerosol cases. MBE and STD are
reduced to 1% and 26% when only cases with AOD440=0.4 are selected. Finally, for
RRI and IRI, good agreements with the reference values are found for high AOD440.
The last computations reveal that most of the differences between retrieved
properties and the original ones are within 𝜎𝑎 ; the obtained results indicate that 𝜎𝑎
of backscatter and extinction is representative of the real uncertainty for all AOD440
and SZA values. On the other hand, for SSA and LR the percentage of differences
below 𝜎𝑎 is lower than the expected but showing an increase with AOD440.

7.2. Applications to real observation
7.2.1. ChArMEx/ADRIMED campaign
GRASP has been applied to ceilometer and sun/sky photometer measurements
collected at UGR station during the ChArMEx/ADRIMED field campaign in June
2013. This campaign and the flights which took place over Granada are described
in detail in Chapter 5. As commented, during the campaign period, the study region
was affected by Saharan dust outbreaks with transport of dust particles.
Figure 7.5 shows the ceilometer RCS for the period 16th-17th June 2013
where flights were done over Granada. Airplane spirals near the study region were
done at 14:15-14:45 UTC and at 07:15-07:45 UTC on 16th and 17th June,
respectively. The time of flights is marked with purple vertical lines, while
photometer data used by GRASP are the closest sun/sky photometer measurements
is indicated by black vertical lines. Ceilometer data used in GRASP is time centred
on the photometer data.
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Figure 7.5. Ceilometer RCS at 1064 nm as a function of height and time from 16 th, 6 UTC, to 17th
June, 12 UTC, 2013. The times between vertical purple lines corresponds to the flights. Black
vertical lines correspond in time with the sky radiance and AOD measurements (sun photometer)
nearest to the flights.

Figure 7.6 shows the column-integrated PSD, SSA, and refractive indices
obtained by GRASP and these provided by AERONET (level 1.5). Comparisons of
size distributions reveal that they are very similar between both methodologies,
being the differences within the GRASP uncertainties. The size distributions also
indicate the predominance of the coarse mode as expected for Saharan dust
outbreaks [Valenzuela et al., 2012c], and both retrievals point out a positive shift of
the coarse mode concentration in the morning of 17th June.
It is corroborated by the effective radius of the coarse mode given by
GRASP, which varied from 1.93 µm (Figure 7.6a) to 2.22 µm (Figure 7.6b). For
SSA, Figure 7.6c and 7.6d reveal that values are very similar between GRASP and
AERONET, and both retrievals show a spectral dependence typical of mineral dust
[Dubovik et al. 2002a]. RRI from AERONET is slightly higher in both cases than
from GRASP, but both retrievals show wavelength independence and a weak
decrease from 16th to 17th June. Finally, for IRI again both AERONET and GRASP
show similar patterns, typical for dust [Dubovik et al., 2002a], and differences
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between methodologies are within the uncertainties. All these results point out that
the column-integrated products from GRASP are in accordance with the ones
provided by AERONET, at least in the analysed cases.

Figure 7.6. Particle size distribution (a, b), single scattering albedo (SSA; c, d), real refractive index
(RRI, e, f) and imaginary refractive index (IRI; g, h) obtained by AERONET (black line) and
GRASP (red line) on 16th June 2013 16:22 UTC (a, c, e, g) and 17th June 2013 07:40 UTC (b, d, f,
h). Shadow band represents uncertainty in the GRASP retrieval.

Figure 7.7 shows vertically-resolved values of particle VC from GRASP
(VCGRASP) and the values obtained by airborne measurements (VCAirborne). Generally
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both methodologies present very similar profiles for the two cases. For the first
flight, only one layer is observed with a slight and constant decrease up to 4.5 km
approximately, while for the second flight three different layers are observed. Most
of the differences are within the GRASP uncertainty, however, disagreements are
found between retrievals and airplane measurements for altitudes below 1.5 km,
which can be explained because of the orography and air-traffic restriction that did
not allow the flight to perform spiral exactly above the station. This reasoning agrees
with the largest aerosol VC values at the lowest layer observed by GRASP retrievals,
which can be associated with pollution from the city.

Figure 7.7. Profiles of aerosol volume concentration (VC) obtained by airborne instrumentation
(black line) and GRASP (red line) on 16th (a) and 17th (b) June 2013. Shadow band represents
uncertainty in the GRASP retrieval.
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To quantify the differences between GRASP and airborne profiles, the VC
from GRASP has been interpolated to the available heights of the airborne
measurements. Point-by-point comparison between GRASP retrievals and airborne
measurements are done. Linear interpolations of GRASP are done too for the same
altitude than airborne measurements. Cases with very low aerosol load (VC<5
µm3/cm3) and measurements below 1.25 km a.s.l. (large disagreements in aerosol
sampled between both techniques) are rejected in this comparison. Figure 7.8 shows
particle VC obtained by GRASP versus airborne values. The correlation between
both methodologies is high (correlation coefficient, r, higher than 0.80), and slightly
better on 16th June. However, the slope of the least square fit indicates that GRASP
underestimates the highest airborne measurements and the y-intercept points out that
GRASP overestimates the lowest values. In addition, the differences, ΔVC, between
VC values from GRASP and airborne have been calculated as follows:
∆𝑉𝐶 = 𝑉𝐶𝐺𝑅𝐴𝑆𝑃 − 𝑉𝐶𝐴𝑖𝑟𝑏𝑜𝑟𝑛𝑒

Eq. 7.9

and in percentage as:
∆𝑉𝐶(%) = 100 ·

𝑉𝐶𝐺𝑅𝐴𝑆𝑃 − 𝑉𝐶𝐴𝑖𝑟𝑏𝑜𝑟𝑛𝑒
𝑉𝐶𝐴𝑖𝑟𝑏𝑜𝑟𝑛𝑒

Eq. 7.10

The histograms of ΔVC are shown in Figure 7.8d, 7.8e and 7.8f on 16th, 17th
and both days, respectively. These graphs indicate that VC from GRASP agrees
better with airborne measurements on 16th June, being the 37% of the absolute ΔVC
values below 2.5 µm3/cm3 and 89% below 7.5 µm3/cm3. The ΔVC distribution on
17th June presents higher values but it is similar to a normal distribution, 61% of
ΔVC absolute data being lower than 7.5 µm3/cm3; this percentage rises up to 75%
when both flights are taken into account.
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Figure 7.8. Aerosol volume concentration (VC) retrieved by GRASP as a function of the airborne
measurements on 16th June (a), 17th June (b) and all (c). Histograms of the differences between the
VC retrieved by GRASP and the VC from airborne on 16th June (d), 17th June (e) and all (f).

Table 7.4 shows the mean (MBE), mean of the absolute values (MABE) and
standard deviation (STD) of ΔVC (Equation 9 and 10) for these three cases of Figure
7.8. GRASP slightly overestimates the VCAirborne values, showing MBE values of
10.5% and 12.9% on 16th and 17th June, respectively; however, the absolute MBE is
close to 0 µm3/cm3. Assuming airborne measurements as a reference, the accuracy,
given by MBE, of VC from GRASP is below 12% when both flights are taken into
account. Regarding MABE, 17th June shows values around the double of that
obtained on 16th June, which indicates that ΔVC differences are much higher in on
17th June, as STD confirms. The precision of GRASP using airborne measurements
as a reference can be represented by STD, which presents a low value of 18.5% on
16th June, but this value on 17th June rises up to 70.8% due to the vertical shift of the
lowest layer observed in Figure 7.7b. The STD for both flights together is 51.4%,
but this value is still strongly affected by the differences on 17th June for low heights.
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Table 7.4. Statistical estimators MBE, MABE and STD from ΔVC for the comparison of VC
retrieved by GRASP and the airborne measured on 16th and 17th June 2013 and both days together.
Values within parentheses are in %.

ΔVC<𝝈𝒂
(%)

ΔVC<2𝝈𝒂
(%)

4.4 (16.5)

77.1

100

7.5 (33.9)

9.5 (70.8)

58.3

88.9

5.8 (24.9)

7.7 (51.4)

67.6

94.4

Flight

N

MBE
MABE
STD
3
3
3
3
[µm /cm ] [µm /cm ] [µm3/cm3]

16th June

35

2.5 (10.5)

4.1 (15.7)

17th June

36

-1.8 (12.9)

All

71

0.3 (11.7)

Finally, for both flights together, the percentage of ΔVC values which are
below the uncertainty given by GRASP is 67.6%; this percentage is 94.4% when the
double of the uncertainty is considered. These values are close to 68% and 95%,
which points out that the uncertainty estimation provided by GRASP is
representative of the real uncertainty of the retrieved VC.

7.2.2. SLOPE I campaign
In-situ VC measurements during SLOPE I field campaign at SNS station (VCSNS)
are used for evaluating retrieved values by GRASP at the same altitude. A detailed
description of SLOPE I campaign is in Chapter 6. Ceilometer measurements used
in GRASP are the averaged RCS values in a ± 15 min window centred on the sun/sky
photometer time. In-situ instruments measured total particle VC in the radii range
0.05-10 µm, hence the GRASP retrieved values for this comparison have been
integrated in the same range. From retrieved VC profiles, linear interpolations are
done to have data at 2500 m a.s.l., which is the altitude of Sierra Nevada station.
Figure 7.9 shows the temporal evolution of both in-situ and retrieved VC values for
the entire period. While measurements of VCSNS were continuous (24 hours per
day), retrieved GRASP values are only available during some daytime points every
day. The lack of VCSNS data during some short periods were caused by instrumental
failures. From Figure 7.9 can be observed that both measured and retrieved values
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follow the same temporal evolution, with minimum values associated with clean
atmosphere and extreme values associated mostly to Saharan dust arrivals. In fact,
the largest values at Sierra Nevada were registered during the morning of 21st July,
with in-situ measurements up to 269 µm3/cm3 and retrieved GRASP values from
279 to 364 -µm3/cm3, and were associated with a strong Saharan dust episode that
started on 20th July 2016.

Figure 7.9. Temporal evolution of the aerosol volume concentration (VC) measured at SNS and the
retrieved by GRASP at the same altitude.

Figure 7.10a shows a normalized number density plot of retrieved values by
GRASP versus in-situ measurements (VCSNS). Selected in-situ measurements are
averaged during a time period of ±15 min from the retrieval time, which fits with
the used ceilometer time range. Most of the VC values on Figure 7.10a are below
20 µm3/cm3, being 71% for VCSNS. The linear fit reveals an overestimation of VC
from GRASP to the VCSNS values around 50%. The data for 26th August can be
partially responsible of this overestimation with values ~150 µm3/cm3 while VCSNS
is ~50 µm3/cm3. These larger differences could be in part due to real differences in
the aerosol over the Granada vertical and the aerosol at Sierra Nevada, since SNS
could be affected by local effects and sources.
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Figure 7.10. Aerosol volume concentration (VC) retrieved by GRASP at the Sierra Nevada Station
(SNS) altitude as a function of the VC directly measured at SNS (a). Color of points represents the
relative density of the points. Histograms of the differences between the VC retrieved by GRASP at
SNS altitude and the VC directly measured at SNS (b).

Table 7.5. Statistical estimators for the comparison of VC retrieved by GRASP and the measured by
in-situ instrumentation at SNS along SLOPE I campaign for different VCSNS intervals. Values within
parentheses are in %.

VCSNS
range
[µm3/cm3]

N

MBE
[µm3/cm3]

MABE
[µm3/cm3]

STD
[µm3/cm3]

ΔVC<𝝈𝒂
[%]

ΔVC<2𝝈𝒂
[%]

0-Max

619

5.5 (31.1)

7.7 (56.0)

16.6 (94.0)

37.6

68.2

5-Max.

493

6.3 (22.7)

8.9 (43.2)

18.2 (58.9)

40.0

72.0

0-5

126

2.3 (64.0)

3.2 (106.4)

5.9 (169.4)

28.6

53.2

5-10

132

0.7 (10.0)

3.6 (50.0)

4.3 (59.4)

27.3

59.8

10-20

184

3.1 (19.8)

5.9 (39.9)

8.1 (53.1)

45.1

75.0

20-30

97

8.8 (36.4)

9.9 (40.7)

16.7 (63.4)

45.4

80.4

30-50

58

11.2 (28.5)

15.1 (39.5)

25.6 (65.7)

55.2

79.3

50-100

18

27.1 (46.1)

29.0 (49.2)

24.1 (42.9)

11.1

66.7

100-Max.

4

116.7 (60.1)

116.7 (60.1)

58.6 (33.9)

0.0

50.0
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The correlation between VCGRASP and VCSNS is high, being r equal to 0.91;
this correlation coefficient is higher than the obtained between the ground measured
AOD440 and VCSNS, which is 0.79, and the correlation between the retrieved columnintegrated VC and VCSNS, which is 0.80. This result points out that the addition of
ceilometer signal to the aerosol retrieval improves the capacity to estimate the
aerosol vertical concentration. Figure 7.10b shows the differences ΔVC between
VCGRASP and the VCSNS. This frequency histogram is similar to a normal
distribution, the maximum being centred close to 0; however it is skewed to positive
values. 38%, 73% and 87% of VCGRASP shows absolute ΔVC differences lower than
2.5, 7.5 and 12.5 µm3/cm3, respectively.
Table 7.5 shows mean values and standard deviations of the differences
ΔVC, for different VCSNS ranges. The percentages of data when ΔVC is lower than
the numerical uncertainty in the inversion, 𝜎𝑎 , are also included. From Table 7.5
when all ranges of VC are considered mean differences and standard deviations are
31% and 94%, both strongly affected by the low values of VCSNS. In fact, MBE and
STD are 64% and 169%, respectively, for VCSNS values only below 5 µm3/cm3.
However, if only data with VCSNS above 5 µm3/cm3 are selected (493 in total), mean
difference and standard deviations are reduced to 23% and 59%, respectively. In
general, MBE increases with VCSNS ranging from 10% to 60% if VCSNS below 5
µm3/cm3 is not considered. MABE presents values around 40-50% for VCSNS
between 5 and 100 µm3/cm3. STD varies from 34 - 64%, showing the lowest values
for highest concentrations. Regarding the ΔVC differences within the GRASP
uncertainty estimation, Table 7.5 shows values below that expected, which indicates
that the VC uncertainty estimation provided by GRASP could be not representative
of the real uncertainty in this case. However, the obtained results could be affected
by different factors, independent of GRASP, which yield a worse agreement than in
the airborne comparison of Section 7.2.1. In this section the aerosol properties in the
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free vertical atmosphere over Granada have been assumed equal to the properties at
the surface on Sierra Nevada ground station, which could be affected by other
aerosol sources and atmospheric conditions. Moreover, the instrumental uncertainty
on VCSNS could be also partially responsible of the observed differences.

Figure 7.11. Differences between the aerosol volume concentration (VC) retrieved by GRASP at
SNS altitude and the VC directly measured at SNS as a function of the VC at SNS (a), aerosol
optical depth at 440 nm (b), Ångström Exponent (c) and sphere fraction (d).
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Figure 7.11 shows the differences ΔVC as function of VCSNS (Figure 7.11a),
AOD440 (Figure 7.11b), Ångström Exponent (Figure 7.11c) and sphere fraction
(Figure 7.11d). Generally it is observed that ΔVC increases with VCSNS, however,
some high ΔVC values appear for moderate VCSNS values which correspond to the
mentioned case of 26th August. ΔVC also increases with AOD440, however high
ΔVC values do not appear for moderate AOD440 and even low ΔVC values can be
observed for high AOD440. ΔVC does not show any clear dependence on AE and
sphere fraction, except the highest ΔVC values for the lowest values of AE and
sphere fraction, which mainly corresponds to dust particles during the mentioned
strong dust episode of 20th -21st July 2016 (see Figure 7.9).
Finally, the same dust episode of 20th - 21st July 2016 studied in the Chapter
6 has been analysed as an illustration. Figure 7.12a and 7.12b show the retrieved VC
profiles and the measured VCSNS at Sierra Nevada on the afternoon of 20th July and
on the morning of 21st July, respectively. The AOD440 from Granada was 0.85 and
0.83 for the Figure 7.12a and 7.12b, respectively, which indicates very similar
aerosol load. It indicates that in columnar terms, both cases are similar, but if
ceilometer measurements are added to the retrieval, the vertical distribution can be
discerned; this is the case in Fig. 7.12, where the GRASP retrieval indicates that VC
at SNS increased by about four times from 20th to 21st July, which was also
appreciated in the measurements of VCSNS. Then, thanks to ceilometer addition, it
is known that the dust episode came 20th July in a strong layer located between 3.54.0 km a.s.l.. This layer went down providing extreme values at SNS height in the
morning of 21st July, but also high dust concentrations in lower heights, which did
not happen in the evening of 20th July. This cannot be appreciated using only the
information from sun/sky photometer at UGR.
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Figure 7.12. Profiles of aerosol volume concentration (VC) retrieved by GRASP at 20 July 2016,
18:12 UTC (a) and 21 July 2016, 09:32 UTC (b). VC measured at Sierra Nevada Station (SNS) is
marked by a black cross. Shadow band represents uncertainty in the GRASP retrieval.

7.3. Conclusions
The results of the simulations have demonstrated good agreements for columnintegrated size distributions and optical parameters such as CRI and SSA. For
vertically-resolved aerosol properties, VC presents an accuracy of -6% and an
uncertainty of 21%; this accuracy is -11% and 5% for 𝛽 and 𝛼 profiles at 1064 nm,
being the uncertainty 31% and 21%, respectively. The mentioned analysis concludes
that the uncertainty of these GRASP retrievals is representative of the real
uncertainty of the retrieved parameters, except for column SSA and LR where the
uncertainty given by GRASP is only representative when aerosol optical depth
increases.
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Differences in this concentration between GRASP retrievals and airborne
measurements during ChArMEx/ADRIMED field campaign present a mean value
below 12% and a standard deviation around 51%. All these differences are within
the uncertainty estimations provided by the GRASP algorithm. Moreover,
comparisons of the column-integrated retrieved parameters by the proposed scheme
for GRASP versus AERONET retrievals have been done showing a good agreement
between both techniques (differences were within uncertainties).
On the other hand, during the SLOPE I campaign, the in-situ VC at SNS
station correlates better (r=0.91) with the aerosol VC obtained by GRASP at 2500
m a.s.l. than other variables like AOD at UGR station. Discarding the lowest
concentration values, the mean differences between retrieved and the measured
volume concentrations are of 23% with a standard deviation of 59%, which means
that GRASP frequently overestimates the in-situ measurements at SNS station.
However, part of these differences could be caused by uncertainties in the in-situ
measurements and assumptions, and in the fact that the aerosol over Granada (where
ceilometer monitoring was performed) could not be the same than the aerosol on
Sierra Nevada, which could be affected by local dynamic and atmospheric effects,
and also to local aerosol sources at the high mountains.
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8. General conclusions and perspectives
Throughout the thesis the conclusions of each chapter have been presented. Thus,
this section presents the main conclusions from this thesis, whose main objective
was the characterization of atmospheric aerosol properties combining active and
passive remote sensing measurements. These measurements were used as input in
the Generalized Retrieval of Aerosol and Surface Properties algorithm (GRASP).
This thesis explores the configuration of GRASP algorithm to use different
synergistically combinations of measurements such as lidar signals and
sun/sky/lunar photometer measurements at Andalusian Global ObseRvatory of the
Atmosphere (AGORA), being possible to retrieve both vertically-resolved and
column-integrated aerosol microphysical properties. Among the aerosol properties
studied are the particle size distribution (PSD), real (RRI) and imaginary (IRI)
refractive index, single-scattering albedo (SSA), extinction (𝛼) and scattering (𝜎𝑠𝑐𝑎 )
coefficients and volume concentration (VC).
The first study in this thesis was the evaluation of GRASP during
ChArMEx/ADRIMED campaign in summer 2013 where correlative airborne
measurements were acquired. GRASP was run with elastic lidar signals and with
two sun/sky photometer measurements at different altitudes: one at the UGR station
(37.16º N, 3.61º W, 680 m a.s.l.) with the instrument placed beside the lidar system,
and the other one is placed at the surrounding mountain CP station (37.11º N, 3.49º
W, 1820 m a.s.l.). This last set of measurements served to avoid issues of incomplete
overlap of lidar signals. The analysis presented in this study was useful as a primary
evaluation of the GRASP for the two configurations commented and revealed good
agreements in the vertical-profiles between airborne and GRASP measurements, in
spite of some outliers mostly associated with the differences in the areas sampled
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between airplane and remote sensing measurements. Another important remark is
the generally better results for the GRASP configuration located at CP, mostly
associated with the lack of issues related with incomplete overlap. This indicates the
need of accurate lidar measurements and of appropriate approaches for correcting
overlap to retrieve accurate aerosol microphysical properties with GRASP.
Nevertheless, all these analyses are for a short period of measurements and further
evaluations need of a larger database.
The second part of the thesis focuses on night-time retrievals of verticallyresolved profiles and column-integrated retrievals of aerosol optical and
microphysical properties combining active and passive remote sensing
measurements in GRASP. Three different schemes have been tested by GRASP: N0
which assumes that there is no change in the aerosol column integrated properties
along the night and uses as input data the night-time elastic lidar RCS measurements
with the closest sun/sky measurements registered the day before or the day after; N1
which combines the night-time elastic lidar RCS measurements and night-time
AOD retrieved from a lunar photometer but assumes the complex refractive index
and sphericity; N2 which combines night-time elastic lidar RCS signals, AOD
measurements retrieved from a lunar photometer and the relative sky radiances at
the lunar aureole. All these measurements were acquired during an intense Saharan
dust event (AOD440 ~1.0 on 20th - 21st July 2016) that took place during SLOPE I
campaign at Granada (Spain) from 18th to 21st July 2016. This event was selected
because intensive aerosol properties such as AE did not vary too much, with a value
around 0.2 indicating large predominance of coarse particles. Also, this event was
very intense with AOD reaching twice the typical values for Saharan dust outbreaks
at Granada. Generally, a good continuity and coherence in the day-to-night
evolution of aerosol microphysical properties is found, although noisier retrievals
have been observed during night-time. This has been associated with the
uncertainties in the passive remote sensing measurements such as in the case of the
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sky radiances at lunar aureole from sky camera. Multiwavelength Raman lidar
measurements during night-time allowed the evaluation of extinction coefficient
obtained from GRASP using only elastic lidar signals and passive remote sensing
measurements. This evaluation revealed GRASP and Raman agrees quite well, with
differences below 30%. Nevertheless, these imply that some issues remain: The way
of how the incomplete overlap area is analyzed in GRASP can yield to some
incorrect values. Also, the uncertainties in IRI are behind these differences. On the
other hand, evaluations versus in-situ measurements were possible thanks to the
deployment of in-situ instrumentation at the high mountain site of SNS station
(37.10º N, 3.39º W, 2500 m a.s.l.). Particularly, 𝜎𝑠𝑐𝑎 and VC are evaluated. GRASP
retrievals and in-situ measurements follow the same temporal evolution and are
sensitive to the arrival of dust particles. Nevertheless, as commented above, nighttime retrievals were noise and needs further evaluations.
Finally, it has been explored the use of ceilometer and collocated sun/sky
photometer measurements in GRASP to retrieve column-integrated and verticallyresolved aerosol properties. Ceilometer works like an elastic lidar system emitting
at 1064 nm, and the main advantage is that operate continuously in an unattended
way. The capability to combining such set of measurements in GRASP has been
studied through different sets of simulations using synthetic data for typical dust and
biomass-burning aerosol placed at different altitudes as well as mixtures of both. In
general, the proposed GRASP retrievals reproduce better aerosol properties for
coarse particles, likely due to the operational long wavelength of the ceilometer at
1064 nm, and for high aerosol optical depth values. Overall, the obtained results
indicate that the combination of sun/sky photometer and ceilometer measurements
and their use as inputs in GRASP provides reliable products if the uncertainties are
considered.
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The studies developed here allowed the evaluation of GRASP retrievals
versus the standard AERONET retrievals. The great novelty of GRASP is that the
uses of additional elastic lidar signals have permitted separating refractive index
between fine and coarse mode. Good agreement has been found between GRASP
daytime retrievals and AERONET, both for ChArMEx/ADRIMED and SLOPE I
field campaigns. Actually, for dust particles GRASP was capable of reproducing
quite well the spectral dependence in IRI and SSA with enhanced absorption in the
ultraviolet region, which is typical for mineral dust from western Sahara measured
at Granada in previous studies [Valenzuela et al., 2014; Olmo et al., 2016].
However, for other aerosol types and mixtures – e.g. biomass-burning and pollution,
the lack of data has no made possible further evaluations of GRASP algorithm.
Future research will be necessary in order to continue with the advancement
in the aspects developed in this thesis, making emphasis in some topics:
-

An important aspect for future research is the collaboration with lidar
microphysical algorithms developers in order to improve the provided
results and solve the remaining weak points.

-

Try to combine one lidar with two sun/sky photometers at different
heights to try improving the retrievals in the cases with different aerosol
layers.

-

Analysis of the data during SLOPE I and II intensive measurement
period will be extended to study the absorption coefficient retrieved by
GRASP which is a goal of ACTRIS.

-

Evaluated the different schemes to retrieve night-time aerosol properties
here presented on other types of aerosol. Also try to implement the multipixel scenario proposed by Dubovik et al. [2011] to retrieve the aerosol
properties at night.
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-

Implement GRASP in the Iberian Ceilometer Network (ICENET) to
retrieve the aerosol properties continuously.

-

Finally, this thesis demonstrates that the Granada station provide
valuable data to validate future satellite missions such as the 3MI
polarimeter by EUMESAT or the HARP and PACE polarimeters in
NASA missions.
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Conclusiones generales y perspectivas
A lo largo de la tesis se han presentado las conclusiones de cada capítulo. Por lo que
en esta sección se presentan las principales conclusiones que se han obtenido en esta
tesis, cuyo principal objetivo fue la caracterización de las propiedades de los
aerosoles atmosféricos mediante la combinación de medidas de teledetección activa
y pasiva. Estas medidas se usan como entrada en el algoritmo GRASP (Generalized
Retrieval of Aerosol and Surface Properties). En esta tesis se han explorado
diferentes configuraciones de GRASP para obtener propiedades del aerosol
atmosférico tanto en perfil como en columna. Para esto se han utilizado medidas de
lidar y de fotómetros obtenidas en las estaciones de AGORA (Andalusian Global
ObseRvatory of the Atmosphere). Entre las propiedades del aerosol estudiadas se
encuentran la distribución del tamaño de partículas (PSD), la parte real (RRI) e
imaginaria (IRI) del índice de refracción, el albedo de dispersión simple (SSA), los
coeficientes de extinción (𝛼) y de dispersión (𝜎𝑠𝑐𝑎 ) y la concentración total en
volumen (VC).
El primer estudio en esta tesis fue la evaluación de GRASP durante la
campaña ChArMEx/ADRIMED en el verano de 2013, donde se realizaron un par
de vuelos con instrumentación in situ a bordo. GRASP se evaluó combinando las
medidas elásticas y las medidas de dos fotómetros solares a diferentes alturas: uno
se encuentra en la estación UGR (37.16º N, 3.61º W, 680 m s.n.m.) junto al sistema
lidar, y el segundo se encuentra en la estación de montaña CP (37.11º N, 3.49º W,
1820 m s.n.m.). Esta última combinación de medidas sirvió para evitar problemas
de solapamiento incompleto de las señales lidar. El análisis presentado en este
estudio es útil como una primera evaluación del GRASP para las dos
configuraciones comentadas y revela buenos acuerdos en los perfiles verticales entre
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las medidas del avión y GRASP, a pesar de algunas discrepancias asociadas
principalmente a las diferencias entre las áreas muestreadas por el avión y las
medidas realizadas en la estación AGORA. Otro resultado importante es el mejor
acuerdo obtenido, en general, utilizando el fotómetro de la estación CP en lugar del
de la estación UGR; esto puede ser debido a la ausencia de problemas relacionados
con el solapamiento incompleto de la señal lidar. Esto señala la necesidad de utilizar
medidas de lidar precisas y de enfoques apropiados para corregir el solapamiento
para recuperar propiedades de aerosol más precisas con GRASP. Sin embargo, todos
estos análisis son para un período corto de medidas y las evaluaciones adicionales
necesitan una base de datos más amplia.
La segunda parte de la tesis combina las medidas de teledetección pasiva y
activa en GRASP para obtener propiedades, tanto en columna como el perfil
vertical, del aerosol durante la noche. Se han presentado tres esquemas distintos para
las inversiones nocturnas: el primer esquema (N0) supone que no hay cambios en
las propiedades integradas del aerosol en columna a lo largo de la noche y utiliza
como datos de entrada las medidas nocturnas del lidar elástico y las medidas diurnas
del fotómetro solar del día anterior o del día posterior a la medida lidar nocturna; el
segundo esquema (N1) combina las medidas nocturnas del lidar y el espesor óptico
obtenido del fotómetro lunar, y asume el índice de refracción y la esfericidad igual
a las del día; el último esquema (N2) combina las medidas nocturnas del lidar, las
medidas del espesor óptico con el fotómetro lunar y la radiancia relativa del cielo en
la aureola lunar obtenida con una cámara de cielo. Todas estas medidas se
adquirieron durante un intenso evento de polvo sahariano (AOD440 ~ 1.0 del 20 al
21 de julio de 2016) que tuvo lugar durante la campaña SLOPE I en Granada
(España) del 18 al 21 de julio de 2016. Este evento se seleccionó debido a que las
propiedades intensivas del aerosol como el AE no variaron demasiado, con un valor
de alrededor de 0.2, el cual indica un gran predominio de partículas gruesas.
Además, este evento fue muy intenso, ya que el AOD alcanzó el doble de los valores
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típicos de los eventos de polvo sahariano registrados en Granada. En general, se
encuentra una buena continuidad y coherencia en la evolución día-noche de las
propiedades microfísicas de los aerosoles, aunque se han observado inversiones más
ruidosas durante la noche. Esto se ha asociado con las incertidumbres en las medidas
de teledetección pasiva, como en el caso de las radiaciones del cielo en la aureola
lunar desde la cámara del cielo. Las medidas Raman del lidar durante la noche
permitieron la evaluación del coeficiente de extinción obtenido por GRASP
utilizando solo señales lidar elásticas y medidas de teledetección pasivas. Esta
evaluación reveló que los resultados obtenidos con el algoritmo GRASP y por el
método Raman están en concordancia, con diferencias por debajo del 30%. Sin
embargo, algunos problemas se evidencian todavía: la forma en que se analiza el
área de superposición incompleta en GRASP puede dar lugar a algunos valores
incorrectos. Además, las incertidumbres en el IRI están parcialmente detrás de estas
diferencias. Por otro lado, las comparaciones con medidas in situ fueron posibles
gracias al despliegue de instrumentación in situ en la estación de alta montaña SNS
(37.10º N, 3.39º W, 2500 m a.s.l.). Particularmente, se evalúan 𝜎𝑠𝑐𝑎 y VC. Las
inversiones de GRASP y las medidas in situ siguen la misma evolución temporal y
son sensibles a la llegada de partículas de polvo. Sin embargo, como se comentó
anteriormente, las inversiones nocturnas fueron ruidosas y necesitan más
evaluaciones.
Finalmente, se ha explorado la combinación en GRASP de las medidas del
ceilómetro y del fotómetro solar para obtener las propiedades de aerosol tanto en
columna como en perfil. El ceilómetro funciona como un sistema lidar elástico que
emite sólo a 1064 nm, y la principal ventaja es que opera de manera continua y sin
supervisión. La capacidad de combinar dicho conjunto de medidas en GRASP se ha
estudiado mediante diferentes conjuntos de simulaciones utilizando datos sintéticos
típicos para el polvo y de quema de biomasa a diferentes alturas, así como mezclas
de ambos. En general, las inversiones de GRASP propuestas reproducen mejores
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propiedades de aerosol para partículas gruesas, probablemente debido a la longitud
de onda de operación del ceilómetro, 1064 nm, y para valores altos de carga de
aerosol. En general, los resultados obtenidos indican que la combinación de las
medidas de fotómetro y ceilómetro y su uso como entradas en GRASP proporciona
productos confiables si se tienen en cuenta las incertidumbres.
Los estudios desarrollados en esta tesis han permitido la evaluación de las
inversiones de GRASP frente a las inversiones estándar de AERONET. La gran
novedad de GRASP es el uso de señales lidar elásticas que han permitido separar el
índice de refracción y la distribución de tamaños entre modo fino y el modo grueso.
Se ha encontrado un buen acuerdo entre las inversiones diurnas de GRASP y
AERONET, tanto para la campaña de campo ChArMEx/ADRIMED como para
SLOPE I. En realidad, para partículas de polvo, GRASP fue capaz de reproducir
bastante bien la dependencia espectral en IRI y SSA con una mayor absorción en la
región ultravioleta; estos valores se han obtenido en estudios previos para el polvo
mineral del Sahara occidental medido en Granada [Valenzuela et al., 2014; Olmo et
al., 2016]. Sin embargo, la falta de datos para otros tipos de aerosoles y mezclas
(quema de biomasa y otros), no ha permitido realizar evaluaciones adicionales del
algoritmo GRASP.
Para continuar con el avance de los aspectos desarrollados en esta tesis, será
necesario realizar en el futuro una investigación más exhaustiva de ciertos aspectos
puestos de manifiesto en este estudio. Así
-

Un aspecto importante para futuras investigaciones es la colaboración
con los desarrolladores de algoritmos de inversión para mejorar los
resultados obtenidos y resolver los puntos débiles de estos algoritmos.

-

Intentar combinar las medidas lidar y de dos fotómetros solares a
diferentes alturas para intentar mejorar las inversiones en los casos con
diferentes capas de aerosol.

156

Conclusiones generales y perspectivas

-

Ampliar el análisis de los datos obtenidos durante las campañas de
SLOPE-I y II. Centrándose en el coeficiente de absorción ya que es uno
de los objetivos de ACTRIS.

-

Evaluar los diferentes esquemas nocturnos que se han presentado
utilizando otros tipos de aerosol. También intentar implementar el
escenario “multi-pixel” propuesto por Dubovik et al. [2011] para poder
obtener las propiedades del aerosol en la noche.

-

Implementar GRASP en la Iberian Ceilometer Network (ICENET) para
recuperar las propiedades del aerosol de forma continua.

-

Finalmente, esta tesis demuestra que la estación de Granada proporciona
datos valiosos para validar futuras misiones de satélites como el
polarímetro 3MI de EUMESAT o los polarímetros HARP y PACE en
misiones de la NASA.
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Abstract. In this study, vertical profiles and columnintegrated aerosol properties retrieved by the GRASP (Generalized Retrieval of Atmosphere and Surface Properties) algorithm are evaluated with in situ airborne measurements
made during the ChArMEx-ADRIMED field campaign in
summer 2013. In the framework of this campaign, two different flights took place over Granada (Spain) during a desert
dust episode on 16 and 17 June. The GRASP algorithm,
which combines lidar and sun–sky photometer data measured at Granada, was used to retrieve aerosol properties.
Two sun-photometer datasets are used: one co-located with
the lidar system and the other in the Cerro Poyos station,
approximately 1200 m higher than the lidar system but at
a short horizontal distance.
Column-integrated aerosol microphysical properties retrieved by GRASP are compared with AERONET products
showing a good agreement. Differences between GRASP retrievals and airborne extinction profiles are in the range of
15 to 30 %, depending on the instrument on board the aircraft used as reference. On 16 June, a case where the dust
layer was coupled to the aerosol layer close to surface, the
total volume concentration differences between in situ data
and GRASP retrieval are 15 and 36 % for Granada and Cerro
Poyos retrievals, respectively. In contrast, on 17 June the dust

layer was decoupled from the aerosol layer close to the surface, and the differences are around 17 % for both retrievals.
In general, all the discrepancies found are within the uncertainly limits, showing the robustness and reliability of the
GRASP algorithm. However, the better agreement found for
the Cerro Poyos retrieval with the aircraft data and the vertical homogeneity of certain properties retrieved with GRASP,
such as the scattering Ångström exponent, for cases with
aerosol layers characterized by different aerosol types, shows
that uncertainties in the vertical distribution of the aerosol
properties have to be considered.
The comparison presented here between GRASP and other
algorithms (i.e. AERONET and LIRIC) and with airborne in
situ measurements shows the potential to retrieve the optical
and microphysical profiles of the atmospheric aerosol properties. Also, the advantage of GRASP versus LIRIC is that
GRASP does not assume the results of the AERONET inversion as a starting point.

1 Introduction
Atmospheric aerosols play an important role in the Earth–
atmosphere radiative system due to their interaction with so-
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lar and terrestrial radiation and their role in cloud development and precipitation (Boucher et al., 2013). Uncertainties
associated with the interaction of atmospheric aerosols with
radiation have been reduced in the last years, but there is still
a need for improvement, mainly in those aspects related to
their absorption properties (IPCC, 2013). The characterization of aerosol vertical distribution is another point of interest
to reduce uncertainties associated with atmospheric aerosol
particles, since they can be different near the surface, within
the boundary layer and in the free troposphere.
Passive remote sensing offers large advances in aerosol
characterization with global sun-photometry networks such
as the Aerosol Robotic Network (AERONET; Holben et al.,
1998) or lunar and/or star photometry measurements (PérezRamírez et al., 2012; Barreto et al., 2016, 2017). In the
last few years, several different inversion methods, based on
spectral aerosol optical depth (AOD) measurements, were
developed for the retrieval of aerosol microphysical properties such as effective radius (reff ) and volume concentration (VC) (e.g. Pérez-Ramírez et al., 2015; Torres et al.,
2017). Furthermore, other sophisticated algorithms that use
sky radiance measurements were developed for the retrieval
of aerosol microphysical properties as well as intensive properties such as single-scattering albedo (SSA), asymmetry parameter and aerosol refractive index (RI) (e.g. Nakajima et
al., 1996; Dubovik and King, 2000; Olmo et al., 2006, 2008).
Nevertheless, all these algorithms and measurements only
provide column-integrated aerosol properties.
Since the 1970s, lidar systems have been widely used to
characterize aerosol vertical distributions in order to contribute to reducing the radiative forcing uncertainties associated with the atmospheric aerosol. The most basic systems
use only information about the elastic lidar signal to derive backscatter coefficient by aerosol particles but require
an assumption about the extinction-to-backscatter ratio (lidar ratio, LR) (Fernald et al., 1972; Klett, 1981, 1985; Fernald, 1984). More advanced systems such as Raman (Ansmann et al., 1992; Whiteman et al., 1992) and HSRL (High
Spectral Resolution Lidar) (Shipley et al., 1983; Grund and
Eloranta, 1991) are able to provide independent measurements of backscatter and extinction coefficients (β and α,
respectively) without LR assumption. Also, the depolarization measurements are a lidar improvement that provide information about the shape of aerosols and allow us to characterize the aerosol type (Murayama et al., 2004; Miffre et al.,
2011; Bravo-Aranda et al., 2013). However, lidar observations dedicated to the aerosol characterization are very scarce
compared to the sun-photometer measurements, and many
international networks have emerged in the last decades to
homogenize and explore such information. This is the case
of the global NASA MPLNET network (Micro-Pulse Lidar Network; Lewis et al., 2016) developed for continuous
measurements of aerosol and cloud vertical profiles at different sites in the world using standard instrument and data
processing algorithms. The EARLINET (European Aerosol
Atmos. Meas. Tech., 10, 4439–4457, 2017

Research LIdar NETwork; Pappalardo et al., 2014) and LALINET (Latin American LIdar NETwork; Guerrero-Rascado
et al., 2016) have also been established in order to provide
long-term database for the vertical and temporal distribution
of aerosols over Europe and Latin America, respectively.
The retrieval of particle vertical microphysical properties
from multiwavelength lidar systems is possible by inverting measurements of three aerosol backscatter and two extinction coefficients, known as the 3β + 2α configuration,
using the algorithms developed by Müller et al. (1999),
Böckmann (2001) and Veselovskii et al. (2002). However,
3β + 2α measurements are scarce compared with the large
database of elastic lidar measurements. In this sense, different inversion methods were recently developed within the
framework of EARLINET in order to retrieve vertical profiles of aerosol microphysical properties using combined
information of elastic lidar and sun-photometry measurements. These approaches were the LIdar-Radiometer Inversion Code (LIRIC; Chaikovsky et al., 2008, 2012, 2016),
which provides vertical distribution of volume concentrations, and the Generalized Aerosol Retrieval from Radiometer and Lidar Combined data (GARRLiC; Lopatin et al.,
2013), which also allows the retrieval of SSA and RI. Currently, GARRLiC algorithm is included in the Generalized
Retrieval of Atmosphere and Surface Properties inversion
code (GRASP; Dubovik et al., 2011). However, very few
studies have attempted to evaluate this recently developed
inversion algorithm (Lopatin et al., 2013; Bovchaliuk et al.,
2016; Torres et al., 2017; Román et al., 2017), and therefore their evaluation under different atmospheric conditions
is still necessary.
Field campaigns with state-of-the-art instrumentation offer unique possibilities for the evaluation of new retrievals
techniques of particle microphysical and optical properties.
Recently, the ADRIMED (Aerosol Direct Radiative Impact
on the regional climate in the MEDiterranean region) field
campaign, which was part of the international cooperative
research program Chemistry-Aerosol Mediterranean Experiment (ChArMEx; Dulac, 2014), was carried out with the
main objective of capturing the high complexity of the different aerosol types in the Mediterranean region (Mallet et al.,
2016). Several in situ and remote sensing measurements both
from surface and on airborne platforms were collected during this campaign using state-of-the-art instrumentation. The
measurements were performed at different stations over the
western Mediterranean region during summer 2013 to create an updated database of the physical, chemical and optical
aerosol properties as well as the vertical distribution of the
major “Mediterranean aerosols” (Mallet et al., 2016; Denjean
et al., 2016). Data gathered during ChArMEx-ADRIMED
campaign give us an excellent opportunity to evaluate the
recently developed algorithms for retrieving aerosol microphysical and optical profiles.
In that framework, the main objective of this study is
to evaluate the aerosol optical and microphysical properwww.atmos-meas-tech.net/10/4439/2017/
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ties obtained with GRASP during the ChArMEx-ADRIMED
field campaign in Granada, Spain. The GRASP configuration evaluated in this study here is the one that combines lidar signals and sun–sky radiance measurements. The paper
is structured as follows: Sect. 2 gives a brief description of
the experimental site and the instrumentation employed in
this study. GRASP and LIRIC codes are described in detail
in Sect. 3. The results are discussed in Sect. 4 and, finally, the
main conclusions are summarized in Sect. 5.
2 Site and instrumentation
2.1

Experimental site

The experimental measurements were obtained over Granada
(Spain) at the Andalusian Institute for Earth System Research (IISTA-CEAMA) of the University of Granada, Spain
(37.16◦ N, 3.61◦ W; 680 m a.s.l.), and at the remote high
mountain site Cerro Poyos (37.11◦ N, 3.49◦ W; 1820 m a.s.l.)
located at the Sierra Nevada mountain range, about 12 km
away (horizontally) from IISTA-CEAMA station. Figure 1
shows a map illustrating the distance between the Granada
and Cerro Poyos stations. The city of Granada is located in
south-eastern Iberian Peninsula and is a non-industrialized
medium-sized city with a population around 300 000 (twice
including the metropolitan area). The city is sited in a natural basin surrounded by mountains with elevations between
1000 and 3500 m a.s.l. The area is approximately 200 km
from the African continent and approximately 50 km from
the western Mediterranean basin. In Granada, one main
source of natural aerosol is the long-range transport of mineral dust particles from North Africa (e.g. Lyamani et al.,
2005; Valenzuela et al., 2012a) that reaches the area in lofted
layers (Müller et al., 2009; Guerrero-Rascado et al., 2008,
2009; Córdoba-Jabonero et al., 2011) before mixing with the
atmospheric boundary layer (Bravo-Aranda et al., 2015) and
been detected at the surface in precipitation samples (Calvo
et al., 2010). Another natural source is biomass burning particles: fresh smoke (Alados-Arboledas et al., 2011) and longrange transported smoke (Ortiz-Amezcua et. al., 2014, 2017).
While the main anthropogenic sources are pollution from Europe, the Iberian Peninsula and the Mediterranean Sea (Lyamani et al., 2006; Pérez-Ramírez et al., 2016), local sources
are mainly road traffic and central heating systems (Lyamani
et al., 2012; Titos et al., 2017).
2.2

Ground-based instrumentation

Columnar aerosol properties during daytime were obtained
by CIMEL CE-318-4 (Cimel Electronique) sun–sky photometers at IISTA-CEAMA and Cerro Poyos sites. The sunphotometer instruments used in this study are operated in the
framework of AERONET-RIMA network (Iberian Network
for Aerosol Measurements, infrastructure of AERONET)
(https://aeronet.gsfc.nasa.gov/). A complete description of
www.atmos-meas-tech.net/10/4439/2017/

Figure 1. Map illustrating the Granada and Cerro Poyos stations.
The red line indicates the trajectory and the black points show the
altitude of the aircraft on 17 June.

the instrument can be found in Holben et al. (1998). Briefly,
this instrument makes direct solar irradiance measurements
at 340, 380, 440, 670, 870 and 1020 nm and sky radiance
measurements at 440, 670, 870 and 1020 nm. Solar direct irradiance measurements are used to calculate the AOD at 340,
380, 440, 670, 870 and 1020 nm, with uncertainty of ±0.01
for λ > 400 nm and of ±0.02 for λ < 400 nm (Holben et al.,
1998; Eck et al., 1999). Furthermore, the Ångström exponent (AE), a parameter that describes the spectral dependency of the AOD, is calculated in the range of 440–870 nm.
The AE provides an indication of the particle size: small
values (< 0.5) suggest a predominance of coarse particles,
while large values (> 1.5) indicate a predominance of small
particles (e.g. Dubovik et al., 2002). The solar direct irradiance and sky radiance measurements are used to retrieve
aerosol optical and microphysical properties such as columnar particle size distribution (PSD), real and imaginary refractive indices (RRI and IRI) and SSA, using the algorithm of Dubovik et al. (2006). In addition, the inversion
code provides other variables such as the VC, reff and standard deviation for fine and coarse modes of the retrieved
PSD. The uncertainty of the AERONET inversion products
is described by Dubovik et al. (2000). Briefly, the uncertainty in the retrieval of SSA is ±0.03 for high aerosol load
(AOD440 > 0.4) and solar zenith angle > 50◦ . For measurements with low aerosol load (AOD440 < 0.2), the retrieval
accuracy of SSA (λ) drops down to 0.02–0.07 (Dubovik
et al., 2000). For high aerosol load and solar zenith angle > 50◦ , errors are about 30–50 % for the imaginary part
of the RI. For particles in the size range 0.1 < r < 7 µm, errors in PSD retrievals are around 10–35 %, while for sizes
lower than 1 µm and higher than 7 µm retrieval errors rise
up to 80–100%. In this work, the AERONET Version 2
Level 2.0 data obtained at Granada and Cerro Poyos during
Atmos. Meas. Tech., 10, 4439–4457, 2017
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Table 1. Instruments on board the ATR-42 aircraft during F30 and F31 flights.
Parameter
measured

Size distribution

Optical properties

Instrument

Abbreviation

Scientific objective

Nominal size
range (µm)

Wavelength
(nm)

Forward scattering spectrometer
probe, model 300, Particle
Measuring Systems

FSSP-300

Coarse mode concentration

0.28–20

632.8

Sky optical particle counter,
model 1.129, Grimm Technik

GRIMM

Coarse mode concentration

0.25–32

655

Ultra high-sensitivity aerosol
spectrometer, Droplet
Measurement Technologies

UHSAS

Aiken + accumulation
mode concentration

0.04–1

1054

Scanning mobility particle sizer,
custom-built

SMPS

Aiken + accumulation
mode concentration

0.03–0.4

n/a∗

3λ integrated nephelometer,
model 3563, TSI

Nephelometer

Scattering coefficient

n/a∗

450, 550, 700

Cavity attenuated phase shift,
Aerodyne Research Inc.

CAPS

Extinction coefficient

n/a∗

530

Photomètre Léger Aéroporté pour
la Surveillance des Masses d’Air

PLASMA

Extinction coefficient,
AOD

n/a∗

340–2250

∗ Not applicable.

ChArMEx-ADRIMED 2013 are used. However, due to the
strong limitations imposed by the AERONET inversion algorithm (AOD440 > 0.4 and solar zenith angle > 50◦ ), there
was no SSA and RI AERONET Level 2.0 retrievals during
the campaign. Thus, for comparing AERONET SSA values with GRASP retrievals, the AERONET Level 1.5 cloud
screened data corresponding to AOD > 0.2 and solar zenith
angle > 50◦ are used in this study.
The multiwavelength Raman lidar MULHACEN, based
on a customized version of LR331D400 (Raymetrics S.A.),
is used for obtaining vertical profiles of the atmospheric
aerosol properties. This system, located at Granada, was
incorporated to EARLINET in April 2005 and at present
a contributing station to ACTRIS research infrastructure
(Aerosols, Clouds, and Trace gases Research InfraStructure
Network; http://actris2.nilu.no/). The system has a monostatic biaxial configuration alignment, pointing vertically to
the zenith and uses a pulsed Nd:YAG laser with secondand third-harmonic generators, that emits simultaneously
pulses at 1064, 532 and 355 nm. The receiving system consists of several detectors, which can split the radiation according to the three elastic channels at 355, 532 (paralleland perpendicular-polarized; Bravo-Aranda et al., 2013) and
1064 nm; two nitrogen Raman channels at 387 and 607 nm
(shifted signal from radiation at 355 and 532 nm, respectively); and a water vapour Raman channel at 408 nm (shifted
signal from radiation at 355 nm; Navas-Guzmán et al., 2014).
More information can be found in Guerrero-Rascado et
al. (2008). The aerosol particle backscatter coefficient pro-
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files obtained from the multiwavelength lidar were obtained
by the Klett–Fernald method (Fernald et al., 1972; Fernald,
1984; Klett, 1981, 1985). Total uncertainty in the profiles obtained with Klett method is usually 20 % for β and 25–30 %
for α profiles (Franke et al., 2001; Preißler et al., 2011). The
procedure suggested by Wandinger and Ansmann (2002) was
applied to the lidar data to correct the incomplete overlap.
Without correction, the complete overlap for this instrument
is above 1200 m a.g.l. (Navas-Guzmán et al., 2011).
2.3

Airborne measurements

During the period from 14 June to 4 July 2013, 16 flights
were performed in the framework of ChArMEx-ADRIMED
over the Mediterranean Basin with the ATR-42 aircraft of
SAFIRE (French aircraft service for environmental research;
http://www.safire.fr). These flights ascended or descended
performing a spiral trajectory during 30 min. Two of these
flights (flight number F30 and F31) took place over Granada
on 16 and 17 June 2013, respectively. Figure 1 shows the
spiral trajectory of F31 flight that is similar to that of F30,
covering in both cases the same atmospheric column. Flight
details are described by Mallet et al. (2016) and Denjean et
al. (2016).
Table 1 summarizes the instrumentation on board the
ATR-42 airplane used in this study. The scanning mobility
particle sizer (SMPS) with an accuracy of 5 % (Wiedensohler
et al., 2012) and the ultra high-sensitivity aerosol spectrometer (UHSAS) with an accuracy of 10 % (Cai et al., 2008)
are used for measuring aerosol number size distribution in
www.atmos-meas-tech.net/10/4439/2017/
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Table 2. Input and output information used for LIRIC and GRASP retrievals.
LIRIC
Input

Output

Sun
photometer∗
– AOD
– VC
– RRI and IRI
– % sphericity

Lidar
Elastic backscattered
signal:
– 355, 532 and 1064 nm
– 532 cross-polarized
signal

– VC profile for fine and coarse mode

GRASP
Sun
photometer
– AOT or AOD
– Total scattered
radiances
At 440, 670, 870 and 1020 nm

Lidar
Elastic backscattered
signal:
– 355, 532 and
1064 nm

Columnar (fine and coarse)
– PSD
– RRI and IRI
– VC
– reff
– SSA
– LR
– % sphericity (total)

Vertical (fine and coarse)
– VC
– α and β
– SSA

∗ AERONET product.

the submicron range. The wing-mounted Forward Scattering
Spectrometer Probe (FSSP-300) with an accuracy of 30 %
(Baumgardner et al., 1992) and the in-cabin GRIMM OPC
(sky OPC 1.129) with an accuracy of 10 % (Denjean et al.,
2016) were used to measure the optical size distributions in
the diameter nominal size range between 0.28 and 20 µm and
between 0.3 and 32 µm, respectively. The total particle volume concentrations in the diameter range 0.1–30 µm and volume concentrations of fine (0.1–1 µm) and coarse (1–30 µm)
modes were calculated from the measured aerosol number
size distributions, assuming that aerosol particles are spherical.
In addition, the nephelometer TSI (model 3563) was used
to measure particle scattering coefficients at three wavelengths (450, 550 and 700 nm) with an accuracy of 5 %
(Müller et al., 2011) and a cavity attenuated phase shift
(CAPS) was employed to obtain particle extinction coefficient at 530 nm with an accuracy of 3 % (Massoli et al.,
2010). Also, the PLASMA (Photomètre Léger Aéroporté
pour la Surveillance des Masses d’Air) system, which is an
airborne sun-tracking photometer, was used to obtain AOD
with wide spectral coverage (15 channels between 0.34 and
2.25 µm) with an accuracy of approximately 0.01 (Karol et
al., 2013), as well as the particle extinction vertical profiles
(Torres et al., 2017).
3 GRASP and LIRIC inversion algorithms
The input information needed by the GRASP and LIRIC algorithms and the aerosol properties retrieved and used in
this work are shown in Table 2. The LIRIC algorithm provides height-resolved aerosol VC data for the fine and coarse
modes from combined lidar and sun–sky photometer information (Chaikovsky et al., 2008, 2012, 2016; Granadoswww.atmos-meas-tech.net/10/4439/2017/

Muñoz et al., 2014). For this, column-integrated aerosol
properties provided by the AERONET code (Dubovik et al.,
2002, 2006) are used as input, together with the lidar elastic
backscatter signals at three different wavelengths (355, 532,
and 1064 nm). These data are put through an iterative procedure based on the Levenberg–Marquardt method, which
is described in detail in Chaikovsky et al. (2016). Besides
the VC, the algorithm retrieves additional datasets, including
profiles of particle α and β coefficients, and LR, among others. AERONET column-integrated products used as input are
not modified by LIRIC during the retrieval process.
The GRASP inversion code (Dubovik et al., 2011; Lopatin
et al., 2013) was developed at Laboratoire d’Optique Atmospherique (LOA) of the University of Lille. GRASP is
based on a similar philosophy than LIRIC code but goes a
step further since it simultaneously inverts both the coincident lidar and sun–sky photometer measurement, retrieving
vertical, but also column, aerosol optical and microphysical
properties for both fine and coarse modes. The simultaneous
inversion of lidar and sun–sky photometer measurements is
expected to improve the retrievals since the lidar data complement the sky photometer measurement at scattering angles of 180◦ and the photometer data provide the information
(e.g. amount and type) required for lidar retrievals that otherwise would be assumed from climatological data (Bovchaliuk et al., 2016). Therefore, the column aerosol properties
obtained by GRASP will differ from the AERONET ones.
Additionally, it is worth to note that GRASP allows independently retrieving aerosol optical and microphysical properties for the two distinct aerosol modes, fine and coarse. The
retrieval of height-dependent SSA data is an additional advantage of GRASP over LIRIC. GRASP also provides an estimation of the systematic and random errors for both the
directly retrieved (PSD, RRI, IRI, SSA) and derived (α, β,
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Figure 2. Temporal evolution of the lidar range-corrected signal (a, b) and the depolarization ratio (c, d) at 532 nm on 16 (a, c) and 17 (b, d)
June 2013. The two purple lines indicate the lidar analysed interval. The black dashed line indicates the sun-photometer measurements.

VC profiles) aerosol properties. The SSA profiles errors are
not shown because they are unfortunately not provided at the
moment. Additional details on GRASP retrieval algorithm
and its performance can be found in Lopatin et al. (2013)
and Bovchaliuk et al. (2016).

4 Results
As previously mentioned, two of the ATR-42 flights performed in the framework of ChArMEx-ADRIMED campaign, F30 and F31, were carried out over Granada on 16 and
17 June 2013, respectively. Figure 2 shows the time series of
the lidar range-corrected signal (RCS) and the depolarization
ratio (δ) at 532 nm on both days measured at Granada station.
The RCS is calculated as P · r 2 , where P is the lidar signal
(corrected from background and dark current) and r is the
altitude. On the first day, a homogeneous layer is observed
from the surface up to 5 km a.s.l., with an elevated aerosol
layer coupled to the superficial aerosol layer throughout the
day. The next day this layer was decoupled from the aerosol
layer close to surface and disappeared around 13:00 UTC;
measurements of δ showed that there was an aerosol type
below 2.7 km a.s.l. and another aerosol type above this altitude, up to 5.5 km a.s.l. On 16 June, the lidar measurements
(marked with purple lines in Fig. 2) obtained during the first
flight between 14:15 and 14:45 UTC and sun-photometer
measurements collected at 16:22 UTC (black dashed line in
Fig. 2) at Granada and Cerro Poyos were selected for further
analysis. The selected sun-photometer measurement was the
closest measurement available in time to the first flight. On
17 June, the lidar measurements obtained during the second
flight (07:15 to 07:45 UTC) and sun–sky photometer meaAtmos. Meas. Tech., 10, 4439–4457, 2017

surements obtained at both stations at 07:40 UTC were selected for further analysis.
AERONET products during these flights indicate the presence of dust particles. In fact, on 16 June AOD440 at
14:15 UTC was around 0.26 and 0.19 for Granada and
Cerro Poyos, respectively, and 0.27 and 0.22 at 16:22 UTC.
On this day, the AE440−870 was 0.30–0.26 (Granada–Cerro
Poyos) at 14:30 UTC and 0.34–0.27 (Granada–Cerro Poyos)
at 16:22 UTC, indicating moderate atmospheric aerosol load
dominated by coarse particles. On 17 June, the AOD440 at
07:40 UTC was 0.21 and 0.18 and the AE440−870 was 0.43
and 0.30 for Granada and Cerro Poyos, respectively, which
also indicates the predominance of coarse particles on this
day. The presence of mineral dust over Granada during both
days is confirmed by the analysis of back-trajectory analysis (not shown) by HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory; Stein et al., 2015; Rolph,
2016), which indicates that the relevant air masses came from
the Saharan region, specifically from Algeria, at different
heights.
4.1

Comparison of columnar properties retrieved by
GRASP and AERONET algorithms

Some of the aerosol columnar properties obtained from
AERONET and retrieved by GRASP (combining photometer
and lidar measurements) on 16 and 17 June at Granada and
Cerro Poyos stations are shown in Figs. 3–5 and summarized
in Table 3.
Figure 3 shows the column-integrated PSD retrieved by
both AERONET and GRASP algorithms on 16 and 17 June
for Granada and Cerro Poyos stations. The retrieved PSD
evidence the predominance of coarse mode particles, as
expected for dust events (Lyamani et al., 2005; Guerrerowww.atmos-meas-tech.net/10/4439/2017/
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Table 3. Columnar effective radius and particle volume concentration for coarse and fine particle modes retrieved by GRASP and AERONET
algorithms.
16 June 2013

Effective
radius
(µm)
Volume
concentration
(µm3 µm−2 )

GRASP
AERONET
GRASP
AERONET

17 June 2013

Granada

Cerro
Poyos

Granada

Cerro
Poyos

fine
coarse
fine
coarse

0.12
2.2
0.12
1.9

0.13
2.2
0.11
1.9

0.10
2.4
0.11
2.1

0.12
2.2
0.12
1.9

fine
coarse
fine
coarse

0.018
0.17
0.015
0.14

0.017
0.15
0.015
0.13

0.018
0.14
0.016
0.12

0.011
0.13
0.010
0.11

Figure 3. Size distribution retrieved by GRASP (blue) with its uncertainty (shaded area) and by AERONET (green) on 16 (a, b) and 17 (c, d)
June 2013 at Granada (a, c) and Cerro Poyos (b, d).

Rascado et al, 2009). Both AERONET and GRASP retrieved
PSD present a bimodal behaviour, with the radius of fine
mode below 0.5 µm and the radius of coarse mode above 0.5
µm. The differences between the PSD retrieved by GRASP
and AERONET are mostly within uncertainties associated
with both methods (±10–35 % for the size range from 0.1 to
7 µm and ±35–100 % outside this range; Dubovik et al.,
2000) except for the size range 5–8.7 µm, where the differences are higher, especially at 6.64 µm (> 100 %). Furthermore, the coarse mode retrieved by GRASP over both sites
shows a clear shift towards higher radii in comparison to the
AERONET retrievals (Fig. 3). This shift was also observed
www.atmos-meas-tech.net/10/4439/2017/

by Lopatin et al. (2013) during dust and biomass burning
events over Minsk, Belarus, and by Bovchaliuk et al. (2016)
during dust events over Dakar, Senegal. These authors attributed this coarse mode shift towards higher radii to the use
of the lidar data in the GRASP retrievals. The lidar data provide additional information at scattering angles of 180◦ and
further wavelengths compared to the sun photometer, influencing the size distribution retrieved especially in the coarse
mode.
Table 3 summarizes the columnar reff and VC of fine and
coarse modes obtained at both stations by AERONET and
GRASP algorithms on 16 and 17 June. The retrieved miAtmos. Meas. Tech., 10, 4439–4457, 2017
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Figure 4. Spectral real (RRI) and imaginary (IRI) refractive indices retrieved by GRASP for the fine (blue) and coarse (red) modes with its
uncertainty (shaded area), by AERONET (green) and by airborne measurement (black) on 16 (a, b) and 17 (c, d) June 2013 in Granada (a, c)
and Cerro Poyos (b, d).

crophysical properties are similar to those typically obtained
during African desert dust events over Granada (Valenzuela
et al., 2012b). The fine mode reff retrieved by both methods ranges between 0.10 and 0.13 µm. Differences between
fine mode reff retrieved by GRASP and AERONET are below 0.02 µm, which are within the uncertainty of the inversions (Lopatin et al., 2013; Torres et al., 2014). For the coarse
mode, the reff values obtained by GRASP were 0.03 µm
higher than those retrieved by AERONET but the differences
are within the uncertainty range. A similar behaviour is observed for the column-integrated VC, with slightly larger
values provided by GRASP for the fine and coarse modes
(0.016 ± 0.003 and 0.148 ± 0.017 µm3 µm−2 ) compared to
AERONET (0.014 ± 0.003 and 0.125 ± 0.013 µm3 µm−2 ),
but differences are still within the uncertainties.
Figure 4 illustrates the retrieved columnar RRI and IRI for
each day obtained by GRASP and AERONET at Granada
and Cerro Poyos. Moreover, RRI and IRI at 530 nm estimated by Denjean et al. (2016) using airborne measurements
over Granada on 16 and 17 June are included in the plot.
AERONET provides RRI and IRI for the whole size distribution, while GRASP is able to provide RRI and IRI for fine
and coarse modes separately. The RRI retrieved by GRASP
and AERONET algorithms do not show any spectral waveAtmos. Meas. Tech., 10, 4439–4457, 2017

length variations, and the differences between RRI values retrieved by both inversion algorithms are within the uncertainties (differences below 5 %). Because of the predominance of the coarse mode during the analysed dust event,
both the AERONET and airborne RRI values are close to
the values retrieved by GRASP for the coarse mode, with
differences < 0.03, on both days. In contrast, the IRI values
retrieved by GRASP for the fine mode present a rather low
spectral dependence while IRI values for the coarse mode
presents a clear increase in the UV region. These results are
coherent with those reported for different absorption species
by Schuster et al. (2016) using AERONET data. At Cerro
Poyos we did not find the spectral dependence of the IRI typically associated with mineral dust. The AOD at 440 nm was
around 0.18–0.27 and we used AERONET Level 1.5 products; therefore, these values have large uncertainties (> 50 %;
Dubovik et al., 2000). The lack of spectral dependence can
be just an artifact of the inversion. However, it is worthy
to note that at Cerro Poyos the PSD shows a mode in the
coarse mode size range around 1 µm. As there is still discussion in the scientific community about dust RI and about
the differences in dust particles between different sources
(e.g. Colarco et al., 2014), results can suggest possible differences in dust RI between long-range transported and mixture
www.atmos-meas-tech.net/10/4439/2017/
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Figure 5. Single-scattering albedo retrieved by GRASP (blue) with its uncertainty (shaded area), by AERONET (green) and by airborne
measurement (black) with its uncertainty on 16 (a, b) and 17 (c, d) June 2013 at Granada (a, c) and Cerro Poyos (b, d).

with local dust injections (the area is very dry in summer,
thus favouring local mineral dust resuspension) and local
pollution. The RRI and IRI values provided by AERONET
show good agreement with GRASP retrievals for the coarse
mode, something expected due to the large predominance
of dust particles. Better agreement between IRI retrieved by
AERONET and by GRASP for the coarse mode was found
for Cerro Poyos, with differences ∼ 10 %, while for Granada
these differences are between 35 and 80 % (larger differences
at lower wavelengths). The high discrepancy between IRI retrieved by AERONET and by GRASP in the case of Granada
can be explained by the uncertainty associated with the incomplete lidar overlap. Cerro Poyos station is located above
the lidar incomplete overlap height, and thus the effect of
the incomplete overlap on the retrieval is negligible. This
is not the case for the retrieval from Granada station. On
16 June, IRI airborne values estimated at 530 nm are close
to IRI retrieved by GRASP at 532 nm for the coarse mode,
and the differences are within the associated uncertainties.
In contrast, on 17 June, there are more differences between
IRI values retrieved by GRASP at Granada station and those
estimated from airborne measurement, with differences over
100 %, whereas for the Cerro Poyos retrievals the differences
are 50 %.
Figure 5 shows the columnar SSA values retrieved by
GRASP and AERONET on 16 and 17 June at Granada and
Cerro Poyos. Moreover, the SSA value at 530 nm calculated
by Denjean et al. (2016) for dust layers using airborne mea-

www.atmos-meas-tech.net/10/4439/2017/

surements during the campaign was 0.95 ± 0.04. SSAs retrieved by GRASP at 532 nm are close to the airborne value.
Better agreement with this value is found for the retrievals
from Granada on 16 June and at Cerro Poyos on 17 June.
The differences from Granada on 17 June could be due to the
fact that the in situ value was calculated for the dust layer
whereas GRASP and AERONET use sun-photometer data,
which measure the total atmospheric column. Furthermore,
in the case of Granada station, these measurements could be
influenced by injections of local pollution. The retrieved SSA
values are in the range of 0.85–0.98 (355–1064 nm wavelength range), the typical values for dust aerosols (Dubovik
et al., 2002; Toledano et al., 2011; Lopatin et al., 2013).
Both AERONET and GRASP retrievals follow the same pattern with wavelength, with increasing SSA as wavelength
increases, which is a typical characteristic of dust aerosols
(Dubovik et al., 2002; Valenzuela et al., 2012b). Differences
between SSA retrieved by AERONET and GRASP algorithms are below 0.03 at all wavelengths, within the uncertainties associated with each method. The discrepancies between SSA retrieved by AERONET and GRASP algorithms
are obtained for Cerro Poyos station (< 1 %) at 1020 nm in
particular, whereas for Granada retrievals the differences are
bigger and the lowest discrepancies are obtained at 675 nm.
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Figure 6. Volume concentration profile (total, fine and coarse mode) retrieved by GRASP (blue) with its uncertainty (shaded area), aircraft
measurements (green) and LIRIC (red) on 16 (a, b) and 17 (c, d) June 2013 at Granada (a, c) and Cerro Poyos (b, d).

4.2

Comparison of vertical properties retrieved by
GRASP and LIRIC algorithms and in situ airborne
measurements

Figure 6 shows particle VC profiles for the fine, coarse and
total (fine + coarse) modes, retrieved by GRASP and LIRIC,
together with the results obtained with airborne instrumentation. Generally, there is good agreement between the profiles retrieved by GRASP and LIRIC and those obtained by
the airborne instrumentation, with both retrievals and the airborne data reproducing similar vertical structures on both
days. The airborne data show a larger variability compared
to GRASP and LIRIC mostly associated with their larger uncertainty and the fact that the airborne data are instantaneous
measurements whereas the lidar data are on average over a
30 min period.
Table 4 summarizes the VC mean values and associated
standard deviations retrieved from the in situ airborne measurements, GRASP and LIRIC profiles shown in Fig. 6.
Atmos. Meas. Tech., 10, 4439–4457, 2017

Data are analysed only for those layers with total VC above
20 µm3 cm−3 to avoid undesirable outliers for low aerosol
loads. Hence for 16 June we analyse the layer between
1.2 and 4.5 km a.s.l., and for 17 June the analysed layer is
from 2.6 to 5.0 km a.s.l. There is a slight contribution of the
fine mode in the dust layers on both days, with values between 3 µm3 cm−3 for the airborne data and 5.3 µm3 cm−3
for LIRIC. In general, it is observed that the coarse mode
contributes the most to the total VC, which is expected due
to the predominance of mineral dust. Coarse mode concentration values range between 28 ± 4 and 46 ± 4 µm3 cm−3 on
16 June and 35 ± 5 and 42 ± 11 µm3 cm−3 on 17 June, depending on the dataset considered. GRASP and LIRIC retrievals both overestimate the airborne data for the fine mode
while they overestimate the total mode on 16 June and underestimate the total mode on 17 June using sun-photometer
data at both Granada and Cerro Poyos stations. In the case of
fine mode, the differences between the airborne and the retrievals are lower than 5 µm3 cm−3 (about 80 %). The agree-
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Table 4. Comparison of fine, coarse and total mean volume concentration (µm3 cm−3 ) retrieved by GRASP, measured by airborne and
retrieved by LIRIC for dust layers on 16 June (up to 4.5 km a.s.l.) and 17 June (from 2.6 to 5.0 km a.s.l.).
Volume concentration
(µm3 cm−3 )

16 June 2013

17 June 2013

Granada

Cerro
Poyos

Granada

Cerro
Poyos

Fine

GRASP
AIRBORNE
LIRIC

4.7 ± 0.6
2.6 ± 0.4
4.2 ± 0.8

5.5 ± 0.3
2.6 ± 0.4
4.6 ± 1.0

5.5 ± 1.3
1.9 ± 0.6
5.3 ± 1.3

3.5 ± 1.0
1.9 ± 0.6
2.8 ± 1.1

Coarse

GRASP
AIRBORNE
LIRIC

28 ± 4
31 ± 8
37 ± 4

32 ± 4
27 ± 5
46 ± 4

35 ± 7
41 ± 11
35 ± 5

36 ± 5
41 ± 11
38 ± 6

Total

GRASP
AIRBORNE
LIRIC

33 ± 4
33 ± 8
41 ± 5

38 ± 4
28 ± 5
50 ± 4

40 ± 8
42 ± 11
40 ± 6

39 ± 6
42 ± 11
41 ± 6

ment for the coarse mode is high with differences lower
than 6 µm3 cm−3 (25 %), except for the LIRIC inversion from
Cerro Poyos on 16 June, where the difference is 19 µm3 cm−3
(around 80 %). Both algorithms show the largest differences
for the retrievals from Cerro Poyos on 16 June, whereas
the differences for the retrievals from Granada for total and
coarse mode are around 15 and 25 % using GRASP and
LIRIC, respectively. On 17 June for Granada retrieval, the
differences between both algorithms and airborne data below 2 km a.s.l. could be explained because the flight was not
exactly over Granada, as shown in Fig. 1, and differences are
expected in the lower 2 km of the atmosphere because of the
influence of the city. In the dust layer on 17 June, the differences are around 20 % for coarse and total VC by both algorithms for Granada and Cerro Poyos stations. Differences
between GRASP and LIRIC retrievals are below 30 %, well
within the combined uncertainty from both retrievals. There
are no accurate calculations of the uncertainty associated
with LIRIC profiles, but it is estimated to be around 50 %
in cases of mineral dust (Granados-Muñoz et. al., 2016).
Figure 7 shows the aerosol β coefficient profiles at 355,
532 and 1064 nm retrieved by GRASP and the profiles calculated by Klett–Fernald method. The LR used in the Klett
method is assumed constant for the entire profile and was
computed by fitting the integral of the different extinction
profiles to the measured AOD. However, GRASP uses both
sun–sky radiances and the backscatter lidar data to provide
LR values, both in column-integrated and vertical profiles.
The GRASP LR values are close to the LR values used
by Klett–Fernald method; these values are typical for Saharan dust measured over the south-eastern Spain (GuerreroRascado et al., 2009; Navas-Guzmán et al., 2013). Below
1.6 km, the Klett retrieval at 355 showed unrealistic values
probably associated with instrumental problems. However,
for GRASP this problem does not appear, probably due to
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the combined used of lidar and sun-photometer data. The
GRASP algorithm underestimates the values obtained by the
Klett–Fernald method, except for the Cerro Poyos retrieval
on 17 June, with larger differences for Granada retrievals.
Nevertheless, the differences are within the uncertainties
claimed for our system (approximately 30 %). The differences at the ultraviolet channel reached 19 % and around 9 %
for Granada and Cerro Poyos retrievals, respectively. The discrepancies between backscatter coefficient profiles at 532 nm
retrieved by GRASP and Klett–Fernald are around 16 % for
Granada retrieval on 16 June and 11 % on 17 June and for
Cerro Poyos retrievals on both days. In the case of backscatter coefficient profiles at 1064 nm, the differences between
both retrievals are close to 24 % for Granada on 16 June and
Cerro Poyos on 17 June, while for the other two cases the
differences are the lowest (6 %).
The comparison between aerosol α coefficient profiles
retrieved by GRASP and those measured by airborne instruments (CAPS and PLASMA) is shown in Fig. 8. Profiles retrieved by GRASP show good agreement with the
CAPS data (measurements only on 16 June at 532 nm), even
with slightly higher values for GRASP of approximately
3 ± 3 Mm−1 (7 %) and 9 ± 5 Mm−1 (18 %) for the inversions from Granada and Cerro Poyos, respectively. GRASP
extinction coefficient retrievals were larger than PLASMA
measurements at all wavelengths, with larger differences at
the ultraviolet channel (∼ 50 %). On 16 June, the differences for the ultraviolet channel are 20 ± 11 Mm−1 (45 %)
and for the visible and ultraviolet channels are 11 ± 8 Mm−1
(30 and 40 %, respectively). These differences were similar
or lower than those obtained by Karol et al. (2013) when
comparing PLASMA with lidar data. On 17 June, PLASMA
and GRASP show the same layers, but their differences are
larger, reaching 50 % for the visible channel and more than
60 % for the ultraviolet and infrared channels. As GRASP
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Figure 7. Aerosol backscatter coefficient profiles retrieved at 355, 532 and 1064 nm by GRASP with its uncertainty (shaded area) and
Klett–Fernald on 16 (a, b) and 17 (c, d) June 2013 at Granada (a, c) and Cerro Poyos (b, d).

and LIRIC reproduce the same layer structures for volume
concentrations, these differences can be mainly associated
with PLASMA.
Vertical profiles of SSA obtained by GRASP at Granada
and Cerro Poyos station on 16 and 17 June are shown in
Fig. 9. As SSA is an intensive aerosol parameter, only SSA
values for the layers with large aerosol loads are represented.
On 16 June, there are no remarkable changes in SSA with
altitude, which agrees with the extinction and backscatter
coefficients profiles and with the particle volume concentrations. For 17 June, vertical profiles of SSA are sensitive to the
different aerosol layers with different aerosol types illustrating the capabilities of GRASP for detecting different aerosol
layers with different composition. Nonetheless, the values
of SSA are also within those associated with dust aerosol
in previous studies (Dubovik et al., 2002; Toledano et al.,
2011; Lopatin et al., 2013). Differences are observed again
between the SSA profiles obtained at Granada and Cerro
Poyos stations. On 16 June SSA differences between both
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retrievals are lower than 2 % while on 17 June differences
reach up to 10 %. This result is again associated with overlap issues, although the influence of the city, i.e. injection
of large amounts of particles confined below the altitude of
Cerro Poyos, cannot be neglected in sky radiance measurements.
Figure 10 shows scattering AE computed between 450 and
700 nm, AEsca (450–700), obtained by GRASP algorithm at
Granada and Cerro Poyos stations together with those obtained from nephelometer airborne measurements. GRASP
scattering coefficient profiles are calculated by multiplying
the extinction coefficient by the SSA at the same wavelength.
Despite the fact that the AEsca (450–700) profiles from the
airplane date are noisier than GRASP profiles, general good
agreement is observed, with discrepancies within the uncertainties. In general, GRASP values are larger than the airborne data for altitudes above 2.5 km a.s.l. Above this altitude, the AEsca (450–700) values are close to zero for the
airborne data on both days, which is typical of aerosols dom-
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Figure 8. Aerosol extinction coefficient profiles retrieved by GRASP (355, 532 and 1064 nm) with its uncertainty (shaded area), PLASMA
(350, 530 and 1000 nm) and CAPS (530 nm) on 16 (a, b) and 17 (c, d) June 2013 at Granada (a, c) and Cerro Poyos (b, d).

inated by coarse particles (Bergstrom et al., 2007). However, in the lower part of the profiles AEsca (450–700) values
are larger (∼ 0.7 and ∼ 1.6 for the airborne data on 16 and
17 June, respectively) and GRASP profiles underestimate
the airborne data. The values for these lower altitudes, including those retrieved by GRASP using the sun-photometer
data measured at Granada and the airborne data, were similar to in situ measurements at IISTA-CEAMA, with values
around 0.70 ± 0.10 and 1.67 ± 0.07 on 16 and 17 June, respectively. GRASP profiles have similar values above and
below 2.5 km a.s.l. with better agreement between airborne
data and Cerro Poyos retrieval. The Granada retrieval shows
more differences on 17 June, the case with aerosol layers
with different aerosol types. On 17 June, in the range of
∼ 1.8–2.7 km a.s.l., the aerosol load was low (∼ 5 µm3 cm−3 )
and, hence, SSA and AE values could be less reliable in this
layer. However, the layer up to 1.8 km a.s.l. showed a moderate concentration (∼ 17 µm3 cm−3 ) with a different composition from layers above 2.7 km a.s.l., as shown by the SSA
and AE profiles (Figs. 9 and 10, respectively).
www.atmos-meas-tech.net/10/4439/2017/

Table 5. Mean value of backscatter Ångström exponent (β − AE)
and colour ratio (CR) between 532 and 1064 nm, retrieved by
GRASP for dust layers on 16 and 17 June 2013.
16 June 2013

β − AE
CR

17 June 2013

Granada

Granada

Granada

Granada

0.65 ± 0.07
1.15 ± 0.05

0.46 ± 0.05
1.13 ± 0.05

0.63 ± 0.12
1.09 ± 0.09

0.40 ± 0.10
1.08 ± 0.04

Finally, Table 5 shows the mean values with ±1 SD (standard deviation) of β − AE (532–1064) and colour ratio
(CR = β (532 nm)/β (1064 nm)) calculated by GRASP in
the layer between 1.8 and 4.5 km a.s.l. and between 2.8 and
5.0 km a.s.l. on 16 and 17 June, respectively. The values of
β − AE and CR are 0.5 ± 0.2 and 1.3 ± 0.3, respectively,
which is in the range of typical values for dust aerosols (Perrone et al., 2014).
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Figure 10. Scattering Ångström exponent (450–700 nm) retrieved
by GRASP at Granada (blue) and Cerro Poyos (red) and aircraft
measurements (green) on 16 (a) and 17 (b) June 2013.

Figure 9. Single-scattering albedo profiles at 355, 532 and 1064 nm
retrieved by GRASP on 16 (a, b) and 17 (c, d) June 2013 at
Granada (a, c) and Cerro Poyos (b, d).

5 Summary and conclusion
The GRASP algorithm is applied to lidar and sun–sky photometer measurements at Granada during the ChArMExADRIMED campaign in summer 2013. Data from a second
photometer at 1.2 km above the lidar system are also used,
located above the lidar incomplete overlap height. This second sun photometer allows us to explore the effect of the lidar
incomplete overlap on the retrievals and the influence of the
aerosol vertical layering on the results, especially in cases
of complex structures when different aerosol types are observed below and above Cerro Poyos. The optical and microphysical properties retrieved by GRASP using independent
AERONET data have been compared with airborne measurements corresponding to two flights.
The flights took place on 16 and 17 June 2013, during
dust events affecting Granada. The GRASP retrievals show
a good agreement with AERONET products, with discrepancies well below the uncertainties. Total volume concentration profiles retrieved by GRASP and airborne measurements show a good agreement with differences around 15 %
Atmos. Meas. Tech., 10, 4439–4457, 2017

on 16 June using for the retrieval sun-photometer data measured at Granada and on 17 June using for the retrieval
sun-photometer data measured at Cerro Poyos. The agreement for the aerosol backscatter profiles with respect to those
obtained using only lidar data and Klett–Fernald algorithm
are quite good using both station data, showing differences
below 12 % at 355 and 532 nm for Cerro Poyos. In the
case of the aerosol extinction profiles, good agreement was
found between GRASP and the CAPS data (differences below 20 %), while the comparison with PLASMA data shows
larger differences. The SSA profiles show values typical of
dust aerosols and the differences between retrievals using
sun-photometer data measured at Granada and Cerro Poyos
are below 10 % at the lidar wavelengths. Other aerosol properties obtained with GRASP, like the colour ratio and the
backscatter AE, also show similar values to those observed
in the literature for dust aerosols.
GRASP algorithm is quite robust as shows the agreement
between the optical and microphysical properties retrieved
by AERONET products and airborne measurements. Results
obtained here show that the combination of lidar and sunphotometer data can provide improved and more complete
column-integrated data compared to AERONET retrieval.
Reliable vertically resolved properties such as the SSA, extinction or volume concentration are also provided, improving the capabilities of previous algorithms such as LIRIC.
Nonetheless, the retrieved scattering AE profiles together
with the better agreement found between Cerro Poyos retrievals and the aircraft compared to Granada retrievals indicate that GRASP vertical distribution of some of the aerosol
properties is still affected by considerable uncertainties. This
is an expected result because of the use of the columnintegrated sun-photometer data.
www.atmos-meas-tech.net/10/4439/2017/
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The analysis presented here is useful as a primary evaluation of the GRASP algorithm using sun photometer and lidar
signal to retrieve aerosol microphysical properties, both integrated along the vertical column and as vertical profiles, and
also to obtain the fine and coarse mode aerosol RI and SSA,
which is not possible with the current AERONET inversion.
The use of a second sun photometer located over the local atmospheric boundary layer can be very relevant for the study
of the properties of aerosol layers with features different than
the atmospheric boundary layer aerosol. However, the presented analysis is representative of Saharan dust transport to
southern Europe, and still it is necessary to test a more complete dataset that includes different aerosol loads and types.
In future studies, we could try to combine one lidar with two
sun–sky photometers at different heights to try improving the
retrievals in the cases with different aerosol layers. In addition, in order to validate the presented GRASP scheme, in the
future we plan to use a database from global aerosol models
(e.g. GEOS-5) following an approach similar to Whiteman et
al. (2018).
Data availability. The data from lidar system of the Granada station can be accessed through the EARLINET database (see http:
//access.earlinet.org/EARLINET/SearchPage.aspx). The data corresponding to column-integrated properties at Granada and Cerro
Poyos can be obtained from the AERONET database (see https:
//aeronet.gsfc.nasa.gov/). The aircraft data are available on the
ChArMEx database (http://mistrals.sedoo.fr/ChArMEx/). GRASP
inversion algorithm software used in this work is free and publicly
available at http://www.grasp-open.com.
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In this paper we present an approach for the proﬁling of aerosol microphysical and optical properties combining
ceilometer and sun/sky photometer measurements in the GRASP code (General Retrieval of Aerosol and Surface
Properties). For this objective, GRASP is used with sun/sky photometer measurements of aerosol optical depth
(AOD) and sky radiances, both at four wavelengths and obtained from AErosol RObotic NETwork (AERONET),
and ceilometer measurements of range corrected signal (RCS) at 1064 nm. A sensitivity study with synthetic data
evidences the capability of the method to retrieve aerosol properties such as size distribution and proﬁles of
volume concentration (VC), especially for coarse particles. Aerosol properties obtained by the mentioned method
are compared with airborne in-situ measurements acquired during two ﬂights over Granada (Spain) within the
framework of ChArMEx/ADRIMED (Chemistry-Aerosol Mediterranean Experiment/Aerosol Direct Radiative
Impact on the regional climate in the MEDiterranean region) 2013 campaign. The retrieved aerosol VC proﬁles
agree well with the airborne measurements, showing a mean bias error (MBE) and a mean absolute bias error
(MABE) of 0.3 μm3/cm3 (12%) and 5.8 μm3/cm3 (25%), respectively. The diﬀerences between retrieved VC and
airborne in-situ measurements are within the uncertainty of GRASP retrievals. In addition, the retrieved VC at
2500 m a.s.l. is shown and compared with in-situ measurements obtained during summer 2016 at a high-atitude
mountain station in the framework of the SLOPE I campaign (Sierra Nevada Lidar AerOsol Proﬁling Experiment).
VC from GRASP presents high correlation (r = 0.91) with the in-situ measurements, but overestimates them,
MBE and MABE being equal to 23% and 43%.

1. Introduction
Aerosols are a key piece in the Earth climatic system because they
can increase the cooling or warming of the Earth surface depending on
their properties (Boucher et al., 2013). Hence, columnar and vertical
aerosol properties must be appropriately known to better understand
their impact in the Earth energy balance and therefore on the Earth
climate. Furthermore aerosol proﬁling is also relevant in the management of aviation traﬃc (Prata, 2009; Flentje et al., 2010).
Column-integrated microphysical and optical aerosol properties are
commonly retrieved by sun/sky photometer measurements. This is the
case of AERONET (AErosol RObotic NETwork; Holben et al., 1998), that

⁎

derives aerosol optical depth (AOD) from multiwavelength measurements of direct beam sun irradiance, and uses these AOD values in
combination with sky radiances measurements for obtaining aerosol
properties such as aerosol size distribution, refractive indices, single
scattering albedo (SSA), and phase function (Dubovik and King, 2000;
Dubovik et al., 2006). However, this kind of measurements does not
provide information about the vertical proﬁle of these aerosol properties.
Lidar systems are capable of measuring the atmospheric backscatter
proﬁle at several wavelengths. The lidar signals are used for proﬁling
optical and even retrieving microphysical aerosol properties applying
diﬀerent methods. These methods depend on the available lidar signals:
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unattended. In fact, ceilometers have been previously used to obtain
aerosol properties as PM2.5 (Li et al., 2017), PM10 (Münkel et al.,
2007), aerosol backscatter coeﬃcients (Heese et al., 2010; Wiegner and
Geiss, 2012; Wiegner et al., 2014; Madonna et al., 2015) or aerosol
hygroscopic growth (Haeﬀelin et al., 2016). Moreover, there are some
programs nowadays as E-PROFILE, a program of EUMETNET (EUropean METeorological services NETwork), and the COST Action
ES1303 TOPROF (TOwards operational ground based PROFiling with
ceilometers, doppler lidars and microwave radiometers for improving
weather forecasts) dealing with the harmonization and better characterization of ceilometer measurements and products; and there are
also ceilometer networks, like the Iberian CEilometer NETwork
(ICENET; Cazorla et al., 2017) among others (e.g., de Haij et al., 2007;
Emeis et al., 2011), trying to provide ceilometer measurements in nearreal time with devices every 100 km. These issues motivate to try to
combine ceilometer measurements with sun/sky photometer in order to
obtain some vertical aerosol information.
The main objective of this work is use for the ﬁrst time the GRASP
code to obtain aerosol vertical proﬁling of aerosol microphyscial
properties combining AERONET sun/sky photometer measurements
with the monochromatic RCS measured by a ceilometer at 1064 nm.
The use of this proposed combination of measurements allows the retrievals of column-integrated aerosol microphysical properties, and we
explore the possibility of obtaining vertically-resolved aerosol volume
concentration. Another important goal is the quantiﬁcation of the accuracy and uncertainty of all retrieved parameters through synthetic
data and also by comparisons of retrieved parameters versus in-situ
measurements.
This paper is structured as follows: Section 2 describes the used
instrumentation during the diﬀerent measurement ﬁeld campaigns;
Section 3 introduces the GRASP code and the methodology to retrieve
the aerosol properties; a sensitivity study with synthetic measurements
is developed in Section 4 in order to test the capability of the proposed
GRASP scheme. Section 5 shows the main results about the comparison
of the obtained aerosol retrievals against in-situ measurements and,
ﬁnally, the main conclusions are summarized in Section 6.

elastic range corrected signal (RCS) is useful to provide aerosol backscatter (β) proﬁles (Klett, 1981, 1985; Fernald, 1984; Sasano, 1984);
non-elastic (Raman) signal can be used for obtaining independent
range-resolved extinction (α) and backscatter coeﬃcients (Ansmann
et al., 1990; Whiteman et al., 1992). Elastic and Raman lidar signals can
be combined, usually by the so called 3β + 2α conﬁguration, to obtain
proﬁles of aerosol microphysical properties through diﬀerent inversion
techniques (e.g. Müller et al., 1999; Böckmann, 2001; Veselovskii et al.,
2002, 2012; Chemyakin et al., 2016); many papers being already
published for characterizing long-transport of biomass-burning (e.g.
Veselovskii et al., 2015; Ortiz-Amezcua et al., 2017), volcanic aerosol
(e.g. Navas-Guzmán et al., 2013), dust (e.g. Granados-Muñoz et al.,
2016; Veselovskii et al., 2017) pollution (e.g. Wandinger et al., 2002;
Noh et al., 2009; Veselovskii et al., 2013), and artic haze (Müller et al.,
2004). In addition, linear particle depolarization ratio measurements
allow the detection and assessment of non-spherical particles such as
dust or volcanic aerosol (e.g. Ansmann et al., 2009, 2012; Tesche et al.,
2009, 2011; Bravo-Aranda et al., 2013) and allows aerosol typing (e.g.
Burton et al., 2012; Gross et al., 2013).
EARLINET (European Aerosol Research LIdar NETwork; Pappalardo
et al., 2014), founded in 2000 and now part of ACTRIS (Aerosols,
Clouds, and Trace gases Research InfraStructure; www.actris.eu/), does
include nowadays 31 lidar stations, most of them operating multiwavelength Raman lidars. However, most Raman measurements are
sparse and mostly limited to night-time. To retrieve vertical proﬁles of
aerosol microphysics, several inversion techniques were developed
within EARLINET/ACTRIS combining backscattering lidar and collocated AERONET sun/sky photometers such as LIRIC (Lidar Radiometer
Inversion Code; Chaikovsky et al., 2008, 2016) and GARRLiC (Generalized Aerosol Retrieval from Radiometer and Lidar Combined data;
Lopatin et al., 2013). The LIRIC code uses AERONET column-integrated
retrievals plus backscattering lidar signals as inputs to provide verticalresolved aerosol volume concentration (VC), both at ﬁne and coarse
mode. However, GARRLiC uses as inputs measured optical depth and
sky radiances and the multiwavelength RCS from lidar to provide vertical-resolved aerosol microphysical and optical properties, both at ﬁne
and coarse mode, and also improves the classical AERONET columnar
retrievals by providing intensive aerosol properties, like refractive indices or SSA, of ﬁne and coarse modes, separately.
The Generalized Retrieval of Aerosol and Surface Properties
(GRASP; Dubovik et al., 2014) code uses the heritage of AERONET
inversion scheme (e.g. Dubovik and King, 2000; Dubovik et al., 2006)
and is a versatile and open-source algorithm capable to obtain optical
and microphysical aerosol properties from diﬀerent sources of measurements (www.grasp-open.com). Recently, aerosol properties have
been retrieved by GRASP using, among other information sources, satellite images (Kokhanovsky et al., 2015), polar nephelometer data
(Espinosa et al., 2017) and diﬀerent combinations with sun/sky photometer measurements: only spectral AODs (Torres et al., 2017); spectral AODs, sky radiances and polarized sky radiances (Fedarenka et al.,
2016); and spectral AODs and sky camera images (Román et al.,
2017a). The incorporation of the GARRLiC scheme in GRASP allows to
combine AODs, sky radiances and RCS lidar values to retrieve columnar
and vertical-resolved aerosol properties discerning between ﬁne and
coarse modes (Lopatin et al., 2013; Bovchaliuk et al., 2016; BenaventOltra et al., 2017).
Although the combination of lidar and sun/sky photometer measurements using GRASP with the GARRLiC scheme is promising, lidar
systems are generally expensive and require supervision, so few stations
have the set of measurements required to this end. An alternative to
multiwavelength lidar systems could be the use of ceilometers, which
were originally designed for studying cloud heights but recent ceilometer models are able to detect aerosol layers at altitudes of up to
10 km. Ceilometers only measure at one wavelength and are less accurate than classic lidars, but they are cheaper and more operative than
multiwavelength lidar systems and they also can work continuously

2. Instrumentation and campaigns
2.1. Instrumentation at Granada station
Most of the instrumentation used in this work is installed on the
rooftop of the “Andalusian Institute for Earth System Research” (IISTACEAMA) building at Granada, Spain (37.1638° N; 3.6051° W; 680 m
a.s.l.). This instrumentation is managed by the Atmospheric Physics
Group (“Grupo de Física de la Atmósfera”; GFAT) of University of
Granada. Granada is a Spanish city located in the South-Eastern of the
Iberian Peninsula, in a natural basin surrounded by –Sierra Nevada
Mountains with peaks of up to 3300 m a.s.l., showing a Mediterranean
climate (Csa in Köppen classiﬁcation). The city is medium-size with a
population about 235,000 inhabitants, which increases up to 530,000
including the metropolitan area, and non-industrialized being its main
aerosol sources the domestic heating based on fuel oil combustion in
winter and the heavy traﬃc along all year (Lyamani et al., 2010, 2011;
Titos et al., 2012, 2014). Columnar aerosol pattern in the area is
characterized by higher values in summer mostly associated with Saharan dust arrivals (Pérez-Ramírez et al., 2012; Mandija et al., 2016),
while the lowest aerosol loads usually corresponds to the arrivals of
Atlantic air-masses that clean the atmosphere (Pérez-Ramírez et al.,
2016).
A CE318-T sun/sky/lunar (triple) photometer (Cimel Electronique) is
operative on the mentioned station since March 2016 for providing day
and night columnar aerosol optical properties (Barreto et al., 2013,
2016). GFAT also operates diﬀerent sun/sky photometers (hereafter
‘sunphotometers’) which belong to AERONET and have participated in
ﬁeld campaigns in Spain, Brazil, Colombia and Bolivia, and have
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Experiment) was designed in order to measure relevant data for testing
diﬀerent retrieval schemes of aerosol microphysical and optical vertical-proﬁles from remote sensing observations. The campaign, developed during summer 2016, combined active and passive remote sensing
of the vertical column with in-situ measurements at several levels in the
northwestern slope of Sierra Nevada mountain range (Spain). In this
framework, a new measurement station (SNS: Sierra Nevada Station)
was set up in a high-altitude site at Sierra Nevada (37.0958° N; 3.3869°
W; 2500 m a.s.l.). This new station is 20 km far from IISTA-CEAMA in
horizontal distance and it was equipped with aerosol in-situ instrumentation since May 2016, providing 24-hour aerosol in-situ measurements such as scattering, absorption and extinction coeﬃcients.
The in-situ aerosol volume concentration at SNS has been calculated
combining SMPS (model 3938 from TSI Inc.) and APS (Aerodynamic
Particle Sizer; model 3321 from TSI Inc.) measurements. This volume
concentration has been obtained in the 0.05–10 μm radius range with
5 min time resolution. For that, Q-value = 1 is assumed for conversion
from aerodynamic (APS) to mobility size distribution (Sorribas et al.,
2015).

allowed continuous operation of the site in Granada since the end of
2004. Both sunphotometer models take measurements of direct beam
sun irradiance, which retrieve AOD, and sky radiance at several wavelengths, but only the channels of 440, 675, 870 and 1020 nm are
chosen in this work because they are available in most AERONET
sunphotometers. All sunphotometer data used have been obtained from
version 2 of AERONET as level 1.5 data. Level 1.5 data are cloudscreened and have been chosen instead of quality assurance level 2.0
data due to the near-real time availability of these data, which can be
used to calculate also other products in near-real time.
The mentioned Granada station also includes a “CHM-15 k Nimbus”
ceilometer (Luﬀt manufacturer), which belongs to ICENET (Cazorla
et al., 2017) and is detailed in Román et al. (2017b). This instrument
works as a one-wavelength lidar which emits at 1064 nm (a pulsed
Nd:YAG laser) and measures the backscattered signal by the atmosphere at diﬀerent heights (up to 15,360 m a.g.l.) with 15 m resolution.
According to the overlap function provided by the manufacturer, the
overlap is 90% complete between 555 and 885 m a.g.l. (Cazorla et al.,
2017). The ﬁrmware of the instrument directly provides NetCDF ﬁles
with the RCS at 1064 nm which includes background and overlap
corrections. In addition, these ﬁles include the cloud base height (CBH)
product, which is estimated from ceilometer measurements due to the
strong backscattered signal of clouds (Martucci et al., 2010). The data
are recorded as time averaged data every 15 s. More information about
this ceilometer and its products can be found in the Jenoptik CHM15k
user manual (Jenoptik, 2013).

3. GRASP retrieval
3.1. Inputs
3.1.1. Sun/sky photometer data
CE318 sunphotometers are conﬁgured to take a sequence of sky
radiance measurements in the almucantar plane (zenith angle equal to
solar zenith angle, SZA) for several air masses. AERONET provides the
sky radiance usually at the next almucantar azimuth angles (relative to
sun): 2°, 2.5°, 3°, 3.5°, 4°, 5°, 6°, 7°, 8°, 10°, 12°, 14°, 16°, 18°, 20°, 25°,
30°, 35°, 40°, 45°, 50°, 60°, 70°, 80°, 90°, 100°, 120°, 140°, 160° and
180°. These angles are scanned clockwise and counter clockwise giving
two measurements for each angle of symmetric points with respect to
the sun position. In this work the sky radiance has been averaged between both points. The azimuth angles below 3.5° are rejected following the same criteria than the version 1 level 1.5 of AERONET
(Holben et al., 2006). The angles showing diﬀerences above 20% between both almucantar branches are assumed as cloud contaminated
and are also discarded as in level 1.5 of AERONET version 2 (Holben
et al., 2006). The azimuth at 180° does not have a symmetric point
which makes diﬃcult its cloud-screening, and hence this angle is also
rejected. These criteria provide, in the most favourable case, 26 sky
radiance values at the four channels at 440 nm, 675 nm, 870 nm and
1020 nm.
After cloud-screening, the scattering angle criterion of Holben et al.
(2006) for AERONET (version 2 level 1.5) is applied. This criterion
considers that sky radiance distribution for each wavelength is representative if there is at least one measurement in four regions identiﬁed by the scattering angle: ≥3.2° to 6°; ≥6° to 30°; ≥30° to 80°; and
≥80°. In this work the scattering angle of 80° has been replaced in these
bins by 78° in order to use almucantars with sun altitude up to 50º
(SZA = 40°).
The GRASP retrievals are done for each available cloud-screened
almucantar if it satisﬁes: (1) the number of sky radiance points at each
wavelength is higher or equal than 10 (as in AERONET version 2 level
1.5); (2) at each wavelength there is at least one radiance value at the
four mentioned bins, and (3) the closest AOD (level 1.5), also used in
the retrieval, is within ± 16 min of almucantar measurement for the
four wavelengths. Sky radiance data used as input in GRASP is previously normalized using the “2000 ASTM Standard Extraterrestrial
Spectrum Reference E-490-00” (http://rredc.nrel.gov/solar/spectra/
am0), again the same than in AERONET version 2 aerosol inversions.
In order to include the ﬁlter response of the photometer, the extraterrestrial spectrum is convoluted for each channel by a 10 nm width
square ﬁlter (similar to the real ﬁlters) centred in the eﬀective wavelength of the real photometer ﬁlters.

2.2. ChArMEx/ADRIMED 2013
One of the main objectives of the ChArMEx/ADRIMED campaign
(Chemistry-Aerosol
Mediterranean
Experiment/Aerosol
Direct
Radiative Impact on the regional climate in the MEDiterranean region)
during summer 2013 was to conduct an experimental campaign, based
on surface and aircraft observations, for creating a rich 3-D database of
physical, chemical and optical properties of the main Mediterranean
aerosols (Mallet et al., 2016). To this end, 16 ﬂights, ascending or
descending in a spiral trajectory during 30 min, were performed over
the Mediterranean Basin with the ATR-42 aircraft of SAFIRE (French
aircraft service for environmental research; http://www.saﬁre.fr)
during the period from 14th June to 4th July 2013 (Mallet et al. 2016;
Denjean et al., 2016). The two ﬂights named F30 and F31 of this
campaign were done over Granada city on 16th and 17th June 2013,
respectively.
In both ﬂights the ATR-42 airplane was equipped with diﬀerent insitu instrumentation, being used in this work the measurements of ﬁne
and coarse aerosol concentrations. For the aerosol concentration measurements in the submicron range: an UHSAS (Ultra-High Sensitivity
Aerosol Spectrometer; Droplet Measurement Technologies) and a SMPS
(Scanning Mobility Particle Sizer) with an accuracy of 10% (Cai et al.,
2008) and 5% (Wiedensohler et al., 2012), respectively. For coarse
particles the optical size distributions was measured by a FSSP-300 (a
wing-mounted Forward Scattering Spectrometer Probe, model 300 from
Particle Measuring Systems) and by the in-cabin GRIMM OPC (sky-optical
particle counter; model 1.129 from Grimm Technik) in the diameter
nominal size ranges of 0.28–20 μm and 0.25–32 μm, respectively. FSSP300 and GRIMM have an accuracy of 30% (Baumgardner et al., 1992)
and 10% (Denjean et al., 2016), respectively. Finally, the proﬁles of the
total aerosol VC (for radius ranging between 0.05 and 15 μm) have been
obtained with a resolution of 100 m as in Benavent-Oltra et al. (2017):
combining all the measurements of aerosol number size distributions
(SMPS, UHSAS, FSSP-300 and GRIMM OPC) and assuming that aerosol
particles are spherical (Denjean et al., 2016).
2.3. SLOPE I
The SLOPE I campaign (Sierra Nevada Lidar AerOsol Proﬁling
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3.2. Inversion strategy, constraints and products

3.1.2. Ceilometer data
For each almucantar dataset the correlative ceilometer RCS values
measured without clouds (CBH provided by the instrument is null) are
averaged in a ± 15 min window centred around the almucantar time.
A minimum of 5 RCS cloud-free proﬁles is imposed for calculating the
average and for consequently running GRASP. This requirement of at
least 5 proﬁles is not too restrictive working with averaged 15-second
proﬁles and could provide averaged proﬁles too noisy when the number
of used proﬁles in the averaging is closer to (and above) 5, but most of
them will be only taken into account up to low altitudes due to the used
iterative method to reject noisy points that is explained below; this
threshold may be increased in future works, but now it permits to obtain more retrievals. The time averaged RCS is vertically smoothed by a
moving average of ± 105 m window in order to reduce noise, and later
it is normalized at 60 log-spaced bins at diﬀerent heights, as in Lopatin
et al. (2013), being the minimum of these heights (zmin) equal to 250 m
a.s.l. since the ceilometer shows frequently very noisy signal below this
height due to the overlap correction. The maximum height (zmax) selected for the 60 log-spaced bins is 7000 m a.s.l. since aerosol layers are
rarely detected above this height and the ceilometer signal is usually
too noisy, due to the low power of ceilometer's laser. The RCS at these
60 log-spaced bins is normalized by dividing the average of RCS in each
logarithmic height interval by the integrated RCS between zmin and zmax
according to the following equation:

NRCSh =

z=h
1
∑z = h1N
N
zmax

RCSz

∫ RCSz dz
zmin

GRASP includes two independent modules, the ﬁrst is the forward
model based on radiative transfer and aerosol model, which is capable
to generate the radiative measurements for a given aerosol scenario
(Dubovik et al., 2014). This forward model is used in Section 4 to simulate synthetic data for diﬀerent aerosol scenarios. The second
module corresponds to the numerical inversion, which includes general
mathematical operations, based on multi-term least square method
(Dubovik and King, 2000), not related to the particular physical nature
of the inverted data (Dubovik et al., 2014). This module, combined with
the forward module, allows ﬂexible and rigorous inversions of the
various combinations of the independent multi-source measurements.
Detailed description about how GRASP and its modules work using
sunphotometer and RCS data was given by Lopatin et al. (2013), who
explained the GARRLiC algorithm which nowadays is part of GRASP
code.
The use of sunphotometer and ceilometer data proposed in this
work cannot discern between diﬀerent aerosol modes in the vertical
because the ceilometer provides RCS proﬁles at only one wavelength.
Hence, for the retrieval constraining intensive aerosol properties such
as refractive indices, SSA, lidar ratio (LR) or eﬀective radius are assumed equal for ﬁne and coarse mode in the retrieval, which therefore
implies that GRASP is not able to provide vertical proﬁles of these
parameters. Column integrated retrieved parameter are aerosol size
distribution (22 log-spaced triangle bins from 0.05 μm to 15 μm radius
as in the operational AERONET retrievals) and fraction of spherical
particles (also called sphere fraction). The scheme also provides
column-integrated values of real refractive index (RRI), imaginary refractive index (IRI), SSA and LR at 5 wavelengths (440, 675, 870, 1020
and 1064 nm). However, the hypothesis of vertically constant aerosol
intensive parameters allows changes in extensive properties and,
therefore, vertical proﬁles of the 60 log-spaced bins of aerosol volume
concentration and of extinction, backscatter, absorption and scattering
coeﬃcients at the mentioned 5 wavelengths are provided.
In the GRASP retrievals we assume: no changes in extensive vertical
properties from ground to the zmin; and an exponential decrease in these
properties above zmax as in Lopatin et al. (2013). GRASP needs an initial
aerosol scenario, also known as initial guess (Torres et al., 2017), to
initialize each retrieval. The initial guess of each parameter has been
assumed the same for all retrievals except for the size distribution,
which has been assumed as a trapezoidal distribution proportional to
the measured AOD at 440 nm wavelength (AOD440). Finally, GRASP
also provides the uncertainty, σG, on the retrieved parameters (VC, SSA,
etc.), which is calculated from the random and systematic errors estimated by the detailed methodology shown in Sections 2.3 and 2.4 of
Dubovik et al. (2000). These products obtained by GRASP using the
described methodology are labeled in this work as GRASPpac, which
sub-index makes reference to the combination of “photometer and
ceilometer”. GRASPpac retrievals not showing convergence are rejected.
Only 2% of the retrievals obtained in Section 5.2 were discarded by the
convergence criteria.

(1)

where NRCSh is the normalized RCS at the h-bin (h ranges from 1 to
60), N is the number of available RCS values in the height interval given
by the h-bin, and h1, h2, … and hN represents the N heights of the
available RCS that are inside the h-bin.
Due to the background correction and the noisy signal at high altitudes, the smooth and normalization process occasionally provides
negative values of normalized RCS, which cannot be processed by
GRASP due to the lack of physical sense. An iterative method has been
applied to solve this issue: if any normalized RCS value is negative then
the 60 log-spaced bins and normalized values are recalculated considering the maximum height 100 m below the last; this loop with zmax
decreasing 100 m per iteration stops when all values of normalized RCS
are positive.

3.1.3. BRDF data
A part of measured sky radiance has its source in the light reﬂected
by the Earth surface; therefore, the Bidirectional Reﬂectance
Distribution Function (BRDF) is used to take into account this phenomenon. The BRDF is introduced in GRASP through the BRDF parameters of the Li–Ross model (Ross, 1981; Li and Strahler, 1992). GRASP
is capable to calculate BRDF parameters from satellite images (Dubovik
et al., 2014) but the BRDF parameters used for this work are obtained
from the V005 Collection MCD43C1 product (V005 MODIS
Terra + Aqua BRDF/Albedo 16-Day L3 0.05Deg CMG) of MODIS
(MODerate-resolution Imaging Spectroradiometer) with a spatial resolution of 0.05° (Schaﬀ et al., 2011). This product is produced every
8 days with 16 days of acquisitions at seven narrow bands, which central wavelengths are 470, 555, 659, 858, 1240, 1640 and 2130 nm. The
available MCD43C1 data at the Granada coordinates from 2000 to 2014
have been averaged obtaining a table of BRDF parameters every 8 days
for one representative year. The BRDF parameters used in a particular
GRASP retrieval are obtained from the mentioned table taken into account the date and linearly interpolating the central wavelengths of
MCD43C1 product to 675, 870, 1020 and 1064 nm and extrapolating to
440 nm.

4. Retrieval sensitivity
4.1. Generation of synthetic data
A sensitivity study with synthetic data is done in order to observe
the capability of the GRASPpac. To this end, two kinds of aerosol are
considered: Smoke and Dust, including diﬀerent mixtures among them.
Smoke and Dust typical size distributions and refractive indices are
from Dubovik et al. (2002) for biomass burning in the African savanna
(Zambia) and for desert dust at the Arabian Peninsula (Saudi Arabia),
respectively. Fig. 1 shows the typical size distributions for these two
aerosol types (Fig. 1a) and their vertical distribution (Fig. 1b), real
refractive index (Fig. 1c), and imaginary refractive index (Fig. 1d)
164
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Fig. 1. Microphysical and optical properties of the two aerosol models (Smoke and Dust)
used to obtain synthetic data: size distribution (panel a); vertical volume concentration,
VC, (panel b); real (panel c) and imaginary (panel d) refractive indices, RRI and IRI,
respectively.

according to values reported in the bibliography.
The size distribution for each aerosol type (Fig. 1a) are assumed as
triangle binned and bimodal distribution: the ﬁne mode is log-spaced in
10 radius bins (radius from 0.05 μm to 0.58 μm) and the coarse mode
log-spaced in 15 bins (radius from 0.33 μm to 15 μm). Fine mode is
predominant in Smoke aerosol with residual coarse mode, while for
Dust the opposite occurs. We remember that for each scenario both ﬁne
and coarse mode have the same refractive indices, RRI being independent on wavelength with values of 1.51 and 1.56 for Smoke and
Dust, respectively (Fig. 1c). The IRI is wavelength independent for
Smoke, with a value of 0.021, while for Dust it is assumed variable with
wavelength varying from 0.003 at 440 nm to 0.001 at 1064 nm
(Fig. 1d). The vertical aerosol distribution has been assumed as an exponential decay with altitude for Smoke, while this distribution has
been considered as a Gaussian layer centred at 2000 m a.g.l. for Dust
(Fig. 1b).
Diﬀerent synthetic scenarios are considered consisting to Smoke,
Dust and mixtures among them. In the mixtures we assume that ﬁne
mode has the intensive properties of Smoke while for coarse mode they
are those of Dust. Fine mode of size distribution is proportional to
Smoke while that for coarse mode is proportional to Dust. Two diﬀerent
mixtures are considered, Mix-1 that imposes that AOD440 is equal for
ﬁne and coarse mode, and Mix-2 that imposes AOD at 1064 nm is equal
for both modes. The diﬀerence between Mix-1 and Mix-2 is the larger
volume concentration of ﬁne particles in Mix-2 than in Mix-1. The size
distribution and the vertical concentration for these scenarios can be
observed in the ﬁgures discussed in Section 4.2, labeled as “Original” in
Figs. 4 and 5, respectively. From all these scenarios, twelve (4 aerosol
types × 3 AODs) synthetic data are computed from diﬀerent AOD440
values: 0.1 (low aerosol load), 0.4 (minimum AOD440 used by
AERONET to provide quality assured SSA, RRI and IRI in version 2
retrievals) and 1.0 (high aerosol load).
The GRASP forward model is used to compute the synthetic observations (spectral AOD, sky radiances and RCS at 1064 nm) following
the conditions described in the ﬂow diagram of Fig. 2 for each of the
twelve aerosol scenarios, and varying the SZA by 10° from 40° to 80° in
order to test diﬀerent sets of scattering angles. Note that in all our simulations the ground is assumed as the sea level and the assumed BDRF
parameters for these simulations are the climatological values (explained in Section 3.1.3) for Granada in summer. Later, using the
GRASP forward model the required observations for GRASPpac are
computed - AOD and sky radiances (26 values from 3.5° to 160°

Fig. 2. Flow diagram about retrieval sensitivity study with synthetic data.

azimuth angles) at 440, 675, 870 and 1020 nm and RCS (60 heights) at
1064 nm.
The computed synthetic observations are not representative of real
measurements unless instrument uncertainties are considered, which
are ± 0.01 for AOD and ± 5% for sky radiances according to AERONET
standards (Holben et al., 1998). Therefore, next step in the simulation
scheme of Fig. 2 is to add uncertainties to the simulated AOD and sky
radiances, which is done by adding random errors generated from
pseudorandom number that follows a normal distribution with standard
deviation equal to the uncertainties. The addition of noise to the simulated RCS values is done assuming a constant uncertainty (K) on raw
ceilometer signal and, therefore, the uncertainty σ(RCS) varies with the
square of the distance (z) and at a level ‘z’ is given as:

σ (RCSz ) = Kz 2

(2)

where RCSz is the range corrected signal at z.
The calibration constant for Granada ceilometer obtained by
Cazorla et al. (2017) for molecular (aerosol free) regions presents variations with standard deviation of approximately 30% (result not
published). Thus, the uncertainty of ceilometer RCS could be assumed
as a 30% at the reference height (zref) where only molecular backscatter
is detected. Then the uncertainty of RCS at zref can be written as:

σ (RCSz = zref ) = 0.3∗RCSz = zref

(3)

and combining Eq. (2) and Eq. (3):

K=

0.3
RCSz = zref
z ref 2

(4)

Finally, if Eq. (4) is put in Eq. (2), the uncertainty of RCS at each
height can be expressed as:

σ (RCSz ) =

0.3
RCSz = zref ∗z 2
z ref 2

(5)

The most frequent value of zref obtained by the method used in
Cazorla et al. (2017) is about 4000 m a.g.l.; therefore, in this work, the
uncertainty of ceilometer RCS is calculated by Eq. (5) using 4000 m as
zref.
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∆fit (k , n) = Or (k , n) − Oi (k , n)

(6)

and in percentage as:

∆fit (k , n)(%) = 100%

Or (k , n) − Oi (k , n)
Oi (k , n)

(7)

where O represents an observation; the sub-index i and r indicated if the
observation is an input or a value obtained from the retrieved aerosol
scenario, respectively (see Fig. 2); k determines the kind of observation
(AOD, sky radiances or RCS) and n is the number of this kind of observation. The ﬁtness of the retrieval can be quantiﬁed for each k-kind
observation by the mean (MBE; mean bias error) and standard deviation (STD) of Δﬁt using all n available observations for the k-kind. MBE
represents the accuracy between Or and Oi, while STD indicates their
precision. Following this method, MBE and STD for AOD (sub-index
aod), sky radiance (sub-index rad) and RCS (sub-index rcs) are calculated for all retrievals and they are shown in Table 1. MBEaod and
STDaod are shown in absolute values while MBE and STD for sky radiance and RCS are in percentage. Scattering angle interval is also
added in Table 1, reaching bigger angles when SZA increases. Table 1
reveals that MBEaod, MBErcs, STDaod, and STDrcs are usually larger for
retrievals with AOD440 = 0.1; MBErad is usually within ± 1% and
STDrad around 3%. In general, the ﬁtness estimation does not show a
clear dependence on aerosol type, SZA or AOD, which could indicate
that diﬀerences in these values for diﬀerent cases are mainly caused by
the noise in the synthetic measurements since it is random.
Several aerosol GRASPpac products are obtained for each retrieval,
but this work is mainly focus on columnar size distribution and especially on aerosol VC proﬁles. Fig. 4 shows, for diﬀerent aerosol types
and loads, all the retrieved size distributions for various SZA values. We
remind that errors were added to input optical data. The original size
distributions are also included. In general, the retrieved size distributions look qualitatively similar to the original ones, especially for the
coarse mode, for all aerosol scenarios. Discrepancies on ﬁne mode are
more evident especially at low AODs. Worse agreement is expected for
small SZA values since the scattering angle range is shorter, however it
is not observed. The diﬀerences between the original and retrieved size
distributions are mostly related with Δﬁt. For example, the retrieved size
distribution for Mix-1 type with AOD440 = 0.4 diﬀers more from the
original at SZA equal to 60° than for the other angles; it should be
caused by a worse ﬁt between the inputs and the retrieved observations
as it can be observed in Table 1, where MBErad and STDrad reach their
highest values (2.3% and 7.0%, respectively) for all retrievals with
AOD440 = 0.4. It can also be appreciated in the Mix-1 type with
AOD440 = 1.0 and SZA of 80°.
Fig. 5 shows the VC proﬁles for the same data than in Fig. 4. These
proﬁles show a good agreement with the original ones when coarse
mode predominates as can be observed for Dust and Mix-1 cases. The
larger diﬀerences between retrieved and reference proﬁles are found for
Smoke, being particularly noisy for heights above 2 km. This worse
agreement for Smoke could be due to the use of RCS at 1064 nm, this
wavelength being less sensitive to the ﬁne particles like those prevailing
in Smoke. The original Mix-2 proﬁles present two intense aerosol
layers: dust around 2 km and smoke below 1 km; GRASPpac method is
able to detect both aerosol layers, although it shows discrepancies
compared with the reference. This can be explained by the limited information of using RCS at only one wavelength. To quantify all the
diﬀerences we deﬁned Δvc, as the diﬀerence between the retrieved and
original VC proﬁles (see Fig. 2) given by:

Fig. 3. Range corrected signals (RCS) at 1064 nm, from 250 m to 9000 m every 15 m,
normalized by the sum of all data (panel a) for three cases: half hour average of measured
ceilometer signal on 17 June 2013, 07:40 UTC (AOD440~0.21) (black line); synthetic and
noisy signal of Smoke with AOD440 equal to 0.4 (blue line); and synthetic and noisy signal
of “Mix-2” with AOD440 equal to 0.4 (red line). Panel b shows the RCS of panel a, but
normalized to 60 log-spaced points following the criteria used for GRASPpac. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

Once RCS uncertainty has been characterized, synthetic RCS is interpolated every 15 m, and for each RCS value at 15 m at each scenario,
a pseudorandom number normally distributed is generated with a
standard deviation equal to the uncertainty of this RCS value, and this
random number is added to the previously simulated RCS.
As an example, Fig. 3a shows the synthetic RCS after adding uncertainties for the Smoke and Mix-2 scenarios with AOD440 equal to 0.4.
In addition, a particular example of measured RCS in Granada (dust
case with AOD440 = 0.21) is included to illustrate the capabilities of our
scheme to generate synthetic RCS with uncertainties. The iterative
method to skip negative values in the measured RCS is applied to the
initial values (Measured-Initial) and it is observed as the ﬁnal signal
avoids negative values (Measured-Final). As can be observed the proﬁles look noisier at higher heights both for the synthetic and measured
proﬁles. In fact, the shape of the added noise to the synthetic proﬁles is
very similar to the one observed in the real measurements, which indicates that the obtained synthetic signal can be considered as realistic.
The noise is higher for Smoke likely because for this scenario molecular
zone is not completely well represented by the assumed zref equal to
4000 m a.g.l. Fig. 3b shows the RCS of Fig. 3a normalized to the 60
heights required as input in GRASP. It can be appreciated that noise is
reduced by the averaging of RCS in log-scaled bins.
4.2. Analyses of retrieved parameters
As the diagram of Fig. 2 shows, once the noisy synthetic observations are obtained for each aerosol scenario and SZA value, these data
are used as input in GRASP as explained in Section 3. The diﬀerences,
Δﬁt, between the synthetic observations used as input in GRASPpac and
the observations generated by the retrieved aerosol scenario are calculated to quantify the ﬁtness of each GRASPpac retrieval (see Fig. 2).
Δﬁt is deﬁned as:

∆vc (a, SZA, z ) = VCr (a, SZA, z ) − VCo (a, SZA, z )

(8)

and in percentage as:

∆vc (a, SZA, z )(%) = 100%

VCr (a, SZA, z ) − VCo (a, SZA, z )
VCo (a, SZA, z )

(9)

where VCr and VCo represents the retrieved and original VC values,
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Table 1
Mean bias error (MBE) of the GRASPpac retrievals (Δﬁt from Eqs. (6) and (7)) of AOD, sky radiance, and lidar range-corrected signal (aod, rad, and rcs respective index) under diﬀerent
aerosol scenarios. Standard deviation (STD) of Δﬁt is in parenthesis.
Aerosol type*

Smoke

Dust

Mix-1

Mix-2

SZA
(°)

Scattering Angle Range (°)

40

2.3–78.6

50

2.7–98.0

60

3.0–117.1

70

3.3–135.5

80

3.5–151.8

40

2.3–78.6

50

2.7–98.0

60

3.0–117.1

70

3.3–135.5

80

3.5–151.8

40

2.3–78.6

50

2.7–98.0

60

3.0–117.1

70

3.3–135.5

80

3.5–151.8

40

2.3–78.6

50

2.7–98.0

60

3.0–117.1

70

3.3–135.5

80

3.5–151.8

AOD440 = 0.1

AOD440 = 0.4

AOD440 = 1.0

MBEaod
(×1000)

MBErad
(%)

MBErcs
(%)

MBEaod
(×1000)

MBErad
(%)

MBErcs
(%)

MBEaod
(×1000)

MBErad
(%)

MBErcs
(%)

5.3
(8.2)
16.7
(19.7)
0.5
(0.7)
3.8
(5.8)
2.6
(3.7)
16.7
(30.4)
3.2
(4.2)
16.5
(31.3)
7.5
(14.3)
−4.0
(7.5)
4.1
(6.3)
−7.6
(13.5)
−5.6
(7.6)
−2.8
(4.3)
−2.8
(8.0)
−3.3
(6.7)
−3.8
(6.0)
1.1
(2.5)
1.9
(4.9)
−0.7
(0.9)

−0.5
(3.0)
−0.3
(2.7)
−0.1
(3.1)
−0.6
(3.0)
−0.6
(2.8)
−2.9
(4.0)
−0.8
(3.0)
−0.2
(3.2)
−0.6
(3.0)
0.7
(3.2)
−0.5
(2.8)
0.1
(3.6)
2.4
(5.6)
0.4
(3.4)
6.4
(8.0)
−1.8
(3.5)
−2.0
(3.2)
−0.2
(3.4)
−3.5
(4.4)
−0.1
(2.5)

0.0
(1.3)
0.4
(5.3)
0.1
(3.1)
0.0
(2.0)
0.1
(2.3)
7.2
(14.7)
1.9
(5.4)
0.7
(5.0)
0.3
(3.7)
0.3
(1.1)
0.9
(3.1)
0.9
(2.3)
8.4
(11.8)
1.2
(4.1)
8.1
(11.1)
1.4
(5.1)
1.1
(6.0)
0.6
(3.6)
2.1
(9.7)
0.1
(2.6)

1.8
(3.0)
−1.5
(3.0)
0.4
(0.4)
−1.1
(2.0)
1.7
(3.5)
−5.5
(8.6)
−5.1
(7.4)
−2.9
(4.7)
−3.7
(6.5)
7.6
(10.3)
−3.0
(4.0)
11.2
(16.7)
−2.1
(4.5)
−8.4
(16.4)
−2.2
(3.0)
2.4
(3.7)
0.7
(1.1)
1.6
(2.6)
−0.4
(1.0)
0.0
(1.1)

−0.1
(3.1)
0.2
(2.9)
−0.1
(2.8)
−0.5
(3.6)
−1.3
(3.0)
−1.1
(2.9)
0.8
(4.4)
0.0
(3.3)
0.7
(3.4)
−0.3
(2.7)
−0.5
(3.4)
0.1
(3.3)
2.3
(7.0)
2.1
(4.7)
1.7
(3.8)
1.3
(5.1)
−0.4
(3.1)
1.4
(4.9)
−0.1
(2.6)
0.0
(3.5)

0.2
(4.7)
0.0
(0.4)
0.1
(1.6)
0.2
(3.4)
0.2
(0.7)
0.5
(4.1)
0.1
(4.2)
0.0
(2.3)
0.0
(1.7)
0.2
(2.0)
0.4
(1.7)
0.3
(6.8)
0.0
(2.0)
0.6
(2.7)
−0.2
(1.6)
0.8
(8.3)
0.1
(2.0)
0.4
(3.2)
0.0
(1.0)
0.1
(1.4)

−0.3
(0.4)
1.0
(1.5)
13.5
(17.4)
0.4
(0.2)
−0.1
(0.8)
9.4
(7.7)
11.6
(11.3)
−3.0
(4.9)
8.7
(6.2)
3.6
(4.0)
−5.9
(10.4)
−0.4
(0.8)
−1.0
(1.3)
1.9
(3.0)
9.3
(12.5)
−0.1
(0.2)
0.4
(1.2)
0.0
(0.4)
−0.8
(0.5)
0.1
(0.1)

−0.2
(2.8)
−0.5
(3.8)
−1.7
(3.6)
−0.1
(3.2)
−0.3
(3.3)
−3.2
(4.0)
1.5
(4.5)
1.1
(4.0)
0.3
(3.6)
0.2
(3.4)
0.1
(2.9)
0.2
(3.6)
0.6
(3.1)
0.5
(3.4)
1.5
(4.6)
−0.2
(3.3)
0.0
(2.9)
1.0
(3.5)
0.1
(3.3)
0.1
(2.4)

0.1
(1.3)
0.2
(2.3)
−0.1
(2.7)
0.1
(0.9)
0.2
(2.5)
0.3
(2.6)
1.3
(4.8)
0.5
(1.9)
0.2
(2.9)
0.2
(1.9)
−0.2
(1.9)
−0.1
(2.8)
−0.2
(1.5)
0.1
(1.1)
0.4
(3.9)
0.0
(1.1)
0.1
(5.4)
0.0
(0.9)
0.0
(0.3)
0.0
(1.4)

*See Section 4.1 for the aerosol models description.

Δvc < σG and Δvc < 2σG are similar to 68% and 95%, respectively, σG
will represent the uncertainty in a good way indicating that Δvc is similar to a normal distribution with a standard deviation equal to σG.
Table 3 shows the obtained results for each scenario shown in Table 2.
Δvc < σG and Δvc < 2σG do not show any dependence on SZA or
AOD440. Mix-2 aerosol scenario presents the Δvc < σG and Δvc < 2σG
values closer to 68% and 95%; Dust and Mix-1 show even higher values.
Smoke aerosol shows the lowest values when all SZA and AOD440 values are taken into account, but it is mainly caused by various individual cases with SZA = 60° and AOD440 = 0.1 or SZA = 40° and
AOD440 = 1.0. For the combination of all the diﬀerent aerosol scenarios, Δvc < σG is 74% and Δvc < 2σG is 91%, which are close values
to the expected 68% and 95%, and therefore we can conclude that
GRASPpac reproduces well the VC proﬁles within the margins given by
the uncertainty associated with the numerical inversion.
For backscatter and extinction coeﬃcients at 1064 nm and column
integrated intensive properties such as complex refractive index, SSA
and LR we also did the same computations (not shown) as in Table 2
and Table 3. Combining all the data of the diﬀerent aerosol scenarios
MBE are −11% and −5% and STD equal to 31% and 21% for backscatter and extinction proﬁles, respectively. For the backscatter coeﬃcient, MBE presents the largest values for Smoke and Mix-2, while Dust
and Mix-2 show the largest STD values. In the case of the extinction

respectively (see Fig. 2); a determines the aerosol scenario (aerosol type
and AOD440) and z being one of the 60 bins of the retrieved VC proﬁles.
Table 2 shows the MBE and STD calculated as the mean and standard deviation, respectively, of the 60 Δvc values (Eqs. (8) and (9)) of
each proﬁle. The Δvc values with VCo below 1 μm3/cm3 have been
discarded in the MBE and STD calculation since they could provide
extreme diﬀerences in percentage. The results of Table 2 are showed for
each of the 12 diﬀerent aerosol scenarios and for diﬀerent SZA. MBE
and STD of Table 2 do not show any dependence with SZA. The best
agreements (minima MBE and STD) are found for Dust and Mix-1 scenarios, where coarse mode is predominant. In general, unsigned MBE
increases with AOD440 while the precision of GRASPpac, given by STD,
decreases in percentage with AOD440. As a general result, for all scenarios together GRASPpac systematically underestimates VC showing a
MBE of −5.9% and with an uncertainty, which is given by STD, of 21%.
The lowest uncertainties of GRASPpac are for Dust aerosol (~14%) with
bias close to zero, while the highest uncertainties are for the Smoke
type (~28%).
In order to observe if the obtained diﬀerences between the original
VC and the retrieved by GRASPpac are within σG (the estimation of
retrieval uncertainty provided by GRASPpac), the percentage of unsigned Δvc values (Eq. (8)) that are below σG and 2σG have been calculated and named as Δvc < σG and Δvc < 2σG, respectively. If
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Fig. 4. Original aerosol size distribution as retrieved by GRASPpac for diﬀerent aerosol types (Smoke, Dust, Mix-1 and Mix-2) and loads (AOD440 = 0.1, 0.4 and 1.0), and at diﬀerent solar
zenith angles (SZA) from 40° to 80°.

5. Results from inversion of real observations

coeﬃcient, Dust and Mix-1 present the lowest STD (13% and 15%) and
MBE (3% and 2%) values. Regarding the retrieved column-integrated
SSA, considering the ﬁve wavelengths together, the retrieved SSA ﬁts
better the original values when AOD440 increases, MBE being equal to
−0.02, 0.01 and 0.00 and STD equal to 0.08, 0.05, and 0.02 for AOD440
of 0.10, 0.4 and 1.0, respectively for all aerosol types and SZA values.
The retrieved SSA also agrees better as SZA increases, indicating the
importance of large scattering angles in this property as expected
(Dubovik et al., 2000), but this dependence is only clear for
AOD440 = 0.4 and 1.0. Similar dependence on AOD440, but not on SZA,
appears for the retrieved LR. These LR retrievals agree with the references when all scenarios are considered together (MBE and STD are
10% and 29%). This agreement is found particularly for the Smoke
aerosol cases. MBE and STD are reduced to 1% and 26% when only
cases with AOD440 = 0.4 are selected. Finally, for RRI and IRI, good
agreements with the reference values are found for high AOD440. Our
last computations reveal that the diﬀerences between retrieved properties and the original ones are within σG, the obtained results indicate
that σG of backscatter and extinction is representative of the real uncertainty for all AOD440 and SZA values. On the other hand, for SSA and
LR the percentage of diﬀerences below σG is lower than the expected
and showing an increase with AOD440.

5.1. Airborne comparison
Fig. 6 shows the ceilometer RCS for the period 16-17th June 2013
where ﬂights over Granada were done within the ChArMEx/ADRIMED
ﬁeld campaign. The largest RCS are observed below ~2 km a.s.l. that
usually corresponds to aerosol in the planetary boundary layer (PBL).
During this period, the study region was aﬀected by Saharan dust
outbreaks with transport of dust particles (Benavent-Oltra et al., 2017).
The presence of long-range transported aerosol is clearly observed in
Fig. 6 with signiﬁcant signal up to 5 km a.s.l., approximately. Decoupled aerosol layers appeared from the 16th June evening to 17th
morning, with aerosol entrainment in the PBL also observed, which is
typically observed during Saharan dust arrivals at the study station
(Bravo-Aranda et al., 2015). Signal decreases are observed from 17th
morning, particularly strong at low levels, and explained by advection
of clean air-masses at these levels. However, a high-altitude layer remained at 3–5 km a.s.l.. The averaged ( ± standard deviation) daytime
AOD at 440 nm and Angström Exponent (AE; in this work calculated
only with the AOD at 440 and 870 nm) were 0.26 ± 0.01 and
0.35 ± 0.04 (63 data), respectively, for 16th June and 0.20 ± 0.04
and 0.44 ± 0.04 for 17th June (19 data); the low AE values indicate
the presence of coarse particles. Five-day back-trajectories analyses
using HYSPLIT model (Stein et al., 2015) (not shown) point out that the
air masses came at Granada from the Saharan desert, which agrees with
the presence of coarse particles as Saharan mineral dust.
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Fig. 5. Original aerosol volume concentration (VC) vertical proﬁle as retrieved by GRASPpac for diﬀerent aerosol types (Smoke, Dust, Mix-1 and Mix-2) and loads (AOD440 = 0.1, 0.4 and
1.0), and at diﬀerent solar zenith angles (SZA) from 40° to 80°.

Finally, for IRI again both AERONET and GRASPpac show similar patterns, typical for dust (Dubovik et al., 2002), and diﬀerences between
methodologies are within the uncertainties. All these results point out
that the column-integrated products from GRASPpac are in accordance
with the ones provided by AERONET, at least in the analysed cases.
Fig. 8 shows vertically-resolved values of particle VC from GRASPpac
(VCGRASPpac) and the values obtained by airborne measurements
(VCAirborne). Generally both methodologies present very similar proﬁles
for the two cases. For the ﬂight F30, only one layer is observed with a
slight and constant decrease up to 4.5 km approximately, while for F31
three diﬀerent layers are observed. Most of the diﬀerences are within
the GRASPpac uncertainty, however, disagreements are found between
retrievals and airplane measurements for altitudes below 1.5 km, which
can be explained because of the orography and air-traﬃc restriction
that did not allow the ﬂight to perform spiral exactly above the station.
This reasoning agrees with the largest aerosol VC values at the lowest
layer observed by GRASP retrievals, which can be associated with
pollution from the city.
To quantify the diﬀerences between GRASPpac and airborne proﬁles,
the VC from GRASPpac has been interpolated to the available heights of
the airborne measurements. Point-by-point intercomparison between
GRASP retrievals and airborne measurements are done. Linear interpolations of GRASPpac are done too for the same altitude than airborne
measurements. Cases with very low aerosol load (VC < 5 μm3/cm3)
and measurements below 1.25 km a.s.l. (large disagreements in aerosol
sampled between both techniques) are rejected in this comparison.
Fig. 9 shows particle VC obtained by GRASP versus airborne values. The

Airplane spirals near the study region were done at 14:15–14:45
UTC (denoted as F30) and at 07:15–07:45 UTC (F31). F31 trajectory
(similar to F30) is shown in Benavent-Oltra et al. (2017) and it shows
that airborne measurements were done around 20 km far from Granada
station. The time of both ﬂights are marked in Fig. 6 with black vertical
lines while the closest GRASPpac retrieval to each ﬂight is indicated by
two green vertical lines, with AOD440 of 0.27 and 0.21, respectively.
The time diﬀerence of 2 h between F30 ﬂight and the closest GRASPpac
retrieval is because limitations in SZA (at the exact time of the ﬂight
SZA was very small and become larger than 40° from 16:22 UTC).
However, stable AOD measurements suggest not big aerosol variations
during this 2 h period.
Fig. 7 shows the column-integrated size distribution, SSA, and refractive indices obtained by GRASPpac and these provided by AERONET
(level 1.5). Comparisons of size distributions reveal that they are very
similar between both methodologies, being the diﬀerences within the
GRASPpac uncertainties. The size distributions also indicate the predominance of the coarse mode as expected for Saharan dust outbreaks
(Valenzuela et al., 2012), and both retrievals point out a positive shift of
the coarse mode concentration in the morning of 17th June. It is corroborated by the eﬀective radius of the coarse mode given by GRASPpac,
which varied from 1.93 μm (Fig. 6a) to 2.22 μm (Fig. 6b). For SSA,
Fig. 7c and d reveal that values are very similar between GRASPpac and
AERONET, and both retrievals show a spectral dependence typical of
mineral dust (Dubovik et al., 2002). RRI from AERONET is slightly
higher in both cases than from GRASPpac, but both retrievals show
wavelength independence and a weak decrease from 16th to 17th June.
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Table 2
MBE and STD from the diﬀerences between the VC retrieved by GRASPpac and the original VC (Δvc from Eqs. (8) and (9)) under diﬀerent aerosol scenarios and SZA values. Original VC
values below 1 μm3/cm3 have not been taken into account in the calculations. MBE and STD are given in % in parenthesis.
Aerosol type*

Smoke

Dust

Mix-1

Mix-2

All

SZA (°)

40
50
60
70
80
All
40
50
60
70
80
All
40
50
60
70
80
All
40
50
60
70
80
All
40
50
60
70
80
All

AOD440 = 0.1

AOD440 = 0.4

AOD440 = 1.0

All

MBE
(μm3/cm3)

STD
(μm3/cm3)

MBE
(μm3/cm3)

STD
(μm3/cm3)

MBE
(μm3/cm3)

STD
(μm3/cm3)

MBE
(μm3/cm3)

STD
(μm3/cm3)

−0.5 (−15.5)
1.2 (33.6)
−2.0 (−57.9)
0.6 (14.9)
−0.1 (−6.1)
−0.2 (−6.2)
0.3 (−1.5)
0.5 (3.6)
2.2 (11.5)
1.3 (5.8)
1.1 (15.5)
1.1 (7.0)
1.4 (1.8)
−0.1 (−1.5)
0.6 (2.1)
−0.2 (−3.1)
2.0 (14.9)
0.7 (2.9)
−0.8 (−24.5)
−1.2 (−32.2)
1.1 (21.9)
0.3 (2.7)
0.7 (11.1)
0.0 (−4.2)
0.1 (−10.1)
0.1 (1.9)
0.4 (−7.3)
0.5 (5.3)
0.9 (8.4)
0.4 (−0.4)

0.1
0.3
0.5
0.3
0.2
1.1
1.7
1.6
2.7
2.1
1.7
2.1
2.1
0.9
1.1
0.9
2.1
1.8
0.2
0.2
0.9
0.6
0.7
1.1
1.6
1.3
2.2
1.3
1.6
1.6

6.0 (39.2)
−2.5 (−18.6)
−2.2 (−18.7)
3.6 (24.8)
−4.6 (−33.6)
0.0 (−1.4)
−2.0 (−2.7)
−3.1 (−5.2)
3.6 (5.4)
−0.5 (2.1)
−0.3 (−1.0)
−0.5 (−0.3)
−1.1 (−8.9)
0.1 (−6.8)
6.1 (18.6)
−1.1 (−1.1)
1.0 (−2.7)
1.0 (−0.2)
−3.1 (−28.2)
1.2 (−1.2)
−0.9 (−12.5)
−1.9 (−18.5)
−0.2 (−8.6)
−1.0 (−13.8)
0.0 (0.0)
−1.0 (−8.1)
1.6 (−2.2)
0.0 (1.8)
−1.1 (−12.0)
−0.1 (−4.1)

3.2
1.0
0.7
1.8
1.8
4.4
6.7
7.2
6.9
6.5
5.7
6.9
3.4
3.3
7.3
3.7
3.5
5.2
1.1
2.0
1.0
0.8
1.3
2.0
5.4
4.3
6.0
4.3
4.0
4.9

−12.7 (−38.2)
−8.7 (−26.4)
−0.5 (−1.8)
0.6 (−0.7)
−8.9 (−27.5)
−6.0 (−18.9)
−3.1 (−1.4)
−9.0 (−5.7)
−1.9 (−1.5)
−10.1 (−7.2)
−20.1 (−11.8)
−8.8 (−5.5)
0.9 (−6.1)
−0.7 (−7.0)
−5.0 (−9.7)
−3.0 (−10.6)
−2.3 (−10.7)
−2.0 (−8.8)
−6.7 (−23.7)
−4.6 (−18.0)
0.4 (−3.2)
0.2 (−4.2)
−10.1 (−32.0)
−4.2 (−16.2)
−5.5 (−18.0)
−5.6 (−14.6)
−1.7 (−4.1)
−2.8 (−5.6)
−10.0 (−20.8)
−5.1 (−12.6)

4.8 (6.5)
3.2 (6.9)
0.8 (9.0)
1.4 (8.4)
3.1 (6.9)
6.0 (16.8)
14.0 (11.3)
16.2 (11.6)
14.3 (12.5)
15.5 (11.4)
25.0 (10.9)
18.5 (12.1)
7.1 (13.9)
7.9 (12.5)
9.7 (12.1)
8.8 (14.2)
6.0 (14.8)
8.2 (13.6)
2.7 (11.3)
1.9 (12.1)
3.3 (12.6)
3.3 (12.7)
4.8 (9.5)
5.2 (16.1)
9.4 (18.3)
9.4 (13.8)
8.7 (12.0)
9.6 (12.4)
13.9 (14.4)
10.7 (15.8)

−2.5 (−4.5)
−3.5 (−4.9)
−1.6 (−25.2)
1.6 (12.9)
−4.7 (−22.9)
−2.1 (−8.9)
−1.6 (−1.9)
−4.0 (−2.6)
1.3 (5.0)
−3.2 (0.1)
−6.6 (0.6)
−2.8 (0.3)
0.3 (−4.8)
−0.3 (−5.3)
0.5 (3.7)
−1.5 (−5.1)
0.1 (−0.4)
−0.2 (−2.4)
−3.7 (−25.6)
−1.6 (−16.1)
0.2 (0.8)
−0.5 (−7.3)
−3.5 (−11.2)
−1.8 (−11.9)
−1.9 (−9.4)
−2.3 (−7.3)
0.1 (−4.4)
−0.8 (0.3)
−3.6 (−8.9)
−1.7 (−5.9)

8.5 (35.0)
4.5 (27.1)
1.0 (25.2)
2.0 (15.1)
4.2 (14.4)
5.2 (28.2)
9.2 (12.2)
11.1 (12.7)
9.6 (13.1)
11.1 (12.7)
17.8 (17.8)
12.4 (14.1)
4.9 (15.8)
5.1 (11.6)
8.6 (18.2)
5.8 (13.0)
4.7 (16.3)
6.0 (15.6)
3.0 (13.0)
3.0 (20.1)
2.3 (18.9)
2.3 (14.7)
5.8 (21.4)
3.8 (19.9)
7.0 (23.5)
6.6 (19.8)
6.5 (23.2)
6.4 (16.1)
9.8 (20.0)
7.5 (21.0)

(8.4)
(5.9)
(9.4)
(9.8)
(11.8)
(32.3)
(13.1)
(10.6)
(10.9)
(11.0)
(18.2)
(14.3)
(18.1)
(8.2)
(9.3)
(8.6)
(8.7)
(12.8)
(13.2)
(10.9)
(12.3)
(10.2)
(12.6)
(23.9)
(17.1)
(25.4)
(33.6)
(11.9)
(15.9)
(23.3)

(17.1)
(5.7)
(11.0)
(13.3)
(5.8)
(30.4)
(12.4)
(13.8)
(12.7)
(12.1)
(11.8)
(13.0)
(14.0)
(12.5)
(17.9)
(13.1)
(13.0)
(17.2)
(14.1)
(21.4)
(12.8)
(12.4)
(14.8)
(17.8)
(29.1)
(15.8)
(20.3)
(20.2)
(17.7)
(21.7)

*See Section 4.1 for the aerosol models description.

airborne measurements as a reference can be represented by STD,
which presents a low value of 18.5% in the F30 case, but this value for
F31 rises up to 70.8% due to the vertical shift of the lowest layer observed in Fig. 8b. The STD for both ﬂights together is 51.4%, but this
value is still strongly aﬀected by the diﬀerences in F31 ﬂight for low
heights. Finally, for both ﬂights together, the percentage of ΔVC values
which are below the uncertainty given by GRASPpac is 67.6%; this
percentage is 94.4% when the double of the uncertainty is considered.
These values are close to 68% and 95%, which points out that the
uncertainty estimation provided by GRASPpac is representative of the
real uncertainty of the retrieved VC.

correlation between both methodologies is high (correlation coeﬃcient,
r, higher than 0.80), and slightly better for F30 ﬂight. However, the
slope of the least square ﬁt indicates that GRASPpac underestimates the
highest airborne measurements and the abscissa intercept points out
that GRASPpac overestimates the lowest values. In addition, the diﬀerences, ΔVC, between VC values from GRASPpac and airborne have been
calculated as follows:

∆VC = VCGRASPpac − VCAirborne

(10)

and in percentage as:

∆VC (%) = 100%

V CGRASPpac − VCAirborne
VCAirborne

(11)

5.2. High altitude station comparison

The histograms of ΔVC (Eq. (10)) are shown in Fig. 9d, e and f for
F30, F31 and both ﬂights, respectively. These graphs indicate that VC
from GRASPpac agrees better with airborne measurements for F30
ﬂight, being the 37% of the absolute ΔVC values below 2.5 μm3/cm3
and 89% below 7.5 μm3/cm3. The ΔVC distribution for F31 ﬂight presents higher values but it is similar to a normal distribution, 61% of
ΔVC absolute data being lower than 7.5 μm3/cm3; this percentage rises
up to 75% when both ﬂights are taken into account. Table 4 shows the
mean (MBE), mean of the absolute values (MABE) and standard deviation (STD) of ΔVC (Eqs. (10) and (11)) for these three cases of Fig. 9.
GRASPpac slightly overestimates the VCAirborne values, showing MBE
values of 10.5% and 12.9% for F30 and F31 ﬂights, respectively;
however, the absolute MBE is close to 0 μm3/cm3. Assuming airborne
measurements as a reference, the accuracy, given by MBE, of VC from
GRASPpac is below 12% when both ﬂights are taken into account. Regarding MABE, F31 ﬂight shows values around the double of that obtained from F30, which indicates that ΔVC diﬀerences are much higher
in the F31 case, as STD conﬁrms. The precision of GRASPpac using

In-situ VC measurements during SLOPE I ﬁeld campaign at SNS
(VCSNS) are used for evaluating retrieved values by GRASPpac at the
same altitude. In-situ measurements measured total particle VC in the
range 0.05–10 μm and the GRASPpac retrieved values are integrated in
the same range. From retrieved VC proﬁles, linear interpolations are
done to have data at 2500 m a.s.l., which is the altitude of SNS. Fig. 10
shows the temporal evolution of in-situ and retrieved VC values for the
entire period. While measurements of VCSNS were continuous (24 h per
day), retrieved GRASPpac values are only available during some daytime points every day. The lack of VCSNS data during some short periods
were caused by instrumental failures. From Fig. 10 can be observed that
both measured and retrieved values follow the same temporal evolution, with minimum values associated with clean atmosphere and extreme values associated mostly to Saharan dust arrivals. In fact, the
largest values at Sierra Nevada were registered during the morning of
21st July, with in-situ measurements up to 269 μm3/cm3 and retrieved
GRASPpac values from 279 to 364 μm3/cm3, and were associated with a
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Table 3
Percentage of diﬀerences between the VC retrieved by GRASPpac and the original VC (Δvc from Eq. (8)) that is below the uncertainty, σG, of VC given by GRASPpac, for diﬀerent aerosol
scenarios and SZA values. The same percentage but for diﬀerences below 2σG is also shown.
Aerosol type*

SZA (°)

AOD440 = 0.1
Δvc < σG (%)

Δvc < 2σG (%)

Δvc < σG (%)

Δvc < 2σG (%)

Δvc < σG (%)

Δvc < 2σG (%)

Δvc < σG (%)

Δvc < 2σG (%)

Smoke

40
50
60
70
80
All
40
50
60
70
80
All
40
50
60
70
80
All
40
50
60
70
80
All
40
50
60
70
80
All

95.0
90.0
1.7
96.7
91.7
75.0
93.3
90.0
86.7
78.3
63.3
82.3
81.7
100.0
100.0
91.7
98.3
94.3
55.0
40.0
78.3
95.0
96.7
73.0
81.3
80.0
66.7
90.4
87.5
81.2

100.0
100.0
1.7
100.0
95.0
79.3
100.0
100.0
90.0
85.0
83.3
91.7
83.3
100.0
100.0
100.0
100.0
96.7
95.0
90.0
95.0
95.0
98.3
94.7
94.6
97.5
71.7
95.0
94.2
90.6

8.3
88.3
81.7
66.7
3.3
49.7
91.7
80.0
83.3
80.0
86.7
84.3
85.0
90.0
91.7
88.3
88.3
88.7
38.3
91.7
88.3
66.7
83.3
73.7
55.8
87.5
86.3
75.4
65.4
74.1

98.3
98.3
93.3
98.3
68.3
91.3
100.0
91.7
95.0
95.0
98.3
96.0
95.0
100.0
98.3
100.0
100.0
98.7
80.0
93.3
95.0
86.7
91.7
89.3
93.3
95.8
95.4
95.0
89.6
93.8

1.7
1.7
95.0
93.3
0.0
38.3
93.3
86.7
86.7
85.0
80.0
86.3
85.0
81.7
80.0
75.0
81.7
80.7
36.7
61.7
95.0
96.7
1.7
58.3
54.2
57.9
89.2
87.5
40.8
65.9

1.7
85.0
98.3
100.0
85.0
74.0
100.0
98.3
96.7
96.7
90.0
96.3
98.3
96.7
96.7
93.3
98.3
96.7
80.0
93.3
98.3
98.3
58.3
85.7
70.0
93.3
97.5
97.1
82.9
88.2

35.0
60.0
59.4
85.6
31.7
54.3
92.8
85.6
85.6
81.1
76.7
84.3
83.9
90.6
90.6
85.0
89.4
87.9
43.3
64.4
87.2
86.1
60.6
68.3
63.7
75.1
80.7
84.4
64.6
73.7

66.7
94.4
64.4
99.4
82.8
81.6
100.0
96.7
93.9
92.2
90.6
94.7
92.2
98.9
98.3
97.8
99.4
97.3
85.0
92.2
96.1
93.3
82.8
89.9
86.0
95.6
88.2
95.7
88.9
90.9

Dust

Mix-1

Mix-2

All

AOD440 = 0.4

AOD440 = 1.0

All

*See Section 4.1 for the aerosol models description.

Fig. 6. Ceilometer range corrected signal at 1064 nm as a function of height and time from 16th, 6 UTC, to 17th June, 12 UTC, 2013. White colour represents all values above 6E5
arbitrary units. The times between vertical black lines corresponds to the F30 and F31 ﬂights. Green vertical lines corresponds in time with the sky radiance and AOD measurements (sun
photometer) nearest to the ﬂights. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

over the Granada vertical and the aerosol at Sierra Nevada, since SNS
could be aﬀected by local eﬀects and sources.
The correlation between VCGRASPpac and VCSNS is high, being r equal
to 0.91; this correlation coeﬃcient is higher than the obtained between
the ground measured AOD440 and VCSNS, which is 0.79, and the correlation between the retrieved column-integrated VC and VCSNS, which
is 0.80. This result points out that the addition of ceilometer signal to
the aerosol retrieval improves the capacity to estimate the aerosol
vertical concentration.
As in Section 5.1, the diﬀerences ΔVC between VCGRASPpac and the in-

strong Saharan dust episode that started on 20th July 2016.
Fig. 11a shows a normalized number density plot of retrieved values
by GRASPpac versus in-situ measurements (VCSNS). Selected in-situ
measurements are averaged during a time period of ± 15 min from the
retrieval time. Most of the VC values on Fig. 11a are below 20 μm3/cm3,
being 71% for VCSNS. The linear ﬁt reveals an overestimation of VC
from GRASPpac to the VCSNS values around 50%. The data for 26th
August can be partially responsible of this overestimation with
VCGRASPpac values ~150 μm3/cm3 while VCSNS is ~50 μm3/cm3. These
larger diﬀerences could be in part due to real diﬀerences in the aerosol
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Fig. 8. Proﬁles of aerosol volume concentration (VC) obtained by airborne instrumentation (black line) and GRASPpac (red line) at the ﬂights F30 (panel a) and F31
(panel b). Shadow band represents uncertainty in the GRASPpac retrieval. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
Fig. 7. Columnar size distribution (panels a and b), single scattering albedo (SSA; panels c
and d), real refractive index (RRI, panels e and f) and imaginary refractive index (IRI;
panels g and h) obtained by AERONET (black line) and GRASP (red line) at 16 June 2013
16:22 UTC (left panels) and 17 June 2013 07:40 UTC (right panels). Shadow band represents uncertainty in the GRASPpac retrieval. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

the GRASPpac uncertainty estimation, Table 5 shows values below that
expected, which indicates that the VC uncertainty estimation provided
by GRASPpac could be not representative of the real uncertainty in this
case. However, the obtained results could be aﬀected by diﬀerent factors, independent of GRASPpac, which yield a worse agreement than in
the airborne comparison of Section 5.1. In this section the aerosol
properties in the free vertical atmosphere over Granada have been assumed equal to the properties at the surface on Sierra Nevada ground
station, which could be aﬀected by other aerosol sources and atmospheric conditions. Moreover, the instrumental uncertainty on VCSNS
could be also partially responsible of the observed diﬀerences.
Fig. 12 shows the diﬀerences ΔVC of Eq. (12) as function of VCSNS
(Fig. 12a), AOD440 (Fig. 12b), Angström Exponent (Fig. 12c) and sphere
fraction (Fig. 12d). Generally it is observed that ΔVC increases with
VCSNS, however, some high ΔVC values appear for moderate VCSNS
values which correspond to the mentioned case of 26th August. ΔVC
also increases with AOD440, however high ΔVC values do not appear for
moderate AOD440 and even low ΔVC values can be observed for high
AOD440. ΔVC does not show any clear dependence on AE and sphere
fraction, except the highest ΔVC values for the lowest values of AE and
sphere fraction, which mainly corresponds to dust particles during the
mentioned strong dust episode of 20th–21st July 2016 (see Fig. 10).
Finally, a case of study based on the dust episode of 20th–21st July
2016 has been analysed as an illustration. Fig. 13a and b show the
retrieved VC proﬁles and the measured VCSNS at Sierra Nevada on the
afternoon of 20th July and on the morning of 21st July, respectively.
The AOD440 from Granada was 0.85 and 0.83 for the Fig. 13a and b,
respectively, which indicates very similar aerosol load. It indicates that
in columnar terms, both cases are similar, but if ceilometer measurements are added to the retrieval, the vertical distribution can be discerned; this is the case in Fig. 13, where the GRASPpac retrieval indicates that VC at SNS increased by about four times from 20th to 21st
July, which was also appreciated in the measurements of VCSNS. Then,
thanks to ceilometer addition, it is known that the dust episode came

situ measurements, in this case VCSNS, have been calculated. ΔVC can
be expressed as:

∆VC = VCGRASPpac − VCSNS

(12)

and in percentage as:

∆VC (%) = 100%

VCGRASPpac − VCSNS
VCSNS

(13)

Fig. 11b shows the ΔVC (Eq. (12)) distribution. This frequency
histogram is similar to a normal distribution, the maximum being
centred close to 0; however it is skewed to positive values. 38%, 73%
and 87% of VCGRASPpac shows absolute ΔVC diﬀerences lower than 2.5,
7.5 and 12.5 μm3/cm3, respectively.
Table 5 shows mean values and standard deviations of the diﬀerences ΔVC, from Eqs. (12) and (13), for diﬀerent VCSNS ranges. The
percentages of data when ΔVC is lower than the numerical uncertainty
in the inversion, σG, are also included. From Table 5 when all ranges of
VC are considered mean diﬀerences and standard deviations are 31%
and 94%, both strongly aﬀected by the low values of VCSNS. In fact,
MBE and STD are 64% and 169%, respectively, for VCSNS values only
below 5 μm3/cm3. However, if only data with VCSNS above 5 μm3/cm3
are selected (493 in total), mean diﬀerence and standard deviations are
reduced to 23% and 59%, respectively. In general, MBE increases with
VCSNS ranging from 10% to 60% if VCSNS below 5 μm3/cm3 is not
considered. MABE presents values around 40–50% for VCSNS between 5
and 100 μm3/cm3. STD varies from 34 to 64%, showing the lowest
values for highest concentrations. Regarding the ΔVC diﬀerences within
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Fig. 9. Aerosol volume concentration (VC) retrieved by GRASPpac as a function of the airborne measurements for the ﬂights F30 (panel a), F31 (panel b) and all (panel c). Histograms of
the diﬀerences between the VC retrieved by GRASP and the VC from airborne (ΔVC from Eq. (10)) for the ﬂights F30 (panel d), F31 (panel e) and all (panel f).

20th July in a strong layer located between 3.5 and 4.0 km a.s.l. This
layer went down providing extreme values at SNS height in the morning
of 21st July, but also high dust concentrations in lower heights, which
did not happen in the evening of 20th July.

Table 4
Statistical estimators MBE, MABE and STD from ΔVC (Eq. (10)) for the comparison of VC
retrieved by GRASPpac and the airborne measured for the F30, F31 and both ﬂights together. Values within parentheses are in % (from Eq. (11)).
Flight

N

F30

35

F31

36

All

71

MBE
(μm3/
cm3)

MABE
(μm3/
cm3)

STD
(μm3/
cm3)

ΔVC < σG (%)

2.5
(10.5)
−1.8
(12.9)
0.3
(11.7)

4.1 (15.7)

4.4
(16.5)
9.5
(70.8)
7.7
(51.4)

77.1

100

58.3

88.9

67.6

94.4

7.5 (33.9)
5.8 (24.9)

ΔVC < 2σG (%)

6. Conclusions
In this work we have explored the use of collocated sun/sky photometer and ceilometer measurements in the General Retrieval of
Aerosol and Surface Properties (GRASP) code to retrieve column-integrated and vertically-resolved optical and microphysical aerosol
properties such as backscatter and extinction coeﬃcients and volume
concentration, among others. The capability to combining such set of
measurements and using them in GRASP has been studied through
diﬀerent sets of simulations for typical dust and biomass-burning

Fig. 10. Temporal evolution of the aerosol volume concentration (VC) measured at the Sierra Nevada Station (SNS) and the retrieved by GRASPpac at the same altitude.
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Fig. 11. Aerosol volume concentration (VC) retrieved by GRASPpac at the Sierra Nevada
Station (SNS) altitude as a function of the VC directly measured at SNS (panel a). Colour
of points represents the relative density of the points. Histograms of the diﬀerences (ΔVC
from Eq. (12)) between the VC retrieved by GRASPpac at SNS altitude and the VC directly
measured at SNS (panel b).

Fig. 12. Diﬀerences between the aerosol volume concentration (VC) retrieved by
GRASPpac at Sierra Nevada Station (SNS) altitude and the VC directly measured at SNS
(ΔVC from Eq. (12)) as a function of the VC at SNS (panel a), aerosol optical depth at
440 nm (panel b), Angström Exponent (panel c) and sphere fraction (panel d).

−11% and 5% for backscatter and extinction proﬁles at 1064 nm, being
the uncertainty 31% and 21%, respectively. The mentioned analysis
concludes that the uncertainty of these GRASP retrievals is representative of the real uncertainty of the retrieved parameters, except
for column single scattering albedo and lidar ratio where the uncertainty given by GRASP is only representative when aerosol optical
depth increases.
Two case studies from mid-June 2013 documented during the
ChArMEx/ADRIMED ﬁeld campaign have allowed the comparison of
retrieved vertical proﬁles versus airborne in-situ measurements. The

aerosol located at diﬀerent altitudes as well as mixtures of both. In
general, the proposed GRASP retrievals reproduce better aerosol
properties for coarse particles, likely due to the operational long wavelength of the ceilometer at 1064 nm, and for high aerosol optical
depth values. The results of the simulations have demonstrated good
agreements for column-integrated size distributions and optical parameters such as complex refractive indices and single scattering albedo.
For vertically-resolved aerosol properties, volume concentration presents an accuracy of −6% and an uncertainty of 21%; this accuracy is

Table 5
Statistical estimators for the comparison of VC retrieved by GRASPpac and the measured by in-situ instrumentation at SNS (ΔVC from Eq. (12)) along SLOPE I campaign for diﬀerent VCSNS
intervals. Values within parentheses are in % (from Eq. (13)).
VCSNS range
0-Max. μm /cm
5-Max. μm3/cm3
0–5 μm3/cm3
5–10 μm3/cm3
10–20 μm3/cm3
20–30 μm3/cm3
30–50 μm3/cm3
50–100 μm3/cm3
100-Max. μm3/cm3
3

3

N

MBE (μm3/cm3)

MABE (μm3/cm3)

STD (μm3/cm3)

ΔVC < σG (%)

ΔVC < 2σG (%)

619
493
126
132
184
97
58
18
4

5.5 (31.1)
6.3 (22.7)
2.3 (64.0)
0.7 (10.0)
3.1 (19.8)
8.8 (36.4)
11.2 (28.5)
27.1 (46.1)
116.7 (60.1)

7.7 (56.0)
8.9 (43.2)
3.2 (106.4)
3.6 (50.0)
5.9 (39.9)
9.9 (40.7)
15.1 (39.5)
29.0 (49.2)
116.7 (60.1)

16.6 (94.0)
18.2 (58.9)
5.9 (169.4)
4.3 (59.4)
8.1 (53.1)
16.7 (63.4)
25.6 (65.7)
24.1 (42.9)
58.6 (33.9)

37.6
40.0
28.6
27.3
45.1
45.4
55.2
11.1
0.0

68.2
72.0
53.2
59.8
75.0
80.4
79.3
66.7
50.0
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Fig. 13. Proﬁles of aerosol volume concentration (VC) retrieved by GRASPpac at 20 July
2016, 18:12 UTC (panel a) and 21 July 2016, 09:32 UTC (panel b). VC measured at Sierra
Nevada Station (SNS) is marked by a black cross. Shadow band represents uncertainty in
the GRASPpac retrieval.
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