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Abstract

This PhD dissertation tries to reduce the lack of knowledge about the polarizing
response of lidar systems which is particularly crucial for the lidar
depolarization technique. Furthermore, the potential of the lidar depolarization
technique is presented through its applications in atmospheric aerosol research.

First, this thesis includes a summary presentation of key concepts of
aerosol theory and the active optical remote sensing used. Then, the
experimental site and the multiwavelength Raman lidar (MULHACEN) and the
scanning Raman lidar (VELETA) are presented. The experimental site is the
Andalusian Institute for Earth System Research (IISTA-CEAMA) located in the
Southern part of the city of Granada in South-eastern Spain (37.16°N, 3.61°W,
680 m above sea level). MULHACEN and VELETA systems are described in
detail providing information about their configuration and the quality assurance
methods used. Both MULHACEN and VELETA, operated by the Atmospheric
Physics Group, are part of the European Aerosol Research Lidar Network
(EARLINET). Besides, basic information on other instruments used in the
development of this thesis, such as the sun-photometer and microwave
radiometer, is included.

Concerning methodological aspects, this thesis mainly includes: a detailed
description of the pre-processing steps to be applied to raw lidar signals and an
explanation of the elastic, inelastic and depolarization algorithms.

The following paragraphs briefly present the main issues discussed in this
thesis.

The assessment of the lidar polarizing sensitivity was performed using the
Stokes-Miiller formulism to model the polarizing response of lidar systems. To
this aim, different parts of lidar systems were grouped following its
functionality and thus, five functional blocks were analysed: laser, laser

emitting optics, receiving optics, detection unit (polarizing beam splitter and
1
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photomultipliers) and calibrator. The quantification of the polarizing influence
of each functional block was performed by means of a simulator, the so-called
Lidar Polarizing Sensitivity Software (LPSS), developed to this aim in the
framework of this study. General results were obtained modelling a synthetic
lidar based on lidar properties and its uncertainties, derived from different
technical specifications of commercial optical devices. The use of this tool
demonstrates that the lidar polarization sensitivity can affect the depolarization
measurements, causing relative errors even larger than 100% in the
depolarization products (volume and particle linear depolarization ratios). The
most critical properties are the purity parameter of the laser and the effective
diattenuation of the receiving optics. Particularly, LPSS was used to retrieve the
total uncertainty of the volume linear depolarization ratio derived from lidar
measurements obtained by the MULHACEN and VELETA lidar systems.
Improving the knowledge on lidar polarizing sensitivity leads to a better
understand of the depolarization calibration and the development of new
experimental procedures to characterize the lidar systems. Firstly, the
A90°-calibration method, with a rotator in front of the polarizing beam splitter
and with a linear polarizing filter in front of the receiving optics, was
experimentally and theoretically studied. The A90°-calibration method with a
rotator in front of the polarizing beam splitter allows the correction of the
detection unit influence (polarizing beam splitter and photomultipliers),
whereas the A90°-calibration method with a polarizer in front of the receiving
optics allows the same correction also including the correction of the influence
of the effective diattenuation of the receiving optics. This discovery allowed the
combination of both modes of the A90°-calibration method to experimentally
determine the effective diattenuation of the receiving optics. This combination

was implemented and used in MULHACEN, estimating an effective
2
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diattenuation of the receiving optics of 0.35£0.03. Furthermore, the
MULHACEN characterization was improved by means of a new experimental
procedure to determine the misalignment angle of the laser polarizing plane
with respect to the incident plane of the polarizing beam splitter. This
misalignment angle was experimentally determined at 7°£1°.

Once the lidar polarizing sensitivity and the improvement of the
depolarization calibration were performed, lidar depolarization technique was
applied in different ways using MULHACEN measurements: the detection of
the planetary boundary layer height (zpg,) and the study of mixing processes
between free tropospheric aerosol layers and the planetary boundary layer
(PBL).

The first application of the lidar depolarization technique is related to the
automatic determination of the planetary boundary layer height. Previous
studies have shown that the automatic determination of zpg; presents
difficulties when the aerosol layering in the PBL is complex or when advected
aerosol layers in the free troposphere are coupled to the PBL. In order to
improve the detection of the zp5,, @ new method has been developed. The new
method, called POLARIS (PBL height estimatiOn based on Lidar
depolARISation), is based on three candidates for zpp; extracted from the
wavelet covariance transform applied to the range corrected signal and the
uncalibrated depolarization ratio. Then the attribution of the zpp, is performed
by means of an algorithm developed to this aim.

The optimization of the POLARIS method was performed using the
36-hour continuous lidar measurement performed in the framework of the
ChArMEx (Chemistry-Aerosol Mediterranean Experiment) campaign 2013

(http://charmex.Isce.ipsl.fr). The optimization process was based on the


http://charmex.lsce.ipsl.fr/

Abstract

comparison with the zpg; determined independently and the verification of the
coherence of the results with the temporal evolution of the range corrected
signal and the uncalibrated depolarization ratio. With the optimized POLARIS
method, it was applied in an unsupervised way to the 72-hour continuous lidar
measurement performed in the framework of ChArMEX campaign 2012 under
Saharan dust scenarios. Results indicate that POLARIS provides correct zpg,
even with dust aerosol layer coupled to the PBL. However, in the period from
sunrise to midday, the mixing and the residual layers coexist until the
convective processes are strong enough and the mixing exceeds the residual
layer height. This is a handicap for the derivative methods as both mixing and
residual layer heights can be interchangeably detected. This fact is the
responsible for the artificial abrupt increase of zp5;, detected each morning
during the campaign. Ultimately, this work demonstrates that lidar
depolarization technique can be a useful tool to determine the zpg; especially in
those regions frequently influenced by dust events.

The lidar depolarization technique was also applied to a study of mixing
processes between coupled layers and the PBL. This case study was performed
taking the advantage of co-located and simultaneous measurements with in-situ,
passive and active remote sensing instrumentation in combination with airborne
in-situ measurements under Saharan mineral dust conditions. This study
allowed the characterization of the interaction mechanisms between a
Saharan-dust lofted layer and the PBL, and the influence of mineral dust on the
aerosol properties at the surface. Results showed that the convective processes
enhance the PBL which “catches’ the dust layer accelerating the downward dust
entrainment. The entrainment of dust layer into the PBL caused significant

variations on the aerosol optical properties changing the typical hourly
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evolution observed on working days. In this sense, the gas-to-particle
conversion may be less effective due to the gas deposition on particle surfaces

under the presence of mineral dust at surface level.
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Resumen

Esta tesis intenta reducir la falta de conocimiento sobre la respuesta
polarizadora de los sistemas lidar cuyo efecto tiene especial relevancia en la
técnica de despolarizacion lidar. Ademas, se incluye el uso de la técnica de
despolarizacion lidar en el campo de investigacion del aerosol atmosférico.

En primer lugar, se presentan los conceptos claves usados en el campo de
investigacion del aerosol atmosférico y en la teledeteccion dptica activa.
Seguidamente, se describe el sitio experimental y los dos lidares caracterizados
en la tesis: el lidar Raman multiespectral (MULHACEN) vy el lidar Raman de
escaneo (VELETA). Las medidas con MULHACEN y VELETA se realizan en
el Instituto Interuniversitario de Investigacion del Sistema Tierra en Andalucia
(IISTA-CEAMA), al sur de la ciudad de Granada (37.16° N, 3.61° O, 680 m
sobre el nivel del mar). Ambos lidares son caracterizados detalladamente en los
primeros capitulos donde se muestra informacion sobre su configuracion vy el
control de calidad de las medidas. EI Grupo de Investigacion de Fisica de la
Atmosfera realiza medidas de forma regular con ambos lidares como miembro
de la red de lidares europea de investigacion del aerosol (EARLINET,
European Aerosol Reaserch Lidar Network). Por otra parte, también se incluye
informacién sobre otros instrumentos, como son el fotometro solar y el
radiometro de microondas, usados en los estudios llevados a cabo en esta tesis
doctoral.

En lo referente a aspectos metodoldgicos, se incluye principalmente una
descripcion detallada sobre el pre-procesado de las sefiales lidar y los
algoritmos de inversion elastica, ineléstica y de despolarizacion.

La evaluacion de la sensibilidad despolarizadora de los equipos lidar se
realizd usando el formulismo de Stokes-Muller para modelar ambos sistemas.
Con este propodsito, se agruparon las diferentes partes de un equipo lidar

basdndose en su funcionalidad. Se han analizado cinco bloques funcionales:
9



Resumen

laser, Gptica emisora laser, dptica receptora, unidad de deteccion (divisor de haz
polarizante y fotomultiplicadores) y calibrador. La cuantificacion de la
influencia polarizadora de cada bloque funcional se realizd a partir de un
simulador, llamado Lidar Polarizing Sensitivity Software (LPSS). Con el
objetivo de obtener resultados generales, se considerd un sistema lidar sintético
basado en propiedades e incertidumbres de los distintos componentes derivadas
de especificaciones técnicas comerciales. El uso de esta herramienta demostré
que la sensibilidad polarizadora de los lidares puede afectar a las medidas de
despolarizacion causando errores relativos incluso mayores del 100 % en los
productos derivados (razén de despolarizacion lineal volimica y de particulas).
Las propiedades mas importantes son el parametro de pureza del laser y la
diatenuacion efectiva de la Optica receptora. Ademas, el programa LPSS se usé
para calcular la incertidumbre total de la razon de despolarizacion volimica
medida con MULHACEN y VELETA.

Mejorar el conocimiento de la respuesta polarizadora de los lidares nos
permitio comprender los métodos de calibracion de la despolarizacion y
desarrollar nuevos procedimientos experimentales para caracterizar los sistemas
lidar. En primer lugar, se estudid, experimental y tedricamente, el método de
calibraciéon de A90°, basado en rotaciones del divisor de haz polarizante o en
rotaciones de un polarizador lineal antes de la dptica receptora. EI primer
método de calibracidon de A90° permite la correccion de la influencia del divisor
de haz polarizante y los fotomultiplicadores, mientras que el segundo permite
realizar la misma correccion ademas de incluir la correccion de la diatenuacion
efectiva de la Optica receptora. Este descubrimiento permitié combinar ambos
modos de calibracion para determinar experimentalmente el valor de la
diatenuacién efectiva de la Optica receptora. Esta combinacion se implementd

en MULHACEN obteniéndose una diatenuacion efectiva de la dptica receptora
10



Resumen

de 0.35+0.03. Ademas, la caracterizacion de MULHACEN se mejoré gracias a
un nuevo procedimiento experimental para determinar el é&ngulo de
desalineamiento entre el plano de polarizacion del laser y el plano de incidencia
del divisor de haz polarizante. Este angulo de desalineamiento es de 7°£1°.

Tras los andlisis de la sensibilidad despolarizadora y la mejora de los
sistemas de calibracidn, la técnica de despolarizacién lidar se aplicé a medidas
de despolarizacion de MULHACEN para la deteccion de la altura de la capa
limite planetaria (zpg;) y el estudio de procesos de mezcla entre capas de
aerosol acopladas a la capa limite planetaria (PBL).

La primera aplicacion de la técnica de despolarizacion lidar esta
relacionada con la deteccion automatica de zpg;. Estudios anteriores muestras
gue este proceso presenta dificultades cuando el aerosol presenta una
estratificacion compleja en la PBL, bajo la presencia de capas de aerosol en la
troposfera libre y ante el acoplamiento entre capas de aerosol y la PBL. Con el
fin de mejorar la deteccion automatica de la zpg;, se ha desarrollado un nuevo
método Ilamado POLARIS (PBL height estimatiOn based on Lidar
depolARISation). Este nuevo método se basa en la generacion de tres
candidatos a zpg; extraidos de la transformada wavelet, aplicada a la sefial
corregida de rango y a la razén de despolarizacion sin calibrar. Una vez se han
generado los tres candidatos, POLARIS elige la zpg, entre ellos. La
optimizacion de POLARIS se hizo con la medida lidar de 36 horas realizada en
el marco de la campafia  experimental ChArMEx 2013
(http://charmex.Isce.ipsl.fr). El proceso de optimizacion se basdé en la
comparacion de la zpg; determinada con POLARIS con la zpp, determinada
con otra instrumentacion, comprobando la coherencia de los resultados con la

evolucion temporal de la sefial corregida de rango y la razon de despolarizacion.
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Una vez optimado, POLARIS se aplicd automaticamente a la medida lidar de
72 horas consecutivas realizada en el marco de la campafia experimental
ChArMEx 2012 durante un evento de intrusion de masas de aire de origen
sahariano. Los resultados indican que POLARIS proporciona correctas zpg;,
incluso cuando hay capas de aerosol acopladas a la PBL. Sin embargo, desde el
amanecer al mediodia, las capas de mezcla y residual coexisten hasta que los
procesos convectivos son suficientemente intensos para que la capa de mezcla
exceda la altura de la capa residual. Este hecho se presenta como una
contrapartida para los métodos derivativos, ya que las alturas de la capa de
mezcla y la capa residual pueden ser detectadas indistintamente durante este
periodo. Esto esta relacionado con el falso aumento brusco de la zp5; detectado
cada mafana durante la campafa. En definitiva, este trabajo demuestra que la
técnica de despolarizacion lidar puede ser una herramienta Util para determinar
la zpg; especialmente en aquellas regiones frecuentemente influenciadas por
eventos de intrusion desértica.

La técnica de despolarizacion lidar también se uso para estudiar los
procesos de mezcla entre capas de aerosol acopladas y la PBL. Este caso de
estudio se realizé aprovechando una especial situacion experimental bajo una
intrusion sahariana en la que se midié simultdneamente con instrumentacion
activa, pasiva e in situ en combinacion con instrumentacion in situ a bordo de
un avién. Este estudio permitié la caracterizacion de los mecanismos de
interaccion entre una capa de aerosol elevada procedente del desierto del Sahara
y la PBL, asi como la influencia de las particulas minerales sobre las
propiedades del aerosol en superficie. Los resultados de este estudio ponen de
manifiesto que los procesos convectivos que se desarrollan en la PBL «atrapan»
la capa de polvo mineral arrastrando el polvo hacia abajo. El arrastre del polvo
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mineral dentro de la PBL produce cambios significativos en las propiedades
Opticas del aerosol en superficie modificando, por ejemplo, la tipica evolucion
horaria observada en dias laborales. En este sentido, la presencia de polvo
mineral a nivel superficial provoca una disminucién de la conversion
gas-particula debido a la mayor deposicion de las moléculas gaseosas en la

superficie de las particulas.
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Introduction

Since the 90s, climate change has been directly linked to the emission of
greenhouse gases Houghton et al. [1990]. However, as research on climate
change progressed, the lack of knowledge on the role of atmospheric aerosol*
on global climate has motivated its research. As summarized in the Chapter 7
Cloud and aerosol of the IPCC fifth assessment report [Boucher et al., 2013],
atmospheric aerosol has two main roles in the Earth-atmosphere energy budget
due to its interaction with the solar and terrestrial radiation and its interaction
with clouds (Figure 1-1). Furthermore, one can distinguish between the
traditional concept of radiative forcing? and the relatively new concept of
effective radiative forcing (ERF) that also includes rapid adjustments which
indirectly modify the radiative budget through fast atmospheric and surface
changes. For aerosols one can further distinguish forcing processes arising from
aerosol-radiation interactions (ari) and aerosol-cloud interactions (aci).

The radiative effect due to aerosol-radiation interactions (REari), formerly
known as direct radiative effect, is the change in radiative flux caused by the
combined scattering and absorption of radiation by anthropogenic and natural
aerosols. Figure 1-2 schematizes the aerosol-radiation interactions. The REari
results are close to be an observable quantity. However, our knowledge on
aerosol and environmental characteristics needed to quantify the REari at a

! Liquid or solid particles suspended in the atmosphere.

2 The change in net (down minus up) irradiance (W-m™) at the tropopause after allowing
stratospheric temperatures to readjust to radiative equilibrium, but with surface and tropospheric
temperatures and state held fixed at the unperturbed values [Forster, P., et al. (2007), Changes
in Atmospheric Constituents and in Radiative Forcing. In: Climate Change 2007: The Physical
Science Basis. Contribution of Working Group | to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M.
Marquis, K.B. Averyt, M.Tignor and H.L. Miller (eds.)], Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.]
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Figure 1-1: Overview of forcing and feedback pathways involving greenhouse gases, aerosols and clouds. Forcing agents are in
the green and dark blue boxes, with forcing mechanisms indicated by the straight green and dark blue arrows. The forcing is
modified by rapid adjustments of which pathways are independent of changes in the globally averaged surface temperature and
are denoted by brown dashed arrows. Feedback loops, which are ultimately rooted in changes ensuing from changes in the
surface temperature, are represented by curving arrows (blue denotes cloud feedbacks; green denotes aerosol feedbacks; and
orange denotes other feedback loops such as those involving the lapse rate, water vapour and surface albedo). The final
temperature response depends on the effective radiative forcing (ERF) that is felt by the system, that is, after accounting for

rapid adjustments, and the feedbacks. From Boucher et al. [2013].
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Introduction

global scale remains incomplete [Anderson et al., 2005; Satheesh et al., 2008;
Jaegle et al., 2011].

The cloud-aerosol interaction is based on the capability of the aerosol to
act as water droplet nuclei and ice forming nuclei (see Figure 1-2). Denman and
Brasseur [2007] catalogued several possible pathways via which the aerosol
might affect clouds. Given the number of possible aerosol-cloud interactions
and the difficulty of isolating them individually, there is little value in
attempting to assess each effect in isolation, especially since modelling studies
suggest that the effects may interact and compensate [Stevens and Brenguier,
2009; Morrison and Grabowski, 2011]. Instead, all radiative consequences of
aerosol-cloud interactions are grouped into an “effective radiative forcing due
to aerosol-cloud interactions” (ERFaci). ERFaci accounts for aerosol-related
microphysical modifications to the cloud albedo [Twomey, 1977], as well as
any secondary effects that result from clouds adjusting rapidly to changes in
their environment [Pincus and Baker, 1994].

According to the Chapter 7 of the fifth assessment of the IPCC [Boucher

Irradiance Changes from Irradiance Changes from
Aerosol-Radiation Interactions (ari) Aerosol-Cloud Interactions (aci)

s Foreing (RFari) Adjustments adiative Forcing (RFaci) Adjustments

Effective Radiative Forcing (ERFari) Effective Radiative Forcing (ERFaci)

Figure 1-2: 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].
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et al., 2013], the uncertainties in the estimation of the radiation-aerosol and
cloud-aerosol interactions together with the poor 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. In order to
determine the aerosol influence on the Earth energy budget, and thus on global
climate, the use of climate models and measurements within the framework of
observational networks and intensive campaigns is necessary. In the field of
measurements of the vertical structure of the aerosol, lidar (portmanteau of
“light” and “radar” according to Oxford English Dictionary®) has become a
very important instrument in atmospheric science.

Lidar and radar agree in the modus operandi. Both instruments emit an
electromagnetic signal and record the backscattered signal. The time between
the emission and the reception determines the distance between the emitter and
the scatterer. The main difference between lidar and radar is the wavelength
which ranges between the infrared and ultraviolet in lidar and microwaves in
radar. Due to the aerosol particle size, radar is not a suitable instrument for its
study.

Having its own radiation source, lidars can be operated during night and
daytime excepting with rainfall and fog. Lidars provide vertical profiles of
different optical and physical properties with a very high spatial and temporal
resolution allowing us to analyse the influence of the aerosol height
distribution. Therefore, at present, these advantages of lidar compared to other
instruments make the lidar one of the instruments with huge potential in

atmosphere research.

3Lidar is also understood as an acronym, “LIght Detecting And Ranging”.
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The relevance of lidar can also be highlighted in atmospheric science due
to its range of applications. It allows the study of the planetary boundary layer
[e.g., Baars et al., 2008; Granados-Mufioz et al., 2012], the long-range aerosol
transport [e.g., Ansmann et al., 2003; Guerrero-Rascado et al., 2009], the
atmospheric aerosol originated in volcanic eruptions [e.g., Ferrare et al., 1992;
Navas-Guzmén et al., 2013], the optical and physical properties of the cirrus
clouds [e.g., Ansmann et al., 1992; Reichardt et al., 2003], the hygroscopic
aerosol growth [Ferrare et al., 1998a; Ferrare et al., 1998b; Stelitano et al.,
2013], the air quality [Philbrick, 2002] and the water vapour content profile
[e.g., Whiteman et al., 1992; Guerrero-Rascado et al., 2008b]. Some of these
applications are based on the lidar depolarization technique.

The lidar depolarization technique is based on the change of the
polarization state between the emitted and received signal as spherical scatterers
depolarize less than non-spherical ones. As lidar systems used to be operated
with almost-perfect polarized light, this change (called depolarization) can be
measured. Initially, the lidar depolarization technique was used in the 1970s to
distinguish the thermodynamic phase of clouds. Since then, several
hydrometeors have been studied using the lidar depolarization technique as
tropospheric clouds [e.g., Schotland et al., 1971; Pal and Carswell, 1973;
Sassen, 1991; Sassen et al., 2000] and stratospheric clouds [e.g., Adriani et al.,
2004; Scarchilli et al., 2005; Cordoba-Jabonero et al., 2013]. Moreover, the
lidar depolarization technique is becoming more relevant due to its role in the
atmospheric aerosol research. On the one hand, the analysis of different degrees
of depolarization in combination with other optical properties allow the
characterization of different aerosol types such as biomass burning aerosol and
Saharan dust [e.g., Winker and Osborn, 1992; Murayama et al., 2004; Tafuro et

al., 2006; Tesche et al., 2009b; Gross et al., 2011b; Gross et al., 2011a; Bravo-
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Aranda et al., 2013]. On the other hand, the use of aerosol depolarization
information is a very relevant improvement for the aerosol microphysical
properties research. Particle shape information provided by lidar depolarization
measurements in combination with the aerosol optical properties derived by
lidar can be used in those inversion methods which include features of non-
spherical particles [e.g., Olmo et al., 2006; Olmo et al., 2008].

Besides aerosol typing, lidar measurements can be used in the
determination of the planetary boundary layer height (zpp;), Which is a key
variable in climate modelling and has an enormous influence on air pollution
[Stull, 1988]. The zpg, determines the available volume for pollutants
dispersion and indicates the volume where the pollution remains in the
atmosphere during night-time [Stull, 2000]. Generally, lidar measurements can
be used to detect the boundary layer as a sharp decrease of the aerosol load
which height usually coincides with the zpg;. Among other methods, the use of
the wavelet covariance transform seems to be a promising tool as it is
highlighted by Baars et al. [2008] and Granados-Mufioz et al. [2012].
However, the determination of the zpg; using the vertical distribution of the
aerosol load is somewhat difficult when the aerosol layering in the planetary
boundary layer (PBL) is complex or when advected aerosol layers in the free
troposphere are coupled to the PBL.

The reliability of the lidar depolarization technique is limited due to the
complexity of the depolarization calibration: first, relative depolarization
calibration introduces a high uncertainty due to the low signal-to-noise ratio
(SNR) and thus, an absolute calibration is required; second, absolute calibration
methods used until now correct part of the lidar polarizing response, but not

others like the polarizing-dependent receiving transmission as it was indicated
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by Mattis et al. [2009]. Therefore, improvements on the depolarization
calibration is still necessary and it is a very active research field [e.g., Alvarez et
al., 2006; Freudenthaler et al., 2009; Hayman and Thayer, 2012; Bravo-
Aranda et al., 2013; Freudenthaler, 2014].

1.1 Objectives and structure

The aim of this thesis is the improvement of the lidar depolarization technique
and its application on atmospheric aerosol research. The improvement of the
lidar depolarization technique will be performed by means of:
a) The study of the polarizing response of lidar systems using the Stokes-
Mdller formulism.
b) The determination of the total uncertainty of the volume depolarization
ratio due to the lidar polarizing sensitivity of MULHACEN and VELETA.
c) The correction of the depolarization measurements of VELETA and
MULHACEN by means the depolarization calibrations and available
procedures developed to this aim.
Regarding the application of the lidar depolarization technique,
MULHACEN depolarization measurements will be used for two topics:
a) The improvements of the detection of the planetary boundary layer height.
b) The study of the interaction mechanisms between a Saharan dust layer and
the planetary boundary layer and its influence on the aerosol properties at
the surface.
The thesis is organized as follow:
Chapter 2 presents key concepts to understand the results presented in this
thesis. First, the atmosphere is briefly described in terms of its structure and

components. Later, atmospheric aerosol is described in detail focusing on its
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types, properties and its effects on the Earth’s climate. Also, the lidar principle
is included in this chapter, paying special attention to lidar depolarization
concepts.

Chapter 3 describes the experimental site where the instrumentation was
operated. Moreover, the main characteristics of the used instrumentation are
presented.

Chapter 4 is dedicated to the methodological aspects. Different sections
introduce the pre-processing and lidar technique as well as information of
procedures related to other instruments as the sun-photometer or the microwave
radiometer.

Chapter 5 details the depolarization calibration implemented in the two
lidar systems used in this thesis.

Chapter 6 presents in detail the uncertainty of the lidar depolarization
technique. Firstly, the lidar depolarization uncertainties are assessed for a
synthetic lidar setup including the possible ways to reduce the uncertainties for
each functional block of the lidar system. Then, lidar depolarization
uncertainties of the lidar systems used in this thesis are presented.

Chapter 7 includes a new method, called POLARIS, proposed to
determine the planetary boundary layer height. This new approach is based on
the application of the wavelet covariance transform to the different lidar
products.

Chapter 8 exposes a case study of the interaction mechanism between the
Saharan dust and the planetary boundary layer, and the influence of mineral
dust on the aerosol properties at the surface.

Chapter 9 summarizes the main achievements and conclusions of this

thesis and gives an outlook of future research activities.
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Fundamentals

This chapter introduces the basis of the research field in order to facilitate the
understanding of the results presented in this thesis. First, the atmosphere is
briefly described in terms of its structure and components. Later, atmospheric
aerosol is described in detail focusing on its types, properties and its effects on

the Earth’s climate. Also, the lidar principles are included in this chapter.

2.1 Atmosphere: structure and properties

The atmosphere is the gaseous layer that surrounds the Earth and is composed
by gases, suspended particles and clouds. The atmosphere presents an almost
uniform gas composition in the first 80 km. Most of the atmospheric mass is
located in the first kilometres. In fact, 50% of the atmospheric mass is located
within the first five kilometres while above the 60 km only about one
thousandth of this mass is present. The atmosphere can be divided into a

number of rather well-marked horizontal layers, mainly on the basis of
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Figure 2-1: Atmosphere structure and temperature profile.
Source: www.azimuthproject.org adapted from [Moran et al., 1997].
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temperature (see Figure 2-1). From the point of view of the atmospheric
aerosol, the troposphere and the stratosphere are the most important layers and
thus, explained below.

Troposphere: this is the lowest layer of the atmosphere; located from the
Earth’s surface up to 10-15 km altitude depending on latitude and time of year.
The upper limit is called tropopause separating troposphere and stratosphere.
This layer is characterized by decreasing temperature with height (mean rate of
about 6.5 °C/km) and efficient vertical mixing. Almost all meteorological
phenomena and atmospheric turbulence occur in this layer, and it contains 75%
of the total molecular or gaseous mass of the atmosphere and virtually all the
water vapour and suspended particles [Seinfeld and Pandis, 1998].

Stratosphere: this region covers from the tropopause up to about 50 km. It
is characterized by increasing temperature with height, leading to a layer in
which vertical mixing is reduced. The presence of atmospheric aerosol is
constrained to the lower stratosphere and usually related to volcanic injection
where the aerosol time residence depends on the injected amount varying
between several months to few years [Alados-Arboledas and Olmo, 1997;
Seinfeld and Pandis, 1998].

The gases which compose the Earth’s atmosphere can be separated in two
groups: those with a nearly permanent concentration that is almost constant up
to 80 km altitude and those with variable concentration (Table 2-1). The amount
of the last gas group is small with less than ~0.04%, but some of these gases
play an important role in the energy budget as water vapour and ozone.

As atmospheric aerosol particles are the object of this dissertation, it is
worthy to dedicate a section to the definition and classification of atmospheric

aerosol.
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Table 2-1: Average composition of the dry atmosphere below 25 km
[Barry and Chorley, 1987].

Permanent Variable
Element Volume (%) Element Volume (%)
Nitrogen 78.08 H,O 0-4
Oxygen 20.98 O3 0-12x10™
Argon 0.93 NO, 0.001x10™
Carbon dioxide 0.035 SO, 0.001x10™
Neon 18x10™ NH; 0.004x10™
Helium 5x10™ NO; 0.0005%10™
Hydrogen 0.6x10™ H,S 0.00005x10™
Krypton 11x10™
Xenon 0.9x10™
Methane 0.19x10™

2.2 Atmospheric aerosol

In general, aerosol is defined as a system composed by a gas and solid and/or
liquid particles suspended in it at least several minutes excluding the water
droplets and ice crystals. Therefore, the system formed by atmospheric gas and
particles is called atmospheric aerosol [Harrison and Grieken, 1998]. However,
common usage refers to the aerosol as only the particulate component only.
Additionally, in those cases where the particulate matter consists mainly of a
particle type (e.g., dust), the atmospheric aerosol is denoted as an aerosol type
(e.g., dust aerosol).

The atmospheric aerosol is very variable on global scale and includes
such types as mineral, anthropogenic and volcanic aerosols and aerosol
generated by biomass burning, among others, with a size range between a few

nanometers and tens of micrometers.
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2.2.1 Aerosol characterization

Most atmospheric aerosol classifications are based on its size, origin source and
origin process. According to size, fine and coarse modes are constituted by
particles with radii smaller and greater than 1 um, respectively. Also, fine mode
contains two other modes known as Aitken and accumulation modes. The
Aitken mode is constituted by particles which radii are less than 0.1 pm
whereas accumulation mode particles have radii between 0.1 and 1 um. An
idealized scheme of the distribution of the particle surface area is shown in
Figure 2-2 where principal modes, sources and particle formation/removal
mechanisms are indicated. More details were given by Seinfeld and Pandis
[1998] and Liou [2002]. Another possible classification is based on the
mechanism that produces aerosols. In this sense the atmospheric aerosols are
divided in primary and secondary aerosol depending on whether they have been
emitted directly to the atmosphere or have been formed in the atmosphere by
gas-to-particle conversion process [Schryer, 1982]. According to the origin, the
atmospheric aerosol can arise from natural sources, such as windborne dust, sea
spray and volcanoes and from anthropogenic activities, such as man-made
tropical fires and fuels combustion. Among different aerosol types, some of
them are described in detail due to its relevance in this thesis.

Mineral dust: this is the term to describe the mineral aerosol lifted by
wind. Solid particles are produced by mechanical disintegration of material
such as crushing, grinding and blasting. Main dust sources are deserts including
the Sahara as one of the most active sources for the injection of mineral dust to
the atmosphere on global scale [Tegen and Miller, 2004; Kondratyev et al.,
2006]. Other dust sources are local such as the wind erosion of cropland and the
roadway dust from paved and unpaved roads. Typically, mineral dust particle

diameter is larger than 1 pum so it would be included mainly in the coarse mode.
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Figure 2-2: 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 (adapted from Seinfeld and Pandis [1998]).

Smoke/biomass burning aerosol: it is the atmospheric aerosol with a large

amount of particles from biomass burning. The intentional burning of land
results in a major release of combustion products into the atmosphere. Smoke
includes a huge quantity of gases and elemental and organic particulate matter.
The quantity and type of smoke depend not only on the type of vegetation, but

on its ambient temperature, humidity, local wind speed and ageing process.
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Anthropogenic aerosol: it is used by the scientific community to name the

atmospheric aerosol originating from human activities. The more relevant
components are the soot/black carbon and the sulphates. The soot/black carbon
is formed in the incomplete combustion of carbonaceous material and the
atmospheric sulphate aerosol which may be considered as sulphuric acid
particles that are partly or totally neutralized by ammonia. Sulphates can be
present as liquid droplets or partly crystallized.

Once the atmospheric aerosol has been introduced, we focus our attention

on its influence on the Earth’s climate.

2.2.2 Radiative properties

As introduced in Chapter 1, atmospheric aerosol is important for the Earth’s
climate due to the aerosol-radiation interaction. In this sense, the
Beer-Bouguer-Lambert law establishes a logarithmic dependence between the
transmitted light through an medium, i.e. atmosphere, and the distance the light
travels through the material [Liou, 2002]. Applying this law to the atmosphere,
we obtain that the fraction that gets lost due to crossing a certain path is given
by:

T(z,2) = e~ Jo ®aerEDds Eq. 2-1
where T(z,A) is the so-called transmittance and a,.,. is the extinction
coefficient (in [m™]) due to particles and molecules present in the atmospheric
volume crossed. The extinction coefficient considers the total effect of two
types of aerosol-radiation interaction: absorption and scattering processes. This
two processes are also quantified by means of the aerosol absorption (5¢") and
scattering (62¢™) coefficients (both in [m™]). These coefficients depend on size,

shape and complex refractive index of the scatterer and the wavelength of the
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incident radiation. In addition, scattering is a mechanism which changes the
polarizing state of the incident light [Bohren and Huffman, 1983].

Particularly, as the lidar principle is based on backward scattered
radiation, it is worthy to define the aerosol backscatter coefficient (S4e,). Let N;
be the concentration of scatterers (molecules and particles) of kind j in the
volume illuminated by the laser pulse, and doj s, (1, 1)/dQ the differential
scattering cross section of scatterers for the backward direction at wavelength A.
Baer Can then be written as:

Buer = ). N]d”’d—é”) Eq. 2-2
J
Since the number concentration is given in units of [m®] and the differential
scattering cross section in [m?sr*], B, has the units: [m™sr™].

Aerosol extinction, scattering and backscattering coefficients include the

contribution of molecules and particles which can be treated separately and

thus, particle extinction and scattering coefficients can be written as:

0, = 0l — Usm"l Eq. 2-3
O = Qger — Imot Eq. 2-4
.B = ﬁaer - .Bmol Eq 2-5

By means of the physical law of radiation scattering proposed by Lord
Rayleigh (John William Strutt), called Rayleigh scattering [Rayleigh, 1871],
Amor, 0°1 and B,,,; Can be theoretically determined. The Rayleigh scattering
assumes spherical shape of the scatterers and interactions where the wavelength
of the incident radiation is much greater than the scatterer size. In terms of the
size parameter defined by x = 2mr/A from the particle radius, r, and the

wavelength of the incident light, A, Rayleigh scattering can be used when
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x « 1. The molecular scattering is given by the product of the total Rayleigh
cross section per molecule and the molecular number density. The total
Rayleigh cross section for atmospheric gases is known and thus, the molecular
scattering can be retrieved from the molecular number density at a given
pressure and temperature.

Particle scattering and absorption coefficients can be theoretically
determined by means of the Mie solution to Maxwell’s equations which uses
different assumptions. The Mie theory describes the scattering of radiation by
a sphere for wavelengths much greater than the scatter size up to wavelengths
with the same order of magnitude than the scatterer size [D'Almeida et al.,
1991]. Mie scattering provides good results for the range 0.6 < x < 5 [Igbal,
1983]. However, Mie scattering presents discrepancies with experimental
measurements, specifically related to the quantification of the particle
backscatter coefficient and to the changes on the polarization state of the
scattered radiation. Therefore, another solution to Maxwell’s equation has been
investigated avoiding the spherical-shape assumption. These solutions use the
T-matrix approach [Waterman, 1971] where the Mduller matrix elements of
scatterers are obtained by matching boundary conditions for solutions of
Maxwell equations. These new approximation obtains good agreements with
experimental measurements [Mishchenko et al., 1997; Olmo et al., 2006; Olmo
et al., 2008; Quirantes et al., 2012; Valenzuela et al., 2012]. Therefore, the
particle shape is a critical issue to be solved in the field of the radiative
properties of the atmospheric aerosol.

Finally, the variable introduced in this section is the aerosol optical depth
(AOD). AOD is defined as the integral of the particle extinction coefficient (o)

over the distance between the surface and the top of the atmosphere (TOA):
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Atmospheric aerosol

TOA
AOD = f a(z)dz Eq. 2-6
0
This variable is very useful in atmospheric research to easily characterize the

aerosol load in the atmosphere.

2.2.3 Physical properties

Physical properties are those properties describing the state of a physical
system. Therefore, atmospheric aerosol physical properties are particulate
matter size, size, total content and shape in the atmosphere. Particle size and
total content are jointly characterized by means of the atmospheric aerosol
number size distribution which is defined as the number of particles present
according to size. The number size distribution is denoted as:

dN
- Eq. 2-7
n(r) ™ q

where r is the particle radius, N is the total number of particles and n is the
number of particles in the range [r, r+dr]. Number particle distributions can be
related to the mass, surface and volume of particles. Due to its large range, the
volume size distribution is expressed on logarithmic scale for particle size:

dv

Eq. 2-8
dInr f

v(r) =

where, assuming spherical particles, it can be related to the number size
distribution as follow:

()_471 5 dN
Vi = 3r dInr

Eqg. 2-9
Similarly, the mass size distribution is derived considering a constant
density for particles, p:

dM 41 dN
= =_— por3 Eq. 2-10
m(r) dInr 3 pr dInr a
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A number of analytic expressions have been developed to represent the particle
size distributions. These include the Junge power law, the gamma distribution,
the log-normal distribution and their modifications [D'Almeida et al., 1991;
Liou, 2002].

As indicated above, it is crucial to have a way to determine the particle
shape. Unfortunately, the only way to determine the shape of particles is
through microscopy which can become a vast task. Therefore, it is very useful
to find a way that allows the evaluation of the effective aerosol particle shape.
In this sense, the lidar technique allows the determination of an effective
particle shape through the depolarization process.

2.3 Lidar: Principle and equation

Lidar® systems are active remote sensing instruments which operation is very
similar to the radar obtaining information from the backscattered light
(ultraviolet, visible or near-infrared wavelengths). Lidar systems are
schematically composed by a laser emitting short and intense light pulses, a
telescope collecting the light backscattered by the atmospheric components, a
set of optical devices leading the light signal up to the optical detectors,
converting the light signal into electrical one and, finally, a set of hardware
(transient recorder + computer) which allows the data acquisition (Figure 2-3).
Considering elastic scattering®, the mathematical expression of the lidar

detection process is:

* Portmanteau of “light” and “radar” according to Oxford English Dictionary although it is also
understood as an acronysm, “LIght Detecting And Ranging”.
® The same wavelength for both, incident and scattered light
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Telescope field of view
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Figure 2-3: Schematic representation of the main parts of a lidar system.
P(z,2) = POCZE;;ZO(Z) Baor (2, 1) T2 (2,2) Eq. 2-11
P(z, 1) is the power P received from a distance z at wavelength A. € is the
system efficiency including the transmittance of the optical devices and the
detectors’ gain. P, is the power of the emitted laser pulse. ct/2 is the slice of

the atmosphere from which backscattered light is received at a given instant,
where c is the light speed and 7 is the temporal resolution of a lidar system.
Strictly, T must consider the interaction time, t;, the pulse duration, t;, and the
detection time, tp, resulting int = t; + t;, + tp. However, 7 is usually larger
than 7; and 7, and thus, in practice, T = 7,. A/z? is the solid angle of the
telescope. The overlap function O(z) determines the part of the backscattered
light of laser pulses which cannot reach the telescope due to the incomplete

overlap between the laser beam and the field of view of the telescope. Finally,
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the both terms B,.,(z, 1) and T(z, 1) are related to the optical properties of the
atmospheric scatterers (molecular and particle contribution): firstly, aerosol
backscatter coefficient at wavelength A determines the amount of backscattered
light due to particles and molecules in the slice of the atmosphere at altitude z
which dimension is defined by ctp/2 and a cross section that depends on the
distance z and the beam divergence. Secondly, T'(z, 1) (see Eq. 2-1) considers
the fraction of light lost on the way to the position z due to extinction caused by
the atmosphere. The transmittance is squared (Eq. 2-11) due to travel back and
forth.

After the lidar equation has been presented, it is worth to define the range
corrected signal, RCS(z, A1), as the received power multiplied by the squared
distance as it is proportional to the so-called aerosol attenuated
backscatter B&L(z, 1):

RCS(z,1) = P(z,1)z® X Bau(z, 1) Eq. 2-12
Bier (2, 1) = Baer(2,) T*(2,2) Eq. 2-13

In the lidar equation previously presented, it has been considered that the
same emitted and received wavelength. However, there is a type of scattering,
called Raman or inelastic scattering, where the wavelength of the scattered light
is shifted respect to the wavelength of the incident light. This scattering
phenomenon is completely molecular (nitrogen, water vapour) and it has been
used in remote sensing since late sixties. In this sense, Raman lidars are
designed to measure both elastic and inelastic signals. The lidar equation of

Raman signal can be expressed as follows:

cte A
P(z,A,Ag) = _Z_ZO(Z) Braman(Z, Ar, AL) T(2,Ag) T(z,4,) Eq. 2-14

2
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where A, and 4, are respectively the Raman received and emitted wavelengths
and Braman(2, Az, A;) is the molecular backscatter at A . The inversion
methods to derive (z) and a(z) at wavelength 4, using the Raman signal are

presented in Chapter 4.
2.4 Depolarization lidar

It is well known that particles change the polarization state of a fraction of the
incident light [Bohren and Huffman, 1983]. This change depends on the particle
size with respect to the wavelength of the incident light (size parameter) and the
shape of the particle. Taking into account the size parameter (x), it is possible to
distinguish two types of depolarization sources. For x > 50-100, the change of
the polarization state is due to the rotation of the incident E-vector® according
to the optics laws through those series of internal refractions and reflections.
This depolarization origin usually occurs in clouds. More information about
lidar depolarization applied to cloud research can be found in the publications
by [Sassen, 1991], Sassen and Cho [1992] and Hu et al. [2009].

In addition, the depolarization can be caused by the nature of the
scattering process. Assuming the Rayleigh scattering conditions, the scattering
process can be understood as a particle under an electric field E. This electric
field induces movements of the electrons of the particle in order to go against
the external electric field. Then, the particle changes its electric configuration to
a dipole. The electric field generates oscillations of the electric dipole in a fixed
direction (scattering direction). The oscillating dipole, in turn, produces a

plane-polarized electromagnetic wave (scattered wave). Other theories continue

® Bold symbols represent vector or matrices.
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to be developed as the discrete dipole approximation [Kahnert, 2003], the T-
matrix approach [Macke et al., 1995; Mishchenko et al., 1996] and the finite
difference time domain method [Baran et al., 2001]. These approximate
theories are believed to yield reliable results for x < 15, x < 100 and
x < [15 — 20], respectively. It is worthy to note that in terms of Mie theory
[Mie, 1908], the x domain between ~5 and 40 is referred to as the resonance
region because of the large variations in scattering parameters found with

changing sphere size [Weitkamp, 2005].

Table 2-2: Mathematical expressions of depolarization parameters.

Parameter Formula
1L + 1
Volume linear depolarization ratio &' "= B+ Prot Eqg. 2-15
.8" +ﬁ"
mol
Total volume Iinegr depolarization 5T 5T = B+ Binoi Eq. 2-16
ratio B!+ 512101 + Bt +BE,,
1L
Particle linear depolarization ratio 6P 6P = ﬁ_ Eq. 2-17
Bl
. . — 1
Total particle Ilnegr depolarization 5TA STA = : B n Eq. 2-18
ratio B" + Biar
q R q .BJ- + ﬁrJr_lol
Perpendicular linear backscatter ratio R+ Rt = T Eq. 2-19
mol

In order to quantify the depolarization capability of the atmospheric
aerosol, different variables has been defined in scientific literature and
unfortunately several of them have been ambiguously used over the years
[Cairo et al., 1999]. Therefore, it is worthy to list them and clarify the
nomenclature. In Table 2-2, the most used variables are shown. Among them,
the most used is the volume linear depolarization ratio (5"), defined as the ratio
between the perpendicular (L) and parallel (|l) aerosol backscatter coefficient
produced by a linear-polarized incident radiation. In order to avoid
misunderstanding, it is worthy to note that the perpendicular-component of the

backscattered light is not really ‘perpendicular’ but unpolarized as it was
40



Depolarization lidar

indicated by Gimmestad [2008]. Low &' values are related to spherical
scatterers whereas high &' values are related to non-spherical ones. Thus, values
of 6’ measured in the atmosphere range between the depolarization caused by
molecules (e.g., §'=0.003656 at 532 nm using an interference filter with 0.5 nm
of FWHM) and the depolarization caused by ice crystals of cirrus clouds with
6'(532 nm) up to 0.5 [Noel et al., 2002; Noel et al., 2006].

Despite &' is defined through the polarizing components of £ and B0,
the direct p+ retrieval cannot be performed due to the low SNR of the
perpendicular signal. However, it can be easily retrieved from lidar equations.
Solving for B+ (z, 1) in Eq. 2-14 and using Eq. 2-15, we obtain

n L/l 2
5P (z,2) e (T (z.xl)) Eq. 2-20

T Pl(z,2) é\T(z,2)

where Pl el and T+ are the signals, the system efficiencies and the
transmittances for each polarizing component, respectively. This equation can
be simplified because atmospheric extinction is most often independent on the
polarization and thus:

Pt(z, 1)

O =50

Eq. 2-21

where 7 is a calibration factor of the photodetectors (e'/e) that are also
influenced by the crosstalk due to non-ideal behaviour of the polarizing beam
splitter. This calibration method is only a first approximation to calibrate §' as,
except the influence of the PBS, the polarizing sensitivity of other parts of the
lidar is omitted. In Chapter 5, the calibration of the depolarization will be
analysed in detail. It is worthy to note that this expression must be replaced by

Eq. 2-20 to study ice crystals as their stable orientation may cause significant
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Figure 2-4: 8P as function of the backscattering ratio (R) parameterized by &'. 6 becomes
instable for low R and high é&'.

differences between the perpendicular and parallel extinction [Schotland et al.,
1971].

In order to separate the molecular and particle contribution, §? is defined
by Eq. 2-17. However, as mentioned above, the direct 8+ retrieval cannot be
performed and thus, 67 is retrieved as function of §, §,,, and the backscattering
ratio (R) as follows:

gp _ BB+ 1) = 8,(6'+1)
T RG,+D—-(5'+1

Eq. 2-22

Unfortunately, this equations is unstable under low aerosol-load conditions
(R~1 and 6'~6,,) (see Figure 2-4). In this sense, Cairo et al. [1999]
recommends do not provide 6P for R < 1.1. In this thesis, 6P values are
conversely considered for R > 1.3 for 532 nm, respectively.

By now, all depolarization variables have been defined taking into
account linear-polarized incident radiation. However, although rarely used in
lidar field, additional depolarization quantities exploited in radar research
include the use of circular polarization. In these cases, the variation of the
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electric field from right to left circular polarization determines the
depolarization variables. Thus, the equivalent of the volume linear

depolarization ratio, the volume circular depolarization ratio, 6., is expressed as

_ B +Bm
T BY + B

By this way, different circular depolarization ratios can be defined

8¢ Eq. 2-23

following the scheme of Table 2-2. However, despite there are several
manuscripts about the circular-depolarization theory in the science literature, to
our knowledge, only preliminary experimental results of circular depolarization
has been reported [Woodward et al., 1998; Roy et al., 2011].

As previously indicated, the volume and particle linear depolarization
ratio has been commonly used by the lidar community at least during the last
decade and thus this thesis is focused on these depolarization products.

2.5 Stokes-Muller formulism

In order to better understand the polarization state of the light and use a better
tool to handle the lidar depolarization, it is very useful to introduce the
Stokes-Miiller formulism. In this section a brief summary of this formulism is
presented.

The wave model of light describes light waves vibrating at right angles to
the direction of propagation with all vibration planes being equally probable.
This is referred to as “common” or “non-polarized” light. In polarized light
there are only one or two vibration planes. The polarized light with one
vibration plane is called linear polarized light. If the polarized light is composed
of two plane waves of equal amplitude differing in phase by 90°, then the light

is circularly polarized. Besides, when two plane waves of differing amplitude
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are related in phase by 90°, or if the relative phase is other than 90° then the
light is said to be elliptically polarized. Additionally, different combinations of
polarization states are possible. Furthermore, the light can be partially polarized
(combination of non-polarized and polarized light). The Stokes-Mdller
formulism describes and analyses the polarization state of light and the different
polarization processes [Hayman and Thayer, 2009; 2012].

The Stokes formulism uses a 4x1 column matrix, called Stokes vector,
which describes the polarization state of light. The Stokes vector contains the

four Stokes parameters defined as follows:
s=(¢ Eq. 2-247

These Stokes parameters can be written in terms of the time averages of the
parallel and perpendicular components of the electric field:

I =(EE"+EE") Eqg. 2-25
Q =(E\E)" —ELE,") Eq. 2-26
U=(EE+EE") Eq. 2-27
V =(EE."—E.E) Eqg. 2-28

where E represents the amplitude of the electric field in the planes parallel (lI)
and perpendicular (L) to the reference plane, the asterisk represents the
complex conjugate and brackets identifies a time average. Each component has
units of irradiance (W/m?). The first element, I, describes the total (polarized
and unpolarized) irradiance. The second one, Q, is the irradiance linearly

polarized in the direction parallel or perpendicular to the reference plane. The

" Bold symbols represent vectors and matrices.
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third one, U, is the irradiance linearly polarized in the directions 45° to the
reference plane, and the fourth one, V, is the irradiance circularly polarized.

The Stokes representation is very useful as all elements present the same
units and are real and measurable quantities related by:

I?>Q*+U?+V? Eq. 2-29
where the identity occurs for polarized light, the expression Q% + U? + V2 =0
indicates unpolarized light and 12 > (Q? + U? + V?) # 0 means partially
polarized light.

Mdller formulism is the tool that allows the description of the polarizing
properties of an optical system (optical element or medium). To this end,
Mdller formulism uses a 4x4 real matrix as it is shown:

my; My Myz Myy

My My Mpz Mpy

M= Mgy M3y Mgz Mgy Eq. 2-30

Myy Myy; Myz Mgy
The Muller matrix of an optical system determines how the polarization
state of an incident light (input Stokes vector) is changed into a new
polarization state corresponding to the outgoing light (output Stokes vector):
Soutput = MSinpue Eqg. 2-31
A way to intuitively understand how a Muller matrix works, each m;; element

of the Eq. 2-30 can be seen as the amount of intensity that changes from the
polarization state i to the polarization state j, where i and j can be the I, Q, U
and V as shown as follows:

my My My My
Mor Mg Mqu Mgv Eq. 2-32

Mmy; Myg Myy Myy
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As indicated by Freudenthaler [2014], all other optical elements in the
lidar can be described as combinations of diattenuators and retarders and thus, it

is worthy to describe the general Muiller matrix of the retarding diattenuators:

1 D 0 0
D 1 0 0
M=T\0o 0 zcos(a) Zsin(d) Eq. 2-33
0 0 —Zsin(A) Zcos(h)
with
r=nth Eq. 2-34
2
p=n—T Eq. 2-35
T, +T, G-
7 =+1—D2 Eq. 2-36

where T, and T, are the parallel and perpendicular transmittance respect to the
polarizing plane of the incident light, T is the total transmittance, D is the
diattenuation and A is the phase shift between the parallel and perpendicular
phase. A particular case of a retarding diattenuator is the polarizing beam
splitter (PBS). This optical device is used to separate the input light beam into
two where each output beam has the opposite linear state of polarization, noted
as parallel (p) and perpendicular (s) to the plane of PBS. The Muller matrix is:

1 Dg 0 0
D 1 0 0

0 0 Zcos(hs) Zsin(Ag)
0 0 —Zsin(Ag) Zcos(Ag)

MS = TS Eq. 2'38

where the subscript S makes reference to the transmitting (T) and reflecting (R)

part of the polarizing beam splitter: Mg € {M;, Mg}, Ts € {Tr, Tr},
Zs € {Z;,—Zz}and Ag € {Ar, Ag}. The PBS is used in lidar systems to separate
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the state of polarization of the receiving signal into the parallel and
perpendicular respect to the polarizing plane of the emitted laser beam.

The Stokes-Miller formulism is used in the Chapters 5 and 6 where the
calibration is treated in detail and the influence of the lidar system on the

depolarization measurements is analysed.
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3.1 Experimental site

The measurements used in this thesis were performed at Granada in the
Andalusian Institute for Earth System Research (IISTA-CEAMA). This centre
is located in the Southern part of Granada, in South-western Spain (Granada,
37.16°N, 3.61°W, 680 m asl®) (Figure 3-1). Granada is a non-industrialized and
medium-size city surrounded by mountains with altitudes up to 3479 m asl
(Mulhacén peak). The total population is around 350 000 inhabitants (source:
www.ine.es) considering the metropolitan area (240 000) and the main villages
surround the city (110 000).

Table 3-1: Climatic values of the meteorological station ‘Armilla airbase’ (37.13°N,
3.63°W) from the period 1971-2000.T: temperature; RH: relative humidity; RD: mean
number of days with rainfall greater than 1 mm; SD: mean number of sunny days; SH:
mean number of hours of sunshine (source: www.aemet.es).

Months T (°C) Rainfall(mm) RH (%) RD(days) SD (days) SH (hours)

January 6.8 44 74 6 9 161
February 8.4 36 69 6 7 161
March 10.7 37 62 6 7 207
April 12.6 40 59 7 5 215
May 16.5 30 55 5 5 268
June 21.3 16 48 2 11 314
July 25.3 3 41 0 22 348
August 25.1 3 42 1 18 320
September 21.2 17 52 2 10 243
October 15.7 40 64 5 7 203
November 10.6 46 73 6 164
December 7.9 49 76 7 7 147
Year 15.2 361 60 54 115 2751

8 Above sea level
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% &
= 7, &

Figure 3-1: Experimental site location: (top) neighbourhood of CEAMA-1ISTA, (centre)
Granada city location including Sierra Nevada and the Mediterranean Sea, and (bottom)
South and Central Mediterranean Sea (source: Google Earth). Black arrow points
towards the North Pole.
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Most relevant climatic values are shown in Table3-1. The
near-continental conditions prevailing at this site are responsible for large
seasonal temperature differences, providing cool winters and hot summers. The
rainy period corresponds to late autumn, winter and early spring while the rest
of the year the rain is scarce.

The main local source of aerosol particles is the road traffic. Seasonally,
there are also two important sources as the soil re-suspension during warm-dry
season and the domestic heating based on fuel oil combustion during winter
[Titos et al., 2012]. The study area is about 50 km away from the Mediterranean
coast and, due to its proximity to the African continent, is frequently affected
by outbreaks of Saharan air masses. Due its location, Granada is an exceptional
place to characterize the Saharan dust coming from Africa. Additionally, the
Mediterranean basin represents an additional source of aerosol particles
[Lyamani et al., 2010].

3.2 Lidar systems

Lidar measurements were performed by two Raman lidar systems operated at
CEAMA-IISTA: the multiwavelength Raman Lidar MULHACEN (Raymetrics
Inc, model LR331-D400) and the scanning Raman Lidar VELETA (Raymetrics
Inc, model LR111-D200). MULHACEN and VELETA systems mainly present
the same lidar scheme: laser emitter, optical system and detection unit. Most
important characteristics of the lidar systems are summarized in Table 3-2. Both
MULHACEN and VELETA were incorporated into the European Aerosol
Research Lidar Network (EARLINET, www.earlinet.org) in April 2005 and
May 2011, respectively. EARLINET is the first aerosol lidar network,

established in 2000, with the main goal to provide a comprehensive,
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quantitative, and statistically significant database for the aerosol distribution on
a continental scale. At present, EARLINET consists of 28 lidar stations.

3.2.1 MULHACEN

MULHACEN is a ground-based, six wavelength lidar system with a pulsed
Nd:YAG laser, frequency doubled and tripled by Potassium Dideuterium
Phosphate crystals. The emitted wavelengths are 355, 532 and 1064 nm with
output energies per pulse of 60, 65 and 110 mJ, respectively. It has elastic
backscatter channels at 355, 532 and 1064 nm and Raman-shifted channels at
387 (from N3), 408 (from H,0) and 607 (from N;) nm. The laser beam is led
toward the atmosphere by means of two steering mirrors. The laser beam also
passes through two beam expanders and a high-transmittance window placed on
the outer cover box of the lidar system. The beam expander reduces the
divergence and increases the surface of the laser beam by a factor x5 and x4.5
for 355 nm and 532/1064 nm, respectively. The beam expanders are used in
order to increase the illuminated portion of the atmosphere with respect to the
field of view of the telescope, which increases the signal-to-noise ratio (SNR).
Additionally, the beam expanders decrease the divergence of the laser beams.
The alignment between the telescope and the laser beam is performed through
an optical mount that allows the tilt of the laser beam with an accuracy of
several microradians. The full overlap is reached around 1220 m agl [Navas
Guzmén et al., 2011] although the overlap is complete at 90% between 520 and
820 m asl [Navas Guzman et al., 2011; Rogelj et al., 2014].
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387 nm — — Dichroic mirror

1064 nm —

/— Polarizing beamsplitter

. cube

— Eye piece

! ,— Interference filter

/’ ,— 532 nm (s)

i

532 nm (p) -

Figure 3-2: Receiving optics except the telescope. Optical paths of 355, 387, 408, 532
(parallel, p, and perpendicular, s), 607 and 1064 nm are drawn. Rectangular plates are
dichroic mirrors. The set consisting of eye piece and interference filter is used at each
wavelength but only shown for 532 nm (s) channel for simplicity.

The receiving optical system is the module that receives and collimates
the backscattered light (telescope, diaphragm), separates it into different
wavelengths (dichroic mirrors and interference filters) and into different
polarizing components (polarizing beam-splitter cube) and finally focuses it
(eye piece) on the surface of the detectors. The Cassegrain telescope has a
primary mirror of 0.4m-diameter and a 7mm-diameter diaphragm located in the
focal plane of the telescope avoiding spurious light. The wavelength separation
is schematically shown in Figure 3-2. Optical devices are positioned with a high
accuracy of 0.1° at 45° respect to the incident light direction. Interference filters
are used in order to separate the wavelengths with a FWHM?® between 0.5 and

2.7 nm, and neutral density filters adjust the signal intensity reaching the

® Full Width at Half Maximum
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Table 3-2: Technical characteristics of MULHACEN (LR331-D400) and VELETA
(LR111-ESS-D200) (Raymetrics, S.A.)

Lidar units MULHACEN VELETA
Emitter
Nd:YAG Nd:YAG
Pulse laser source . .
(Quantel CFR Series) (Quantel Ultra Series)

Wavelength, nm (Pulse
energy, mJ)

Pulse duration, ns
Repetition rate, Hz
Beam diameter, mm

Beam divergence, mrad

Optical system

Telescope Cassegrain
(Primary/secondary mirror,
mm)

Focal length (mm)

Telescope-laser axes
distance (mm)

Wavelength (nm) split by
polarizing components
(parallel and perpendicular)

Wavelengths (nm)
(FWHM)

Detection Units

Detectors

Transient Recorder (range
resolution in nm)

Pointing

355 (60), 532 (65)

355 (33
and 1064 (110) (33)
8 5.04
10 20
6 3.37
0.1 0.063
400/90 200/50
3998 800
320 (532 and 1064 nm) 167
and 350 (355 nm)
532 355
355 (1.0), 387 (2.7), 355 (1.0
408 (1.0), 532 (0.5), (1.0)
607 (2.7) and 1064 (1.0) and 387 (1.0)
APD (at 1064 nm), PMT PMT
(others)
LICEL: TR20-160 LICEL: TR20-160
and PR20-160P (7.5) and PR20-160P (7.5)
Elevation range = [0°, 90°
Zenith ge =1 ]

Azimuth range = [-90°, 270°]
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photodetectors. Finally, the polarizing beam splitter reflects the parallel and
transmits the perpendicular components at 532 nm with a reflectance and
transmittance of 0.995 and 0.99, respectively. Reflectance of commercial
polarizing beam splitters is usually larger than transmittance. This configuration is
used to minimize the cross-talk effect as it is explained in Section 4.1.5.

The optical signal is converted into an electrical one by means of 6
photomultipliers (PMT) and an Avalanche Photodiode Detector (APD) used for
1064 nm. The PMTs (Hamamatsu, R7400U) perform measurements in
photon-counting mode with a gain factor around 8x10° depending on the
applied voltage (linear range: 750-840 V), which is optimized depending on the
intensity of the received signal. Finally, the APD works in analog mode with an
applied voltage in the range 265-285 V.

Lidar signal is recorded by a LICEL transient recorder (Germany)
especially designed for remote sensing applications. Signal measured by PMTs
is simultaneously recorded in two different modes: analog by means of an
analog-to-digital converter (A/D) and photon-counting. The combination of the
signals of both detection modes is briefly explained in Section 4.1.1.5.

For further details, MULHACEN has been characterized by Guerrero
Rascado [2008] and Navas Guzméan [2011].

3.2.2 VELETA

VELETA is a ground-based lidar system with a pulsed Nd:YAG with an
emitted wavelength of 355 nm (33 mJ per pulse). It has channels at 355
(parallel and perpendicular) and 387 nm (N, Raman-shifted). VELETA
presents a novel configuration by which the laser head, the telescope and the
optical system are mounted on a sun-tracker (Kipp&Zonen sun-tracker) that

allows the measurement pointing to any direction in the sky dome. The overlap
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Figure 3-3: VELETA pointing in two different positions.

range of the system is between 200 and 400 m. Technical specifications can be
found in Table 3-2.

The optical system consists of a Cassegrain telescope (0.2 m diameter
primary mirror) with a 1.5 mm diaphragm. The wavelength separation is
schematically shown in Figure 3-4. Optical devices are positioned with a high
accuracy of 0.1° at 45° with respect to the incident light direction. Wavelengths
are selected and adjusted by interference filters and neutral density filters. The

polarizing beam-splitter cube is characterized by Rs = 0.99 and T, = 0.95.

From —
telescope llll — Polarizing beam-splitter
\ | cbe — Eye piece

| | Interference filter

_~— 355nm(s)

— 355 nm (p)
“— 387 nm

Figure 3-4: Receiving optics except the telescope. Optical paths of 355 (parallel, p, and
perpendicular, s) and 387 nm. The set consisting of eye piece and interference filter is used at
each wavelength, but it is only shown for 355 nm (s) channel for simplicity.
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3.3 Quality assurance

The complexity of the lidar system requires appropriate quality control of the
measurements. To do this, both MULHACEN and VELETA are under strict
quality assurance based on several tests that assess the lidar response. This
quality control is performed periodically under the supervision by the
EARLINET quality control working group. Results of all the stations are
included in the deliverables of the WP2 of ACTRIS* (Aerosol Cloud and Trace
Gases Research Infrastructure Network). Particularly, MULHACEN’s and
VELETA'’s quality assurance was presented in the Report on second internal
quality checks for hardware (deliverable D2.6). Additionally, the MULHACE’s
quality assurance was published in previous works [Guerrero Rascado, 2008;
Guerrero-Rascado et al., 2011; Navas Guzman, 2011]. Thus, only the more
relevant results (i.e., telecover, Rayleigh fit and trigger delay) for VELETA’s
quality assurance and the new test for the depolarization measurement for both
MULHACEN and VELETA are presented in this thesis.

3.3.1 Telecover test

The telecover test is a self-check of the optical part of a lidar system. This
test allows the determination of range-dependent transmission which results in a
signal distortion. It can be also used to determine the correct alignment between
the laser beam and telescope axes. It is based on the comparison of signals

measured using different quadrants of the telescope. Quadrants are named

10 ACTRIS is a European Project aiming at integrating European ground-based stations
equipped with advanced atmospheric probing instrumentation for aerosols, clouds, and
short-lived gas-phase species. ACTRIS has the essential role to support building of new
knowledge as well as policy issues on climate change, air quality, and long-range transport of
pollutants.

59



Experimental site and instrumentation

north, east, west and south, where north is the quadrant nearest to the laser
beam axis and the others named following the clockwise sense (see Figure 3-5).
To this end, four measurements are performed covering three quadrants at a
time. Additionally, one extra north measurement is performed at the end of the
telecover test in order to check the atmospheric stability. Then, three behaviours
of the quadrant measurements are checked due to the design of the lidar: first,
the height of perfect overlap of the different quadrants has to increase from
north to south, passing through that east and west. Second, east and west signals
should be equal due to the lidar symmetry. Third, signals should converge with
height to become equal.

Figure 3-6 shows an example of a telecover test of the raw signal at 355p
nm of VELETA. In this case, both north measurements are almost equal which
indicates a good atmospheric stability. Thus, atmospheric conditions allow the
assessment of the telecover test. As can be seen in Figure 3-6, the order of the
signal maxima are north, located at 127.5 m agl (above ground level), then east
and west at 165.5 and 172.5 m agl, respectively, and finally, south at 187.0 m
agl. Therefore, the behaviour of the signals presents a correct trend according to
the lidar design. Both east and west signals are also very similar between them

West

South —

Figure 3-5: Telecover scheme using MULHACEN design. Quadrants are north (blue), east
(light green), west (dark green) and south (red).
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Figure 3-6: 355p nm signals of the telecover test. North, east, west and south are the
quadrant of the telescope. Signals are colored according to Figure 3-5.

which spatial difference of the maxima of 1 bin (7.5 m). Finally, the four

0 200

signals are equal approximately above at 500 m agl. The assessment of these
results indicates a good alignment of the lidar as well as it highlights there are

not artefacts in the signal.

3.3.2 Rayleigh fit

The Rayleigh fit is a tool for determining the good alignment of lidar
systems in the far range. As it was indicated in Section 2.3 (Eq. 2-12), RCS is
proportional to S,:. Therefore, the RCS normalized to an aerosol-free height
and the molecular B,:+ normalized to the same height should be equal in the
aerosol-free region. This test is very important because it indicates the
maximum range of the optical property profiles and shows the available
calibration height range for the Klett-Fernald and Raman retrievals (see Section
4.1.2 and 4.1.3). The 355p nm Rayleigh fit is shown in Figure 3-7 where both
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Figure 3-7: Rayleigh fit of 355p nm channel. Both molecular attenuated backscatter and
RCS are normalized in the range 8-9 km asl.

molecular B, and RCS are normalized in the range 8-9 km agl. In this test,
only the photon-counting (PC) signal is used as the far range is studied. Results
highlighted the good agreement between the normalized molecular S, and
RCS with a very similar trend from 5 to 30 km asl. In fact, relative deviation
between both signals is less than 2% in the range 5-10 km asl. This range is the
most important because the reference height required for the retrieval of optical

properties is usually chosen between 6 and 10 km asl.

3.3.3  A90°-calibration method

In spite of the fact that A90°-calibration method of the depolarization
measurements is not strictly a quality assurance test, it can be used to this aim.
In fact, it was used with this purpose by the EARLINET stations of Munich,
Limassol and Granada in the deliverable D2.6, Report on second internal
quality checks for hardware, of the WP2 (ACTRIS) in February 2013. Due to
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the novelty of this calibration and its relevance in this thesis, it will be
explained in detail in Chapter 5.

3.4 Additional instruments

3.4.1 Sun-photometer

Measurements of total columnar aerosol
properties at daytime were obtained using
a CIMEL CE-318 sun-photometer. This
instrument is included in the AERONET
network  [Holben et al., 1998]

(http://aeronet.gsfc.nasa.gov), which

imposes standardization of instruments, Fre 3.8: Sun-photometer pointing at
calibration, processing and  data the sun.

distribution. The sun-photometer provides solar extinction measurements at
seven channels ranging from 340 to 1020 nm and sky radiances measured at
440, 675, 870 and 1020 nm. Solar extinction measurements are used to compute
the aerosol optical depth (AOD) at 340, 380, 440, 675, 870 and 1020 nm. The
AOD uncertainty ranges from £0.01 in the infrared-visible to +0.02 in the
ultraviolet channels [Eck et al., 1999]. The sky radiance measurements in
conjunction with AOD data at four wavelengths are used to retrieve aerosol
microphysical properties like columnar aerosol size distribution, refractive
index and single scattering albedo, (), using the algorithm by Dubovik and
King [2000] with improvements by Dubovik et al. [2006]. In addition, the
inversion code provides other parameters such as the volume concentration,
modal radius and standard deviation for fine and coarse modes of the retrieved
aerosol size distribution. The uncertainty of the AERONET inversion products
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is described by Dubovik and King [2000] and Dubovik et al. [2006]. The
authors showed that the uncertainty in the retrieval of w(L) is £0.03 for high
aerosol load (AOD (440 nm) > 0.4) and solar zenith angle > 50°. For
measurements with low aerosol load (AOD(440 nm) < 0.2), the retrieval
accuracy of w(A) drops down to 0.02-0.07. For high aerosol load (AOD(440
nm) > 0.4) and solar zenith angle > 50°, uncertainties are about 30-50% for the
imaginary part of the refractive index. The reported uncertainties for aerosol are
around 10-35%, for the size distribution retrievals in the 0.1 um <r <7 pm size
range, while for sizes retrieval outside of this range, uncertainties rise up to 80-
100%. Finally, the fine fraction (1), defined as the fine AOD respect to the total
AQOD, provided by AERONET was used [O'Neill et al., 2001a; O'Neill et al.,
2001b].

3.4.2 Microwave radiometer HATPRO
In addition, continuous monitoring of . _ S

tropospheric temperature profiles during

the studied period was performed using a
ground-based passive microwave
radiometer (RPG-HATPRO, Radiometer

Physics GmbH). The passive microwave

radiometer performs measurements of the o
) ] Figure 3-9: Microwave radiometer.
sky brightness temperature with a

radiometric resolution between 0.3 and 0.4 K root mean square error at 1 s
integration time. The radiometer uses direct detection receivers within two
bands: 22-31 and 51-58 GHz. The radiation from the first band provides
information about the tropospheric water-vapour profile, while the second band

is related to the temperature profile. In addition, surface meteorological data
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were also available from both the microwave radiometer itself and a co-located
meteorological station. Temperature profiles are retrieved from brightness
temperature and surface meteorological data using an inversion algorithm
developed by Rose et al. [2005]. Temperature is provided with an accuracy of
0.8 K within the first 2 km and 1.2 K at higher altitudes. Tropospheric profiles
are obtained from the surface up to 10 km using 39 heights with vertical
resolution ranging from 10 m near the surface to 1 km for altitudes higher than
7 km agl. For heights below 3 km agl, where the PBL is usually located over
Granada [Granados-Muiioz et al., 2012], data at 25 independent points with
resolution between 10 and 200 m are provided. Temperature profiles have been
used to determine the PBL height using the parcel method [Holzworth, 1964].
Estimates of the PBL height using microwave radiometer temperature profiles
have already been validated with independent measurements [Granados-Mufioz
etal., 2012].
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Methodology

This chapter mainly describes the methodology applied to lidar measurements
as the data pre-processing and the elastic, inelastic and depolarization retrievals.

Additionally different tools used in the thesis are explained.
4.1 Lidar technique

4.1.1 Pre-processing

Database recorded by lidar systems cannot be directly used to retrieve optical
properties and thus, different pre-processing steps are required. The basis of
these pre-processing steps and the applied methodology are explained in the

following subsections.

4.1.1.1 Dead time correction

The lidar signal in photon-counting (PC) mode requires the so-called dead time
correction. PC mode is based on the count of impact of photons, one by one, on
the surface of the photodetector. This procedure requires a certain amount of
time to discriminate and process each event. If a second event occurs during
this time, it will not be counted. The minimum amount of time that allows the
discrimination between two events such that both are counted is referred to as
dead time. Because of the random nature of the arrival times of photons, there is
always some time with some events that will not be counted. In lidar
applications, the number of uncounted photons is significant in the near range
decreasing in the far range. Assuming that the events occur randomly according
to a Poisson process, if N, is the system measured count rate and t is the
known dead time, the actual number of events (N) may be estimated by,

N

N =
1—N,t

Eq. 4-1
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In the case of the PMT tubes (R7400U, Hammatsu) used in our Raman lidar
systems, the value of the dead time is 4 ns. Therefore, photo-counting channels

are corrected by Eq. 4-2.

4.1.1.2 Background subtraction: dark current and sky radiation

The background subtraction is necessary in order to remove from the measured
signal the portion that is not related to the molecular or particle backscattering.
This contamination has two sources: the dark current and the sky radiation.

The dark current is an artefact produced by the analog-to-digital converter
of the elastic-backscatter photomultipliers due to small currents flowing
through the detectors even when their sensor surfaces are not illuminated. This
artefact is height-dependent so it modifies the signal and prevents a correct
Rayleigh fit. The correction requires a dark-current measurement while the
telescope or the diaphragm is completely covered. Then, the dark current
measurement is subtracted from the actual measured profile. A 10-min dark
current measurement is usually performed for each measurement session.

The sky radiation contribution to the background signal is mainly due to
the sun-light scattered by atmospheric gases and particles. It depends on the
time of the day, but is range independent. To remove its contribution, an
average is performed in the height range 75-105 km where the laser signal can
be neglected and then the mean value is subtracted from the whole profile.

4.1.1.3 Trigger delay

A trigger is a device that activates a firing mechanism on a system. In terms of
laser, trigger is used to produce pulses with a certain frequency. Particularly, for
the MULHACEN and VELETA systems, the laser trigger is also used to
activate the data acquisition by means of the LICEL transient recorder.

However, there is a delay between the laser beam emission and the start of the
70



Lidar technique

data acquisition. In order to determine the trigger delay of MULHACEN and
VELETA, three different tests have been performed. In order to illustrate these
tests, MULHACEN data are used.

Near target test: The near target test consists of detecting a peak of the

lidar signal backscattered by a near target (e.g., an A4-cardboard). Because this
signal is backscattered by a very near target (less than 7.5 m, i.e. the nominal
vertical resolution) the peak should be detected in the bin O (initial bin). If the
peak is detected in a different bin, the trigger delay can be determined by a

simple computation.

Table 4-1: Trigger delay for MULHACEN elastic channels determined using the near
target test.

Channel AN trigger delay (bins)
0 (532p nm)
1 (5325 nm)
2 (355 nm)
3 (1064 nm)

o oOO|lo N

This test was performed to obtain the trigger delay of analog (AN) and
photon-counting (PC) signals of the elastic channels. However, no-signal peaks
were detected on PC channels whereas the AN channels presented clear peaks
at bins shown in Table 4-1. The AN trigger delay is around 45-52.5 m (1 bin
corresponds to 7.5 m). As the PC trigger delay was not determined by this test,
the optical fiber test was performed.

Optical fiber test: In this test, a 15-m optical fiber is used to capture and

introduce a part of the emitted laser beam directly through the telescope to the
photodetectors. As the light path is known (~15 m) and the spatial resolution of
the LICEL is 7.5 m, the peak of light should be detected at the second bin. If the

71



Methodology

input light is detected in another bin, the trigger delay can be determined
through the difference of the bin locations. Results of this test are shown in
Table 4-2. AN trigger delay presents similar values to the previous test so it
seems that both tests are equivalent. Additionally, PC trigger delay is
determined. Using the trigger delay of both AN and PC signal, the bin shift
between both signals can be derived as it is also shown in Table 4-2.

Table 4-2: Trigger delay determined by means of optical fiber test.

Trigger delay

Channel AN PC Bin shift
0 (532p nm) 7 2 5
1 (5325 nm) 7 1 6
2 (355 nm) 7 -1 8
3 (1064 nm) 5 0 -
4 (387 nm) - -1 -
5 (532s nm) - 2 -
6 (387 nm) - 1 -

Once the trigger delay is corrected for all channels, the Rayleigh fit can be
used to check if the results of the optical fiber test are correct. In Figure 4-1, a
Rayleigh fit of the 532p nm signal corrected using the trigger delay in Table 4-2
is shown. As can be seen, the delay between both signals is obvious so this test
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Figure 4-1: Analog and photon-counting signals displayed following the trigger delays
determined by means of optical fiber test. Normalization range: 7-8 km asl.
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does not provide good results for AN or PC channels. As AN trigger delay was
the same (7-6 bins, approx.) for target and optical fiber tests, it was assumed
that the determination of the PC trigger delay presented some problem. Then,
another test was used in order to determine the correct PC trigger delay.

Slope test: For this test at least one well-corrected channel is required. In
our case, the AN trigger delay is successfully determined by means of two tests.
Then, the PC trigger delay is obtained using the slope test. To this end, the
slopes of AN and PC signals are compared as both must detect the different
structures of the atmosphere at the same height (e. g., an aerosol layer must be
detected at the same height by AN and PC modes). In other words, AN and PC
signals must be correlated. Hence, this test determines the bin shift by means of
the best linear fit between AN and PC signals fixing the AN signal, once
corrected of trigger delay, and displacing the PC signal from -20 to +20 bins.
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Figure 4-2: R? computed for linear fitting between AN signal and different PC signals of
channel 0 (532p nm). The PC signals were displaced between —20 and +20 bins. The best
correlation is found with a displacement of two bins.
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Figure 4-3: Analog and photon-counting signals of channel 0 (532p) displayed after
correcting for the trigger delays determined by means of slope test. Normalization range:
7-8 km asl.

Then, the highest linear fit R? shows the bin shift.

As can be seen in Figure 4-2, a displacement of 2 bins of the PC signal
respect to the corrected AN signal produces the best correlation. Then, the
trigger delay of PC signal is 9 bins.

Figure 4-3 shows the Rayleigh fit of the 532p nm signal (MULHACEN)
using the values obtained with the slope test. The comparison of Figure 4-3
(slope test) and Figure 4-1 (fiber test) proofs that results that the slope test
provides better PC trigger delay than the fiber test. The trigger delay for Raman
channels cannot be determined by means of near target or optical fiber methods
as both methods gave wrong PC trigger delays and they cannot be determined
using the slope test. Therefore, PC trigger delay of Raman channels was
assumed equal to the PC trigger delay of the elastic channels as its value is

almost constant (8-9 bins). In Table 4-3, the final trigger delays are presented.
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Table 4-3: MULHACEN trigger delays determined by means of the combination of near
target and slope tests. Values in brackets are assumed.

Bin-zero . .
Channel Bin shift
AN PC

0(532pnm) 7 9 2
1(532snm) 7 9 2
2 (355 nm) 7 8 1
3(1064nm) 5 - -
4 (387 nm) - [8] -
5 (408 nm) - [8] -
6 (607 nm) - [8] -

Following the same procedure, AN and PC trigger delays were
determined for VELETA (Table 4-4).

Table 4-4: VELETA Trigger delays determined by means of the combination of near
target and slope tests.

Bin-zero ) )
Channel Bin shift
AN PC
0(355pnm) 6 -2
1(355snm) 6 -3 9
2 (387 nm) - [2] -

4.1.1.4 OQverlap correction

As it was introduced in Section 2.3, the lidar signal is affected by the overlap
function, 0(z), which is characterising the overlap of the laser beam and the
telescope field of view. This overlap behaviour prevents obtaining information
in a range close to the lidar. However, this effect can be partially corrected.
Firstly, O(z) needs to be determined experimentally and then, the retrieved
0(z) is applied to the lidar raw data in the pre-processing step. A detailed
description of this correction was presented by Wandinger and Ansmann [2002]
and applied in the IISTA-CEAMA by Navas Guzman [2011].

75



Methodology

4.1.1.5 Gluing signal

The analog (AN) and photon-counting (PC) detection are two mode of
recording the received signal due to its high dynamic range (around five orders
of magnitude). In this sense, AN signal provides better signal and SNR in the
near range whereas PC provides it in the far range. The combination of both AN
and PC profiles would optimize the quality of the signal and SNR in the whole
range. To this end, Navas Guzman [2011] optimized the gluing process taking

into account the better fitting range of the AN and PC signals.

4.1.2 Elastic backscatter retrieval

The elastic retrieval is a well-known solution of the lidar equation, named
Klett-Fernald algorithm as it was proposed and improved by Frederick G.
Fernald and James D. Klett between 1972 and 1985 [Fernald et al., 1972; Klett,
1981; Fernald, 1984; Klett, 1985]. The procedure is based on: first, the
assumption of a height-constant extinction-to-backscatter ratio, called particle
lidar ratio (LR) and a known value of 3 at a height reference z,, 8(z,); second,
the determination of the molecular backscatter and extinction coefficients by
means of Rayleigh’s theory and the molecule number density calculated using
the thermodynamic state of the atmosphere (temperature and pressure profiles).
Under these assumptions, the lidar equation®* can be handled to get the
Bernoulli equation that is solved by means of boundary conditions. The solution
is:

RCS(2)T?(z,z,)

B@) = ~Pmot(2) + —r55

-2 fzref LR(EYRCS(ET d Eq. 4-2
B(z0) + Bmoi(20) 20 (EIRCS(T(E, 20) d

1 See Section 2.3, Eq. 2-11.
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where the wavelength dependence is omitted for simplicity, ¢ is a distance
variable of integration, and T(z, z,) and T (¢, z,) is the transmittance (Eq. 2-1)
between the ranges z — z, and & — z,, respectively. The aforementioned £(z,)
is assumed to be zero in the reference height or derived using a
backscatter-related Angstrom exponent, previously determined, as it is
explained by Navas-Guzman et al. [2011]. The reference height is determined
by means of the Rayleigh fit explained in Section 3.3.

As it was previously indicated, LR has to be assumed. LR is generally
assumed height-constant and estimated by means of ancillary information (e.g.,
information derived from sun-photometer as it is explained by Landulfo et al.
[2003] and Cordoba-Jabonero et al. [2011]).

4.1.3 Inelastic retrieval
The following approach for the retrieval of the particle extinction coefficient
was first presented by Ansmann et al. [1990]. With the application of the
so-called Raman method, no assumption of the lidar ratio is necessary for the
calculation of the particle extinction and backscatter coefficients. It is based on
the independent measurements at the laser wavelength, 4;, as well as at the
wavelength of the inelastically scattered light, 1, as it was introduced in
Section 2.3 (Eq. 2-14). If the Raman scattering is produced by a gas with
known atmospheric density (e.g., nitrogen or oxygen), the particle backscatter
coefficient in the Raman lidar equation is known, and only the aerosol
extinction and its wavelength dependence remain as unknowns.

Assuming a wavelength dependence of the extinction coefficient,
a «< A7, the Raman lidar equation is solved for particle extinction coefficient

at 1, as follows [Ansmann et al., 1990]:
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d Nr(2)
Eln (m) = Umo1(Z, A1) — A1 (2, Ag)

1+(M/,,)

where Ny is the atmospheric number density of Raman scatterer and a,,,; can

a(z) =

7 Eq. 4-3

be calculated from Rayleigh scattering coefficients and atmospheric number
density profiles. Atmospheric number density profiles are derived from
temperature and pressure profiles obtained from models or radiosonde
measurements. Therefore, independent particle extinction coefficient can be
determined from the detection of Raman scattered light.

Once « is retrieved, B can be independently determined following the

approach for the retrieval proposed by Cooney et al. [1969] and Melfi [1972].

B (2o, Ag) P(z,2,) T(z, Ag) _ ) Eq. 4-4
B(zo,4) P(z,A8) T(2,1,)

where g(zy,Az)/B(zy, ;) is the calibration constant determined at reference

B(Z, AL) = B‘mol(zﬁ AL) (

height. A detailed description was given by [Ansmann et al., 1992]. As particle
extinction and backscatter coefficients are independently determined, the lidar
ratio (LR) profile can be calculated. The information obtained through the
extinction- and backscatter-related Angstrom exponent, LR and depolarization

profiles allow the atmospheric aerosol typing.

4.1.4 Elastic and inelastic retrieval uncertainties

The causes of uncertainties of lidar measurements are summarized below:

a) Lidar system: each component in the optical path contributes to errors in the
detected signal.

b) Signal-to-noise ratio: it decreases with height so the uncertainty increases
with distance from the instrument.

c) Pre-processing: background and dark current subtraction, dead time, overlap
and trigger delay corrections and averaged profiles (see Section 4.1.1).
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Despite of the pre-processing required for the retrieval of lidar
measurements, this step introduces uncertainties to the retrieved optical
properties. For example, overestimation of the background signal can lead
to negative values of the lidar signal which are physically unrealistic.

d) Retrieval: in both elastic and Raman inversion cases a reference value is
required. Molecular extinction (calculated by means of temperature and
pressure profiles) and molecular lidar ratio are also required in the case of
elastic retrieval and spectral dependence has to be assumed in the case of
Raman retrieval. All of these assumed or estimated values introduces
uncertainties in @ and 5.

More information were given by Preissler [2012]. Using a common error
propagation (linear or non-linear) considering all the sources of uncertainties
listed above can lead to unrealistically high uncertainties of 5, @ and LR. Thus,
the Monte Carlo technique was used for more realistic error estimation. This
procedure is based on the random extraction of new lidar signals, each bin of
which is considered a sample element of a given probability distribution with
the experimentally observed mean value and standard deviation. Monte Carlo
technique uses normal and Poisson distributions for AN and PC lidar
measurements, respectively. The extracted lidar signals are then processed with
the same algorithm to produce a set of solutions from which the standard
deviation is calculated as a function of height. This standard deviation profile is
the error profile of the derived optical property [Ansmann et al., 1992;
Pappalardo et al., 2004; Guerrero-Rascado et al., 2008a]. Typically, relative
errors of 8 derived with Raman and Klett-Fernald method are less than 15%,

20%, respectively, and relative errors of a derived with Raman is 25%.
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4.1.5 Lidar measurements expressed in terms of Stokes-Muller
formulism
As introduced in Section 2.5, Stokes-Miller formulism is a very useful tool to
describe and analyse the polarization state of light and the different polarization
processes. Thus, the study of the depolarization calibration and the polarizing
sensitivity of lidar systems are performed by means of this formulism. This way
of studying the polarization for lidar applications started in recent years [Flynn
et al., 2007; Freudenthaler et al., 2009; Hayman and Thayer, 2009; 2012].
Lidar systems can be subdivided in functional blocks: laser, laser emitting
optics (beam expander, steering mirrors), receiving optics (telescope,
collimator, dichroic mirrors...), and polarizing splitter including the detectors
as it is schematized in Figure 4-4. Multiplying the laser beam Stokes vector (I;)

by each functional block Muller matrix:

Is = nsMgR,M,FM;I, Eq. 4-5
where the reflected (R) and transmitted (T) signals, noted by I, S = {R, T}, is
obtained. My, F, M ,and M, are the Muiller matrices of the laser emitting optics,
atmosphere, receiving optics and polarizing beam splitter, respectively,
summarized in Appendix B: Muller matrices. Also, s is the gain factor of the
photomultipliers and R, refers to the axial rotation which allows the
measurements with the polarizing beam splitter (PBS) in two configurations: 0°
(y=1) and 90° (y=-1). If measurements are performed at an axial rotation angle
of 0°, the transmitted and reflected signal corresponds to the parallel and
perpendicular signals respect to the polarized plane of the laser, respectively,
and oppositely with an axial rotation angle of 90°. Considering the cross-talk
effect, the axial rotation angle of 90° is the best option as: first, commercial
PBS usually presents better reflectance (~0.995) than transmittance (~0.95);
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second, the parallel signal is stronger than the perpendicular one. Thus, the
contamination of the perpendicular signal is lower if the parallel signal is split
using the reflectance. Thus, the nominal axial rotation angle used for VELETA
and MULHACEN is 90°.

Finally, the depolarization calibrator can also be considered as function
block, C, and hence, a similar expression can be found for the calibration
measurements:

Is = nsMgR,CM ,FM I, Eq. 4-6
where the Miller matrix of C depends on its type (e.g., rotator or linear
polarizing filter). The calibration method is analysed in detail in Chapter 5.

Particularly, laser light emitted by lidar systems is an almost-perfect

linear polarized light. Therefore, the Stokes vector of the laser beam, I, is:

Eq. 4-7

where [, is the laser intensity and a; is the depolarization parameter of the
laser. In case of an almost-perfect linear polarized light, a; ~1.

For the atmosphere, which can be modelled as a volume of randomly
oriented, non-spherical particles with rotation and reflection symmetry, the

Miller matrix F can be written as:

I, M; R)C(y)M(7) F(d) Meg(p) I(ay,a)
20 - B {—

Figure 4-4: Lidar scheme based on functional blocks (from [Freudenthaler, 2014]).

A

81



Methodology

F, 0 0 0 10 0 0
S
0 0 0 —Fy 00 0 (a-1)
with F;5; = F,, and a is the polarization parameter defined by:
= % Eqg. 4-9
and
Fy = Fyy — 2F,, = F;;(1 — 2a) Eg. 4-10

Assuming an ideal behaviour of laser emitting optics (i.e., Mg = identity
matrix), an example of Stokes-Mdller formulism can be the interaction of pure
linear polarized light and the atmosphere resulting a partially polarized light,

I,,:, as follows:

1 0 O 0 1 1
0 a O 0 1 a

Iout=FIL=F11 0 0 -a 0 IL 0 =F111L 0 Eq 4-11
00 0 (a—1) 0 0

where the aerosol backscatter coefficient is related to the F;, element and the
volume linear polarization ratio 6" is related to a through the elements F,; and
F,,:

Fy — F
§ == Eq. 4-12
Fi1 + Fp
F
a=-2 Eq. 4-13
Fll
1 —
=1 Eq. 4-14
1+a

The Stokes-Miiller formulism introduced in this section will be very
useful in Chapters 5 and 6 to study the depolarization calibration and the

polarizing sensitivity of the lidar systems.
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4.1.6 Depolarization retrieval

In Section 2.4, the main depolarization concepts were introduced and, among
them, the definition of the volume linear depolarization ratio (6") (Eq. 2-22).
However, Freudenthaler [2014] presents a general equation to retrieve the
volume linear depolarization ratio, 6’, which in addition to correcting the
influence of the gain of the photomultipliers, also includes the correction of the
polarizing effects of the hardware through the parameters G, G, Hy and Hg:

_07(Gr + Hp) — (Gg + Hg)

5 = Eq. 4-15
(Gr — Hp) — 6" (Gr — Hy) a
with
11R(Y)
5*(y) = - Eq. 4-16
») nlr(y) a

where 1 is the depolarization calibration factor and y indicates the two axial
possible rotations: 0° or 90°. Particularly, both MULHACEN and VELETA use
90°. Assuming a suitable behaviour of M (i.e., identity matrix), no cross-talk
in the PBS, and no rotational misalignment of the receiving optics, Gy, Gg, Hr

and Hy can be written as:

Gr=1-0D, Eq. 4-17
Gr=1+D, Eq. 4-18
Hg = (D, + 1)Czq Eq. 4-19
Hy = (Dy — 1)cyg Eq. 4-20

These parameters only depend on the effective diattenuation of the
receiving optics (D,) and the rotational misalignment of the polarizing plane of
the laser with respect to the incident plane of the PBS (a). Then, substituting
expressions from Eq. 4-16 to Eq. 4-20 in Eq. 4-15 results in the new equation to

retrieve &'
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Ig o (1=Dpy, 5
,_”IT(J’)(1+DO)“‘”“ 1

tan2a+n§_:(y) (};_gz) Eq. 4-21

The experimental determination of & depends on the depolarization
calibration method and thus will be presented in Chapter 5. Finally, once &’ is
retrieved, the particle linear depolarization ratio, 67, can be retrieved using
Eq. 2-22.

4.1.7 INDRA (Interface for Depolarization and Raman Analysis)

As it has been detailed in previous sections, the lidar technique requires a
complex processing of the signal which can be grouped in pre-processing
(Section 4.1.1) and elastic, inelastic and depolarization retrievals (Sections
4.1.2,4.1.3 and 4.1.6). The complexity and number of the operations would be
unapproachable by hand, and hence, the software implementation of the
pre-processing and the retrieval algorithms was initialized by Guerrero
Rascado [2008] and improved by Navas Guzman [2011]. After more than 5
years of development and implementation of these algorithms, a graphical user
interface has been developed including the new deliverables produced since
then. This interface is called INDRA: Interface for Depolarization and Raman
Analysis. In Figure 4-5, a screenshot of INDRA with the analysis of a real case
is shown. The last version of this software, INDRA 4.1.8 includes the elastic,
inelastic and depolarization retrieval as well as the error bars calculus. Another
tool saves the retrieved optical profiles following the EARLINET protocol.
These procedures are available for MULHACEN and VELETA data. A detailed
tutorial of INDRA is included in Appendix A: Software.

84



Lidar technique

‘lenald1a4 uoneziaejodsp pue onse|sul Jo sjdwexs ue YUM HAN| 40 10Ysusaus (G- aanbiq

‘I's7e “wy whiey
02 6 8 Lk 9 S # €L 2 f_f c,_. m 8 L 89 s v £ T b 0 et ] S N i = sameunn
- iy .
z H v mmen [+ uswey) uoezgodap gz swaury
3 150id sreg =g Jewiog jeuneg 5 —
E B
omf 5
a TV LNV e
(o]
“He02 "I8H2Eq UNY e €
! : n .< q0@ e o o1 | uwy  wad - [
WU ZE5E DY —— & g |- [eo0|[a onsem
e g HOA 0 jren
59
“01-5°6 - (wyy) abues uoneziew.o| Biajfie abues 2y ? —abues pue apow ‘aeid uogoupg zE5
50456 - (wsi) tezijewon 1y wbia)fey s vewey A HOEILB0da] 6 € : n—

Woyy 20UBIBEY

d d 50 | MOPUM
(wuges) @ wiauodx3 woxsBuy (15) % PULE R A plll 2 ) u E 0

Fo zo e 4 b 0 L= 00k 05 0 ¥ 4 23 b 50 0 5bgs = Loz
T T T T T T T T T T 890 s [ (s-uyl) WA
..................... . R ) Lojzs premIod () i
z iz - = Bl
s |s piemyoeg L
oows poyjaw uojeiqie)
{58 Wy -JyBiaH) [EAsUlR] 0SB ~F'E —
............... L | aopuipg
EEn
Lsu) | gz oz ||| 6 | ez 6L | o2 e
= z 0 H28
5
............. T Sk |ial Ll | ol S| ol Sl |- 890 al
@ :abuel aiqene 3 aadg
= uonpUP L poows-q — ' ajeauag e Guey
= [EABLIS] DSEBU] ' £'E —
3 ELETENE IERTG) “ WIOZES| pbusjarep —Z'€ - WYON| assydsowly - Lg
o
............... o |easuga) jeandg —g —
peal Wwaung yeq =
i el al : biay dog
wu ZEg wu S5€ PJEPUEIS - -
E S0k | - SL cabues og
“““““““““““ VoeLIcs deyang | UoHEInfiue2 ug
{1se wy) bussazold -aud -7 —
2.3
E _ [RLEREL _ _ uonezuejodsp [EnQ 1 SopuHooTY x| =eq ndy
59 Tz,
L I Lo g EjE0 20 I SONLHODTY EIX| Eied 20
1ea Hees IEa Hees 1ea Hges 290
B8 Y55 JES M5S5E Jea HG5E . I egeg jndy| | SONLHODTIVY EIX EJEQ Indu)
L L L ! L ! L

9500 - 00:00 ‘POUad | LOZ/90/.Z 2180 ——saipadoid saxy T IShOEEpEREA T T S.Spio} Eep USIBYING -1 —

3 it wA B

85



Methodology

4.2 Polarizing Lidar Photometer Networking (POLIPHON)

The Polarizing Lidar Photometer Networking (POLIPHON) is a technique
which allows the retrieval of the mass concentration of each component of an
external mixture of two aerosol types [Shimizu et al., 2004; Tesche et al.,
2009a]. First, the method makes use of lidar observations of g and §7(532 nm)
and requires an opposite depolarizing capability for each aerosol type (strong
and weak 8°(532 nm), 67 and &%, respectively). Then, POLIPHON separates
the particle backscatter contributions: 8 of the weak and strong depolarizing
aerosol (B,, and g,) as follows:

(or =) (1-3})
GEEAIGEED

Bs =B Eq. 4-22

Bw =B —PBs Eq. 4-23

This separation method is outlined in detail by Tesche et al. [2009a].
Once the separation is performed, the weak and strong depolarizing capability
is linked to the fine and coarse mode of the volume size distribution and thus,

the mass concentration of the strong depolarizing aerosol [ug/m?] is given by:

Cs

mg = 'DSFDSBSLRS Eq. 4-24
where p, and LR, are the particle mass density [ug/m®] and the lidar ratio [sr] of
the strong depolarizing capability aerosol. The ratio C;/AOD;, also called mean
extinction-to-mass conversion factor [pg®/ug?], represents the ratio of volume
concentration to AOD for the coarse mode. Following a similar procedure, the
mass concentration of the weak depolarizing capability aerosol can be retrieved.

This technique is applied in Chapter 8 to retrieve the mineral dust mass

concentration in a mixture of dust and anthropogenic aerosol.
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4.3  Aerosol intensive properties

From the aerosol properties derived with the aforementioned instrumentation,
some other optical and physical properties can be calculated as summarized in
Table 4-5. The AOD-related Angstrém exponent in the wavelength range from
A1 t0 Ay, d40p(4; — A,), allows the analysis of the spectral dependence of
AOD. The AOD-related Angstrom exponent increases with decreasing particle
size and takes values around 2 when the scattering process is dominated by fine
particles, while it is close to 0 when the scattering process is dominated by
coarse particles [Seinfeld and Pandis, 1998; Dubovik et al., 2002; Schuster et
al., 2006]. Similarly, different Angstrém exponents &(1, — A,) are defined

related to B, a, and o5, With different combinations of 4; and A,.

Table 4-5: Aerosol optical and physical properties derived from optical properties.
Properties are dimensionless except lidar ratio of which units are [sr]. Wavelength units

are [nm].
Property Symbol/Equation
AOD-related . _ In(AOD(440)/A0D(675))
Angstrém exponent 8400 (440 — 675) = — In(440/675) Eq.4-25
04ca-Telated . _ In(04¢a(450) /04, (700)) )
Angstrém exponent 4sca (450 = 700) = — In(450/700) Eq. 4-26
o, B-related . _ In(a, B(355)/a, B(532))
Angstrém exponent 4qp(355 —532) = — In(355/532) Eq.4-27
Simple scattering o) )
albedo w(@) = o) + a,(0) Eq. 4-28
A
Particle lidar ratio LR(A) = % Eg. 4-29
Particle linear sp o SA+EMR -1 +5) Eq. 4-30
depolarization ratio - 1+86™R-(1+6) g

The particle lidar ratio, LR, is independently retrieved using night-time
lidar measurements. This property depends on the size distribution, refractive
index and particle shape [Mishchenko et al., 1997; Ackermann, 1998]. Large LR
values are associated with highly light-absorbing particles while low LR values
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are indicative of non-light-absorbing particles [Franke and Collins, 2003;
Mauller et al., 2003; Navas-Guzman et al., 2013].

Finally, the particle linear depolarization ratio (67), which was introduced
in Section 2.4 (Eq. 2-17 and Eq. 2-22), provides information about the particle
shape. Large 67 values are related to non-spherical particles (e.g., mineral dust,

ash) and vice versa (e.g., sulphates and nitrates).

4.4 Parcel method: determination of the mixing layer height

The parcel method* [Holzworth, 1964] determines the mixing layer height
where the potential temperature profiles coincides with the potential
temperature at surface. This is based on a hypothetical parcel of air, lifted from
the surface, would be in equilibrium with its environment at this height (see

Figure 4-6). The parcel method can be used only under convective scenarios.

0

Figure 4-6: Scheme of the parcel method using the temperature, T, and the potential
temperature, 0, profiles. The blue line is a given temperature profile, the orange lines is its
potential temperature and the red dashed line represents the dry adiabatic temperature at

surface. The height at which the potential temperature profile takes the value of the

potential temperature at surface (green dash-dot line) is the zpg;.

21t is also known as Holzworth method in honor of its discoverer: Holzworth, G. C. (1964),
Estimate of mean maximum mixing depths in the contiguous United States, Mon Weather Rev,
92(5), 235-242.
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Parcel method: determination of the mixing layer height

The resulting PBL height (zpg;) is commonly used in air pollution and
dispersion studies to estimate the dilution of a pollutant released within the
boundary layer.

This method depends strongly on the surface temperature [Seibert et al.,
2000] and a high uncertainty may occur in situations without a clear inversion
at the convective boundary layer top.

The uncertainty of the mixing layer height depends on the vertical
resolution of the temperature profile, and the stability of the surface
temperature. Additionally, the temperature profile might be in the lower part of
a thermal or in the downward phase of a convective loop. Considering these

uncertainty sources, a boundary layer height uncertainty of £100 m is estimated.
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Calibration and determination of lidar depolarization ratios

It is well known that the laser light is polarized and that its interaction with
gases, aerosol particles and clouds induces some depolarization which depends
on the shape and size of the scatterers. The depolarization lidar technique makes
use of this phenomenon by different approaches [Cairo et al., 1999]. Different
depolarization definitions are issued by the lidar community, where the linear
volume depolarization ratio (&', Eq. 2-15) is one of the most frequently used.

Various phenomena have been studied by polarization lidar, such as
hydrometeors, clouds and polar stratospheric clouds [e.g., Schotland et al.,
1971; Cho et al., 2008; Ansmann et al., 2009; Coérdoba-Jabonero et al., 2013].
On the other hand, the different degrees of depolarization in combination with
other optical properties allow the characterization of atmospheric aerosol such
as biomass burning aerosol and Saharan dust [Murayama et al., 2004; Gross et
al., 2011a].

At present, the scientific community considers the use of polarization
lidar as a key for climate-related cloud and aerosol studies. However, the linear
volume depolarization ratio takes into account the induced depolarization both
by molecules and particles (Eq. 2-15). Thus, the study of the atmospheric
aerosol particles requires a different variable that depends exclusively on the
particle shape and size, i.e. the particle volume depolarization ratio (67). This
variable is derived from the combination of the &', B and B,,,; as shown in
Eq. 2-17. § can be estimated through the Klett-Fernald algorithm [Fernald et
al., 1972; Klett, 1981; Fernald, 1984; Klett, 1985] or the Raman method
[Ansmann et al., 1992].

As shown in Eq. 2-17, &' requires a calibration factor of the instrument
(n). Different calibration methods have been proposed. Some of them use the

theoretical value of molecular depolarization [Cairo et al., 1999]. Others are
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designed to determine the instrumental gain factor between the perpendicular
and parallel polarization photodetectors in order to calculate directly the relative
amplification factor. Some of these methods are based on the use of optical
components like half-wave plates or polarization filters [Alvarez et al., 2006;
Snels et al., 2009] or the A90°-calibration method with a rotator which does not
need any additional optical device [Freudenthaler et al., 2009]. In both
MULHACEN and VELETA lidar systems operated at the Granada station, the
A90°-calibration method with a rotator in front of the polarizing beam splitter
(PBS) was implemented. Subsequently, a new mode of the A90°-calibration
method was set up in MULHACEN. This new mode uses a linear polarizing
filter (hereafter, polarizer) in front of the receiving optics.

In this chapter, the A90°-calibration method using a rotator in front of the
PBS (Section 5.1) and using a polarizer in front of the receiving optics (Section
5.2) are described. Finally, we present two methods to determine the value of
the effective diattenuation of the receiving optics and the misalignment angle of
the laser polarizing plane with respect to the incident plane of the polarizing

beam splitter.

5.1 A90°-calibration method: rotator in front of the polarizing
beam splitter

This method was initially developed by Freudenthaler et al. [2009] as the
+45°-calibration method and then improved to the A90°-calibration by
Freudenthaler [2014]. The aim of this calibration is to correct the influence of
the instrument on the depolarization measurements through the determination
of the depolarization calibration factor (n) introduced in Section 2.4. This

factor is directly related to the relative amplification factor of the
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photomultipliers that measures the reflected and transmitted signal, R-PMT and
T-PMT. Hereafter, the subscripts R and T make reference to the reflected and
transmitted signal. As the PMTs are located behind the PBS (see Figure 5-1),
R-PMT and T-PMT gains are influenced by the cross-talk caused by the
transmission parameters of the PBS, and thus:

n = NrTr
nrTr

Eq. 5-1

where T and T are reflecting and transmitting transmittance of the PBS. In
order to determine n, the A90°-calibration method uses two measurements in
which the calibrator is rotated at the position ¥;and ¥, around the nominal
axial rotation with |¥, — ¥, | = 90°. Specifically in the case of VELETA and
MULHACEN, the calibration measurements are performed rotating the PBS
around the axial rotation by +45° and -45°. As the nominal axial rotation angle
is 90° (y=-1 in the Stokes-Muller formulism), the calibration measurements are
performed at 135° and 45°. The angle uncertainty is around 0.1° due to the
fixing system with pins. In order to simplify the notation, ¥ is written as
x45° 4+ ¢ where x = +1 and ¢ is linked to the 0.1° of rotational misalignment
uncertainty. In Figure 5-2, the calibration positions are indicated. Once the
calibration measurements are obtained:

Is(y, &) = nsMsR,R(x45° + )M ,FMI, Eq. 5-2

the measured calibration factor, n*, can be calculated by:

L | »
K

R

M, R»)C(yM(y) F(d) ME(F?)- I, (aL;a)

I, \
el - BRI A

Figure 5-1: Lidar scheme based on functional blocks (from Freudenthaler [2014]).

95



Calibration and determination of lidar depolarization ratios

Figure 5-2: Pictures illustrating the calibration procedure: normal position at 90° (center)
and calibration positions at 45° (left) and 135° (right).

Iz (y,x45° + ¢)
* — - 7 Eq. 5-3
n(xy.£) I:(y,x45° + ¢€) a

However, the dependence of n* on & is very large as presented by
Freudenthaler et al. [2009]. In order to decrease the influence of € on n*, the
geometric mean of the measurements performed at (+45° + €) and (—45° + ¢)

is used:

Nz, €) = ' (y, +45° + )n* (v, —45° + €) Eq. 5-4

In fact, assuming a suitable behaviour of My (i.e., identity matrix) and a
cleaned PBS (M%, see Appendix C), it can be obtained that:

nz.e) =n* Eq.5-5

where the superscript # only indicates that a cleaned PBS was assumed. This

procedure was discussed in detail by Freudenthaler [2014].

Besides n is a single number, ni‘E is a constant profile equal to 7.
Furthermore, 7’35 must be independent of the aerosol load and the

depolarization capability of the aerosol as it can be derived from Eg. 5-5.
Therefore, in order to check the reliability of the calibration, the height

independence of n;“E and the effect of the aerosol load or the depolarization
capability on "fE are analysed. As indicated in Section 3.2, measurements are

obtained in analog (AN) and photo-counting (PC) mode which can be glued
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(GL) as indicated in Section 4.1.1.5. Thus, the analysis is performed taking into
account both modes and the glued signal.

An example of nfE profiles of MULHACEN and VELETA measured on
9 January 2014 and 19 March 2012, respectively, are shown in Figure 5-3. As
can be seen, AN and PC n;“E profiles are height-independent in the near and far
range, respectively, as expected. In this sense, the PC nfE profile is not
height-independent below 1.5 km asl because the strong detected signal causes

non-linear response in the PC detection mode. Besides, the AN n;“E profile is

MULHACEN VELETA

)

Height (km asl)
(n

4

3

2

1..

0 1 2 30 02 04
nyE nE

Figure 5-3: Examples of the measured calibration factor profiles retrieved by means of the
A90°-calibration method with a rotator in front of the polarizing beam splitter for
MULHACEN (left) and VELETA (right). Profiles corresponds to different signals: analog
(green), photon-counting (blue) and glued (red).
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not height-independent in altitudes higher than 2 km asl. This is because the AN
mode requires strong received signal (e.g., aerosol layers or clouds). Supporting
this explanation, both AN and PC n+ present a height-independent behaviour
in the cloud detected in the range 7.2-8.0 km asl due to the good signal-to-noise
ratio in presence of a cirrus cloud (Figure 5-3 right). In order to avoid the
height-dependent profile due to the mode of detection (AN or PC), the glued
signal (GL) is used. In both cases shown in Figure 5-3, the height-independent

range of the GL "?E profiles cover almost the whole range between surface and
9 km asl. Thus, it can be concluded that nfE is height-independent. In order to
provide a single value from the n;*E profile, a height range is selected to
compute a 7,z mean, noted by (nz)y, where M can be AN, PC and GL

detection mode.

The following analyses in this section were performed for both
MULHACEN and VELETA. As similar results were obtained, only the
MULHACEN analysis will be shown.

As (n;*E)AN and (n;*E)PC must be independent of the aerosol load and

particle type, both (7’35) 4y and (nDI)PCare retrieved in two regions: the aerosol

layer near to the surface (1.2-2.2 km asl for AN and 1.8-3 km asl for PC) and
the cloud at 7.1-7.9 km. (n;*E)AN (x standard deviation) is 1.07£0.02 in the

range near the surface and 1.00+0.05 in the cloud and (UDE)PC (x standard

deviation) is 1.34+0.05 in both ranges. As can be seen, the differences of

(n;*E)AN and (nfE)PC between the aerosol layer near to the surface and the
cloud are negligible for both modes. Therefore, nfE remains constant when the
aerosol load and/or particle type changes. This test can be used as an indicator

of quality of the lidar measurements. In fact, this calibration method was
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implemented for the first time in the quality assurance of EARLINET as it was
aforementioned in Section 3.3.3.

The height independence of ’7\*/5 with the aerosol load and the aerosol

depolarization capability has been demonstrated but, as it was previously

indicated, AN nfE Is constant with height only in a height range where the SNR
is large enough. Thus, (nfE)AN depends on the minimum height and the height
range to calculate the mean. For analysing this influence, different (nfE)AN are

calculated using a constant minimum height and varying the average range. For
this purpose, we use calibration data measured on 26 August 2011. As can be

seen in Figure 5-4, when the height range increases, (TL*/E)AN shows a small
decreasing trend. In fact, (n:‘E) an Values calculated from the range 1.75-3 km
are 3% smaller than (n;*E)AN calculated in the range 1.75-8 km. Therefore, the

lower height range is better suitable to avoid the aerosol-free region, where

0.11

0105- ................................................................. T ] .

0095 .............................................................................................

0.09 1.75-3 1.75-4 1.75-5 1.75-6 1.75-7 1.75-8

Mean range (km asl)

Figure 5-4: Mean and standard deviation of "DE (dimensionless) averaged in different
ranges for a MULHACEN calibration performed on 26 August 2011.
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SNR decreases. However, in order to decrease the noise influence on (nfE)AN,

the selected range should be large enough. Thus, we propose that the mean
value of ’7\*/5 should be computed using a 1-km range below 4 km asl. In this
way we can guarantee a low standard deviation of (1) an-

The calibration measurements at +45° are performed periodically to
follow changes associated to the required modifications in the setup of the
instrument. As the atmospheric variations between these calibration
measurements would affect the results, the calibration is performed during
stable atmospheric conditions and the time of each measurement has to be as
short as possible. In this sense, the optimal time interval needs to be analysed as

well. For this purpose, ’735 has been measured with time intervals of 3, 4 and 6
minutes in the same calibration procedure. Then, (n;*E) and the standard

deviation was calculated resulting in the same values, 0.231+£0.003, for all the

intervals. This result indicates that (an) is not influenced by the temporal

changes of the aerosol load during calibration procedures using short periods.

Thus, the 3-min interval has been selected to determine (n:‘E). In addition, it is

necessary to reduce the background signal and thus, the night-time
measurements are recommended. In fact, during night-time the standard

deviation of (n;*E)pC is around 50% lower than during daytime.

As photomultiplier gain changes with the applied voltage, it is expected
that the depolarization calibration also changes. This fact is clearly visible in

Figure 5-5, where AN n:‘E profiles vary for different voltage combinations. The
relationship between AN 7’35 and the applied voltages can be determined using
the potential dependence between the PMT gain (ns) and the applied voltage
(Vs),
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Ns = Ve Eq. 5-6
where (g and kg are the parameters that define the potential dependence.

Assuming that kg = kg and solving ng in Eg. 5-5, AN n;“E can be written as:

k
= R (ﬁ) Eq. 57

ETT L\
Applying the logarithm to the previous equation, we obtain a linear dependence

between log(n;"/z) and log (Z—:):

. Tg ¢ 4
log(nE) = log (T—:£> + k- log (V_:> Eq. 5-8
6
5 ] Ve I Vp
— 750|840 V

~ —780 | 820 V
& 4 1—800 | 800 V
g —820 (780 V
53
ab)
m 3

2 .......................
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Figure 5-5: AN '7:‘/} profiles measured with different voltage combinations for Vi (voltage
for the reflected signal) and V+ (voltage of the transmitted signal).
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In order to perform a linear fit, log((nfE)AN) was calculated for the four

different calibrations presented in Figure 5-5. The result is shown in Figure 5-6.

As can be seen, there is a clear linear dependence between the AN ’735 and the
ratio of applied voltages. This fitting allows the determination of (nfE)AN for
any voltage combination. Unfortunately, non-linear behaviour was found for
(Uf/;)Pc-

In order to estimate the reproducibility of the power dependence, (n;*E)AN
values retrieved following the calibration procedure at different dates during 6
months and those computed using Eq. 5-8 were compared. As can be seen in
Figure 5-7, the points are scattered along the 1:1 line (slope = 0.994+0.004 with
R? = 0.999). In most cases, the differences between the estimated and measured
(nfE) 4y are less than 10% and clearly below the standard deviation. Therefore,
the reproducibility of the depolarization calibration is considerably high.
However, due to the possible degradation of the coating of optical devices and

the gain of the PMTs, it is recommended to perform the depolarization

0,08 ’ '
10007 10002 10003

VR/ VT

Figure 5-6: Linear fit (R>=0.9987) using Eq. 5-8 with different combination of voltages.
Error bars have been neglected for Vg /V;.
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0.2 0.3 0.4 0.5
Estimated < ?}r/I > AN

Figure 5-7: Comparison between the measured and estimated <'7t/I>AN' Red line depicts
the linear fit along the 1:1 line (R*=0.9987).

calibration every three months.

5.2 A90°-calibration method: polarizer in front of the receiving

optics

After the A90°-calibration using a rotator in front of the PBS was explained and
analysed, in this section the A90°-calibration using a polarizer in front of the
receiving optics is presented. This mode of the A90°-calibration was installed in
MULHACEN after the calibration in order to determine the influence of the
receiving optics.

In this case, the procedure to retrieve the relationship between n;*E and n*
is similar to the previous one excluding the calibration measurements, I, using

the following equation in Stokes-Miller formulism

Is(y, 8) = nsMsRyMoMp(x450 + E)FMEIL Eq. 5'9
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| Cleaned | Calibrator Receiving Input
BB E
Cleaned Receiving Calibrator Input

Figure 5-8: Calibration lidar setup. Blue boxes are related to the non-calibrated functional
blocks, orange boxes are the calibrators and purple boxes are the functional blocks
calibrated by the A90°-calibration modes. Arrows indicates the lidar signal direction.

where M, is the Miller matrix of a linear polarizing filter (polarizer, see
Appendix B: Mdaller matrices). Following the same steps as in the previous
section and assuming that there is not rotational misalignment of the receiving

optics, the expression 1 . is:

1 _yDo
1+yD,

Nz =n* Eq. 5-10

with the dependence of nfE of the effective diattenuation of the receiving

optics, D,. The A90°-calibration method with the rotator in front of the PBS
corrects the influence of the photomultiplier gains and the cross-talk of the
PBSs, whereas in the case of using a polarizer in front of the receiving optics,
the influence of the diattenuation of the receiving optics is additionally
corrected. Therefore, these results indicate that the A90°-calibration method
allows the correction of the polarizing influence of the functional blocks after
the calibrator as it is illustrated in Figure 5-8. In those cases where D, can be

neglected, both calibration modes are equivalent.
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5.3 Determination of the effective diattenuation of the receiving

optics

The diattenuation of dichroic mirrors used in the receiving optics is not usually
provided in the technical specification. Additionally, it is not a parameter
optimized by manufacturers to keep it close to zero. Therefore, D, should not
be generally assumed as zero and hence, it has to be determined. To this aim, a
new method has been developed by means of both calibration modes of the

A90°-calibration method. From Eqg. 5-4 and Eq. 5-9, (n;*E) can be determined

with the rotator, (nfE)“’t, and the polarizer, (UDI)P‘”, as follows:

)rot 1 _yDO

P = D,

Mz Eq. 5-11

where y = —1 as MULHACEN’s nominal axial rotation is 90°. Then, solving

the equation for D,,:

! »
<n1‘/£>7'0t
S Eq. 5-12
o <nE>pol/ R . q
<n:‘/¢>rot

the effective diattenuation of the receiving optics is experimentally determined.
This method is advantageous for two reasons: firstly, it doesn’t require
dismounting of the optical system of the lidar which could cause a
misalignment, and secondly, it allows the correction of the previous calibrations

which were performed only with the rotator in front of the PBS. In this sense,

the old calibration (nk)oldmt can be corrected by:

rot 1 + D(e)xp

o

(nf/g>newr0t = (nf/g>old Eq. 5-13
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where new and old subscripts indicates respectively the recalculated and old
calibration value, and D7 is the experimental value determined for D,.
Following the procedures above, we can guarantee the correct depolarization
calibration of MULHACEN since April 2010, when the A90°-calibration
method was implanted. For VELETA the A90°-calibration method was set up
during the manufacturing process and thus the depolarization is correctly

calibrated since its initial deployment in March 2011.

5.4 Determination of misalignment angle of the laser polarizing
plane with respect to the incident plane of the polarizing

beam splitter

As introduced in Eq. 5-3, the measured calibration factor, n*(x, y, €), depends
on the rotational misalignment, &, the calibration locations (£45°; x=%1) and the
axial rotation angle (0° and 90°) noted by y = +1. For the particular case of
MULHACEN (rotator in front of the PBS, axial rotation angle at 90°, no rotated

receiving optics and cleaned PBS), n* can be expressed as follows:

1+d'D,ycyq —x (Dosz‘E + d’(sz(g_a) + VVOSZO_,CZE))

n'(x,&) =n Eq. 5-14

14+d'Dycyq +x (Doszg + d’(sz(g_a) + Wosmczg))
where the following notation has been used:

sin(2a) = sy,

cos(2a) = ¢y,
and o is the misalignment angle of the laser polarizing plane with respect to the
incident plane of the PBS. As can be seen, € and « are related in this equation,

indicating that a misalignment angle of the calibration angle can compensate the

misalignment angle of the laser. This relationship can be used to determine a
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to the incident plane of the polarizing beam splitter

through known values of €. To this goal, it is worthy to rewrite the Eq. 5-14
substituting the term (1 + d'D,c,,) With A:

A—x(Doszg+d'(sz(g_a)+Woswczg))

n(xe)=n A+x(Doszg+d’(sz(g_a)+Woswczg)) Eq. 515
In the special case of € = a,
A—x(D,+1/5d'W,)s
n"(x,e=a)=n ( 2 /2 o) 2a Eq. 5-16

A+x(Dy + 1/, d'W,)s4
Therefore n*(+45° ¢ = a) and n*(—45°, ¢ = a) are different only due to
the term (D, + 1/2 d'W,)s,q. However, considering that A > 1 and that low

values of a means (D, + 1/2 d'W,)s2q < 1, it can be assumed that,

A— x(DO + 1/2 d'W,)sze A
n"(x,e=a)=n ~n—==7 Eq. 5-17
A+ x(DO + 1/2 d’Wo)sm A
and thus:
n*(+45°% e =a) =n*(—45%¢ = a) Eq. 5-18

Therefore, the experiment consists in performing calibration
measurements at +45° with different € angles until obtain the same n* profile at

(+45° €0xp) and (—45°, €., ) and thus, a = &,,,,. The procedure to determine

\ »
LG 2 N & 1

Figure 5-9: New procedure developed to measure the € angle.
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Figure 5-10: n*(+45°) (blue) and n*(—45°) (green) profiles at € = 0° (left) and £ = 7°
(right). According to Eqg. 5-18, n*(+45°) and n*(—45°) coincides for £ = a (right).
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the values of € is shown in Figure 5-9. Unfortunately, this procedure was
possible in MULHACEN. VELETA design does not allow the measurement of
€ angles and thus, a was only determined for MULHACEN.

In Figure 5-10, n*(£45° ¢ = 0°) and n*(+45° € = 7°) are shown. As
can be seen, when ¢ = 7° both n*(+45°) and n*(+45°) are equal. Therefore,
the misalignment angle of the laser polarizing plane with respect to the incident

plane of the PBS, a, was experimentally determined at 7°+1°.

5.5 Determination of the volume linear depolarization ratio

In this chapter, two modes of the A90°-calibration method has been
presented as well as the experimental determination of the effective

diattenuation of the receiving optics, D,, and the misalignment angle of the
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laser polarizing plane with respect to the incident plane of the PBS, a. In
Section 4.1.6, the equation of §’ was introduced (Eg. 4-15). However, this
equation must be rewritten depending on the depolarization calibration method.

In the case of the A90°-calibration method with a rotator in front of the

PBS, it is necessary to substitute n by (nfE)“’t:

I 1-D
* \rot IR o t 2 -1
(UE) [T()’)(1+DO) an“a

I 1-D
2 * t IR o)
tan*a + ()" 7, ) (= Do)

§' ) = Eq. 5-19

Therefore, it is necessary to experimentally derive D, and « or assume
their values. In the case of the A90°-calibration method with a polarizer in front

of the receiving optics, it is necessary to use the Eq. 4-22 to obtain:

P @)tan?a - 1

8'(y) = Eq. 5-20

tana + ) £ ()
where it is only necessary to determine o by means of the calibration procedure
presented in Section 5.4. In the case of MULHACEN, D, = 0.35 + 0.02 and
a = 7°+ 1° have to be used depending on the measured calibration factor

available whereas for VELETA, D, = 0 and a=0° values are assumed.

5.6 Concluding remarks

In summary, the A90°-calibration method with a rotator in front of the PBS was
presented in this chapter as the new depolarization calibration procedure for
both MULHACEN and VELETA. The methodology includes in detail the steps
to obtain the measured depolarization calibration factor. The A90°-calibration
method was analysed and some indications to successfully perform the

calibration were provided.
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By means of the combination of two modes of the A90°-calibration
method (rotator in front of the PBS and polarizer in front of the receiving
optics), the influence of the effective diattenuation of the receiving optics was
determined and calculated. In addition, a new procedure to determine the
misalignment angle of the laser polarizing plane with respect to the incident
plane of the PBS was presented. Both methods were applied only to
MULHACEN because VELETA’s design does not allow the measurement of €
angles and the calibration in front of the receiving optics. During the process,
certain functional blocks or properties has been assumed as suitable. In the next
Chapter 6, the influence of these assumptions is analysed, quantified and

included in the &' uncertainty assessment.
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Depolarization uncertainties

As introduced in Chapter 1, lidar depolarization measurements are becoming a
very important tool for typing the atmospheric aerosol [Gross et al., 2011a] and
improving the retrieval of microphysical properties [Granados-Mufioz et al.,
2014]. The most relevant properties derived from the lidar depolarization
measurements are the volume (8') and particle (§7) linear depolarization ratios.
In terms of uncertainties, both properties are different as the volume linear
depolarization ratio is retrieved directly from the lidar measurements whereas
the particle linear depolarization ratio is a secondary product as shown in
Section 2.4.

According to the error model described by Grabe [2005], measurement
uncertainties are caused by the normally*® distributed random errors and the
unknown systematic errors. In the case of §', random errors are determined by
means of the Monte Carlo technique (Section 4.1.4). Additionally, uncertainty
range of 6’ due to the unknown systematic errors (Us) can be estimated by
means of a simulation of the hardware polarizing sensitivity. In this sense, for
the first time, Ug is quantified in detail by means of the simulator Lidar
polarizing sensitivity simulator (LPSS).

First, Ug is assessed for a synthetic lidar setup including the possible ways
to reduce the systematic errors for each functional block. Then, Us of
MULHACEN and VELETA lidar systems are presented. Once Ug Iis
determined, the uncertainty of §” due to Ug is derived following the general

error theory.

¥ In lidar measurements, the distribution depends on the measurement mode: analog or
photon-counting. See Section 4.1.4 for further details.
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6.1 Description of the Lidar Polarizing Sensitivity Simulator
(LPSS)

As introduced by Freudenthaler [2014], the setup of a lidar system can be
subdivided in functional blocks: laser, laser emitting optics (beam expander,
steering mirrors), receiving optics (telescope, collimator, dichroic mirrors...),
and the polarizing beam splitter including the detectors. In addition, the
depolarization calibrator must be considered as function block. In Figure 6-1, a
scheme is depicted with the functional blocks of a lidar system.

The Lidar Polarizing Sensitivity Simulator (LPSS) has been developed
based on the work by Freudenthaler [2014] in order to simulate the hardware
polarizing sensitivity of the volume linear depolarization ratio, §’. As input
data, LPSS uses a set of lidar properties and an uncertainty range for each
property. In addition, &’ of the atmosphere is assumed to be height-independent
and known, &,.. The measurement is simulated following equations Eq. 4-5 and
Eq. 4-6 shown in Section 4.1.5.

There are different types of calibrations depending on the element used
(e.g., polarizer, rotator) and the calibration can be located at different places
(e.g., rotator in front of the PBS or in front of the receiving optics). Thus, LPSS

has been developed to simulate the most used depolarization calibration

methods.
L=
—_— -
I, I\{R R ) C(y)M(y) Fd) Mg(B) I(a,a;)
(- B R -

Figure 6-1: Lidar scheme based on functional blocks (from Freudenthaler [2014]).
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LPSS retrieves the volume linear depolarization ratio, &. (subscript
indicates that it is the output value retrieved by simulator), varying the value of
a certain property (e.g., effective diattenuation of the receiving optics) within its
uncertainty range (e.g., [-0.1, 0.1]) keeping other parameters constant. The §’
systematic error due to this property uncertainty (Eg) is given by the absolute
difference between &, and &, (subscript indicates that it is the input value sets
as real by the simulator):

Es = 8. — 6, Eqg. 6-1

Accordingly, the &' uncertainty range (Us) is the minimum and maximum
of Es.

Us = [min(Es), max(Es)] Eq. 6-2

Finally, the total §" uncertainty of a lidar system is the sum in absolute
terms of Ug caused by each property uncertainty.

Some simplifications and assumptions are performed in the LPSS in order
to simplify the simulation. As LPSS products use the perpendicular-to-parallel
ratio, the intensity of the laser (1,) and the gain of the photomultipliers () are
set to 1. As can be derived from Freudenthaler [2014], a set of steering and
dichroic mirrors can be modelled as a unique effective optical device with an
effective diattenuation and a phase shift. In addition, the misalignment angles of
the optical devices within a functional block are simplified by a misalignment
angle of the whole functional block. The polarizing sensitivity of the Cassegrain
telescope and lens used in lidar systems can be neglected according to ZEMAX

simulations (Freudenthaler, personal communication).
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6.2 Depolarization uncertainties according to functional blocks

In this Section, LPSS is used to simulate the §’ uncertainty of a synthetic lidar
system due to the uncertainties in lidar properties that can influence the
polarization state of the laser or the receiving signal. The uncertainties of these
lidar properties have been derived or assumed from different technical
specifications of commercial optical devices (Table 6-1). In some cases, the
uncertainty ranges are very high (e.g., effective phase shift) as the knowledge
about these properties uses to be poor. The A90°-calibration method with a

rotator in front of the PBS is used as calibrator.

Table 6-1: Property values and uncertainties of the synthetic lidar system.

PROPERTY NAME Value Uncertainty
a; Parameter a of the laser 0.90 +0.05
I, “ Misalignment angle of the polarizing plane 0° +1°
of the laser™ -
Dy Effective diattenuation 0 +0.1
Mg Ay Effective phase shift 0° +180°
B Effective misalignment angle™ 0° +1°
D, Effective diattenuation 0 0.1
M, A, Effective phase shift 0° +180°
Y Effective misalignment angle™ 0° +0.5°
C &, Misalignment angle™* 0.1° £0.1°

Transmittance and reflectance for parallel**
polarised light
Transmittance and reflectance for
perpendicular' polarised light

T,/R, 0.97/0.03 +0.01
M

Ts/Rs 0.001/0.999 +0.001

6.2.1 Functional block: Laser
Laser used in lidar systems generally produce linear polarized light. However,

the purity of the polarization state of the laser light is usually unknown and

Y With respect to the incident plane of the polarizing beam splitter.
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thus, it is common to assume that the laser purity parameter a, a;, is 1. From
the point of view of the detection of aerosol and cloud vertical distribution, this
uncertainty can be omitted. However, the parameter a is crucial to provide
quality depolarization results. In addition, the misalignment angle of the
polarizing plane of the laser with respect to the incident plane of the PBS («)
introduces an error in the depolarization measurements. This fact is because the
parallel signal (with respect to the polarizing plane of the laser) will be split into

two other polarizing components (parallel and perpendicular with respect to the

0.06
Atmosphere
0.04 — 0701
e —06'=0.2
0.02 _BI:O-3
—0'=0.4
8.9 0.95 1
4
0.06
Atmosphere
0.04 —0=01
Luoo _8':0.2
0.02 —0=0.3
—08'=0.4
-010 0 10
o (°)

Figure 6-2: Eg depending on the parameter a of the laser (a;) (top) and the misalignment
angle between the polarizing plane of the laser respect to the PBS incident plane («)
(bottom).

117



Depolarization uncertainties

incident plane of the PBS).

As can be seen in Figure 6-2 (top), an uncertainty of 10% in a, (that is
a; €[0.9,1]), causes Us = [0,0.05]. This means that the relative error of &’
would be around 17% for mineral dust (6'=0.30) or 100% for biomass burning
aerosol (6'=0.05). The misalignment angle between the polarizing plane of the
laser with respect to the plane of the PBS, a, affects the determination of &’
(Figure 6-2, bottom) although its influence (Us = [0,0.03]) is lower than a; .
Us due to a could be neglected if « is fixed in the range 0° + 3° or known with

an uncertainty lower than 2%.

6.2.2 Laser emitting optics
The laser emitting optics, Mg, is the first optical part of lidar systems. My
usually leads the laser beam to the atmosphere and, optionally, includes beam
expanders to decrease the laser beam divergence. Because the divergence
depends on the wavelength, some multiwavelength lidar systems include
dichroic mirrors in Mg to split the laser beam according to the wavelength and
use different beam expanders for different wavelengths. Because the beam
expanders are a set of lenses, it has been assumed that they do not cause any
depolarizing influence as indicated in Section 6.1. Additionally, the set of
steering and dichroic mirrors is considered as an effective optical device in
order to simplify the analysis. The M properties are the effective diattenuation
Dy and phase shift, A;, and the angle f which described the rotational
misalignment of M with respect to the PBS incident plane.

The influence of S is related to Dg so that if the effective diattenuation is
zero, 3 does not produce any effect. In this sense, the analysis of Es according
to B is performed parameterizing Dy in the range [-0.3, 0.3]. Following the

Figure 6-3 (top), Es ranges between 0 and 0.001 (i. e., Us=[0,0.001]) due to S
118



Depolarization uncertainties according to functional blocks
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Figure 6-3: E5 depending on Ag parameterized by B (top) and E; depending on 8

parameterized by Dy (bottom). Solid and dot lines correspond to
&’ values of 0.005 and 0.3, respectively.

and D uncertainties, and considerably decreases with D;. When Dy =0,
Es = 0 independently of g as it was indicated.

It is worthy to pay attention to the dependence of Es with Ag in order to
analyse the relevance of . The phase shift of steering and dichroic mirrors is
generally unknown as the majority of the technical specifications do not

provide this information and it is difficult to measure it. Hence, because the
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knowledge on the phase shift is very low, E is represented with respect to Ag
for the range [-180°, 180°] and parameterized in terms of f§ in Figure 6-3
(bottom). As can be seen, Es could be larger than 0.03 if 8 is larger than 5° in
absolute terms. Therefore, it is evident that the lack of information of Ay can
lead to huge uncertainties.

Besides, Figure 6-3 shows Es depending on Az and 3, the influence of &’
on Eg is also assessed. In this case, the simulations consider the §" influence by
means of two & values: 0.005 and 0.3 corresponding to the solid and dotted
lines, respectively. From the results it can be concluded that the influence of 6’
on M systematic errors can be neglected.

In summary, the total Us due to the uncertainty of Mg (8, Dy and Ag) is
[0, 0.04]. In order to avoid this source, it is highly recommended to fix § = 0°
with a maximum £ uncertainty of +1.5° to keep Es below 0.001 independently
of A and Dg.

6.2.3 Receiving optics

The properties of the receiving optics (M,) are the effective diattenuation D,
and phase shift A,, and the misalignment angle between the receiving optics
and the PBS incident plane, y. As was explained in the previous section, D,, A,
and y are related among them. However, the relationship between y and D, is
very weak and thus, Figure 6-4 depicts Es versus D, and Egs versus A,
parameterized by &' and y, respectively. Additionally, Figure 6-4 (right)
presents the &' influence by means of two & values: 0.005 and 0.3

corresponding to the solid and dotted lines, respectively.
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Figure 6-4: E5 depending on D, (top) and A, (bottom) parameterized by & and y,
respectively. Solid and dotted lines correspond to 8’ values of 0.005 and 0.3, respectively.

According to Figure 6-4, Es considerably increases with D, reaching
values around 0.09 for D,~0.1. Therefore, the effective diattenuation of the
receiving optics has a large impact on the depolarization measurements.
Additional simulations (not shown) revealed that E5 is extremely high for D,
larger than 0.15 in absolute terms. Additionally, it is worthy to note that
negative values of D, causes larger Es than positive ones (e.g., D, = —0.05
caused Es = 0.042 whereas D, = +0.05 leads to Es = —0.038, both
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considering 6'=0.3). This is because the parallel signal is stronger than the
perpendicular one. In the case of D,, its uncertainty should be lower than
+0.0017 to keep Es lower than 0.001, which shows the demand for an
extremely high precision. As shown in Chapter 5, there are calibrations
correcting the influence of D, so this precision would not be necessary.
Moreover, it is worthy to highlight that E5 due to D, increases with &'. Thus,
the influence of D, is especially relevant for atmospheric aerosol with high
depolarization capability (e.g., mineral dust or volcanic ash).

As can be seen in Figure 6-3 (bottom) and Figure 6-4 (bottom), the
dependence of Eg5 due to the uncertainties in A, and A, presents a similar
behaviour. Therefore, it can be concluded that it is highly recommended to fix
y = 0° with a maximum uncertainty of +1° to keep Es below 0.001
independently of the value of A,. Summarising, Us due to the uncertainty of M,,
properties (y, D, and A,) would be [-0.07, 0.12]. Hence, this is the most critical
functional block and thus, it is very important to carefully determine the

properties y and D, of the receiving optics.

6.2.4 Influence of polarizing beam splitter

Polarizing beam splitter (PBS) split light into two orthogonally polarized beams
at 90° to each other, the transmitted beam is ideally polarized parallel to the
plane of incidence (T, =1), and the reflected beam is ideally polarized
perpendicular to the plane of incidence (R = 1); therefore, T, =R, = 0.
However, commercial PBS does not present a perfect behaviour and,
consequently, part of the polarized perpendicular is transmitted and part of the
polarized parallel is reflected. This phenomenon is called cross-talk and it has
been previously studied [e.g., Alvarez et al., 2006; Freudenthaler et al., 2009;
Snels et al., 2009]. The E5 due to the PBS transmission parameters depends on
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Figure 6-5: E; depending on T, (top) and R, (bottom).

the axial rotation angle of the measurements [0°, 90°] as the PBS reflectance is
usually larger than the PBS transmittance. Because of this, an axial rotation
angle of 90° minimizes the contamination of the perpendicular signal due to the
cross-talk and, thus, the axial rotation angle of the measurements was
established at 90° for the synthetic lidar. As T, + R, =1and Ts + Ry =1,
uncertainties of transmittance and reflectance of each polarizing component are

linked. Therefore, Es due to the uncertainties of T,, and R, is the same. In
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Figure 6-5, E5 due to the uncertainties of T,,(+0.01) and Rs(+0.001) are shown.
As can be seen, Us is larger due to the T, uncertainty than due to the Ry
uncertainty. However, E5 presents the same order of magnitude despite of the
relative uncertainty of R (0.1%) is ten times lower than the relative uncertainty
of T,(1%). Thus, the influence of R, is considerable larger than T,. This is
because the parallel signal intensity is larger than the perpendicular one and
thus, the contamination of the perpendicular signal with a part of parallel signal
intensity (e.g., 1%) is larger than contamination of the parallel signal with the
same part of perpendicular signal. In order to avoid the cross-talk effect and the
Us due to the PBS, Freudenthaler [2014] advices to include additional
polarising elements behind the transmitting and reflecting sides of the PBS.
This configuration allows the assumption of a perfect PBS and therefore it

avoids this uncertainty source.

6.2.5 Influence of the A90°-calibration method

The A90°-calibration method is explained in detail in Chapter 5. In this case,
the assessment is performed with a rotator as calibrator located in front of the
PBS (see Figure 6-1). As can be seen in Figure 6-6, the misalignment angle of
the rotator ¢, in the range &, € [—5°,5°] causes a Ug of [0, 0.0002] and thus, it
can be neglected. It is worthy to note that the uncertainty of ¢, affects to the
calibration measurements as well as the normal measurements. Therefore, the
use of other elements for the calibration (e.g., polarizing filter, see Section 5.2)
only affecting the calibration measurements would decrease the influence of ¢,.
Despite the influence of the uncertainty of ¢ is negligible, the A90°-calibration
performed in front of the PBS presents problems when the diattenuation of the
receiving optics, D, is unknown as it was indicated in the Chapter 5. Thus, the
location of the calibrator must be taken into account when Uy is studied.
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Figure 6-6: E; depending on &,..

6.2.6 Total uncertainty
In previous sections, the &’ systematic error (Es) due to property uncertainties
of each functional block has been determined. Then, the total Us due to the lidar
polarization sensitivity can be determined as the sum of the Ug caused by each
property uncertainty as it is presented in Table 6-2. As can be seen, the total Us
is [-0.082, 0.243]. As typical & values are in the range 0.05-0.10 [e.g.,
Murayama et al., 2004; Gross et al., 2011a] for biomass burning aerosol and in
the range 0.15-0.30 for mineral dust [e.g., Gross et al., 2011a; Bravo-Aranda et
al., 2013], it can be concluded that the hardware polarization sensitivity can
affect the depolarization results causing relative errors even larger than 100%.
The most critical properties are the purity parameter of the laser (a;) and
the effective diattenuation of the receiving optics (D,) with a contribution to the
total Ug larger than 0.05. Next, Ag, A, and « are relevant lidar properties as

well, contributing with 0.03 to the total Us. It is worthy to note that the
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uncertainty range is asymmetric being greater the positive deviation, and thus, it

can be concluded that the lidar polarizing sensitivity usually overestimates &'.

Table 6-2: Uz and lidar properties (value and uncertainty) of the synthetic lidar system.

Property Reference Uncertainty Us
E a 0.90 +0.05 0, 0.05
t a 0° +1° 0,0.03
DE 0 i-o.l =
Mg Ag 0° +180° 0, 0.03
B 0° +1° 0, 0.001
D, 0 0.1 —0.07, 0.09
M, 4, 0° +180° 0, 0.03
% 0° +0.5° -
C & 0.1° +0.1° 0, 0.001
T,/R, 0.97/0.03 +0.01 +0.002
M
T./R, 0.001/0.999 +0.001 +0.009
TOTAL —0.08, 0.24

Us can be reduced improving the accuracy of the lidar properties or
improving the response of each functional block. In this sense, the laser beam
(I,) could be assumed as suitable if a high-energy polarizing filter is located
between the emission and the laser emitting optics.

To decrease the Ugs due to Mg and M,, it is necessary to align the optical
devices as well as possible being that the My influence could be neglected and
M, only would affect due to the D, uncertainty. In fact, the accuracy required
for D, (£0.0017 for obtaining E5<0.001) is very difficult to reach and thus lidar
systems must be modified, for example, locating the calibration system in front
of the receiving optics. The influence of the PBS due to the cross-talk can be
removed using additional polarising elements behind the transmitting and
reflecting sides of the PBS.
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6.3 Depolarization uncertainties for MULHACEN and
VELETA

Following the steps of the previous sections, Us has been determined for the
MULHACEN and VELETA lidar systems. In Table 6-3 and Table 6-4, the
values and uncertainties of the properties of each functional block, Us caused
by each property and the total Us are presented for both lidar systems. As can
be seen, the negative uncertainty is lower than the positive one. This fact,
aforementioned in Section 6.2.6, is due to there are more properties contributing
to overestimate §. Ug is lower for MULHACEN than for VELETA mainly due
to the values of D, and a and their low uncertainties due to the new procedures
developed to MULHACEN. The uncertainty ranges, presented in Table 6-3,
should be considered as the maximum Ug in which the real unknown systematic
error is present.

Once &8’ uncertainty has been retrieved, the uncertainty of the particle
linear depolarization ratio, &, is retrieved through the general theory of error
propagation applied to Eq. 2-22:

67
04’

a6?

a6?
aem

P =
Ab IR

|A6’ + |AR + |A5m Eq. 6-3

The partial derivatives of this equation can be written as

a7 5" — 8" o e
R _R-D-0—5,) o
a6” R+ 67 o o
36 (R-D -0 —5,) a- o
967 57 —1

Eq. 6-6

06, (R—1)— (8’ — 5y
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Table 6-3: Values and uncertainties of MULHACEN and U

MULHACEN
Property -
Reference Uncertainty Us
| ar, 0.9 +0.06 -0.03,0.03
L « 7° +1° 0, 0.005
Dg 0 +0.1 -
Mg Ag 0° +180° 0,0.001
B 0° +1° 0, 1x10°®
D, 0.35 +0.02 (-6, 15) x107
M, A, 0° +180° 0, 0.0001
Y 0° +0.5° -
C £ 0° +0.1° (-6.8, -5.5) x10”
i T,/Rp 0.97/0.03 +0.01 +0.002
s T, /R 0.001/0.999 +0.001 +0.009
TOTAL -0.03,0.05
Table 6-4: Values and uncertainties of VELETA and U
VELETA
Property -
Reference Uncertainty Us
! a, 1 -0.1,0 0,0.05
L a 0° +10° 0,0.03
Dg 0 +0.1 -
Mg Ag 0° +180° 0,0.001
B 0° #1° 0,1x10°
D, 0 +0.1 -0.07,0.09
M, A, 0° +180° 0,3x10°®
Y 0° +0.2° -
C & 0° +0.1° 0, 30x10”
. T,/R, 0.95/0.05 +0.01 +0.002
Ts/Rs 0.01/0.99 +0.01 +0.01
TOTAL -0.08,0.18
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and thus,

|8' — 8P|AR + |R + 8P|AS" + |67 — 1]AS,,
ASP = Eq. 6-7
(R—=1)—(6"—8,)

where A5’ and AR are the random errors of §' and the backscattering ratio (R)
computed by means of the Monte Carlo technique, and AS,, is assumed
negligible. Besides, the influence of the &’ uncertainty due to the systematic
error has been estimated to be in the range from 0.04 to 0.1 for low and high
depolarization capability of the atmospheric aerosol (e.g., anthropogenic
aerosols (~0.05) and mineral dust (~0.3), respectively). As AP due to
systematic error is considered height- and time-constant perturbation is not
depicted in graphics and thus, following the EARLINET protocol, only

statistical errors are shown in Chapter 8.

6.4 Concluding remarks

In this chapter, the Stokes-Miiller formulism was used to model the lidar
polarizing response by means of the simulator LPSS. The applications of this
software are: first, the detection of the main systematic error sources (e.g., the
purity polarizing parameter and the effective diattenuation of the receiving
optics); second, the determination of the §’ total uncertainty of lidar systems
due to the systematic error due to the uncertainty of the different lidar
properties. Particularly, the LPSS software was used to determine the &' total
uncertainty of MULHACEN and VELETA.
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Planetary boundary layer detection by means of depolarization measurements

The planetary boundary layer (PBL) is defined as the part of the troposphere
directly influenced by the Earth’s surface, which responds to surface forcing
with a time scale of about one hour or less [Stull, 1988]. The PBL is structured
into different layers depending on the time of day. During daytime there is a
mixing layer which height can be defined as the height up to which vertical
dispersion by turbulent mixing takes place [Seibert et al., 2000]. During
night-time two layers are defined: the stable boundary layer, in direct contact
with the surface, and the residual layer which contains the pollutants and
moisture from the previous day’s mixing layer [Stull, 1988]. Moreover, the
absence of convective processes during night-time allows the dry deposition of
the aerosol particles due to gravitational sedimentation and diffusion motion,
among others [Seinfeld and Pandis, 1998].

The mixing and residual layer heights are key variables in climate
modelling and have an enormous influence on air pollution. The mixing layer
height determines the available volume for pollutant dispersion and the residual
layer height indicates the volume where the pollution remains in the
atmosphere. In recent years, estimation of the PBL height, zpg;, based on lidar
data has been widely used applying different methods [e.g., Morille et al., 2007;
Granados-Mufioz et al., 2012; Wang et al., 2012]. Among them, the wavelet
covariance transform method applied to the lidar range corrected signal (RCS,
Eq. 2-12) has already proved to be an interesting tool for an automatic and
unsupervised zpg; detection [Morille et al., 2007; Baars et al., 2008; Pal et al.,
2010; Granados-Mufioz et al., 2012; Wang et al., 2012]. This procedure is
equivalent to the gradient method applied to a RCS profile smoothed by a low-
pass spatial filtering [Comeron et al., 2013] These methods are based on the

detection of a sharp decrease of the aerosol load with height which is usually
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Planetary boundary layer detection by means of depolarization measurements

coincident with the top of the PBL. However, this method presents difficulties
when the aerosol layering in the PBL is complex, with different structures
within the PBL or when advected aerosol layers in the free troposphere are
coupled to the PBL [Granados-Mufioz et al., 2012; Summa et al., 2013]. In
these cases, the top of the PBL can be under- or overestimated.

In this chapter, a new method, called POLARIS (PBL height estimatiOn
based on Lidar depolARISation) is presented as an improved version of the
method described by Granados-Muiioz et al. [2012]. POLARIS uses the
combination of the wavelet covariance transform applied to the RCS and the
perpendicular-to-parallel signal ratio (3) profiles. By means of these profiles,
different candidates for the zpp5, are chosen and the attribution is performed
through an algorithm. Because lidar depolarization ratio profiles provide
information about the particle shape and allows the differentiation of aerosol
types, POLARIS is especially useful when advected aerosol layers are coupled
to the PBL. Furthermore, as & cancelled the incomplete overlap effect,
POLARIS can detect zpp, at lower heights than those determined using
methods based only on RCS (affected by incomplete overlap). Hereafter to
simplify the nomenclature, we will refer only to the zpg; understanding mixing
and residual layer height according to time of day (day- or night-time,
respectively) except when needed.

The fitting and application of POLARIS method is performed using lidar
data measured in the framework of the ChArMEXx, Chemistry-Aerosol
Mediterranean Experiment (www.charmex.lsce.ipsl.fr). The main objective of
ChArMEx was the scientific assessment of the present and future state of the
atmospheric environment in the Mediterranean Basin, and its impacts on

regional climate, air quality, and marine biogeochemistry. Two ChArMEXx
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campaigns have been performed including several stations around the
Mediterranean basin during the summers of 2012 and 2013.
The POLARIS method’s results are assessed using zpg; determined by

means of microwave radiometer and radiosondes measurements.
7.1 Experimental site and instruments

The study described in this chapter was performed at Granada station with
the Multiwavelength Raman lidar MULHACEN, the microwave radiometer
(RPG-HATPRO) and radiosonde measurements. MULHACEN and the
microwave radiometer RPG-HATPRO are explained in detail in Chapter 3
while the main features of the radiosonde are explained in this section.

The radiosounding data are obtained using a GRAW radiosonde DFM-06,
which is a lightweight weather radiosonde that provides temperature (resolution
0.01 °C, accuracy 0.2 °C), pressure (resolution 0.1 hPa, accuracy 0.5 hPa),
relative humidity (resolution 1%, accuracy 2%) and wind (accuracy 0.2 m/s)
data with a vertical resolution around 5 m depending on the balloon weight. The
radiosonde is connected to a Ground station GS-E (GRAW Radiosondes).

The temperature profile derived with the microwave radiometer (MWR)
is used to locate the zpg, using the parcel method explained in Section 4.4
[Holzworth, 1964]. Further details were given by Granados-Muiioz et al.
[2012]. The zpp, determined by the MWR, zME s retrieved between
06:00 UTC and 18:00 UTC as convective conditions are needed and are fuelled
by solar irradiance absorption at the surface and the associated heating. Because
of the low vertical resolution of the temperature profile measured by the
microwave radiometer (100-500 m above 2 km), the uncertainty is estimated to
be 200 below 2 km, and 400 m otherwise.
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Planetary boundary layer detection by means of depolarization measurements

The radiosounding data used in this work are obtained from three
radiosondes launched at 20:00 UTC from 9 to 11 July 2012. As radiosondes are
launched early in the night, convective conditions cannot be expected and thus,
the residual layer is determined. To this end, according to Stull [2000], the
residual layer height was located at the height where the first abrupt increase of
the potential temperature is detected, the so-called z53, .

7.2 The POLARIS method

7.2.1 Wavelet Covariance Transform
The wavelet covariance transform applied to a generic function of height,

We(a, b), is defined as follows:

W,(a,b) = %thF(z)h <(Z ; b)> dz Eq. 7-1

Zp

where z is the height, F(2) is a generic r T .

function (e.g., RCS), z;, and z; are the

integral limits and h((z — b)/a) is the | Dilation, a

i |_ Translation,b_
I 1

Haar’s function defined by the dilation

N W B

(a) and the translation (b) as it is

—
T
1

illustrated in Figure 7-1. The wavelet

Altitude (km)

covariance transform can be understood

]

as a convolution between the RCS or -1 0 _ 1
Haar function, h

Figure 7-1: Haar’s function defined by the
dilation (a) and the translation (b).

and the Haar’s function.
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Figure 7-2 shows an example of the wavelet covariance transform applied
to the RCS (Wxcs). As can be seen, Wy presents a maximum in coincidence
with the sharpest decrease of the RCS. Therefore, the maximum of the Wy s
can be associated to zpg; as sharp decrease of the aerosol load with height is
usually coincident with the PBL height. However, this attribution cannot be
generalized. Hence, Baars et al. [2008] proposed using the first maximum in
the Wiy profile from surface larger than a threshold value for the wavelet
profile. An improvement of this methods was provided by Granados-Mufioz et
al. [2012] introducing an iterative procedure by which the threshold starts at
0.05 and it is reduced in steps of 0.005. However, there are complex scenarios

in which aerosol load presents stratification within the PBL or aerosol layers are

6 .
RCS —Wees
z
PBL « Zpg ?
| )
Z 4
e l
<
=
23 %
[<5]
T (
2
1 . " .
0 1 2-05 -0.25 0 0.25
RCS (hormalized) W,

RCS

Figure 7-2: Example of a normalized RCS and its wavelet covariance transform. Red
cross indicates the possible location of the PBL height.
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coupled to the PBL. In these cases, the automatic detection of the zpg; with the
wavelet method applied to the RCS provides inappropriate attributions. Further
details related to the wavelet method were given by Baars et al. [2008] and
Granados-Mufioz et al. [2012].

7.2.2 Description of POLARIS
The POLARIS method uses 10-min averaged range corrected signal

(RCS) and the 10-min averaged perpendicular-to-parallel signal ratio (3). It is

worthy to note that & is the un-calibrated volume linear depolarization ratio

[Cairo et al., 1999] so low 6 values are related to spherical particle shapes. Both

8 and the calibrated volume linear depolarization ratio (&) were tested to

determine the PBL height. As both variables provided similar results, o is

finally used as the depolarization calibration is not necessary. Therefore,

POLARIS can be applied to data from instruments that have not been fully

characterized. This fact facilitates the calculus and increases the applicability of

the POLARIS method.
POLARIS performs the following steps:

1) The wavelet covariance transform is applied to the RCS (Wg¢s) and to &
(Ws). Then, both Wx.s and Wy signals are normalized respectively to the
maximum value of RCS and 9 in the first kilometre above the surface.

2) The second step consists of determining three candidates according to a
maximum of Wy and the maximum and minimum of Ws. In this sense, the
first candidate, the so-called Crcs, is determined following the procedure
established by Granados-Mufioz et al. [2012]. Thus, Cgrcs is determined as
the height of the maximum of Wy closest to the surface exceeding a certain
threshold mrcs. This threshold is decreased iteratively, starting in 0.05, until
Crcs is found. The dilation (arcs) was also established as 300 m according to
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Planetary boundary layer detection by means of depolarization measurements

Granados-Mufioz et al. [2012]. Similarly, Crnax and Cr,in are determined as
the height of the maximum and minimum of Wy closest to the
surfaceexceeding the thresholds nmax or nmin. Values of these thresholds will
be determined during the optimization process explained latter. Hence, Cnin
and Cmax indicate the heights where strong increases or decreases of o are

detected, respectively.

3) The zpg, attribution is performed assessing the relative location of the

candidates. We have experimentally found that the relative location of the
candidates is linked to different aerosol layering (e.g., dust layer coupled to
the PBL is usually linked to a height distribution of the candidates as:
Crcs=Cmax>Cmin). This algorithm is schematized in the flow chart shown in
Figure 7-3 and explained below.

The algorithm for zpg; attribution among the candidates includes the

following steps:

a. If one of the candidates is not found, the minimum of the other two

candidates is chosen as zpg; .

b. If the three candidates are successfully determined, the attribution of the

zpp., has two well-differentiated ways:

b.1. Coincidence between two candidates: if the distance between either
Cmin OF Cmax and Crcs is less than 300 m, this is interpreted as
coincidence. Then, the highest (in altitude) of the coincident candidates
is discarded, leaving only two candidates. In these cases, the average
of & in two different height ranges is necessary. These averages are

performed in the ranges: 100 m below Crcs and 100 m above 1 km asl,

being noted as 8., and &, respectively. If |8¢, . — 8,] is lower than
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a threshold, &;, the zpp, is taken as the minimum of the two candidates,
and otherwise the maximum.

b.2. No coincidence among the candidates: zpg; is always taken as the
minimum of the candidates except in two cases: Cmax>Cmin>Crcs and
Cmin> Cmax>Crcs. These cases require additional information. First, the
situation Cpax> Chin>Crcs Was experimentally linked to an aerosol
layer coupled to the PBL or the presence of a lofted aerosol layer
within the free troposphere. Then, in order to distinguish between both
situations, the minimum of the Wxyes in the range C,,in £ 50m,
min(Wges(Cmin £ 50 m))  higher than nid% is  required. If
min(Wges(Cmin £ 50 m)) exists, we assume that Cin indicates the
bottom of a decoupled layer and thus, the zpg; corresponds to Cgcs.
Otherwise, Cnin detects the beginning of a layer coupled to the PBL
and thus, zpg, corresponds to Cpin. Second, the situation
Cmin>Cmax>Crcs indicates that 6 and RCS decrease strongly but at
different altitudes (Cmax>Crcs) and, at higher altitude, the
depolarization increases again (Cpin). This situation is linked to a
multi-layered PBL. In this case, the attribution of the zpg, is
performed attending to the candidate, Cax Or Crcs, where both RCS
and 6 show a sharp decrease. To this aim, X, and Zgcs are defined
by:

Zmax = WS(Cmax) + max(WRCS(Cmax +50 m)) Eq. 7-2
Zrcs = Wres(Cres) + max(W6(CRCS + 50 m)) Eq. 7-3
where max(Wies(Crnax £ 50m)) is the maximum of Wyes in the

range Cpay £ 50 m and max(Ws(Cres £ 50 m)) is the maximum of
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W5 in the range Crcs + 50 m. The parameters Z,,,.x and Zgcs show the
candidate where the combination of RCS and 6 profiles show the
sharper decrease. Then, if £,,.x > Zgrcs, the zppg, corresponds t0 Crax,
otherwise to Cgcs.

Finally, the temporal coherence of the zpg, is checked using the
procedure proposed by Angelini et al. [2009] and Wang et al. [2012]. Once the
Zpg, has been determined for a certain period, each zpp; is compared with its
previous and subsequent value. Using zX¥R as reference, it has been estimated
that zpp, variations with the previous and subsequent values larger than 300 m
are unrealistic. In these cases, the zpg; considered unrealistic is replaced by the
average value of its three or six previous and latter values subject to
availability. In this way we guarantee the smoothness of the temporal series of
the zpp,. Further, occasional aerosol stratification, occurring within the mixing
layer, could cause an inappropriate attribution of the zpg;. As stratification
presents short temporal duration compared to the mixing-layer temporal
evolution [Angelini et al., 2009], a 7-bin moving median filter is used to reject
the possible attributions related to aerosol stratification.

An example of zpg; determination is illustrated in Figure 7-4. The
normalized RCS and & at 532 nm, Wys, W5, the candidates (Crcs, Cmax and
Cmin) and the zpp, determined by the POLARIS (z595) are shown. As can be
seen, Crcs and Cpax Were located at 5.2 km asl whereas Cpin is located around
1.3 km asl. At 20:30 UTC, the zpp,; is not expected to be located around 5 km
asl at the experimental site, and thus, Crcs and Cpax are probably detecting the
top of an aerosol layer coupled to the PBL. However, C, indicates an abrupt
increase of 6 caused by the transition between the lowermost layer (considered

anthropogenic aerosol layer) and the coupled layer (considered mineral dust
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Figure 7-4: Normalized RCS and & profiles (left). WCT of the RCS, 6 and thresholds i,

(-0.05) and nrcs, Mmax (0.05) (right) at 20:30 UTC 16 June (ChArMex 2013). Cgcs, Cmin and

Cmax candidates and zb%% are shown in both axes.

layer). As the depolarization capability of the anthropogenic aerosol, mainly
presented within the PBL, is lower than depolarization capability of the mineral
dust layer coupled to the PBL, the abrupt increase of & can be related to the

zpgrand for that the algorithm chooses Cyin as the zpg; instead of Cpax Or Cres.

7.3 Optimization and validation of POLARIS

First, the fitting of POLARIS is performed applying the method to a 36-hour
continuous lidar measurement (10:00 UTC 16 June — 19:30 UTC 17 of June,
during ChArMEx 2013) and comparing the results to the zpg; derived from a

microwave radiometer using the parcel method (zXR). This comparison is
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based on the good agreement between the zXWVR and the zpp, determined using
the method proposed by Granados-Mufioz et al. [2012]. That comparison was
performed using measurements at noon when the mixing layer is expected to be
well developed. As the whole daytime period is used this study, it is possible to
find differences between both methods due to the different daily cycles of the
aerosol-load and temperature profiles. Therefore, the optimization process is
based on the comparison between the zpg; determined by the POLARIS
method (z59F) and the zMWR and the additional assessment of the vertical
structure of the RCS and § and their temporal evolution shown in Figure 7-5
and Figure 7-6. This additional assessment is very important due to the
dependence of the parcel method on the surface temperature and the low
vertical resolution of the temperature derived with the MWR. Once POLARIS
is adjusted, it is applied in an automatic and unsupervised way to 72-hours of
lidar measurements (12:00 UTC 9 July — 06:00 UTC 12 July, CHArMEx 2012

campaign).

7.3.1 Optimization of POLARIS

The temporal evolution of the RCS and 6 at 532 nm for the 36-hour lidar
measurement (10:00 UTC 16 — 19:30 UTC 17 June) of CHArMEx 2013
campaign, the Crcs, Cmax and Cmin candidates and the zE9F and zMWWR are
shown in Figure 7-5. This measurement campaign was used to optimize the
algorithm, the dilation used for Wy, a5, and the different thresholds (Nmin, Nrcs,
N and §,). Optimal a; is established at 450 m which is larger than the agcs

(300 m) determined by [Granados-Mufioz et al., 2012]. This difference is
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Planetary boundary layer detection by means of depolarization measurements

because & profiles are noisier than RCS ones. The thresholds™, Nmin and Mmax
are equal to nres (0.05) in absolute value. In the case of 42 threshold*® used
to distinguish decoupled layers, a value of 0.01 is chosen. Finally, the
threshold'” & is established as 0.06 according to the results obtained in the
optimization process.

During night-time, Cgrcs mainly detects interchangeable the top of the
PBL and different stratification within the dust layer overlaying the PBL
whereas POLARIS detects the transition between the residual aerosol layer and
the dust layer. The mean and standard deviation of the Crcs and the z59F is
3.1+1.6 and 1.5+0.3 km asl, respectively, for the period from 20:30 UTC on 16
June to 04:00 UTC 17 June. Therefore, taking into account the lower values of
zpp, determined by POLARIS and the lower standard deviation, POLARIS
significantly improves the detection of the zpg; during night-time. During
daytime, z59E and zMWR are compared. In order to obtain the most reliable
results from the microwave radiometer, the period from 13:00 to 17:00 UTC is
used when convection processes are expected. On 16 June, the mean and
standard deviation of z59E, zMWR and Cres is 3.4+0.4, 2.7+0.3 and 2.2+1.1 km
asl, respectively. Crcs is more than 1 km lower than zX¥R probably because
Crcs indicates structure in the PBL. In addition, the standard deviation of the
Crecs 1S 1.1 km due to several detections at 4.5 km asl around 14:50 UTC
(Figure 7-5). These results demonstrate the inconveniences of the situations

with dust layer overlaying the PBL. On the contrary, the zE9E shows better

15 Nmin @Nd Nmax: thresholds used to find C,i, and Cyax by means of the minimum and maximum
of W;.

16 nmn: threshold used to find a local maximum of Wrcs in the height range Ci#50 m.

17 5,: depolarization threshold used in those cases with coincidence between two candidates.
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agreement with the zXWR although the z59F has lower values than the zXVR

probably due to the fundamentals of the methods: z)YVR determines the zpp,,
using thermodynamic processes whereas zb9- uses the aerosols as tracers.
Besides this discrepancy, both z595 and zXYWR show similar temporal evolution
and the standard deviations are considerably lower indicating a good response
of the method. Therefore, the results demonstrate the improvement in the
zpgy detection using POLARIS also during daytime. POLARIS yields an
incorrect detection on 16 June as z59F increases abruptly from 1200 to 2500 m
asl between 11:20 and 11:30 UTC. This behaviour could be due to the strong
stratification of the residual layer which abruptly disappears once the
convection processes are strong enough. This explanation is supported by the
sharp increase detected in zXVR from 1.48 km at 10:15 UTC up to 2.7 km at
11:30 UTC.

7.3.2 Validation of POLARIS

After optimizing POLARIS using the 36-hour continuous lidar
measurement campaign, it is applied in an automatic and unsupervised way to
the 72-hour continuous lidar measurement performed in the framework of
ChArMEx 2012 campaign. The assessment of this method is performed by
comparing zE9E, zMWR and zBS?. Additionally, the temporal evolution of the
range-corrected signal and & is used to locate the aerosol layers through the
intensity of the signal. The lidar measurement was performed between 9 and 12
July 2012. During these days, the Southern Iberian Peninsula was under the
effects of a Saharan dust event. In fact, 6 values in the lofted aerosol layers
were larger than those encountered in layers close to the surface (see
Figure 7-6), indicating a greater contribution of non-spherical particles in the
lofted layers, as it is expected for dust aerosol plumes.
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Optimization and validation of POLARIS

First of all, it is worthy to note that in those periods where the dust layer was
located in the free troposphere, the method applied byGranados-Mufioz et al.
[2012] and POLARIS agreed with discrepancies lower than 250 m. (e.g., 00:00-
08:00 UTC 10 July, 00:00-09:00 UTC 11 July and 18:00 11 July - 04:45 UTC
12 July). However, even in these periods, the temporal filter used by POLARIS
helped to improve the detection of the zpp, as it was predicted by Granados-
Murioz et al. [2012].

As we can see in Figure 7-6, z59E and zMY'R are mainly in agreement
when convection is well developed (13:00-16:00 UTC). However, differences
between z59F and zXYR can reach close to 1 km (e.g., 14:46 UTC 10 July 2012
and 15:51 UTC 11 July 2012). According to the temporal evolution of the RCS,
these differences seem to be not related to fails of POLARIS. Conversely, they

could be associated to the high temporal fluctuation of thez}/® caused by the
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Figure 7-7: Zoom of Figure 7-6 showing the RCS and & temporal evolution during the
period 07:00-13:00 UTC on 10 July 2012 (colour maps). Crcs (black dots), Cax (yellow

triangles), zb9% (purple stars) and z¥® (pink dots) are included.

149



Planetary boundary layer detection by means of depolarization measurements

sensitivity of the parcel method to the surface temperature. Furthermore, the
comparison between z595 and zXVR revealed that the detection of the zpg,,
becomes particularly complex when the mixing is ongoing (07:00-13:00 GMT)
and the residual and mixing layer coexist. In this sense, as can be seen in
Figure 7-7, from 07:00 until 13:00 UTC on 10 July, zMWR showed an
increasing trend whereas z5g; decreased until 10:00-11:00 UTC. This is
because POLARIS detected the residual layer height until 11:15 UTC and then,
started to detect the mixing layer height. Moreover, the larger discrepancies
between zE9E and zMWR occurred after sunrise (06:00-09:00 UTC) and before
sunset (17:00-19:00 UTC). This is explained according to the larger inertia of
the aerosol (used as tracer by POLARIS) compared with inertia of the
temperature profile (used as tracer by the parcel method).

During the ChArMEx campaign, three radiosondes were launched, one
each day at 20:00 UTC, and thus the residual layer height was determined using
the potential temperature profile (z%5,, see red squares in Figure 7-6). In
Table 7-1, z&S, obtained for each day is compared to z59F and Cgrcs. At 20:00
UTC on 9 July, Crcs detected the top of the dust layer overestimating the
residual layer height at 2.6 km. However, zE9F improves the zpp, detection.
The difference of 0.5km between zP9F and zR5, could be related to the

POL POL

different tracers to determine zE9F and z&5,. On 10 July, z&5,, z59F and Cres
were 2.3, 2.6 and 1.6 km asl.

Table 7-1: The zpg; determined with different methods at 20:00 UTC for different days.

Day of June 2012 zR3, (£0.1 km asl) zh9k(+0.2 km asl) Cres (+0.15 km asl)
9 2.0 2.5 4.60
10 2.3 2.6 1.60
11 2.6 1.9 1.90
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Optimization and validation of POLARIS

Thus, good agreement was also detected between zR3, and zP9F .
However, Crcs Was located at 1.6 km asl underestimating the residual layer
height due to the multi-layering structure of the residual layer as it can be
corroborated by the RCS (Figure 7-6). Therefore, POLARIS also improves the
detection of the zpg; in those cases of multi-layering structure within the PBL.

On 11 July, both zP9F and Cgcs fail to attribute the residual layer height
according to its comparison with zR3, (see Figure 7-8). Both methods fail
because they are based on strong variations with height of the aerosol load
(RCS) and depolarization ratio (8) and, as can be seen in Figure 7-8, there are
not sharp changes in these profiles at 2.6 km asl. Thus, it seems that there are
not always correlation between the residual layer height determined by means
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Figure 7-8: Normalized RCS and &, Wrcs, W5, and potential temperature (0) profiles at
20:00 UTC on 11 July 2012 (radiosonde launch).
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Planetary boundary layer detection by means of depolarization measurements

of temperature profiles and aerosols as tracers.

7.4 Concluding remarks

According to the results presented in this chapter, it can be concluded that the
lidar depolarization technique can be an useful tool for the automatic
determination of the zpg; . In this sense, the POLARIS method was developed
based on the wavelet covariance transform applied to the range corrected signal
and the uncalibrated depolarization ratio. Generally, POLARIS improves the
automatic detection of the zpp, especially under scenarios in which mineral
dust layers are coupled with the PBL. Besides, POLARIS provided good results
during night- and daytime except during the morning due to the coexistence of
the residual and mixing layers. This handicap seems to be a general problem for
the derivative methods. Furthermore, a comparison between the zpg,
determined using POLARIS, the parcel method and the potential temperature
profile was performed. This comparison indicates that the discrepancies among
POLARIS and the other methods are not only based on POLARIS’s procedural
error but on the differences between the aerosol and temperature profiles used
as tracers. Particularly, it was detected a larger temporal inertia for the aerosol

than for temperature.
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Mixing of Saharan dust and boundary layer aerosols

According to the fifth assessment report of the IPCC (2013) [Boucher et al.,
2013], the uncertainties in the estimation of the radiation-aerosol and
cloud-aerosol interactions together with the poor knowledge of the spatial and
temporal aerosol distribution cause a large uncertainty in the estimation of the
radiative forcing due to atmospheric aerosol. On a global scale, mineral dust is
one of the main components of the atmospheric aerosol [Formenti et al., 2011;
Shao et al., 2011]. Specifically Saharan dust represents the main source of
mineral dust on the Earth [Tegen and Fung, 1995; Miller et al., 2004]. In fact,
estimated annual dust emission for North Africa is around 1150 Mt-yr™* [Shao
et al., 2011]. Therefore, an improved knowledge on microphysical and optical
properties of mineral dust is one of the main objectives in atmospheric aerosol
research. Furthermore, mineral dust has a potential impact on human health
[e.g., Kwon et al., 2002; Pérez et al., 2008] and on regional air quality via the
visibility impairment [Prospero, 1999]. However, the impact of anthropogenic
aerosol on human health can be ever larger than that of mineral dust at ground
level and thus, EU legislation about air quality (Directive 2008/50/EC) specifies
the possibility to discount the particulate matter of natural sources (e.g.,
Saharan dust) when assessing compliance against limit values of, for example,
PMjyo (e.g., particle matter with particles diameters of less than 10um).
Although mineral dust intrusions over European countries can affect at surface
level, dust usually reach them as advected layers at high altitudes. Then, the
entrainment of the mineral dust into the planetary boundary layer (PBL) occurs
due its deposition or advection or due to strong convective processes within the
PBL. Due to the relevance of the mineral dust, there are models (e.g.,
BSC-DREAMS8b and NAAPS) which forecast its presence in the whole

atmospheric column or on the surface. Regarding the forecast aerosol models,

155
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they weakly consider interactions between aerosol layers in the free troposphere
(FT) and the PBL due to convective processes.

Mineral dust has been previously investigated by means of study cases
after its medium or long range transport [Reid et al., 2003; Tanre et al., 2003;
Redelsperger et al., 2006; Haywood et al., 2008; Chen et al., 2011] and field
campaigns developed in different regions of the Earth as the Aerosol
Characterization Experiments 2 (ACE-2) [Raes et al., 2000], the Saharan Dust
Experiment (SHADE) [Tanre et al., 2003], the Aerosol Characterization
Experiments Asia (ACE-Asia) [Huebert et al., 2003], the Dust and
Biomass-burning Experiment (DABEX) [Osborne et al., 2008] and the Saharan
Mineral Dust Experiment (SAMUM) [Heintzenberg, 2009]. Statistical analysis
in different locations has been performed [e.g., Mona et al., 2004; 2006;
Preissler et al., 2013]. Particularly, Valenzuela et al. [2012] performs a
statistical analysis on column-integrated aerosol optical and microphysical
properties during desert dust events over the South-eastern Iberian Peninsula
during the period 2005-2010.

In this chapter, we take the advantage of measurements performed by
co-located in-situ, passive and remote sensing instrumentation in combination
with airborne in-situ measurements under Saharan mineral dust conditions on
27 June 2011.

The combination of these measurements allows the study of the
interaction mechanisms between the Saharan dust and the PBL and the
influence of mineral dust on the aerosol properties at the surface.
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8.1 Instrumentation and experimental data

In Chapter 3, active and passive remote sensing instrumentation used in this
thesis was explained in detail. Hence, only ground-based and airborne in-situ

instrumentation is explained in this section.

8.1.1 Ground-based in-situ instrumentation

In-situ aerosol light-scattering and absorption measurements were obtained by
means of an integrating nephelometer (TSI 3563) and a Multi-Angle
Absorption Photometer (MAAP, Thermo ESM Andersen Instruments),
respectively. The nephelometer was used to measure the aerosol scattering
coefficient, G4, at 450, 550 and 700 nm. This instrument is periodically
calibrated using CO, and filtered air. Additionally, the raw oy, data were
corrected for truncation and non-Lambertian illumination errors using the
method described by Anderson and Ogren [1998]. The uncertainty in g IS Of
7% [Heintzenberg et al., 2006]. The aerosol absorption coefficient at 637 nm,
0,(637 nm), was measured by means of a Multi-Angle Absorption Photometer
(MAAP). The total method uncertainty for the aerosol light absorption
coefficient inferred from MAAP measurement is around 12% [Petzold and
Schonlinner, 2004; Petzold et al., 2005]. More details on the instruments and
the experimental setup were given by Lyamani et al. [2010]. In addition, levels
of PMyy and PM; were measured in real time using a DustTrak DRX (TSI
8533) which precision is 1% according to the technical specifications. This
instrument was calibrated by comparison with simultaneous PMj, and PM;

gravimetric measurements with an R? of 0.83.
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8.1.2 Airborne in-situ instrumentation

Airborne data provided by INTA aircraft were available over Granada on 27
June 2011. Airborne measurements were carried out by the INTA CASA
C-212-200 atmospheric aircraft (Figure 8-1, top). Measurements of
temperature, relative humidity, GPS position and aerosol size distribution were
performed during the flight.

The airborne platform developed a vertical profile following a pseudo
spiral centred at (37.19°N, 3.57°W) close to the experimental site (37.16°N,
3.61°W), with a diameter of about 4500 m. The aircraft overpass around the
lidar systems was performed at several altitudes between 1200 and 5200 m asl.
A gentle ascent and descent rate was used of about 2.5 m/s in order to increase
vertical resolution and avoid problems with the inlets. Figure 8-2 shows the
ascending track of the INTA-C212-200 aircraft during this flight, which took
place around 10:30 UTC. The CASA C-212-200 atmospheric research aircraft

was equipped with two optical particle counters designed by Droplet

Figure 8-1: Picture of the INTA CASA C-210-200 aircraft for atmospheric research (from
www.eufar.org) and the CAPS (left bottom) and PCASP-100X (right bottom), taken from
www.dropletmeasurement.com.
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Figure 8-2: Ascending track of the INTA C212-200 aircraft above CEAMA experimental
site during the flight on 27 June 2011 around 10:30 UTC.

Measurement Technologies (DMT) PCASP-100X and CAPS sonde. The
instruments were fixed at two hard points located under the aircraft wings.

The CAPS (Cloud, Aerosol, and Precipitation Spectrometer) sonde
located on board the C-212-200 combines five different instruments in one
flight container, covering a sizing range with diameters from 0.51 to 1550 pm
(Figure 8-1, bottom left). The five instruments included in the CAPS are the
Cloud Imaging Probe (CIP), the Cloud and Aerosol Spectrometer (CAS), the
Hotwire Liquid Water Content Sensor (Hotwire LWC), a GPS system and
meteorological sensors. For the purposes of our analysis, data corresponding to
the CAS optical counter were used. The CAS measures in the diameter range of
0.51-50 pm, in 30 different size bins. Its measuring principle is based on light-
scattering, i.e. particles scatter light from an incident laser, and collecting optics
guide the light scattered in the 4° to 12° range into a forward-sizing
photodetector. This light is measured and used to infer particle size. Backscatter
optics also measure light in the 168° to 176° range, which allows the
determination of the real component of the refractive index for spherical
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particles. The uncertainty of this sonde varies between 15 and 20% for the size
distributions [Feingold et al., 2006].

The PCASP-100X (Passive Cavity Aerosol Spectrometer Probe) provides
size distributions of aerosol particles in the range 0.1-3 um of diameter in 15
different bins (Figure 8-1, right bottom). The measuring principle is similar to
the CAS sonde. A laser beam illuminates the particles and light is scattered in
all directions. Some of the scattered light is collected by a mirror within a
scattering angle from about 35°-135°. This collected light is focussed onto a
photodetector and then amplified, conditioned, digitized and classified into one
of fifteen size channels. The size of the particle is determined by measuring the
light scattering intensity and using Mie scattering theory to relate this intensity
to the particle size for a fixed refractive index. Size distributions are provided
with an uncertainty of 20% [Baumgardner et al., 2005].

From the combination of the data from the CAS and PCASP-100X
sondes, volume concentration profiles for the fine mode (radius between 0.05
and 0.5 um) and coarse mode (radius from 0.5 to 25 um) were obtained. In
order to retrieve the volume concentration profiles from the on-board
instrumentation, Mie theory was applied considering aerosol particles as
spheres and a refractive index correction was performed, in a similar way to
that explained by Andrey et al. [2014].

8.2 Methodology

From the aerosol properties derived with the in-situ and remote instrumentation,
some other optical and physical properties can be calculated as summarized in

Table 8-1. The derived aerosol optical and physical properties are described in
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detail in Section 4.3 except AODpg; and AODgr which are the PBL and the free
troposphere (FT) contributions to the AOD.

Table 8-1: Aerosol optical and physical properties derived from optical properties.

Property Symbol/Equation
AOD-related In(A0D(440)/A0D(870))
a 440 — 870nm) = —
Angstrém exponent aon( ) In(440/870)
Oscq-related IN(05cq(450) /054 (700
sca ac,15“1(4_50 _ 700nm) _ _ ( sca( )/ sca( ))
Angstrém exponent n(450/700)
a, B-related In(a, 8(355)/a, (532
d,,3(355 —532nm) = — (@,p(355)/a, (532))
Angstrém exponent ’ In(355/532)
. . O5ca(A)
Simple scattering albedo wd) =
Osca (l) + Oabs (l)
Lidar rati LR = 24
idar ratio =7
B)
Particle linear 5 = SA+8™R—-6M1+46")
depolarization ratio B 1+85MR-(1+6")
ZPBL ZPBL
AOD g, f a(z)dz = J B(2)LR dz
0 0
Zref Zref
AODFT f a(Z) dz = B(Z)LR dz
ZPBL ZPBL

As the measurements were performed during daytime, elastic retrieval is
used for determining the lidar ratio through the comparison of the lidar and
sun-photometer AOD. Lidar AOD is determined integrating a from surface up
to the reference height where the absence of aerosol is indicated by the
Rayleigh fit (described in Section 3.3.2). In the incomplete overlap range (from
surface to ~0.9 km agl [Navas Guzman et al., 2011]), the lowermost value of g
Is assumed constant down to the surface. For the AODpg. and AODer, a similar
procedure is followed changing the integral top by the PBL height and the
integral bottom by the PBL height. The uncertainties of this procedure may be
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very large due to the assumption of height-independent lidar ratio. However, the
results were verified through the coherence between the sun-photometer AOD
(whole column) and AODpg; + AODgy derived from lidar with discrepancies
below 0.03 at 532 nm. The sun-photometer AOD at 532 nm was derived
interpolating the AOD at 500 and 670 nm.

The planetary boundary layer height, zpg;, was determined by means of
the parcel method described in Section 4.4 using temperature profiles measured
by the microwave radiometer. It is worthy to remark that convective processes
are required to use this method and that the uncertainty of the zpp,; is estimated
to be 200 and 400 m above and below 2 km, respectively, due to the low
vertical resolution of the temperature profile and the high sensibility of the
parcel method to the surface temperature.

In order to distinguish between anthropogenic aerosol and mineral dust
contribution to the particle backscatter coefficient, 8, the POLIPHON
(Polarizing Lidar Photometer Networking) method, given by Shimizu et al.
[2004] and Tesche et al. [2009a], was used. This method is described in detail
in Section 4.1.6. In this case, POLIPHON is used to separate the mass
concentration of dust and anthropogenic aerosols which present opposite
depolarizing effects. We remark that the method was applied under the
assumption of external mixing. As the analysed mixing process occurred in
several hours, external mixing is assumed predominant. Then, the dust

backscatter coefficient, 54,5, can be calculated as:

(51} - 5gust) (1 - 55nt
=f- Eqg. 8-1
Pause =B (or g0 .y (L= o7) |

where the height and spectral dependence was omitted for simplicity, 67 is the

measured particle linear depolarization ratio, and 87, and &%, represent &7
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values for pure dust and the anthropogenic aerosol, respectively. &7,,, value is

reasonably well known 0.31+£0.10 according to the SAMUM campaign
performed in Ourzazate (Morocco) [Gross et al., 2011a] whereas 67,,, value is
typically 0.05+0.02 over the Granada station. Once S, IS determined, the
mass concentrations of dust, mg,¢:, IS given in terms of particle backscatter

coefficient as:

Caust
Maust = Pdust WudsustﬁdustLRdust Eq. 8-2

where pg.s: and LR 4,5 are the particle mass density and the dust lidar ratio.
The ratio Cuy5:/AODg4ys: , also called mean extinction-to-mass conversion
factors, represents the ratio of volume concentration to AOD for the coarse
(dust) mode. For pure dust particles, pgyse= 2.6 g-cm™ [Pérez et al., 2006] and
LR4,s+ = 55x10sr [Tesche et al., 2009b]. Cgu: Was calculated from
AERONET-derived level 1.5 inversion products on 27 June 2011 at 11:19 UTC
as there were not level 2.0 inversions available between 08:00 and 16:30 UTC.
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Figure 8-3: Volume size distribution provided by AERONET (level 1.5) on 27 June. The
extinction-to-mass conversion factor was retrieve using the distribution at 11:19 UTC.
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The size distributions are shown in Figure 8-3. AOD,,,;; Was derived using the
total AOD at 532 nm and the fine fraction at 500 nm provided by AERONET
[O'Neill et al., 2001a; O'Neill et al., 2001b]. Then, the ratio C;,,5:/AOD 4,5 Was
0.95-10°m. By applying the law of error propagation to Eq.8-2, the
uncertainty in the mass concentration is estimated to be about 40-45%,
considering the following individual uncertainties: 25% for the mass densities,
20% for the lidar ratios, and 15% for the mean extinction-to-mass conversion
factors [Tesche et al., 2009b; Ansmann et al., 2011]. Concerning the particle
backscatter coefficient, its uncertainty is retrieved of the order of 10-20% (see
Chapter 4). As was discussed in Chapter 6, the uncertainty of the particle
depolarization ratio is between 0.04 and 0.10.

The attribution of the air masses origin was performed by means of
backward trajectories calculated with the HYSPLIT model [Draxler and Rolph,
2003]. The model version used in this work employed the GDAS database
(Global Data Assimilation System) at six different levels (500, 1500, 2500,
3500, 4500 and 6000 m agl). This analysis enables the interpretation of the
different source regions of air masses reaching the study area. To this end,
5-day back trajectories were calculated ending at 22:00 UTC on 26 June and at
13:00 UTC on 27 June 2011 at Granada. The trajectories can have large relative

error (about 40%) under low wind conditions [Stunder, 1996].
8.3 Results and discussion

The range corrected signal at 532 nm, RCS(532 nm), the zpg,, and the total
AOD(532 nm), AODpg; and AODg; obtained on 27 June 2011 are shown in
Figure 8-4. The RCS(532 nm) shows that the aerosol load was confined in the
region from the surface up to 4.5 km both at night and daytime. The total
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Figure 8-4: Colour map represents the lidar range corrected signal at 532 nm on 27 June
2011 from 00:00-01:00 and 06:30-12:15 UTC. The PBL height is marked in orange and the
total, PBL and FT AOD at 532 nm is marked in pink, black and red, respectively.
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Figure 8-5: Particle extinction coefficient (&) at 355 and 532 nm, &, (355-532 nm) and
6°(532 nm) at 00:00-01:00 UTC on 27 June 2011.
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AOD(532 nm) was around 0.28 along the day. In Figure 8-5, the particle
extinction coefficient, o, at 355 and 532 nm derived by inelastic retrieval,
8,(355-532 nm) and (532 nm) profiles at 00:00-01:00 UTC are shown. As can
be seen, &, and &P profiles show two well differentiated regions: the upper
region, 3-5 km asl, with a mean and standard deviation of 0.1+0.1 and
0.26+0.05 for &, and &, respectively, and the lower region, 1-3 km asl,
characterized by an anticorrelation between &, and &°. In this inelastic retrieval,
8,(355-532 nm) and 8"(532 nm) profiles at 00:00-01:00 UTC are shown. As can
be seen, &, and &° profiles show two well inelastic retrieval, ,(355-532 nm) and
8°(532 nm) profiles at 00:00-01:00 UTC are shown. As can be seen, &, and &°
profiles show two well differentiated regions: the upper region, 3-5 km asl, with
a mean and standard deviation of 0.1+0.1 and 0.26+0.05 for &, and &,
respectively, and the lower region, 1-3 km asl, characterized by an
anticorrelation between &, and 8. In this sense, &, and & values vary from 1.3
and 0.11, close to the surface, to —0.1 and 0.25, respectively, at 3 km asl.

The values of &, and &° of the upper region indicate the predominance of
coarse and non-spherical particles and agree with the values of 4,(355-532 nm)
(0.19+0.20) and &°(532 nm) (0.31+0.10) measured for pure Saharan mineral
dust by Tesche et al. [2011]. The LR(532 nm) mean value is 505 sr for this
layer (not shown) which is also in the range 5510 sr given by Tesche et al.
[2009b] for Saharan mineral dust. Additionally, the obtained LR(532 nm)
agrees with several studies of Saharan dust previously performed at this station
[Guerrero-Rascado et al., 2009; Bravo-Aranda et al., 2013] and other stations
during medium-transport dust events [Muller et al., 2009; Preissler et al.,
2013]. Moreover, the backward trajectories at 00:00 and 11:00 UTC on 27 June
(Figure 8-6) show that air masses came from the North of Africa at 3500, 4500
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Figure 8-6: HYSPLIT backward trajectories ending at 22:00 on 26 June (left) and at 13:00
UTC (right) on 27 June 2011 at 500, 1500, 2500, 3500, 4500 and 6000 m agl (Granada,
37.16°N, 3.61°W).

and 6000 m agl. Therefore, the assessment of these results indicates the
presence of Saharan dust over the Granada station on 27 June. Previous lidar
measurements indicate that the dust outbreak affected the South of the Iberian
Peninsula since 21-22 June 2011 (not shown). The dust outbreak was
successfully predicted by both, NAAPS and BSC-DREAMS8Db forecast models
on 27 June 2011 (Figure 8-7).

Regarding the lower region, " values increase with height from 0.12 at
1 km asl to 0.26 at 3 km asl whereas &, values decrease from 1.34 at 2 km asl to
—0.13 at 3 km asl, indicating a gradual increase with height of the predominance
of coarse and non-spherical particles in the region 1-3 km asl (Figure 8-5). This
trend can be due to different degrees of external mixture of mineral dust and
anthropogenic aerosol. Larger presence of mineral dust is expected at high
altitudes as mineral dust (anthropogenic aerosol) is characterized by coarse
(fine) mode predominance and non-spherical (spherical) particles. This shape of

the 8" profile is also observed during daytime as well as in &g profile. Indeed, as
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Figure 8-7: Aerosol optical depth at 12:00 UTC on 27 June 2011 forecasted by NAAPS:
colours indicate the aerosol type: sulphates (orange/red) and dust (green/yellow) (left).
Dust optical depth at 550 nm (see colour bar) and wind direction at 3000 m forecasted by
BSC-DREAMBS8b at 12:00 UTC on 27 June 2011 (right).

can be seen in Figure 8-8, &g and & profiles at 07:30 UTC are similar to the &,
and &” ones measured at 00:30 UTC. However, along the morning, &g
progressively decreases whereas &° increases in the lowermost part of the
profiles (<2 km asl). Particularly, &; and 8” mean values of the 100-m layer
nearest to the surface vary from 2 and 0.08 at 07:00 UTC to 0.8 and 0.19 at
11:30 UTC, respectively. This variation could be linked to the downward
entrainment of the dust into the PBL due to the interaction mechanisms caused
by the strong convective processes.

The mass concentration of dust, mg,;, at 10:30 and 11:30 UTC and the
mass concentration retrieved with the volume concentration of the coarse mode
provided by the airborne in-situ measurement, m,, are shown in Figure 8-9. As
can be seen, there is a very good agreement in the upper layer. Mean of m s
and m, in the range 3.3-4.5 km asl are 140 and 110 pug-m™. Additionally, in the
layer below 3 km asl, mg,s and m, mean values are 100 and 60 pg'm>,
respectively, and hence, the assessment of the results shown a better agreement
for the dust layer with larger values provided by POLIPHON in the whole
profile. The differences found between both methods would be linked to the
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Figure 8-9: Dust mass concentration (mg,s;) provided by the airborne measurement and
coarse mode mass concentration (m,) retrieved by POLIPHON on 27 June 2011.
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different assumptions. On the one hand, POLIPHON includes assumptions as
the height-constant LR used to retrieve the particle backscatter coefficient
profile derived under the assumption by which the whole coarse volume
concentration is linked to the mineral dust. On the other hand, the airborne
measurements may be biased due to the sampling efficiency of the inlet system
and m, was retrieved assuming spherical particles (Mie’s theory). Moreover,
both methods were not sampling the same region of the atmosphere above.
Thus, it can be concluded that the POLIPHON method is an acceptable
approximation to retrieve the mass concentration of two different aerosol type
of a mixture, despite of the assumptions.

Furthermore, the increase of mineral dust at the lowest level (~1 km asl)
is evidenced by the Bq/p increase from 12+10% at 07:30 UTC to 45+10% at
11:30 UTC (Figure 8-8). In order to discard that the increase of mineral dust

could be related to local sources, a reference measurement on 14 June under
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non-dust conditions was chosen. " value measured on 27 June 2011 (~0.19)
was almost twice than the measured on 14 June 2011 (~0.10) in the lowermost
layer. The large difference of 8" near the surface between 27 and 14 June shows
that the presence of the mineral dust in the PBL on 27 June 2011 cannot be
solely due to local sources. Moreover, as the backward trajectory at 500 m agl
(Figure 8-6) shows that air masses came from Europe across the Mediterranean
basin, the increase of presence of mineral dust at low altitudes along the day
only can be related to interaction between the dust layer and the PBL. The
strong convective processes appear as a cause which accelerates the downward
dust entrainment.

The interaction between the FT and the dust layer was also detected by
the combination of the lidar and sun-photometer data. Although AOD(532 nm)
was rather stable with values around 0.28 along the day, the FT and PBL
contributions to the AOD (AODgr and AODpg ) changed along the morning
(Figure 8-4). In this sense, the AODpg (532 nm) increased from 15% up to 58%
between 07:30 UTC and 12:00 UTC whereas AOD1(532 nm) decreased from
85% up to 42% in the same period. Thus, the variation of AODgr and AODpg.
evidenced the mixing between the FT and the PBL by strong convective
processes. These convective processes are highlighted by the great
enhancement of the PBL height in this period (see Figure 8-4). Similar
phenomena were detected on Cape Verde island by Engelmann et al. [2011]
where a vertical mixing between air masses in the PBL and the FT was detected
because air flow can be significantly disturbed mainly by surface convection.

The temporal evolution of 65 (550 nm), Ga,s(637 NM), &sca(450-700 nm),
®(637 nm), PM1, PM1g, PM1q.1, AOD(532 nm) and (500 nm) on 27 June 2011
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(Figure 8-10) is used to highlight the increase of presence of mineral dust at the
surface and study the influence of the mineral dust within the PBL. As
reference, in-situ data on 14 June was used (Figure 8-11). On 14 June,
AOD(532 nm) was very low (~0.1) with typical values of in-situ measurements
compared with the statistical analysis performed by Lyamani et al. [2010] at the
same station.

First, values of ®(637 nm) and as.,(450-700 nm) were markedly different
in the afternoon on 14 and 27 June (Figure 8-10 and Figure 8-11). As can be
seen in Table 8-2, ®(637 nm) was larger on 27 than on 14 June as 64,(550 nm)
was double on 27 June than on 14 June, whereas oays (637 nm) presented
identical values in the afternoon of both days. In addition, ds..(450-550 nm) was
lower on 27 than on 14 June. These results indicate the predominance of coarse
particles with high scattering contribution which is linked to a greater presence

of mineral dust at the surface on 27 than on 14 June.

Table 8-2: Hourly mean of aerosol optical properties at 13:30 UTC on 14 and 27 June.

Property (mean+SD) 13:30 UTC 14 June 13:30 UTC 27 June
Gabs(637 nm) [Mm] 7£2 7+1
Gca(550 nm) [Mm™] 1742 3612
®(637 nm) 0.67+0.03 0.8310.03
35ca(450-700 nm) 1.8+0.2 0.91+0.05

Second, maxima of 6s,(550 nm) and 64ps(637 NmM) during traffic-rush on
27 June were coincident in time although, on 14 June, the maxima of
oabs(637 nm) and o©4,(550 nm) were reached at 08:00 and 09:00 UTC,
respectively. The temporal displacement found on 14 June was previously
detected by [Lyamani et al., 2010] and it is explained in terms of the time
required for secondary particle formation in the atmosphere. Some hypothesis
could be suggested to explain that the maxima of o04,(550 nm) and

oabs(637 Nm) were coincident in time during 27 June. The majority of scattering
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aerosol particles emitted by anthropogenic activities are secondary aerosols
formed by gas-to-particle conversion processes, like sulphates and nitrates
[Seinfeld and Pandis, 1998]. However, if a high amount of particles are present
in the atmosphere, gaseous deposition on particles can occur suppressing the
gas-to-particle conversion processes and thus, the maxima of 64,(550 nm) and
6abs(637 Nm) would be coincident in time. In order to check this hypothesis, we
can also analyse the evolution of the PM; and PMyg.; as the gas-to-particle
conversion causes an increase of PM; whereas the gaseous deposition on
particles causes an increase of both PM; and PMjq.;. In this sense, on 14 June,
the PM; and PMyq.1 presented a mean (+SD) of 41+2 pg/m® and 28+2 pg/m®,
respectively, around the maxima of ©¢,(550 nm) and o45(637 Nm) (08:10-
08:30 UTC) (Figure 8-10 and Figure 8-11), whereas PM; and PMyg.; were
31+2 pug/m® and 34+2 pg/m®, respectively, during the same period on 27 June
(Figure 8-11). Supporting this hypothesis, chemical composition measurements
of Saharan dust aerosol, performed on Tenerife, Canary Islands, showed that
internal aerosol mixing may occur (dust coated by sulphate in the coarse mode)
during Saharan dust intrusions [Rodriguez et al., 2011]. This is consistent with
the reaction of different nitrate and sulphate species on dust surfaces [Prospero
et al., 1995; Maring et al., 2000]. Finally, it is worthy to mention the study
about the new particle formation given by Sorribas et al. [2014] performed at
El Arenosillo station (Spain). This study shows a negative correlation between
the growth rate in the range 14-30 nm and the PM 1, with land breeze and points
that the particles within the coarse mode look like to inhibit the growth process.
Therefore, the assessment of these results indicates that the entrainment of dust
into the PBL can influence the internal mixing processes occurring within the

PBL as the inhibition of the gas-to-particle conversion.
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Figure 8-12: Dry dust deposition [mg-m™] predicted by BSC-DREAMSb (left) and dust
surface concentration [pg-m™] predicted by NAAPS (right) at 12:00 UTC 27 June 2011.

As was aforementioned, NAAPS and BSC-DREAMS8b forecast models
successfully predicted the Saharan outbreak on 27 June 2011 in the atmospheric
column over the Southern Iberian Peninsula as it was corroborated by lidar and
sun-photometer measurements. However, NAAPS predicted absence of Saharan
dust at surface on 27 June 2011 at 12:00 UTC whereas BSC-DREAMS8b
predicted downward entrainment of Saharan dust (Figure 8-12). As it has been
previously indicated, the presence of Saharan dust was confirmed by in-situ
instrumentation. Therefore, only BSC-DREAMS8b predicted successfully the
presence of Saharan dust on surface. The discrepancy with NAAPS could be
related to the lack of a modelling of the interaction between FT and PBL due to

strong convective processes.

8.4 Concluding remarks

Summarizing, the combination of measurements allowed the study of the
interaction between the dust layer located in the FT and the PBL due to the
enhancement of the convective processes. For this purpose, two different
approaches were used. First, the temporal evolution of & and 8" and By /B

evidences an increase of the presence of mineral dust at lower levels along the

176



Concluding remarks

morning. Second, the temporal evolution of the FT and the PBL contributions
to the total AOD shows an increase of the PBL contribution to the total AOD
whereas the FT contribution decreases. Thus, the convective processes enhance
the PBL which ‘catches’ the dust layer accelerating the downward dust
entrainment. The study on the convection processes effect on the entrainment of
aerosol load into the PBL could help to improve the models of aerosol transport
and thus, further studies are needed.

The entrainment of the dust layer into the PBL caused significant
variations on the aerosol optical properties. In this sense, the gas-to-particle
conversion may be less important due to the gas deposition on particles surface
when the mineral dust is present at surface level.

Regarding the role of lidar depolarization technique, the study of the
temporal evolution of the particle linear depolarization ratio together with the
backscatter-related Angstrom exponent leads to a better understanding of the
mixing processes in the PBL. Furthermore, the depolarization measurements
were used to split § into the anthropogenic and mineral dust aerosol
contributions using the POLIPHON method. Hence, this chapter showed the

importance and potential of this technique in the atmospheric aerosol research.
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The results of this thesis can be considered in two main topics: the
improvements on the lidar depolarization technique and its applications to the
atmospheric aerosol field. First, this thesis has contributed to the research field
through the implementation and development of new depolarization calibration
procedures and the detailed study of the lidar polarizing sensitivity. Second, the
lidar depolarization technique was applied for determining the planetary
boundary layer height and, for studying the interaction mechanisms between
lofted aerosol layers and the PBL and its influence on the aerosol properties at
surface.

Following, the achievements of this thesis are summarised in detail.

9.1 Methodological aspects

The A90°-calibration method with a rotator in front of the polarizing beam
splitter (PBS) was successfully implemented in both MULHACEN and
VELETA lidar systems. In addition, the A90°-calibration method with polarizer
in front of the receiving optics was installed in MULHACEN. The combination
of the two modes of the A90°-calibration method installed in MULHACEN
allowed the development of a new procedure to determine the effective
diattenuation of the receiving optics. Particularly, the effective diattenuation of
the receiving optics for MULHACEN was evaluated in 0.35+0.03. The
correction of this effective diattenuation of the receiving optics implied an
increase of the particle linear depolarization ratio about 50% in those
experimental cases with high depolarization-capability scatters (e.g., mineral
dust). Additionally, a new procedure to determine the misalignment angle of the

laser polarizing plane with respect to the incident plane of the polarizing beam
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splitter was developed and applied to MULHACEN. The misalignment angle of
the laser polarizing plane was estimated at 7°£1°.

The lidar polarizing sensitivity has been studied in detail by means of the
Stokes-Miller formulism applied to lidar. To this end, a graphic user interface,
called Lidar Polarizing Sensitivity Simulator (LPSS), has been developed.
LPSS simulates the volume linear depolarization ratio, §’, uncertainty due to the
uncertainties in lidar properties which can influence the polarization state of the
laser or the receiving signal. In order to assess the total uncertainty due to the
lidar polarizing sensitivity, a synthetic lidar was simulated using the
uncertainties of lidar properties derived or assumed from different technical
specifications of commercial optical devices. In some cases, the uncertainty
ranges are very large due to the lack of information. From the analysis, the total
uncertainty has been estimated in the range [-0.082, 0.243]. As typical §’ values
ranges between 0.05 and 0.3, it can be concluded that the polarization
sensitivity of lidar systems can affect the depolarization measurements to the
point that the relative error of § would be larger than 100%. The most critical
properties are the depolarization of the emitted laser light and the effective
diattenuation of the receiving optics (D,) with a contribution to the uncertainty
is larger than 0.05. The emitting and receiving optics phase shifts and the
rotational misalignment, between the polarizing plane of the laser and the
incident plane of the PBS, are also relevant. These lidar properties contribute
with 0.03 to the depolarization uncertainty. It is worthy to note that the
uncertainty range is asymmetric, being greater the positive deviation, and thus,
it can be concluded that the lidar polarizing sensitivity usually overestimates &'.
In the case of MULHACEN and VELETA lidar systems, total uncertainty of &’
was estimated in the ranges [-0.03, 0.047] and [-0.08, 0.18], respectively.
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9.2 Applications

The lidar depolarization technique has been applied to two topics of the
atmospheric aerosol research: the determination of the planetary boundary layer
height, zpp,, and the study of the interaction mechanisms between Saharan dust
layers and the planetary boundary layer (PBL).

The determination of the zpp; was performed through a new method
developed in this thesis, called POLARIS (Pbl height estimatiOn based on
Lidar depolARISation), using the wavelet covariance transform applied to the
range corrected signal and the non-calibrated perpendicular-to-parallel signal
ratio, both at 532 nm. By means of these profiles, different candidates for the
zpp, are chosen and the attribution is performed through POLARIS. Finally,
median filter was applied to obtain an appropriated temporal evolution of the
zpg, - POLARIS was applied, in an unsupervised way, to 72-hours lidar
measurement performed in the ChArMEx 2012 where microwave radiometer
measurements and radiosondes were available. Microwave radiometer
measurements and radiosondes were used to obtain independent measurements
of the zpp,. The assessment of the obtained results demonstrate that the method
presented by Granados-Mufioz et al. [2012] and POLARIS show similar
behaviour except in those cases when lofted aerosol layers are coupled to the
planetary boundary layer (PBL). In these cases, the use of the depolarization
profiles allows to distinguish between the PBL and the lofted aerosol layers.
Therefore, the lidar depolarization technique allowed the improvement
detection of the zpg; which is especially important in regions affected by desert
dust outbreaks. To our knowledge, this is the first time that the lidar
depolarization has been used to determine the zpg;. Therefore, the extended
application of POLARIS to lidars in networks such as EARLINET (European
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Aerosol Research Lidar Network, [Bosenberg, 2001]), LALINET (Latin
American Lidar Network, [Robock and Antufia, 2001]), MPLNET (Micro-
Pulsed Lidar NETwork, [Welton et al., 2001]) or ADNET (Asian Dust
NETwork, [Murayama et al., 2001]) could improve the automatic global-scale
Zpp, Observations.

The lidar depolarization technique was also used in a case study
combining co-located in-situ, passive and active remote sensing instrumentation
and airborne in-situ measurements under a Saharan mineral dust scenario
occurring on 27 June 2011. This case study was focused on the interaction
mechanisms between the Saharan dust layer and the PBL, and the influence of
mineral dust on the aerosol properties at the surface. It was demonstrated that
the convective processes enhance the PBL which ‘catches’ the dust layer
accelerating the downward dust entrainment. This result was based on: first, the
temporal evolution of &g, 8" and By,s:/B, which demonstrate an increase of
mineral dust at lower levels along the morning; second, the temporal evolution
of the free troposphere and the PBL contributions to the total aerosol optical
depth (AOD), showing an increase of the PBL contribution to the total AOD
whereas the free troposphere contribution decreases. Additionally, it was shown
that entrainment of the dust layer into the PBL causes significant variations on
the aerosol optical properties changing the typical hourly evolution of working
days. In this sense, under mineral dust present at surface level, the gas-to-
particle conversion may be less important due to the gas deposition on particle

surfaces.
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9.3 Outlook

The analysis of the lidar polarizing sensitivity and the combination of different
depolarization calibration methods has shown the relevance of the systematic
error caused by an insufficient characterization of the lidar polarizing response
to obtain trustable depolarization measurements. Therefore, the research of this
field has to continue in different ways. First, deeper analysis of the lidar
polarizing sensitivity is needed. For example, there are indications that the
polarizing effect of Cassegrain telescopes is negligible but it could be important
for reflector telescopes. Also, it was recently discovered that the laser light can
be elliptically polarized™® resulting in an overestimation of the depolarization
products. Second, it is necessary to improve the depolarization calibration
methods or develop a combination of procedures which allows the whole
characterization of the lidar polarizing sensitivity and hence, the retrieval of
depolarization products with lower uncertainties.

Concerning the automatic detection of the zpp; using depolarization
products, as the sensitivity of the aerosol structure detection increases with
wavelength, the new proposed method could improve the detection using
depolarization at infrared wavelengths. This fact would support the
implementation of depolarization in the new generation of ceilometers.

Furthermore, the lidar depolarization technique seems to be very useful in
the study of mixing processes. However, internal and external mixture still

being indistinguishable by means of lidar technique and thus, the use on

18 As result of the ACTRIS Trans-national Access project titled Error estimation in calibrated
depolarization lidar measurements. Project PI: Professor L. Alados-Arboledas. Pl for RADO
(Rumanian Atmospheric 3D Observatory): Dr. Doina Nicolae. Researchers: J. A. Bravo-
Aranda, L. Belegante and V. Freudenthaler (October 2013, Bucharest, Romania).
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ancillary information (e. g., in-situ measurements) is crucial. Therefore, further
investigation is also required.

As both lidar systems, MULHACEN and VELETA, have been
characterized in this thesis, depolarization products at 355 and 532 nm are
available and thus, its spectral dependence may be used to study the aerosol
typing. Additionally, depolarization products at 355 and 532 nm may be used to
decrease the range of possible solutions of the microphysical retrieval, based on
spheres and spheroids, being developed by the Atmospheric Physics Research

Group.

186



Conclusiones y perspectivas






Conclusiones y perspectivas

Los resultados mas relevantes de esta tesis pueden dividirse en dos tematicas
bien diferenciadas: la mejora de la técnica de despolarizacion y sus aplicaciones
en el campo de investigacion del aerosol atmosférico. En primer lugar, esta tesis
contribuye a través de la implementacion y desarrollo de nuevos
procedimientos de calibracion de la despolarizacion y el estudio detallado de la
sensibilidad polarizadora de los sistemas lidar. En segundo lugar, la técnica de
despolarizacion lidar se ha aplicado satisfactoriamente al ambito del aerosol
atmosférico. Para ello se ha desarrollado un método de determinacién
automatica de la altura de la capa limite planetaria (zpp;) Y se han estudiado los
mecanismos de interaccion entre capas de aerosol elevadas y la capa limite
planetaria (PBL).
A continuacion, se exponen detalladamente los logros de esta tesis.

9.1 Aspectos metodoldgicos

Se ha implementado con éxito, tanto en el sistema MULHACEN como en
VELETA, el método de calibracion de A90° basado en rotaciones ante el
divisor de haz polarizante. Ademas, se instal6 el método de calibracién de A90°
basado en rotaciones de un polarizador lineal ante la dptica receptora en
MULHACEN. La combinacion de ambos modos de calibracion en
MULHACEN permitié el desarrollo de un nuevo procedimiento para
determinar la diatenuacién efectiva de la dptica receptora. Concretamente, se ha
determinado experimentalmente una diatenuacion efectiva de 0.35+0.03 para
MULHACEN. La correcciéon de esta diatenuacion efectiva ha producido un
aumento de la razén de la despolarizacion de particulas de entorno el 50 % en
aquellos casos de estudio cuyas particulas presentaban una alta capacidad
despolarizadora (por ejemplo, polvo mineral). Ademas, se ha desarrollado un
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nuevo procedimiento experimental para determinar el é&ngulo de
desalineamiento del plano de polarizacion del laser respecto del plano de
incidencia del divisor de haz polarizante, estimandose un valor de 7°+1° para el
sistema lidar MULHACEN.

Haciendo wuso del formulismo de Stokes-Muller, se estudid
detalladamente la sensibilidad polarizadora de los sistemas lidar. Con este fin,
se desarroll6 una interfaz gréfica, llamada Lidar Polarizing Sensitivity
Simulator (LPSS). Esta interfaz simula la incertidumbre de la razon de
despolarizacion volumica debido a las incertidumbres en las propiedades del
lidar que pueden afectar al estado de polarizacion tanto del laser como de la
sefal recibida. Con el fin de evaluar la incertidumbre total debida a la respuesta
polarizadora de los lidares, se disefio un lidar sintético usando datos derivados
de diferentes especificaciones técnicas de dispositivos épticos comerciales. En
algunos casos, el rango de incertidumbre usado fue muy grande debido a la falta
de informacion. El analisis realizado estima que la incertidumbre total es de
[-0.082, 0.243]. Como los valores tipicos de la razon de despolarizacion
volumica varian entre 0.05 y 0.3, se concluye que la respuesta polarizadora de
los sistemas lidar puede afectar a las medidas de despolarizacion hasta tal punto
que el error relativo de la razon de despolarizacion volUmica seria mayor del
100 %. Las propiedades mas influyente son la pureza de la polarizacion del
laser y la diatenuacion efectiva de la dptica receptora, cuya contribucion a la
incertidumbre es mayor del 0.05. Le siguen en orden de importancia el desfase
de las Opticas emisoras y receptoras y el angulo de desalineamiento entre el
plano de polarizacion del laser y el plano de incidencia del divisor de haz
polarizante, con una contribucién del 0.03 a la incertidumbre total. Merece la
pena poner de manifiesto que el rango de incertidumbre es asimétrico, siendo

mucho mayor la desviacion positiva. Por lo tanto, puede concluirse que,
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generalmente, la respuesta polarizadora sobrestima la razon de despolarizacion
volimica. En el caso de MULHACEN y VELETA, la incertidumbre total de la
razon de despolarizacion volumica se estima en los rangos [—0.03, 0.047] y

[-0.08, 0.18], respectivamente.

9.2 Aplicaciones

La técnica de despolarizacion lidar ha sido aplicada a dos ambitos de la
investigacion sobre aerosol atmosférico: la determinacion automatica de la zpg;,
y el estudio de los mecanismos de interaccion entre capas de polvo mineral
sahariano y la PBL.

La determinacion automatica de la zpp; se ha realizado a través de un
nuevo método desarrollado en esta tesis, llamado POLARIS (PBL height
estimatiOn based on Lidar depolARISation), basado en la aplicacion de la
transformada wavelet a la sefial corregida de rango y a la razén de las sefiales
perpendicular y paralela, ambas en 532 nm. De estos perfiles se eligen tres
candidatos a zpp;, escogiéndose uno de ellos a partir mediante POLARIS.
Finalmente, se usa un filtro de mediana para obtener una apropiada evolucion
temporal de la zpg,. POLARIS se ha aplicado automéaticamente a una medida
continua de 72 horas realizada en el marco de ChArMEx*® 2012, donde se
midié simultdneamente con un radidmetro de microondas y se lanzaron tres
radiosondeos. Los datos del radiébmetro de microondas y de los radiosondeos se
usaron para determinar independientemente la zpg, . La evaluacion de los
resultados obtenidos demuestran que POLARIS y el método presentado por

Granados-Mufioz et al. [2012] muestran un comportamiento similar, excepto

19 Chemistry-Aerosol Mediterranean Experiment, http://charmex.Isce.ipsl.fr
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ante la presencia de capas de aerosol acopladas a la PBL. En estos casos el uso
de perfiles de despolarizacion permite distinguir entre la capa de aerosol
elevada y la PBL. Por lo tanto, la técnica de despolarizacion lidar ha permitido
la mejora de la deteccion automatica de la zpg,, lo cual es especialmente
relevante en aquellas regiones afectadas frecuentemente por intrusiones de
polvo mineral desértico. Segun nuestro conocimiento, esta es la primera vez que
se usa la técnica de despolarizacion lidar para determinar la estratificacion
atmosferica. Por lo tanto, el uso extendido de POLARIS en redes de sistemas
lidar como EARLINET (European Aerosol Research Lidar Network,
[Bosenberg, 2001]), MPLNET (Micro-Pulsed Lidar NETwork, [Welton et al.,
2001]) o ADNET (Asian Dust NETwork, [Murayama et al., 2001]) podria
mejorar la observacion automatica de la zpg; a escala global.

La técnica de despolarizacion lidar también se utilizado para un caso de
estudio bajo condiciones de intrusién de polvo mineral sahariano ocurrido el 27
de junio de 2011. En este estudio se ha utilizado instrumentacién activa, pasiva
e in situ, asi como instrumentacion in situ a bordo de un avién bajo una. Las
medidas realizadas con esta instrumentacion se usaron para el estudio de los
mecanismos de interaccidn entre una capa de polvo mineral sahariano y la PBL
y la influencia de la presencia de polvo mineral en las propiedades del aerosol a
nivel superficial. En primer lugar, se demostrd que los procesos convectivos
que se desarrollan en la PBL «atrapan» la capa de polvo mineral acelerando su
arrastre hacia la superficie. Este resultado se obtiene como consecuencia de la
evolucion temporal de &g, 8° Y Baus:/B- EStos pardmetros muestran un aumento
de la presencia de polvo mineral a niveles bajos a lo largo de la mafana. Por
otra parte, también se analizd la evolucion temporal de la contribucion de la

troposfera libre y la PBL a la profundidad Optica del aerosol total. En este
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sentido, se observo un aumento de la contribucion de la PBL al AOD total y
una disminucion de la contribucion de la troposfera libre a pesar de que el AOD
permanecio casi constante a lo largo del dia. Ademas, se puso de manifiesto que
la entrada de polvo mineral en la PBL produce cambios significativos en las
propiedades dpticas del aerosol modificando, por ejemplo, la tipica evolucion
horaria de los dias laborables. En este sentido, bajo la presencia de polvo
mineral cerca de superficie, la conversion gas-particula podria ser menos
importante debido a la deposicion de las moléculas gaseosas en la superficie de

las particulas.

9.3 Cuestiones cientificas abiertas

El andlisis de la sensibilidad polarizadora de los sistemas lidar y la combinacion
de diferentes procedimientos de calibracion de la despolarizacién han mostrado
la importancia de los errores sistematicos producidos por una insuficiente
caracterizacion de la respuesta polarizadora. Por lo tanto, la investigacion en
este campo debe continuar teniendo en cuenta diferentes objetivos. En primer
lugar, es necesario un analisis mas profundo de la sensibilidad polarizadora. Por
ejemplo, ya hay indicativos de que los efectos de los telescopios de tipo
Cassegrain son despreciables, pero podrian ser importantes para los telescopios
de tipo reflector. También, recientes experimentos han mostrado que la luz laser
podria estar elipticamente polarizada, lo que implicaria una sobrestimacion de

los productos derivados de las medidas de despolarizacién®. En segundo lugar,

2 Como resultado del proyecto ACTRIS de Acceso Trasnacional titulado Error estimation in
calibrated depolarization lidar measurements. IP del proyecto: Dr. L. Alados-Arboledas. IP de
la estacibn RADO (Rumanian Atmospheric 3D Observatory): Dra. Doina Nicolae.
Investigadores: J. A. Bravo-Aranda, L. Belegante y V. Freudenthaler (October 2013, Bucarest,
Rumania).
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es necesario mejorar los métodos de calibracion o desarrollar un conjunto de
procedimientos para caracterizar la respuesta polarizadora de los lidares y asi
determinar los productos de la despolarizacion con menor incertidumbre.

En relacidn a la determinacion automatica de la altura de la capa limite
planetaria usando POLARIS, seria muy interesante usar la despolarizacion con
longitudes de onda mayores (por ejemplo, 1064 nm), ya que la sensibilidad de
la deteccion de estructuras aumenta con la longitud de onda. Este hecho
apoyaria la implementacion de la despolarizacion en la nueva generacion de
ceilometros.

Por otra parte, la técnica de despolarizacion lidar parece ser muy Util para
el estudio de los procesos de mezcla. Sin embargo, los procesos de mezcla
interno y externo son indistinguibles usando la despolarizacion lidar, por lo que
es crucial el uso de informacion complementaria extraida, por ejemplo, de
instrumentacion in situ. Por lo tanto, es necesaria una mayor investigacion en
este sentido.

Dado que en esta tesis se han caracterizado MULHACEN y VELETA, es
posible obtener razones de despolarizacion a dos longitudes de onda, 355 y
532 nm, por lo que el uso de la dependencia espectral de la despolarizacién es
uno de los siguientes pasos. Esta dependencia espectral podria usarse tanto para
mejorar la caracterizacion del aerosol atmosférico como en inversiones
microfisicas. Concretamente, la razon de despolarizacion de particulas a 355 y
532 nm podria utilizarse para reducir el rango de soluciones posibles en los
cédigo de inversiones de propiedades microfisicas, tanto si se utiliza la
aproximacion de particulas esféricas como esferoides. Actualmente, en el
Grupo de Fisica de la Atmosfera estamos trabajando en el desarrollo de este

tipo de cddigos de inversion.
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Appendix A: Software

INDRA (Interface for Depolarization and Raman Analysis)

This section has the aim to be a manual for initial users to facilitate the use of
INDRA. Knowledge about lidar is required to use this software.

INDRA is a graphical user interface (GUI) developed in MATLAB with
more than 10 000 lines of code, 50 new functions and 7 sub-interfaces. The
main INDRA interface is shown in the next page. The last version of this
software, INDRA 4.1.8, includes the following tools:

e Elastic retrieval

e Inelastic retrieval

e Depolarization retrieval

e Overlap function retrieval

e Error bars retrieval

e Output in EARLINET format

INDRA works with MULHACEN and VELETA data and allows the
simultaneous analysis of both lidar data.

Following, INDRA is explained providing the necessary information for

its appropriate use.
MULHACEN/VELETA data folders

Raw data are uploaded through the modules 1.1 and 1.2 for MULHACEN and
VELETA respectively, shown below. Input Data, DC Data and Output Data
buttons allow the selection of the folders that contain the measured data, the

dark current measurement and the folder where the results are saved. Both
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LPSS

MULHACEN and VELETA can be individually or jointly analysed saving the
results in the same folder defined by Output Data.

— 1.1- Mulhacen data folders——M  — 1.2.-Veleta data folder
nput Data K13, ALGORITMOS | Input Data

OC Data X:\13. ALGORITMOS | DC Data

tput Data  ||[¥-V13. ALGORITMOS |

Figure A-2: Modules 1.1 and 1.2 used to upload the raw data.

Pre-processing

Once the data folders are selected, the pre-processing options are defined

following the module:

—2-Pre- processing (km asl)

Bin configuration— Overlap correction -
BG range : 75 = g
g - 105 (@ Standard 355 nm 532 nm e
Top height : 18 § ' Accept
B Dark Current Load

Figure A-3: The pre-processing module applied to raw data: background and dark
current subtraction, trigger delay and overlap correction.

BG range: Height range (in km asl) used to compute the background signal.
This value is calculated and subtracted for each signal profile.
e Top height: Maximum height (in km asl) of the profiles used by INDRA.
e Bin configuration: Trigger delay values are included using this button.
There are two options:
o0 Standard: Trigger delay values determined in the Section 4.1.1.3.
0 By user: Trigger delay values defined by user can be introduced by the
sub-interface shown below (MULHACEN and VELETA panels).
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Bin configuration by user.
532pAN 7 355AN 1064AN

532pPC 8 355PC B0TPC

Select Bins |

Bin configuration by user-
355pAN
355pPC 7

387PC

Select Bins.

Figure A-4: Popup interface to introduce the bin-zero values for MULHACEN (top) and
for VELETA (bottom).

o Overlap correction: When checked, overlap function can be uploaded
to perform the overlap correction.

o Dark Current: When checked, dark current measurements selected in
DC Data are used to perform the dark current subtraction (only for
analog channels).

0 Accept!: the pre-processing is performed. Additional pop-up windows
could appears to load necessary files (e.g., overlap function file). This
step could take one minute or less depending on the number of files to
average, dark current subtraction and the PC characteristics. In this
step, error window may indicate [EyETER
possible  mistakes in  the
procedure. For example, Figure 9 oA s
A-5 indicates that the selected

raw data folder is empty. Figure A-5: Error window Fatal error.
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Optical retrieval

This module allows the elastic, inelastic and depolarization retrieval and thus is
the main part of INDRA.

3.1.- Atmosphere: this pop-up menu allows the selection of the source of

the atmospheric temperature and pressure profiles:

3.1.- Atmosphere:. | Standart Atmos. v; ]
- 3.3.- Inelastic retriev) oiandart Atmos.
Range ate

Murcia
Gibrattar

12068 | -| 15

22015 |- 4 |MwWR 47

o Standard Atmos.: atmospheric meteorological profiles are retrieved

through the Standard Atmosphere 1976 scaled to the surface
temperature and pressure taken from data of a co-located
meteorological station.

Murcia/Gibraltar: INDRA obtains the radiosonde of Murcia or

Gibraltar nearest in time when internet connection is available. These

two locations are the closest stations with radiosonde launches. A
warning window appears when data are not available.

0 NOAA: user can select radiosonde files from the NOAA (National
Oceanic and Atmospheric Administration) website. The
temperature and pressure profiles provided by NOAA website are
an interpolation among the closest launched radiosondes.

MWR: combination of temperature profile provided by the microwave

radiometer and the pressure from the Standard Atmosphere 1976

scaled to the pressure at surface.

The check box allows the user to know if this step was successfully

performed.
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202

3.2.- Wavelength: This button allows user to select the wavelength to
perform the retrievals. Information shown in the panels 3.3 to 3.6 is related
to this selected wavelength. Information of the panels 3.3 to 3.6 are always
saved for each wavelength. INDRA allows the retrieval of the optical
properties of each wavelength choosing the analog (AN), photon counting
(PC) or glued (GL) signal if available.

3.2.- Wavelength: |5324Nm v-
4

- — b-smooth—

0 Gluing sub-interface: gluing of AN and PC signal is performed by
means of the sub-interface (Figure A-6). The gluing procedure requires
a range where the AN and PC signals present a linear behaviour.
According to Navas Guzman [2011], the optimal range for gluing is
defined by AN and PC signal intensities. The lowest height of the
optimal range is delimited by the PC signal intensity which has to be
lower than 20 MHz (see graphic PC signal, orange arrow). The highest
height of the optimal range is delimited by the AN signal which has to
be larger than the 10% of the background signal (see graphic AN
signal, yellow arrow).

— Min. gluing and Max. gluing are the minimum and maximum of the
gluing range (in km asl) selected by user.
— Try itl: the linear fit can be evaluated by user using this button and

the axes with the Correlation Coeff. in the title (purple arrow).



INDRA

— Get current values: selects the last range checked by user and plot

the results in the horizontal axes (red arrows). The green line is the

glued signal.

Glui
g

Correlation Coeff. = 0.99977

Min. gluing Max. gluing 120 1
height (km.a.s.l) height (kma.s.l} t
24 14 100 >y 0.5 i
<

Try it E ® 0
=
o 60 20
: . —
40 & 10
Selected [&]
values: 2400 3400 2 o .
02 0.4 0.6 0.8 1 12 01 2 3 4 58 6 7 8 9 1

AM. signal Heigth (km asl)

60 T T T

Analog signal
Ey
=
T
1

Photocounting signals
w
S
S
S
1

2000 —
1000 - B
0 1000 2000 3000 4000 5000 6000

Height agl (m)

Figure A-6: Popup interface to perform the gluing signals.

e 3.3.- Raman retrieval: this module, which is active only when Raman
channels are available, includes all the required variables for the inelastic
retrieval of the particle extinction and the backscatter coefficients as it is

shown below:
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3=

— 3.3.- Inelastic retrieval

— Range——— — e-smooth— — Derivate — — b-smooth— Extinction
Spec. 9 available range:
12| 068 | -| 15 11 15 121 47 1:] 15
BCR 0 ‘ s
22015 |- 4 2% | 45 20| 47 22| 15 (1/km-sr);

4 | _| 15 3 | =55 5 | T ]
¥ 8 | ! ZEEE Retrieve

Window: 0.5

Range: lidar raw profile is divided in three different height ranges to
perform the optimal smooth and derivate for each range.

e-smooth: number of bins for the moving average smoothing perform to
the Raman signal before the retrieval.

Derivate: number of bins for the linear fit. The slope of the linear fit
provides the derivate of the Raman signals, which is used to retrieve the
particle extinction coefficient profile.

Spec.: it is the assumed potential of the wavelength dependence of the
aerosol extinction in the inelastic retrieval. More information in Section
4.1.3.

BCR: acronym of particle backscatter coefficient reference. Typically,
an aerosol-free region is assumed as height reference and thus, S is
assumed zero. However, this text box allows the selection of a non-zero
value.

Z ref: reference height needed to perform the inelastic retrieval.
Window: height range around Z ref to perform the average of the lidar

signal.

Both Z ref and Window can be evaluated using the Rayleigh fit plot. An

example is shown in Figure A-7.
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Reference from:

Raman h Rayleight fit Mormalization range (km) : 9.5-10.5

T T T T T T T
: : ' V| T R.C.8532nm
Attn. backsc. coeff. 3

Mormalized R.C.S.

0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20
Height km. a.s.l.

Figure A-7: Rayleigh fit shown in the main INDRA interface. Upper left button is used to
plot the Rayleigh fit using two different reference heights.

o Extinction available range: the inelastic retrieval allows the retrieval of
the particle backscatter coefficient using the previously calculated
particle extinction coefficient profile. Using these text boxes, the user
can select the suitable range of this profile.

e Retrieve: perform the inelastic retrieval for the wavelength selected in the
wavelength pop-up menu. The inelastic retrieval procedure can be
performed iteratively in order to optimize the results. Only the parameters
and results of the last retrieval are saved. The check box indicates whether
the calculus was successfully performed.

e 3.4.- Elastic retrieval: this module includes all the required variables for
the elastic retrieval of the particle backscatter coefficient. Three different
types of elastic retrieval are presented in INDRA included in the pop-menu

within the module Calibration method (see Figure below).

— Calibration method

Klett -

Cloud B(
Ang. exp.

Window: | 0.5
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o Kilett: This is the classical elastic retrieval which uses the parameters:

LR, Z ref., Window and BCR. These parameters are explained below.

— Calibration method

i@ Backward
Klett - )
’ (") Forward
BCR (1/km-sr):
Zref: | 7.1 0 D
Window: | 0.5

o Cloud: this procedure was included for the infrared channel
calibration. The idea is calibrating with a channel (355 or 532 nm) with
a large SNR in the far height range (above the cirrus cloud), where the
aerosol component is negligible, and to retrieve the particle backscatter
profile at this wavelength. After that, the value of the particle
backscatter coefficient at cloud base is used as BCR of the infrared

channel as B, is essentially independent of wavelength in cirrus

clouds. For further details see [Navas Guzmén, 2011].

— Calibration method

Cloud 7 (@ Backward
ou -
' Forward
Wavelength
Zref | 71 255 v' [l
|
window: | 05 | [EEH
355R
532
3.6.- AQOD comparison 53R —
532  — ExtinctilZ range— |

0 Angs. Exp.. This module implements an alternative calibration
developed for calibrating the infrared channel as the presence of cirrus
clouds does not always occur. In this case, non-zero BCR at near-
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height range is not assumed by the user but determined using the

backscatter-related Angstrom exponent retrieved with the other two

wavelengths (e.g., 355 and 532 nm). Further details were given by

Navas Guzman [2011]. In the next figure, it can be seen a pop-up menu

named Ang. exp. Ref. with different options to retrieve the backscatter-

related Angstrom exponent of 355 and 532 nm. Numbers without

letters indicates elastic retrieval using MULHACEN data, R means

inelastic retrieval and V indicates the use of VELETA data.

Ang. exp.
LR (=r}):

Z ref:

Window:

— Calibration method

(@ Backward
Forward
Ang. exp. ref.

71 355-532 nm -4

0.5 355-532 nm

[l

3.6.- AOD comparizon

832
Lidar 0
Star 0
Dif. 0

355R-532 nm
355-532R nm
355W-532 nm
355WR-532R nm
355WR-532 nm
355N-532R nm

Extincti

Elastic

nge—

8

[ Retrieve |

—

0 LR (sr): the assumed LR has to be introduced here by the user.

o Z ref: reference height needed to perform the elastic retrieval.

0 Window: the range around Z ref to perform the average of the lidar

signal.

Both Z ref and Window can be evaluated using the Rayleigh fit plot. An

example is shown below.
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Mormalized R.C.S.

208

Reference from:

Raman h Rayleight fit Mormalization range (km) : 9.5-10.5

T T T T T T T T T T T T T T T T T T T
— R.C.5.532 nm

Attn. backsc. coeff. [

--------------------------

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20
Height km. a.s.1.

Backward/forward: buttons allowing the retrieval of the backward and
forward solution for the particle backscatter coefficient. The forward
solution used to be instable and thus, it is not commonly used.

BCR (km™.sr'%): acronym of particle backscatter coefficient reference.
Typically aerosol-free region is assumed as height reference and thus,
p is assumed zero. However, this text box allows the selection of a
non-zero value.

Retrieve: perform the elastic retrieval for the wavelength selected in
the wavelength pop-up menu. The elastic retrieval procedure can be
performed iteratively in order to optimize the results. Only the
parameters and results of the last retrieval are saved. The check box
indicates whether the calculus was successfully performed.

Smooth: this module allows the smoothing of the particle backscatter
coefficient profile.

Zmin./Zmax.: heights introduced in these text boxes split the profile in
three regions: 0-Zmin; Zmin-Zmax and Zmax-Top height. Then, the
number of bins of the moving average applied to each region is defined
by S1, S2 and S3.

S1/S2/S3: number of bins of the moving average applied to each region

defined by Zmin./Zmax.
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0 Smooth it: perform the smooth to the elastic f,,, for the wavelength

selected in the wavelength pop-up menu. Check box indicates whether

the calculus was successfully performed.

— Smooth
21 5
Zmin. 2
52 11
Zmax. g
53 15
Smooth it W

AOD comparison: it allows the comparison of the AOD derived from sun
or star photometer (external information provided by user) with the lidar
AOD retrieved as the integral of the particle extinction coefficient
(provided by INDRA).

— 3.5.- AOQD comparison
532 Extinction profie: mode and range —

Lidar | p.302751

Elastic - 2.1 - 8
Star|  0.30

if. |-p.002760 Retrieve

o Extinction profile: mode and range: the particle extinction coefficient
profile from elastic or inelastic retrieval as well as the integral range is
selected using this module. Other option, called Combined, allows the
calculus of the integral using the gluing between the inelastic
extinction coefficient profile and the inelastic backscatter coefficient
multiplied by the lowermost LR value.

209



Appendix A: Software

Extinction profile: mode and range—

Combined 4 2.1 - 8

Raman

|Combined |

o Lidar: AOD retrieved using the extinction coefficient profile

determined with lidar data.

o Star: AOD measured by means of sun- or star-photometer. This
information has to be introduced by user.

o Dif: Difference between both Lidar and Star values. It is a very useful
tool to determine the best LR value for the elastic retrieval.

O Retrieve: perform the AOD calculus and generate figures with
information about the contribution to AOD of the overlap and profile

height ranges as it is shown in the example of the figure below.

5000
—Profile
—Overlap
—= 4000 AOD overlap:
a 0.089 (24.41%)
: AOQOD profile:
% 3000 0.276 (75.41%)
5 AOD total:
D 0,
2 5000 0.366 (99.83%)
1000

0 0.5 1 1.5
am?) x10°

e 3.5.- Depolarization retrieval: Volume and particle linear depolarization
ratio profiles are retrieved using the check boxes VLDR and PLDR,

respectively.

210



INDRA

3.5.- Depolarization retrieval

Ref. range
7
e Min.  Max.

JIPLOR  pmin | 1.2 10 12

o Alpha: rotational misalignment of the polarizing plane of the laser light

respect to the incident plane of the PBS can be introduced by user.

Default value is 7° according to Section 5.4.

o Ref. range: 8§’ background value in the range defined by Min. and Max.

can be subtracted to the whole profile as it is assumed to be due to

depolarization of the laser.

o Min./Max: Region where the §" background value is calculated.

0 Rmin: As the particle linear depolarization ratio becomes instable for

low values of backscattering ratio (R), this text box allows the removal

of these regions of 6 with R<Rmin.
PAINT ALL: depicts the new retrieved optical properties profiles in the
vertical axes shown in Figure A-8. From left to right, axes presents the
particle extinction coefficient profiles derived with inelastic retrieval
(x-label: a,(m™")), particle backscatter coefficient profiles derived with
elastic and inelastic retrieval (x-label: 8,(m=" - sr=1)), particle lidar ratio
profiles derived with inelastic retrieval (x-label: LR, (sr)), extinction- and
backscatter-related Angstrom exponent derived with different pairs of
wavelengths (x-label: Angstrom Exponent) and finally, molecular, volume

and particle linear depolarization ratio (x-label: d).
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Date: 27/06/2011 Period: 00:00 - 00:56

[ T T

355R ear 355R ear 355K ear
532R ear 532R ear

Height km. a.s.l

1 1
0 0.5 1 18 2 4 0 50 100 1 0 1 2 30 02 0.4
o, (m-ﬂ} 10 Bp (m'sr}'1 x10* LRD (sr) Angstrom Exponent 3 (532nm)

Figure A-8: Rayleigh fit shown in the main INDRA interface. Upper left button is used to
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plot the Rayleigh fit using two different reference heights.

to paint: this button provides access to a sub-interface (Figure A-9)
allowing the user to select the lidar products which will be shown in the
vertical axes of the INDRA interface. Backscatter ratio thresholds can be
used by user to paint the regions of the profiles with a certain level of
aerosol load defined by the backscattering ratio, R. Select Profiles button
saves the preferences and returns to INDRA.
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u AngstromExponent
— Alfa, Beta & LR
— Raman
Extinction 355 Mulh. [] Veleta
Backscatter 355 Mulh, [7] Veleta
Lidar ratio 355 Mulh. [V] Veleta
Backscatter 532 Kulh.
Extinction 532 Mulh.
Lidar ratio 532 Hulh.
— Elastic
Backscatter 355 [ Muth. [ Veleta
Backscatter 532 Mulh.
Backscatter 1064 Hulh.
— Depolarization
Mal. Lin. Vol. Dep. Mulh.  [] veleta
Lin. Vol. Dep. Mulh. [] veleta
Lin. Part. Dep. (K} [ Muth. [] Veleta
Lin. Part. Dep. (R} [C] Mulh. [ Veleta

fo]l ® |5

— Angstrom Exponent
— Elastic

7] Backscatter 335-532
[] Backscatter 532-1064

|| Backscatter 355-1054

— Raman
Extinction 335-532

Backscatter 355-532

— Depolarization
|:| Wol. Lin. Depol. Ratio 335-532
[] Part. Lin. Depol. Ratio 355-532(K)

[ Part. Lin. Depol. Ratio 355-532 (R)

— Combined

Backscatter 355R - 532e
[ Backscatter 355¢ - 532R
[ Backscatter 355R - 1064e

[] Backscatter 5327 - 1064

Backscatter Ratio Threshold

R 355 1.1 R 532: 1.1
R 1084: 11
l Select Profiles. ‘

Figure A-9: Interface AngstromExponent.

Overlap retrieval

This button provides access to another GUI which allows the retrieval of the

overlap function of the 355 and 532 nm channels.

v Owverlap retrieve |

Extinction |

EEEE TP B
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g oo

% & O =
— Axes properties. J T T =l T T T T T T
g Raman 532m -': Step: 1 Retrieved
H |  Win | 088 Klett 532m 5 Step: 2 Smoothed
Refresh Max | & Klett 532m 0.C. A Step: 3 Normalized
7' 77777777777777 = Rt Step:4 |||| =====Final | _______ i |
S — ] E .
Wavelength: |532m  ~ |
— Retrieval————— ]
Wax. overiap s 1
influence: == 6 } rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
Steps: | 4 v N 1
(— Overlap smooth i
b
s1| 5 ]
Zmin 1 E Y
52 10 —
Zmasx 2 ™
53| 15 . y
Smoath it Kl 4 ( ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
— Normalization——— Y
Zmin. 3 Normalize \
Zmax. 4 Fl B !
—Format———_ 7/
Zmn. | 088 Format §
Zmax. Vi )
3 Py R | S
— S
J !
v 1 = Fag oo B e e T CE L LE T ERREERRELERER |
I R D=
0 1 2 3 4 50 02 04 06 08 10 05 1
B, (m sy x10° lterative profiles Overlap function

0 Axes properties: the pop-up menu allows the selection of the x-label or
y-label for the three vertical axes included in the interface. Limits are
selected using the Min. and Max. text boxes. Then, refresh updates the

axes.

Axes properties

H - Min. | 0.8

Refresh Wax. a8

0 Wavelength: Wavelength of the lidar overlap function.

Owverlap
’7 Wawvelength: |532m -

0 Retrieval: the iterative method proposed by Wandinger and Ansmann

[2002] is used to determine the lidar overlap function. The method is

based on the simultaneous measurement of pure molecular and elastic
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backscattered signal using a Raman lidar system. The iterative approach
is based on the fact that the elastic backscattered signal, after corrections
for range and overlap dependency, is proportional to the aerosol

backscatter coefficient.

Retrieval
Ma:fc. overlap 12 Retrieve
influence:
v

Steps: 12

— Max. overlap influence: it is the height where user estimates full
overlap.

— Steps: number of iterations.

— Retrieve: runs the procedure, depicts the different iterations in the
first two vertical axes and the final retrieved overlap function in the
third axes (see next figure). Check box indicates whether the

calculus was successfully performed.

8 T T T

T e T T T T T T
Raman 532m ".: Step: 1
; Kiett 532m |||, 53 Step 2 ||| ; :
_____ Step: 1 ----- Step: 3 H H :
Tl T Step: 2 L ;?: 77777777777777777777777777 Steprd || 1o ==
----- Step: 3 =
B Jf-momm e o frobesmrenenaed T SSIRe
T R [ S TS (R
i | bk e
£ AU SR Lo [ ]
A A | e mmemme e R
1wt N P s S T
. o N s i i i
0 1 2 3 4 50 0.2 04 086 0.8 10 0.5 1
B (m.Sr)f'l x10° lterative profiles Overlap function
]

Figure A-10: Outputs depicted by the module Retrieval.
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0 Overlap smooth: this module allows the smoothing of the overlap
function profile.

— Owverlap smooth

51 =]
Zmin. 1

52 10
Zmax. 3

53 15

Smooth it v

— Zmin./Zmax.: heights introduced in these text boxes split the profile

in three regions: 0-Zmin; Zmin-Zmax and Zmax- Max. overlap
influence. Then, the number of bins of the moving average applied to
each region is defined by S1, S2 and S3.

— §1/S2/S3: number of bins of the moving average applied to each
region defined by Zmin./Zmax.

— Smooth it: performs a smoothing to the overlap function for the
wavelength selected in the wavelength pop-up menu and depicts the
smoothed overlap function as it is shown in the next figure. Check

box indicates whether the calculus was successfully performed.
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! s
Retrieved
Smoothed

|
1.0 0.5 1
Cwerlap function

Figure A-11: Output depicted by the module Overlap smooth.

o Normalization: Overlap function is scaled up to one in the far range

defined by Zmin. and Zmax. text boxes.

Normalization

Zmin. 3 Normalize

Zmax. 4 o

— Zmin. and Zmax.: height range of the normalization.

— Normalize: performs the normalization to the overlap function for
the wavelength selected in the wavelength pop-up menu and depicts
the normalized overlap function as it is shown in the next figure.
Check box indicates whether the calculus was successfully

performed.
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T T i 1
: : Retrieved
Smoothed
MNormalized

[ |
10 0.5 1
Cwerlap function

Figure A-12: Output depicted by the module Normalize.

o Format: the range of the correct overlap function profile, defined by
Zmin. and Zmax. text boxes (in km asl), is selected. Below Zmin. height,
overlap function value is NaN (Not a Number). Above Zmax. height,

overlap function value is one.

Format
Zmin. D68 Format
Zmax. 2 o

0 Zmin. and Zmax.: range of the correct overlap function profile.
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o0 Format: sets the NaN below Zmin. and ones above Zmax. for the
overlap function of the wavelength selected in the wavelength pop-
up menu. Check box indicates whether the calculus was successfully

performed.

I I
Retrieved
Smoothed
MNormalized

i
10 0.5 1

Owerlan function

Figure A-13: Output depicted by the module Format.

o Save: final overlap function is saved in ASCII file in the folder defined
by user through Output Data. Corrected (green) and non-corrected
(red) elastic and inelastic (blue) particle backscatter coefficient profiles
and the final overlap function profile (dashed blue line) are depicted in

the first and third vertical axes, respectively. Check box indicates
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whether the file was successfully saved for the corresponding

wavelength.
8 T T T B T T T T T 1
Raman 532m ‘-,:-:- Step: 1 Retrieved
; Klett 532m | Step: 2 Smoothed <
Klett 532m O.C. ﬁ, ----- Step: 3 Mormalized
<o ey Step- 4 ||| | ===== Final | e
| E T T i
| - .
) ’ ;
S — ¥ I B A
y 3 i
!‘I 3
\
o R o] et Bl ]
k,
\
) J
. | (_ _____________________________ | s S SR
%
i
3 . 2 ____________________________ | ) S —
'l
rd
I e o e e ]
1 1
04 06 0.8 10 05 1
lterative profiles Overlap function

Figure A-14: Final outputs depicted by the module Save. Corrected (green) and
non-corrected (red) elastic and inelastic (blue) particle backscatter coefficient
profiles and the final overlap function profile (dashed blue line) are depicted in the
first and third vertical axes.

Earlinet format

Once the lidar product <-EarinetFormat

Elastic backscatter 355 - B 1

profiles are obtained, the

. Mulhacen - Format Farfimft: g
valid range of each |

product is selected using this module.
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The pop-up menus
allow the selection of the
optical property profile
derived with the data of
the lidar system (e.g., the

combination shown below

Elastic backscatter 532
Elastic backscatter 1064

- Raman extinction 355

Raman extinction 532

Raman backscatter 355

Raman backscatter 532

Lidar ratio 355

Lidar ratio 532

Linear volurme depolarization

Linear particle depolarization (Elastic backs.)

| Linear particle depolarization (Raman backs.)

Elastic backscatter 355

4 - Earlinet Format

select the Elastic
baCkscatter 355 Of Elastic backscatter ,355 A
Mulhacen -7 Format
Mulhacen).
e Near limit and Far limit are _, ]

the text boxes which define
the height range valid for the

profile selected.

e Format: sets the NaN below

o
&
B
o

Near limit and above Far | ./ . N:::;
limit and updates the || | i
corresponding plotted
vertical profile with the ||/ I
valid profile. s 40_

o B, ms" x10°

Save profiles

0.85

3

Mulhacen
BGS
Veleta
Mulhacen ~A
vau
— T
t 532R ear

0 B, (msr" x10°

Once the valid ranges of the lidar products profiles are obtained, the user can

save the results through this module.

5.- Save profiles

e graphic: it allows the exportation of

the five vertical axes in an image with

Save

graphic

*.png format as it is shown below.
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Date: 27/06/2011 Period: 00:00 - 00:56

T T T T T T T T
355R ear 355R ear 355R ear AEgssKﬁaaiK |
,] 5 & SC.
532R ear 532R ear 532R ear AESERER .
ext' - 3 "

g l ByR AN|532} ear |

5 - - " - =
[
L]
£ 4
o
E
k=)
L5
.

3 k.. - - -

2 . - - e

1

0.68 1 1 1 1 1 1
0 1 0 5 0 50 100 -1 0 1 2 3 0 0.2 04
. -4 - -6
a (m 1,) 10 r,p (m-sr)(1‘10 LRp (sr) Angstrom Exponent & (532nm)

e save: it opens a sub-interface allows the user to select the profiles
which have to be save. Step 4.- Earlinet Format is a required step

to save the profiles. Press Select to save to continue.

— Profiles to save

— Raman Inversion - — Klett Inversion - — Depolarization (532 nm). — Veleta

" ;
PLDR (Klett) VLDR

532
om FLDR (Klstt)
1084 nm
PLDR (Raman}

Select to save ]
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A window message request information about the maximum height of the
profiles. Earlinet option cuts at 8 km asl, user chooses the height otherwise.

B Determinatio of the

Earlinet farmat are usually cut at 8 km asl What do you prefer? 'Cancel'
option will stop the emor bars calculation

I Eariinet I [Selec‘ted other top height(km}‘ | Cancel |

A window message reports that the profiles where successfully saved.

@ Profiles and atributes have been saved. Do you want ta close the figure?

| ves | | Mo | | cancel |

Only when the profiles are saved, the Error Bars button is active and

allows the calculus of the error bars using the Monte Carlo technique.
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LPSS (Lidar Polarizing Sensitivity Simulator)

The simulator Lidar polarizing sensitivity simulator (LPSS) is a complex user
GUI and thus, only an overview of the software is provided. The software has
three main parts: modules, simulation and axes (Figure A-16). Properties are

dimensionless except angles which are in degrees.
Modules

Modules represent the modelled functional blocks of lidar systems: laser, laser
emitting optics, receiving optics, polarizing beam splitter, photomultipliers and
calibrator. Additionally, a module provides the information about the
atmosphere (Figure A-15).

— Laser — Steering mirror - — Optic system
Standard v Standard | Standard ¥ |
. c
Intensity: 1 Tp: | 0.5 Te:| 03
Alpha; | var Ts: | 05 Ts:| 05
Depolarization: par Beta: 0.1 Gamma: | 0.1
phase: 0 Phase:| 0
— PBC — PMT——— — Measurement
Standard =) Ideal = Standard -
Tp:| 0.95 etaT:| 1 Phi | 90
Ts:| 0.0 eta | 1 Epsilon: | 0.1
Rp:| 0.05
Rs:| 0.99
— Calibrator——7—8¥ M — Atmosphere
Rot45 =] dust -
Standard ¥ | Delta: 0.3
Feta: 01 F11: 1

Figure A-15: Modules included in LPSS.
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Properties of each functional block T ]
are defined according to different lidar ideal
systems as shown in Figure A-17. Huhacen
e Laser: properties defining the laser are EE:::XT
intensity, rotational misalignment and p E}izi

Athssol

depolarization.

Figure A-17: Pop-up menu showing
different lidar systems. Functional

modules present the parameters which  block properties are taken from the
selected lidar system.

Steering mirror and optic system: both

define an optic system. The first is the

emitting laser optics (M) and the second is the receiving optics (M,).
Both systems are defined by the parallel and perpendicular transmittance
(Tp and Ts), the rotational misalignment (Beta and Gamma) and the phase
shift (phase).

PBC: Polarizing beam splitter. T, and Ts are the parallel and perpendicular
transmittance and R, and Rs are the parallel and perpendicular reflectance.
PMT: it defines by the gain factor of the reflected and the transmitted
signal. As these values are always presented as ratio, their values are fixed
at one.

Measurement: this is defined by the axial rotation (phi) and its rotational
misalignment (epsilon).

Calibrator: first pop-up menu allows the selection of the calibration
method: rotation in front of the PBS (rot45) and polarizer in front of the
receiving optics (Pol45).

Atmosphere: characteristics of the atmospheric aerosol are defined by its
depolarization capability represented by the parameter a (Delta) and the

term F1; which is related to the aerosol backscatter coefficient.
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Simulation

This  module allows the

selection of the two parameters

of the hardware to analyse its

effect on the volume linear

depolarization ratio.

e \Variable property: it
defines the properties to

— Simulation

— Varaible property-
Lidar System: | Standard -

alpha x|
Win. Max. Step Parametrized property-
-10 10 0.1 dL )
i Kin. Max. Stey
Theoretical NaN P

value 07 1 0.1

— Graphic - save

[[eta  [7] Detta

E1F14 Simulate!

Parametrization

vary between the minimum and maximum values, Min. and Max.,

respectively, with a resolution set in Step.

e Theoretical value: it will be removed in the next version.

e Lidar System: sets the reference lidar system.

e Parameterized property: second variable used to understand possible

compensation effect between two parameters.

e Parameterization: it allows
the suppression of the
parameterization option.

e Simulate!: Run the
software and depict the
results in the axes (see
figure below). Different
axes allow the study of the
influence of each parameter
in different steps of the
process. Orange arrow

indicates the &' uncertainty.
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Figure A-18: each axis shows the influence of
the selected properties on steps of the process.
The orange arrow indicates the systematic error
of §".
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Appendix B: Miiller matrices

Intensity vector

1
I,(a,a) =1, | %C2«
L L L a;Syq
0
Laser emitting optics
Dgcayp Dgs;p 0 \

DECZB (1 - SZBWE) WESZBCZB _ZESESZB

e
%

ZgSgSap —ZgSgCap ZgcCg
Atmosphere
1.0 0 0
[0 a O 0
F=10 0 —a 0
0 0 0 1-2a
Receiving optics
1 D,cyy D, S5y 0
M. = D0C2y (1 _SzzyVVo) VVoSZVCZV _ZoSoSZy
’ DoSZV VVoSZyCZy (1 - szyVVo) ZoSoCZV
0 Zososzy —Zosoczy Z,Co
Ideal polarizing beam splitter
TP +T¢
TS = —S s
2
1 D¥ 0 0
0 0 0 0
0 0 0 0
where S=[R,T], T§ = T# = 0.5, D¥ = 1 and D} = —1.

Is(y, &) = nsMER, (y)C(x45° + €)F

OO O
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UsMﬁRy(Y)

SO O

General formula of Hg and Gg
Hg: Simplifying according to yDs

Hs = DLDoCo(g4y) + @LDo(Caty+a) = WiS2(p-a)S2tr+5))
DyCa(p—e) + ALCo(a—e) — WoSayre)(DLS2y+p) + ALS20p+a)) )

+st<
+d (Wisag-a)(Sa(s-e) = WoCaty+p)S2(y+)) + 2Z0S0ZLSL52(8-)S2(y +5))

H: Simplifying according to D; and a;,

Hs =D, (Docz(ﬁﬂ/) +yDs(ca(p-e) — V'/osz(wmsz(ws)))

ta (Docz(y+a) + ¥DsCo(a-e) = WiS2(8-a) (Dosz(y+ﬁ) = ¥Ds(S2(8-) — Wocz(y+ﬁ)52(y+s))>>
L
- yDSVVoSZ(y+a)SZ(y+s) + yDSZZoSoZLSLSZ(B—a)SZ(y+s)

Gs: Simplifying according to yDs

Gs = (1 + aLDLCZ(ﬁ—a))(l + yDSDoCZ(y+s)) — ¥DsZ,5,0,Z1S1.S2(8-a)S2(y +¢)

General formula of the A90°-calibration method using a rotator in front of
the polarizing beam splitter
Input vector, I;,
In this case, I;, is defined as
I, =FM,I,

of which explicit formula is

Iy = Fu T, (0 g u v)T
with
i=1+ a;Dycap-a)
q= czﬁaDL + aaL[cm — SzﬁWLSZ(B_a)]
u= —SZBaDL —aag [szd + CZBWLSZ(ﬁ_a)]

v=_~1-2a)a,Z;5,5(p-a)
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Resulting matrix, A
In this case, Ag is defined as
As = MgR,R(&M,

As only the first row is needed

(As| =Ts(1 yDscze —yDssze O
Measured calibration factor, n*
According to the definition of n*, its explicit formula is

n*(y, x452 + ¢)

(1 + DoaaLCZ(y+¢x)) — xyDg (Dosz(s—y) + aaL(sz(s—y) - M/osz(y+a)cz(s+y)))

=7
(1 + DoaaLCZ(sz)) —xyDr (Dosz(s—y) + aaL(SZ(s—y) - VVOSZ(y+a)C2(£+y)))

General formula of the A90°-calibration method using a polarizer in front

of the receiving optics
Input vector, I;,
In this case, I;,, is defined as
Iy = M,FM,I,
of which explicit formula is
Iin=ToF T L0 g u v)"

with
1= 14a,Dicop-a) + aDLDoCo(pry) + DoaaL(Capysa) = WiSa(p-a)S20r+8))
q = Doy (1 + arDica(p-a)) + aDi(Cop = WoSzySacyp))

+aa[c;q = WoSaySagyra) + WiSa(s-o)(—S2p = WoS2y Car4m) ]

- ZoSoSZV(l - Zd)aLZLSLSZ(B—a)
u = DySay (1 + a,DyCr(p-0)) — ADL(S2p = WoCaySagy))

— aay[s;q = WoCaySatyra) + WiSa(s-a)(C2p = WoCayCaiyp))]

+ Z55,C2(1 — 2a)a;Z,5,52(p-a)

v = Zoso(aDLsz(erﬁ) +aaq, [sz(ym) + WLsz(ﬁ_a)cz(erﬁ)]) +Z,c,(1— Za)aLZLsLSZ(B_a)
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Resulting matrix, A
In this case, A is defined as

As = MR M, Mp(x45° + ¢)
As only the first row is needed

1

—Xs
(Ag| = TsT,Tp (1 + yDoDsczy - X (Dosz(g_y) + yDS(sz‘g - I/I/;,szycz(gp_y))» xczzg
£

0
Measured calibration factor, n*

According to the definition of n*, its explicit formula is
n*(y,x452 + ¢€)
o (1 - yDoczy)i + yszyZosov + x (Do (qszy - uczy) - y(l/l/;,szy(qczy - uszy) — u))
B (1 + yDoczy)i — ¥S2yZoSoV + X (Do (qszy - uczy) + y(W;szy(qczy - uszy) - u))
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List of Abbreviations

Abbreviation Meaning
A/D Analog-to-digital converter
aci Aerosol-cloud interaction
ACTRIS Aerosol Cloud and Trace gases Research InfraStructure
network
AERONET  Aerosol robotic network
agl Above ground level
AN Analog
AOD Aerosol Optical Depth
APD Avalanche photodiode
ari Aerosol-radiation interaction
asl Above sea level
BSC- Barcelona Supercomputing Center - Dust Regional
DREAM  Atmospheric Modeling
CAPS Cloud, Aerosol, and Precipitation Spectrometer
ChArMEx  Chemistry-Aerosol Mediterranean Experiment
EARLINET European Aerosol Research Lidar Network
ERFaci ERF due to aci
ERFari ERF due to ari
ERF Effective Radiative Forcing
FWHM Full Width at Half Maximum
GL Gluing
HYSPLIT  Hybrid Single Particle Lagrangian Integrated Trajectory model
IPCC Intergovernmental Panel on Climate Change
NAAPS Navy Aerosol Analysis and Prediction System
MPLNET  MicroPulse Lidar Network
MWR MicroWave Radiometer
PBL Planetary Boundary Layer
PC Photocounting
PCASP Passive Cavity Aerosol Spectrometer Probe
PM; Particle matter which particle diameters is less than 1 pm
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Abbreviation Meaning
PMyo Particle matter which particle diameters is less than 10 um
PMio1 PMjo - PM;
PMT Photomultiplier

POLARIS  Pbl height estimatiOn based on Lidar depolARISation
POLIPHON Polarizing Lidar Photometer Networking

RCS
RD
SD
SH

SNR

TOA

Range corrected signal
Rainfall days

Sunny days

Number of hour with sunlight
Signal-to-noise ratio

Top Of Atmosphere

List of Greek symbols

Symbol

Name and specifications

a

aaer

Xmol

Baer
IBatt
l%nol

ﬁRaman

Particle extinction coefficient. Rotational misalignment of the
polarizing plane of the laser in Chapter 5 and 6.

Aerosol extinction coefficient

Molecular extinction coefficient

Particle backscatter coefficient. Rotational misalignment of laser
emitting optics in Chapter 6.

Aerosol backscatter coefficient

Attenuated backscatter coefficient

Molecular backscatter coefficient

Bmor @t Raman-shifted wavelength

Strong f derived using POLIPHON

Weak S derived using POLIPHON

Rotational misalignment of receiving optics
Perpendicular-to-parallel ratio

0 average around Cgcs

d average in the range 1-1.1 km asl

Volume linear depolarization ratio
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Symbol Name and specifications
6" Reflected-to-transmitted received signal corrected by n (Eq. 4-16)
Om Molecular ¢’
6P Particle linear depolarization ratio
8P . &P of anthropogenic aerosol
s Strong &7 used in POLIPHON
sb Weak 6P used in POLIPHON
Ag Phase shift of the laser emitting optics
A, Phase shift of the receiving optics
€ Rotational misalignment of the calibrator
& Rotational misalignment of the rotator
&8 Rotational misalignment of the polarizer
n Depolarization calibration factor. Fine fraction in Chapter 8
Ns Gain factor of the reflected or transmitted PMT.
n# Depolarization calibration factor considering cleaned PBS
n* Measured depolarization calibration factor
nyg  Geometric average of n*retrieved at +45°
(nyz)  Height average of n 7
! M) retriev-ec-l using-the A90°-calibration method with polarizer in
- front of receiving optics
)t (n z) retrieved using the A90°-calibration method with rotator in
- front of PBS
Threshold used to find Cax by means of the wavelet covariance
Tmax  gansform applied to &
Threshold used to find Cy,i, by means of the wavelet covariance
Tmin transform applied to &
Threshold used to find Crcs by means of the wavelet covariance
IRES transform applied to RCS
min _¥hreshold used to find the local minimum of the wavelet covariance
RS transform applied to RCS in the range Crinz50m
p Particle density
o2é”  Aerosol absorption coefficient
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Symbol Name and specifications

ag*t  Molecular absorption coefficient
o, Particle absorption coefficient

al¢”  Aerosol scattering coefficient

o™t Molecular scattering coefficient
O Particle scattering coefficient
A Wavelength
AL Wavelength emitted by lidar
Ar Raman wavelength
& Integral variable of height

5 Sum of WCT(8) at Crax and the local maxima of the WCT(RCS)
max-— 100 m around Cpax

5 Sum of WCT(8) at Cpyin and the local maxima of the WCT(RCYS)
™ 100 m around Cpin
Tp Detection time
T; Interaction time
(3 Pulse duration
) Single scattering albedo

List of Latin symbols

Symbol  Name and specifications
a Parameter a
a Laser parameter a
dpop  AOD-related Angstrom exponent
dgca Scattering-related Angstrom exponent
dgp Extinction- and backscattering-related Angstrom exponent
A Telescope area
AOD,  Coarse mode AOD
C Light speed
Cs Volume concentration
Cmin PBL candidate determined using the minimum of WCT(J)
Cmnax  PBL candidate determined using the maximum of WCT(J)
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Symbol Name and specifications
Cres PBL candidate determined using the maximum of WCT(RCS)
Dy Effective diattenuation of the laser emitting optics
D, Effective diattenuation of the receiving optics
DeP Effective diattenuation of the receiving optics determined
° experimentally
E Electric field
Es d" uncertainty
F Atmosphere Miller matrix
Gs Correction factor. See Eq. 4-15
Hg Correction factor. See Eq. 4-15
I Element of the Stokes Vector
I Stokes Vector of the laser signal
I Stokes Vector of the received signal (reflected or transmitted)
LR Lidar ratio
M Particle mass
m(r)  Mass size distribution
mq Mass concentration of the strong depolarizing capability aerosol
Mguse  Dust mass concentration derived with POLIPHON
m, Coarse mass concentration derived with airborne measurements
Mg Laser emitting optics Muller matrix
M, Receiving optics Muller matrix
Mg PBS Muller matrix (reflected or transmitted)
r Particle radius
R Backscattering ratio
R Rotator Muller matrix
RCS Range corrected signal
Rys Parallel (p) or perpendicular (s) reflectance
S Subscript which indicates R (reflected or T (transmitted).
T Transmittance
i Parallel (p) or perpendicular (s) transmittance
T(z,A) Atmospheric transmittance (Eq. 2-1)
U Element of Stokes Vector
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Symbol Name and specifications

V Element of Stokes Vector. Particle volume in Section 2.2.3.
Vs Voltage of the reflected or transmitted PMT
v(r)  Volume size distribution

X Size parameter
z Height

ZppL Planetary boundary layer height
zb9k  zpp, determined by POLARIS

zpp, determined by the parcel method using the temperature profile

ZMWR

PBL obtained by means of the microwave radiometer

RS zpp, determined by the potential temperature using the temperature
PBL

profile obtained by means of the radiosonde

Z V1 — D2

List of figures

Figure 1-1: Overview of forcing and feedback pathways involving greenhouse

242

gases, aerosols and clouds. Forcing agents are in the green and dark blue
boxes, with forcing mechanisms indicated by the straight green and dark
blue arrows. The forcing is modified by rapid adjustments of which
pathways are independent of changes in the globally averaged surface
temperature and are denoted by brown dashed arrows. Feedback loops,
which are ultimately rooted in changes ensuing from changes in the surface
temperature, are represented by curving arrows (blue denotes cloud
feedbacks; green denotes aerosol feedbacks; and orange denotes other
feedback loops such as those involving the lapse rate, water vapour and
surface albedo). The final temperature response depends on the effective
radiative forcing (ERF) that is felt by the system, that is, after accounting
for rapid adjustments, and the feedbacks. From Boucher et al. [2013]......18
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Figure 1-2: 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]. oot enes 19
Figure 2-1: Atmosphere structure and temperature profile. Source:
www.azimuthproject.org adapted from [Moran et al., 1997]. .......c............ 27

Figure 2-2: 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 (adapted
from Seinfeld and Pandis [1998]). ......cccvvveiiieie i 31

Figure 2-3: Schematic representation of the main parts of a lidar system. ........ 37
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&, becomes instable for low R and high &". ... 42

Figure 3-1: Experimental site location: (top) neighbourhood of CEAMA-IISTA,
(centre) Granada city location including Sierra Nevada and the
Mediterranean Sea, and (bottom) South and Central Mediterranean Sea
(source: Google Earth). Black arrow points towards the North Pole. ......... 52

Figure 3-2: Receiving optics except the telescope. Optical paths of 355, 387,
408, 532 (parallel, p, and perpendicular, s), 607 and 1064 nm are drawn.
Rectangular plates are dichroic mirrors. The set consisting of eye piece and
interference filter is used at each wavelength but only shown for 532 nm (s)
channel for SIMPLICITY. ......oooiiiiiie e 55

Figure 3-4: VELETA pointing in two different positions...........ccccccevvveiveiivennnns 58

Figure 3-3: Receiving optics except the telescope. Optical paths of 355

(parallel, p, and perpendicular, s) and 387 nm. The set consisting of eye
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piece and interference filter is used at each wavelength, but it is only shown
for 355 nm (s) channel for SIMPHCItY........ccccceviiiiiiiie e 58
Figure 3-5: Telecover scheme using MULHACEN design. Quadrants are north
(blue), east (light green), west (dark green) and south (red)...........ccccven... 60
Figure 3-6: 355p nm signals of the telecover test. North, east, west and south
are the quadrant of the telescope. Signals are colored according to
FIQUIE B-5. ettt re e ae e reene s 61
Figure 3-7: Rayleigh fit of 355p nm channel. Both molecular attenuated

backscatter and RCS are normalized in the range 8-9 km asl. .................... 62
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Figure 3-9: Microwave radiometer. .........cccevvereeiiesieesesie e e see e 64

Figure 4-1: Analog and photon-counting signals displayed following the trigger
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KIM S e 72
Figure 4-2: R? computed for linear fitting between AN signal and different PC
signals of channel 0 (532p nm). The PC signals were displaced between
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DINS. e 73
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Figure 4-4: Lidar scheme based on functional blocks (from [Freudenthaler,
20L4]). ettt ettt b et et e 81
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depolarization retrieVal..........cccoeiieiiicicc e 85
Figure 4-6: Scheme of the parcel method using the temperature, T, and the
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profile, the orange lines is its potential temperature and the red dashed line
represents the dry adiabatic temperature at surface. The height at which the
potential temperature profile takes the value of the potential temperature at
surface (green dash-dot line) iSthe Zpg . .ccoooereiiinieiiie e 88

Figure 5-1: Lidar scheme based on functional blocks (from Freudenthaler

[2014]). oottt e 95
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2000, ettt re e eene e 99
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SIONAL). 1o a e re s 101
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voltages. Error bars have been neglected for Vg /Vr. coveeveiiiiececiiie 102
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functional blocks calibrated by the A90°-calibration modes. Arrows
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