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Abstract

Abstract

The Planetary Boundary Layer (PBL) is a relevant part of the atmosphere with a
variable extension that clearly plays an important role in fields like air quality or weather
forecasting. Passive and active remote sensing systems have been widely applied to analyze
PBL characteristics. The combination of different remote sensing techniques allows obtaining
a complete picture on the PBL dynamic. In this study, we analyze the PBL behavior using four
types of remote sensing systems: Microwave Radiometer (MW R), Elastic Lidar (EL), Doppler
Lidar (DL) and Ceilometer data. The measurements were performed in two cities Granada

(Spain) and Séo Paulo (Brazil).

Firstly, at Granada, the PBL height (PBLH) obtained from MWR data is validated
against PBLH provided by analyzing co-located radiosondes, showing a good agreement. In a
second stage, active remote sensing systems were used for deriving the PBLH. Thus, Extended
Kalman filter is applied to EL data while the vertical wind speed variance method was applied
to the DL. The derived PBLH's by these approaches are compared to PBLH retrieved by the
MWR. The results show a good agreement among the retrievals based on active remote sensing
in most of the cases, although some discrepancies appear in instances of intense PBL changes

(either growth and/or decrease).

Then it is performed the analysis of four and five-year dataset of measurements
gathered with a ceilometer and a microwave radiometer, respectively, at Granada. The
methodologies applied for the PBLH detection (gradient method for ceilometer and the
combination of parcel method and temperature gradient method for microwave radiometer)
provided a satisfactory description of the PBL structure in simple cases. In addition, the PBL
behavior is characterized by a statistical study of the convective and stable PBLH obtained
from microwave radiometer measurements. The analysis of the PBLH statistical study shows
some coincidence with other PBLH studies such as daily pattern, and year cycles but also some
differences caused by distinct latitudes, topography and climate were found. It was performed
as well a combined long-term analysis of Ceilometer retrieved Residual Layer and the Stable
and Convective Layer heights determined by microwave radiometer, thus offering a complete

picture of the PBL evolution by synergetic combination of remote sensing techniques. This is
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the reason why systems with high temporal and spatial resolution, like lidars, have been
increasingly applied in studies about this atmospheric region.

In this work, also was performed, at Sdo Paulo, an analysis on lidar backscattered
signal at three wavelengths (355, 532 and 1064 nm) retrieving the turbulence by the analyses
of the high-order moments (variance, skewness and kurtosis) in the backscattered signal. The
wavelength of 355 nm has low applicability in the proposed methodology, due to its low
intensity (due to predominance of molecular backscattering) and large presence of noise, while
the 532 nm wavelength showed results similar to those provided by the wavelength of 1064
nm, which was used as reference. Then, it was analyzed two case studies using the wavelengths
of 532 and 1064 nm (in separately). This approach provided information about PBL height,
(derived by the variance method (Menut et al., 1999), displacement of aerosol layers (skewness)
and level of mixing at several heights (kurtosis). These results show the viability of the proposed
methodology when the wavelengths of 532 and 1064 nm are used for the PBL description by

high-order moments of the backscattered distribution.

Furthermore, it is demonstrated how some variables (air temperature, aerosol
concentration, vertical wind, relative humidity and net radiation) can influence the PBL
dynamic with data from DL, EL and MWR at Granada. The high-order moments of the vertical
velocity high frequency distributions derived from DL, and EL range corrected signal, were
corrected by two methodologies (first lag and -2/3 correction). The corrected profiles present
small differences when compare against the uncorrected profiles, showing low influence of
noise and the viability of the proposed methodology. A detailed 2-case studies analysis was
carried on, the first case corresponding to a well-defined PBL while the second one corresponds
to a situation with presence of an aloft Saharan dust layer and clouds. In both cases the results
provided by the different instruments ended up complementing one another, so that the

synergistic use of the different systems allowed us a detailed monitoring of the PBL.

Keywords: Turbulence, Planetary Boundary Layer, Remote Sensing, lidar.
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Resumo

A Camada Limite Planetaria (PBL - Planetary Boundary Layer) é uma parte relevante
da atmosfera com uma extensdo variavel e que claramente desempenha um papel importante
em areas de estudo, como: a qualidade do ar ou a previsao do tempo. Sistemas de sensoriamento
remoto passivo e ativo tém sido amplamente utilizado para analisar as caracteristicas da PBL.
A combinacdo de diferentes técnicas de sensoriamento remoto permite obter uma imagem
completa da dindmica desta camada. Neste estudo, analisamos o comportamento da PBL
utilizando quatro tipos de sistemas de sensoriamento remoto: Radidmetro de Micro-ondas
(MWR), Lidar Elastico (EL), Lidar Doppler (DL) e Ceildmetro. As medi¢des foram realizadas

em duas cidades, Granada (Espanha) e Sdo Paulo (Brasil).

Primeiramente, em Granada, a altura da PBL (PBLH) obtida a partir dos dados do MWR
foi validada pela PBLH gerada pela analise dos dados de radiossondas, mostrando uma boa
concordancia. Em um segundo estagio, sistemas ativos de sensoriamento remoto foram usados
para a obtencdo da PBLH. Assim, o método do filtro de Kalman foi aplicado aos dados do EL
enquanto o método da variancia da velocidade vertical do vento foi aplicado aos dados do DL.
As PBLH derivadas dessas abordagens foram comparadas com o PBLH fornecida pelo MWR,
sendo que os resultados mostram uma boa concordancia na maioria dos casos, embora algumas
discrepancias aparecam nas situacbes de mudancas intensas da PBL (crescimento e/ou
diminuig&o).

Em seguida, ¢ realizada a analise dos dados das medidas coletadas com um ceilémetro
e um radibmetro de micro-ondas durante quatro e cinco anos, respectivamente, em Granada. As
metodologias aplicadas para a detec¢do da PBLH (metodo de gradiente para o ceildmetro e a
combinacdo do método de parcela e do método de gradiente de temperatura para o radiémetro
de micro-ondas) forneceram uma descri¢do satisfatoria da estrutura da PBL em casos simples.
Além disso, o comportamento da PBL foi caracterizado por um estudo estatistico das PBLH
convectiva e estavel, as quais foram obtidas a partir das medidas do radidmetro de micro-ondas.
A analise do estudo estatistico realizado para a PBLH mostra algumas coincidéncias com outros
estudos ja realizados para a mesma variavel, como o padrdo diario e os ciclos anuais. Mas

também ha algumas diferencas, as quais sdo causadas por latitudes, topografia e clima distintos.
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Foi realizada também uma analise combinada de longo prazo da Camada Residual (gerada pelos
dados do Ceilémetro) e da Camada Estavel e Convectiva (obtida pelos dados do radiémetro de
micro-ondas), oferecendo assim um quadro completo da evolugdo da PBL por combinacéo
sinérgica de técnicas de sensoriamento remoto. Essa € a razdo pela qual sistemas com alta
resolucéo temporal e espacial, como os lidars, tém sido cada vez mais aplicados em estudos

sobre essa regido atmosférica.

Neste trabalho, também foi realizada, em S&o Paulo, uma analise do sinal retroespalhado
em trés comprimentos de onda (355, 532 e 1064 nm), o qual prové informagdes da turbuléncia
através da analise dos momentos de alta ordem (variéncia, assimetria e curtose). O comprimento
de onda de 355 nm apresenta pouca aplicabilidade na metodologia proposta, devido a sua baixa
intensidade (por conta da predominancia do retroespalhamento molecular) e grande presenca
de ruido, enquanto o comprimento de onda de 532 nm apresentou resultados semelhantes aos
fornecidos pelo comprimento de onda de 1064 nm, o qual foi usado como referéncia. Em
seguida, foram analisados dois estudos de caso utilizando os comprimentos de onda de 532 e
1064 nm (em separado). Essa abordagem forneceu informacdes sobre a altura da PBL (derivada
pelo método de variancia (Menut et al., 1999), deslocamento de camadas de aerossol
(assimetria) e nivel de mistura em vérias alturas (curtose), mostrando a viabilidade da
metodologia proposta, quando os comprimentos de onda de 532 e 1064 nm sdo usados para a

descricdo da PBL a partir dos momentos de alta ordem.

Além disso, demonstrou-se, com dados de DL, EL e MWR obtidos em Granada, como
algumas variaveis (temperatura do ar, concentracdo de aerossois, vento vertical, umidade
relativa e radiacdo liquida) podem influenciar a dindmica da PBL. Os momentos de alta ordem
das distribuicbes de velocidade vertical derivadas dos dados do DL e o sinal retroespalhado
obtido a partir do EL foram corrigidos por duas metodologias (first lag e correcdo de -2/3). Os
perfis corrigidos apresentam pequenas diferengas quando comparados com os perfis nao
corrigidos, mostrando baixa influéncia do ruido e a viabilidade da metodologia proposta. Foi
realizada uma anélise detalhada de dois estudos de casos, 0 primeiro correspondendo a uma
PBL bem definida, enquanto o segundo corresponde a uma situacdo com a presenca de uma
camada de nuvens e poeira saariana. Em ambos os casos, o0s resultados fornecidos pelos
diferentes instrumentos acabaram se complementando, de modo que o uso sinérgico dos

diferentes sistemas nos permitiu um monitoramento detalhado da PBL.

Palavras Chave: Turbuléncia, Camada Limite Planetéria, Sensoriamento Remoto, lidar.
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1 Introduction

In the last decades, the social preoccupation about air pollution have increased.

Cases like as “Great smog of London of 1952” (approximately 12,000 people died) (BELL,
2004) and the “Valley of Death” in Cubatio-Brazil (30,000 tons of pollutants were released

per month in the air of the city in the 80’s) have shown to society how harmful this type of

pollution can be (COSTA, 2017). Although there are efforts to mitigate the pollutant

emission process (e.g. Conference of the Parties — COP 21), the number of anthropogenic

emissions have been increased constantly, mainly Green House Gases (GHG), as

demonstrated in figure 1.1, where the highest increase of emissions is the CO, resulting from

the burning of fossil fuel and industrial process (IPCC, 2015).
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Figure 1.1 — Total annual anthropogenic Green House Gases (GHG) emissions by gases. Source:
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Figure 1.2 shows the impacts caused per climate changes, in which GHG
emissions play an important role, all over the world. Physical and biological systems are
directly affected by them, resulting in noxious influences to human health, mainly in
american and european continents. The lowermost region of the troposphere has a crucial

role in this process, because, besides to be inhabited, it is the place where the emission of

Widespread impacts attributed to climate change based on the available scientific literature since the AR4
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Figure 1.2 — Impacts attributed to climate change. Source: IPCC — ARS

pollutants occurs. Such region also is responsible for dispersion process, which vary with
action of certain forcings. This region is denominated Planetary Boundary Layer (PBL) and
defined as the “part of the troposphere that is directly or indirectly influenced by the
presence of the Earth’s surface (ground or sea), and responds to surface forcings with a

time scale of hours” (STULL, 1988).

The PBL is characterized by its turbulent behavior and a daily cycle endowed
with large variability. The height of this layer (Planetary Boundary Layer Height — PBLH)

is an important parameter for a wide set of studies, which include pollutant dispersion,
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weather forecasting, meteorological modeling and air quality (Li et al., 2017). However, this
height cannot be measured directly, but due to turbulent vertical process, some atmospheric
variables as the potential temperature (6), the vertical wind speed (w), the relative humidity
(RH) and the aerosols concentration have a characteristic vertical profile that enable PBLH

detection (Stull, 1988).

The utilization of radiosonde is the most widespread method in PBLH detection.
However, the high variability of PBL during its daily cycle requires systems endowed with
high temporal and spatial resolution for continuous monitoring. In this scenario, remote
sensing systems arise as important tools in PBL studies. The high temporal and spatial
resolution allow remote sensing systems to provide detailed and long-term observational
PBLH studies (e.g.He et al., 2006; Granados-Muiioz et al., 2012; Di Giuseppe et al., 2012;
Haman et al., 2012; Pal et al., 2013; Coen et al., 2014; Korhonen et. al, 2014; Pal et al.,
2015).

In the last two decades, elastic lidar systems have been widely applied in studies
about PBLH (Davis et al., 2000; Brooks et al., 2003; Morille et al., 2007; Baars et al., 2008;
Pal et al., 2010; De Tomasi et al., 2011; Wang et al., 2012; Granados-Muiioz et al., 2012;
Lange et al., 2014; Banks et al., 2016; Bravo-Aranda et al., 2017). These systems detect the
PBLH (PBLHgystic) based on Deardorff et al. (1980) Mixing Layer definition: “height
where there are equal areas of clear air below and particulates above”, therefore
PBLH . 45tic “is taken to be the midpoint of the transition region between the areas of higher
and lower backscattering”. However, it is not easy to find this midpoint in real elastic lidar
signals, mainly in complex situations, such as the presence of aerosol multilayers or clouds
(Kovalev and Eichinger, 2014). An alternative to solve this problem, it is to use mathematical

methods to reduce ambiguities in analyzed signals.

The traditional algorithms applied in PBLH, ;4. detection are the Gradient
Method (Martucci et al., 2007; Baars et al., 2008; Li et al., 2017), Variance or Centroid
Method (Hooper and Eloranta, 1986; Menut et al., 1999; Martucci et al., 2007), Threshold
Method (Melfi et al., 1985; Kovalev and Eichinger, 2004), Fit Method (Eresma et al., 2006;
Li et al., 2007) and Wavelet Covariance Transform (Davis et al., 2000; Granados-Muiioz et
al., 2012; Lopes et al., 2014). However, complex situations, such as presence of aerosol
sublayers and clouds, often confuse these methods and PBLH,;,¢:i- can be overestimated.

Lange et al. (2014), using an algorithm based on Extend Kalman Filter, and Bravo-Aranda
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et al. (2017), utilizing information of depolarization channels, proposed algorithms to deal
with these situations. Another difficulty to elastic lidar is the high overlap of some systems,
what might prevent a correct detection of PBLH in stable situations, where frequently this

variable has the lower heights.

Ceilometers, in the same way of elastic lidars, can be applied in PBLH detection
(PBLH eijometer)- Although ceilometers and lidars have similar operating principles,
ceilometers have some advantages, such as relatively continuous operations and low-
maintenance, eye-safe and comparatively low price, which compensates the disadvantages
of lower maximum range and relatively low signal-to-noise ratio (SNR). These facts justify
their increasing use in studies related to PBLH (e.g. Eresma et al., 2006; Miinkel et al.,2007;
Di Giuseppe et al.,2012; Ketterer et al., 2014; Lotteraner et al.,2016; Zhu et al.,2016; Uzan
et al.,2016; Avolio et al., 2017; Caicedo et al., 2017).

Doppler lidars also have been used in PBLH detection (PBLHpoppier). The
algorithms applied in this kind of studies are frequently based on: Mixing Layer definition
(carrier-to-noise ratio (CNR) profile (Moreira et. al, 2015)), elastic lidar methods mentioned
above using the backscattered signal (Shukla et al, 2014) or turbulence threshold (variance
of vertical wind speed (02) (Barlow et al., 2011; Schwenn et al., 2014), low-level jets
(Moreira et al., 2015), turbulent energy dissipation rate (O’Connor et al., 2010) and
spectrum of horizontal wind component (Marques et al., 2017)). In comparison with elastic
lidar, Doppler lidars have a lower full overlap height (less than 100 m) what is important to

detect the PBLH during early morning as well as under stable situations.

While the remote sensing systems mentioned earlier have its data acquisition
affected by rain and/or cloud covers, the Microwave Radiometers (MWR) measurements are
not influenced by these factors (Kim et al., 2015). This characteristic allows MWR operates
in continuous mode and with high recovery rate. Such characteristic combined with the
absence of overlap problems in the near range enables MWR to be applied to estimate the
PBLH continuously in stable and unstable atmospheric situations. Based on characteristics
of potential temperature profile (6(z)) in PBL, some authors (Mufioz-Granados et al., 2012;
Wangetal., 2012; Coen et al., 2014; Bravo-Aranda et al., 2017) proposed to detect the PBLH
(PBLHyyg) from temperature provided by MWR data. From another point of view, Cimini
et al. (2013) estimated PBLH, g from brightness temperatures, which are obtained directly

from MWR.
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The comprehension about turbulent process in the PBL also are important to
diverse studies, mainly for atmospheric modeling and pollutant dispersion, so that turbulent
mixing can be considered as primary means by which aerosol particles and other scalars are
transported vertically in atmosphere. Because turbulent process are treated as
nondeterministic, they are characterized and described from their statistical properties (high
order statistical moments). When applied to atmospheric studies such properties can provide
information about the field of turbulent fluctuation, as well as, a description about mixing

process in the PBL (Pal et al., 2010).

Anemometer towers (Kaimal and Gaynor, 1983; van Ulden and Wieringa,
1996) and aircrafts (Lenschow et al., 1980; Williams and Hacker, 1992; Lenschow et al.,
1994; Albrecht et al., 1995; Stull et al., 1997; Andrews et al., 2004; Vogelmann et al., 2012)
have been widely applied in studies about turbulence in PBL. Nevertheless, the utilization
of anemometer towers restricts the analysis to regions near to surface, due to its limited
vertical resolution. Although this problem can be solved by aircrafts, they have a short time
window limiting the period of analysis. Therefore, due to large variability of PBL along the
day, systems with high temporal and spatial resolution are the most recommended for this

kind of study.

In this scenario, remote sensing systems also arise as important tool for this kind
of study, mainly lidar systems. Another advantage of lidar is the possibility of working with
several kind of tracers, like as: vertical wind velocity (Lenschow et al., 2000; Lothon et al.,
2006; O’Connor et al., 2010) by Doppler lidar, water vapor (Wulfmeyer, 1999; Kiemle et
al., 2007; Wulfmeyer et al., 2010; Turner et al., 2014; Muppa et al., 2015) by Raman lidar
or Differential Absorption lidar (DIAL), temperature (Behrendt et al., 2015) by rotational
Raman lidar and aerosol (Pal et al., 2010; McNicholas et al., 2015) by elastic lidar or High
Spectral Resolution lidar (HSRL). Therefore, a wider range of results can be obtained,
especially when different types of systems are applied synergistically, as demonstrated by
Engelmann et al. (2008), where from the combination of elastic and Doppler lidar was

possible to estimate the vertical particle flux.

In spite of the various applications of remote sensing systems in the atmospheric
sciences, there is a small number of long-term studies and several gaps with respect to

complex situations (cloud cover, aerosol sublayers, rain, etc), mainly in PBLH detection.
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In most of the cases, the systems have limitations, such as the incomplete
overlap, the presence of clouds or rain, or even the limitation of the algorithm that depending
on the operational PBLH definition adopted can lead to some restrictions like the part of the
day that can be analyzed, consequently preventing a continuous monitoring of PBL. Another
important point is the individual utilization of these systems. Although the results obtained
are quite satisfactory, a synergistic application of them can generate a greater refinement in

the obtained products.

Considering Sdo Paulo and Granada (the two cities where this study was
performed), the results obtained from the methodology proposed in this work can provide
important information that will assist in the process of comprehension of PBL dynamics.
The city of Sdo Paulo has few studies, using remote sensing systems, about the PBL behavior
and this will be the first to extract information of turbulent PBL behavior using such systems.
In Granada, although there are several studies about PBL, there is still a lack of analysis of
the long-term measurements. Otherwise, the observation of turbulent variables using remote
sensing systems and the synergistic use of them is an issue that requires study. So in this
sense, this work represent a step forward in the remote sensing studies also for Granada.
Moreover, the results generated by this work can be used in other studies of same or related

area, such as: air quality, dispersion of pollutants, weather modeling, etc.

1.1 Objectives and structure

The objective of this thesis is to generate results and methodologies able to assist,
qualitatively and quantitatively, in the PBL characterization, as well as, in the description of

its behavior, using a combination of different algorithms and remote sensing systems.

From this propose, the following tasks were performed:
e Development and improvement of algorithms for PBLH estimation in
simple and complex situations by utilization of remote sensing systems;
e Based on the synergy of remote sensing systems, analyze the
dynamics of the PBL from the statistical moments and identification how each one

of the tracers used interferes in the processes of evolution of this layer.

The thesis organized as follow:
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Chapter 2 describes the basics concepts about this thesis. Firstly, the PBL and its
daily cycle are briefly described. Then, some traditional methods about PBLH detection are
presented, as well as, the properties provided by statistical moments. Finally, it is shown the

operation principle of remote sensing systems applied in this work.

Chapter 3 details the experimental sites where the measurement campaigns were

performed and the technical characteristic of the remote sensing systems utilized.

Chapter 4 presents the methodological aspects. The first subsection is dedicated
to description of algorithms used for PBLH detection using: Doppler lidar, elastic lidar,
MWR and ceilometer, respectively. In the next subsection are described the algorithms

utilized in studies about turbulence.

Chapter 5 describes a study, where using simultaneous and co-located MWR,
elastic lidar and Doppler lidar, were performed a comparison among the PBLH estimated
from these three different systems, in order to observe how each distinct PBLH definition

behave under simple and complex scenarios.

Chapter 6 demonstrates a long-term study performed with ceilometer and MWR.
Our analyses has in mind that the PBLH retrievals by these two different techniques are
based on the use of different tracers (aerosol and potential temperature vertical profiles). We
used this fact to get a synergic understanding on the behavior of these tracers and on their
influence on the PBL developing. Furthermore, we interpreted the agreement/disagreement

between the techniques on the peculiarities of those tracers.

Chapter 7 presents an study of the PBL turbulence based on the use of Elastic
Lidar data acquired with high temporal resolution, 2s. We include a comparison of the
results obtained with three different wavelengths: 355, 532 and 1064 nm, in order to identify
the viability of applying them in analysis of statistical moments. In addition, two case studies
were analyzed to demonstrate how the high order moments can help in the comprehension
of the PBL behavior.

Chapter 8 describes a study where three remote sensing systems (Elastic Lidar,
Doppler Lidar and MWR) were used synergistically, in order to analyze the PBL behavior
and to acquire a better comprehension about how each analyzed variable can influence the

PBL dynamics.
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Chapter 9 summarizes the main topics and conclusions of this thesis, and gives

some suggestions for the continuity of this study and to accomplishing of future researches
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2 FUNDAMENTALS

Abstract

This chapter presents the basics concepts about this research, in order to support
the results discussed in the following chapters. Then, some topics about the statistical study
of turbulence will be discussed. Finally, the operating principles of the equipment used in
this research will be described.

2.1 The planetary boundary layer (PBL)

The lowermost region of troposphere is denominated Planetary Boundary Layer
(PBL). This region is defined as “ the part of the troposphere that is directly influenced by
the presence of the Earth’s surface, and responds to surface forcings with a time scale of
about an hour or less” (STULL, 1988). The PBL has an important influence in the behavior
of atmosphere as a whole, as well as, in several research fields of atmospheric science, such
as climate modeling and numerical weather forecasting. This layer has a quite variable
thickness in space and time, ranging from tens of meters to few kilometers (GARRATT,
1992).

Variable height and turbulent behavior are fundamental characteristics of PBL.
The PBL variability is characterized by daily cycles influenced by variations of variables
like air surface temperature, relative humidity, net radiative flux, or atmospheric stability.
During the day (figure 2.1-a) the positive net radiative flux (R,,) causes the rising of ground
surface temperature and air masses located at low altitudes get warm , favoring convective
process and heating the upper regions by the sensible heat flux (Fy). At night (figure 2.1-b)
in absence of solar radiation flux the ground emits more thermal infrared radiation than it
receives from the atmosphere, therefore R,, becomes negative, leading to the cooling of the
surface, reduction of convective activity and inversion in the sign of sensible heat flux (Fy;),
latent heat flux (Fg) and of conduction of heat down into the ground (F;¢) (WALLACE et
al., 2005).
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(a) Fos (b) Fo

Figure 2.1: Radiative flux at surface - (a) day (b) night. R,, (net radiative flux), Fy (sensible
heat flux), Fgs (latent heat flux), F; (conduction of heat down into the ground). Source:
Adapted from WALLACE et al., 2005.

Therefore, due to its direct contact with Earth surface, the PBL is directly
influenced by this one. Such influence consists basically in the exchange of energy and in
the existence of a viscous friction, which makes the flux turbulent in this layer and allows to
affirm that turbulence in internal part of PBL is directly associated with Fy,. So, the PBL
will have different characteristics according to Fy, behavior. So that PBL can be classified
as three main types: Stable or Nocturnal Boundary Layer (SBL), Neutral Boundary Layer
(NeBL) and Convective Boundary Layer (CBL).

2.1.1 Stable or Nocturnal Boundary Layer (SBL)

At night, the radiative cooling, due to longwave emission, causes the reduction
of Earth’s surface temperature, so that, its temperature is lower than adjacent air layer.
Consequently, this layer cools by transferring heat to Earth’s surface, developing a stable 6
profile in atmosphere (96 /0z > 0 — figure 2.2), where the colder air masses are located in
the lower part and the warmer layers in the upper region. In this situation when the air parcels
move vertically they will be under the action of an acceleration, associated with buoyancy,
in the opposite direction of the movement. Then, the turbulence (purely mechanical) is
attenuated, so that, the turbulent exchanges between surface and atmosphere have smaller
intensity than those observed in daytime period, resulting in the lower heights of SBL when
compared to CBL (Stull, 1988).
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In this situation the turbulence generates a negative Fy,, because the positive
temperature fluctuations are related to negative fluctuations of vertical speed and vice versa.
Therefore Fy, is negative indicating the transfer of heat from the atmosphere to the Earth’s

surface (figure 2.1 b).
ZA

Stable

0

Figure 2.2: Idealized @ profile of SBL
Source: Adapted from STULL, 1988.

2.1.2 Convective Boundary Layer (CBL)

Some instants after sunrise the positive value of R,, causes the rising of ground
surface temperature. Consequently, by conduction process, air masses located at low
altitudes get warm and originate a convective process, where heated air masses become less
dense and rise in the atmosphere, while the colder ones move in the opposite sense leading
to vertical mixing. In this way, an unstable 6 profile (96 /0z < 0 — figure 2.3) is developed
in the region near the surface. Due to buoyancy the air parcels are accelerated in the vertical
direction, intensifying the process of thermal convection, as well as, the turbulence in regions
close to surface and the energy transfers from ground surface to atmosphere by Fy¢ and Fgg
(figure 2.1 a). This increase of turbulence causes the CBL ascension (Stull, 1988). CBL also
is denominated Mixing Layer (ML), due to a mixing process generated by this turbulent

ascending layer.
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Figure 2.3: Idealized @ profile of CBL
Source: Adapted from STULL, 1988.

2.1.3 Neutral Boundary Layer (NeBL)

As mentioned before, the value of heat flux varies between positive and negative
according to the time of the day. Therefore, during these transitions there are periods where
the heat flux is null or very close to zero, in such cases the PBL is classified as NeBL. Then,
in this layer 8 does not change with the height and the ground surface does not act as thermal
energy source (d6/dz =0or 08/dz = 0 — figure 2.4).

Able
T
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! Stable

0

Figure 2.4: Idealized 6 profile of NeBL
Source: Adapted from STULL, 1988.
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2.1.4 PBL daily cycle

The three types of PBL indicated in the previous subsections constitute a daily
cycle that varies according to surface-atmosphere interactions. Figure 2.5 describes this
cycle and illustrates others sublayers that acts as divisions and/or transition regions of three

stages mentioned before.
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Throughout the lower part of the figure 2.5 there is a continuous layer (red dotted
line) called surface layer. This layer has intense vertical gradients of: moisture, wind speed

and temperature, mainly during the day.

The CBL (or ML) appears some instants after sunrise and it ascends vertically
in accordance with ground heating by solar radiation as described in section 2.1.2. The figure
2.5 illustrates this growth and the variation of 8 profile (P4 =» P5 =» P6 = P1) (STULL,
1988).

In the early hours of the day there is a layer above the ML, which is named
Residual Layer (RL) because it has remaining characteristics of the previous day’s ML,
besides retaining the pollutants that were confined there during the night period. However,
the advent of convection during the day causes the expansion of ML and the rupture of RL.
(figure 12 — P5 =» P6) (STULL, 1988).
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Figure 2.5: Idealized PBL daily cycle.
Source: Adapted from STULL, 1988.

At the top of CBL there is a stable layer denominated Entrainment Zone (EZ),
which acts as interface between the Free Atmosphere (FA) and the PBL. In this region there
is not a strong mixing and the intensity of turbulence decays with the increase of height due
to the high stability of this layer. Therefore, EZ works as barrier for the pollutants, keeping
them in the ML (STULL, 1988).

Near the sunset, R,, decreases considerably and approaches a change of sign,

causing the attenuation of convective process. About half an hour before sunset a new RL
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appears and in the following hours, when occurs the inversion of R,, signal, the SBL arises,
so that it expands along the the night (figure 12 — P2 =» P3). During the night, the top of
PBL is vertically limited by the Capping Inversion, which, like as EZ, acts as interface
between the FA and the PBL. This region is characterized by high stability, preventing the
output of pollutants from the PBL (WALLACE et al., 2005).

As time passes, the sunrise occurs again and this cycle restarts.

2.1.5 Planetary Boundary Layer Height (PBLH)

The height of PBL (Planetary Boundary Layer Height — PBLH) is an important
parameter for a wide set of studies, which include pollutant dispersion, weather forecasting,
meteorological modeling and air quality (LI et al., 2017). However, this height cannot be
measured directly, but due to turbulent vertical process, some atmospheric variables as 6,
vertical wind speed (w), and aerosols concentration have a characteristic profile that enable
PBLH detection (Stull, 1988).

2.1.5.1 PBLH from 0 profile

Two methods widely applied in PBLH detection from 6 profile are: Parcel
Method (PM) and Temperature Gradient Method (GM).

The PM determines the PBLH as the altitude where an air parcel with an ambient
temperature T can rise adiabatically from the ground by convection (HOLZWORTH, 1964;
COEN et al., 2014). This is equivalent to affirm that PBLH is the altitude (z) where the 8(z)
is equal to surface potential temperature, 6(z,). Therefore, this method only can be applied

in unstable situations (CBL), as shown in figure 2.6.

The TGM (STULL, 1988; COEN et al., 2014) detects the PBLH in stable
situations based on two definitions: the first one relies on surface-based temperature
inversion (SBI), and identifies the PBLH as the first height where T decrease as a function
of altitude (figure 2.7). The second one, based on the top of Stable Boundary Layer (TSBL),
determines the PBLH as the first height where 8 does not change in function of z, in other

words, dH/dZ = 0 (Fig. 2.7). In principle, this method detects the height where the SBI is
situated in the T profile. Then, from this height it is identified the TSBL in the 6(z) profile.
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Figure 2.6: PBLH detected by Parcel Method. Potential Temperature (left) and Temperature
(right). Source: Own author.
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Figure 2.7: PBLH detected by Temperature Gradient Method from SBI and TSL height. Temperature
(left), Potential Temperature (center) and Gradient of Potential Temperature (right). Source: Own
author.

2.1.5.2 PBLH from w profile

The variance of vertical wind speed (o,,%) is used to estimate the vertical size of
plumes growing due to homogeneous turbulent movement. Therefore, this variable is applied
as an indicator of mixing layer height. Then, PBLH can be adopted as the first height where
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g,,* has a value lower than a predetermined threshold (th) (SCHWEEN et al., 2014). More

information about this method will be presented in chapter 4.

2.1.5.3 PBLH from vertical aerosol concentration

The PBLH can be obtained from vertical aerosol profiles based on the Deadorff’s
definition of Mixing Layer (ML), that is the “height where there are equal areas of clear air
below and particulates above” (DEADORFF et al., 1980). Therefore, the PBLH “is taken to
be the midpoint of the transition region between the areas of higher and lower
backscattering” generated by the aerosols. Some methods based on this PBLH definition

will be described in chapter 4.

2.1.6 Statistical Moments

The turbulent processes are treated as nondeterministic, therefore their statistical
properties are used to characterize and describe them. In atmospheric studies, this kind of
analysis is applied in order to provide information about the turbulent fluctuation field,

besides a description about mixing process in the PBL (PAL et al., 2010).

Considering the existence of a variable g with its values as functions of time
(figure 2.8), we can affirm it is composed of a mean value g and its fluctuations q’, as

describe by Reynold’s decomposition:

g=q+q (2.1—Stull,1988)

Kw]

Variable

Time

Figure 2.8: Turbulent variable ¢’. Source: Own author.

From this concept, the following statistical moments can be found:
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e Variance (q'?) & It measures how far a set of data are spread out from their

average value.
T
2 1 ’ N2
=) @®- 77 22
t=1

e Skewness (S) =>It is a measure of the asymmetry of the probability density
of random variable (q) about its mean. Positive values of skewness indicate that the
tail on the upper side of the probability density function F(q) is longer or fatter than
the bottom side (figure 2.9).

(2.3)

Figure 2.9: Skewness. Source: Own author.

e Kurtosis (K)=> It is a measure of the “tailedness” of the probability density
function of a random variable (q). The value of K of a normal distribution is 3, so values
of K < 3 represent a flatness distribution, while K > 3 indicate a peaked distribution (figure
2.10).

4

_

(2.3)

)
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Small kurtosis /

Figure 2.10: Kurtosis. Source: Own author.

The PBL studies mentioned in the subsections above are mainly based on the
use of the following equipment: radiosonde (PBLH detection), anemometer towers and
aircrafts (studies about turbulence). The utilization of radiosondes are the most widespread
method in PBLH detection. However, they are frequently launched only twice per day, so
that, due to high variability of PBL during its daily cycle, the continuous monitoring of
PBLH evolution is unfeasible. Anemometer towers (Kaimal and Gaynor, 1983; van Ulden
and Wieringa, 1996) and aircrafts (Lenschow et al., 1980; Williams and Hacker, 1992;
Lenschow et al., 1994; Albrecht et al., 1995; Stull et al., 1997; Andrews et al., 2004;
Vogelmann et al., 2012) have been widely applied in studies about turbulence in PBL.
Nevertheless, the utilization of anemometer towers restricts the analysis to regions near to
surface, due to its limited vertical resolution. Although this problem can be solved by
aircrafts, they have a short time window limiting the period of analysis. In this scenario,
remote sensing systems arise as important tools for this kind of studies, because their high
temporal and spatial resolution enables a continuous PBL monitoring at a wider range of

height levels.



Fundamentals 35

2.2 Remote Sensing Systems

Remote sensing “is the science and technology of obtaining information about
an object without having the sensor in direct physical contact with the object” (NOAA). In
the modern remote sensing the most common interaction used is by radiation
(electromagnetic radiation and acoustic waves), so that, radiation properties are modified by
object during the interaction, therefore, information about object can be obtained from the

analysis of these variations.

These systems can be classified as passive or active. The passive systems
respond to external stimuli, in the other words, the sensing is performed by the utilization of
naturally occurring radiation, such as sunlight or nightglow. The active systems use self-

generated radiation sources, as laser-beam, microwave, acoustic wave, radio wave, etc.

In the next subsections will be described some remote sensing systems widely

applied in studies about PBL.

2.2.1 Lidar Systems

LIDAR is the acronym of Llght Detection And Ranging, a remote sensing
technique based on same physical principles of radar, but instead of radio waves a pulsed

beam of light is emitted towards the atmosphere.

In general, the operation of the lidar system occurs as follows: A laser (1) emits
a beam of light with intensity F, which propagates through the atmosphere and it is
attenuated throughout the path. Because at each height reached, a fraction of the emitted
beam is scattered by atmospheric particles and molecules. The scatter can be elastic (the
scattered light has the same wavelength of the light emitted by the laser) or inelastic (the

wavelength of the scattered light is different of that one emitted by the laser).
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Figure 2.11: Representation of a lidar system. Source: Adapted from Lopes, 2014.

Only a small portion of scattered beam return to detection lidar system, so that,
this backscattered beam is collected by a set of refractive and reflective optics instruments
(Telescope — 2), which are responsible for collecting and focusing the backscattered light on
the photodetector. Due to the light of laser to be practically monochromatic, narrowband
filters are applied in order to reduce some interferences, like as: light from other sources,

mainly the Sun.

After being captured, the beam is transferred to a fast response detector, a
photomultiplier or solid state detector (3), in which it is generated an electric signal that has
an intensity, at any instant, proportional to the received optical power. Then this signal is
sent to a detection system (4), which adds the signal and guarantees the data acquisition

sending them to computer.

The lidar signal can be write mathematically, considering elastic scattering, from

the following expression:

CcT B(T') _nga(rldrl)

P(T’) = Po?A?G (24)

where:

e P(r) is the signal [W] returned from distance r at time t;
¢ 1 is the distance [m] of the volume investigated in the atmosphere;

e P, is the acquired signal [W] at time t;
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c is the light speed [m/s];

T is the duration of laser pulse [ns];

A is the area [m?] of telescope cross section;

S (r) is the backscatter coefficient [(km.sr)™] at distance r;

a(r) is the extinction coefficient [(km)™] at distance r;

Figure 2.12 demonstrates a classification of some lidar systems by its physical

process. In this work, the studies were performed using Doppler and Elastic lidar.

Physical Process Device Objective

Elastic Scattering by Elastic lidar * Aerosols, clouds
Aerosols and Clouds (geometry, thickness)

Gaseous Pollutants,

Absorption by Atoms Differential Absorption Ozone

and Molecules lidar (DIAL)
Humidity (H;0)
Aerosols, Clouds (Optical

Density) and temperature
in lower atmosphere

Inelastic Scattering Raman lidar

Elastic Scattering by Stratosphere and

. Rayleigh lidar;

Air Molecules aylelg Mesosphere
temperature

Resonance Scattering/ Resonance Temperature, clouds in

Fluorescence by Atoms Fluorescence lidar mid-upper atmosphere

Doppler Shift Doppler lidar

Laser Induced

Fluorescence lidar Marine, Vegetation
Fluorescence

Reflection from Target lidar laser

Surfaces altimeter Topography, Target

Figure 2.12: Lidar systems classified by its physical process. Yellow stars indicate the lidar
systems used in this study. Source: Own author

2.2.1.1 Doppler lidar

This kind of lidar system transmits light from a laser with a wavelength in the
near infrared band (around 1.5 um). It detects Doppler shift in the backscattered light from
the small aerosols suspends and moving with the air aloft. Then the wind speed can be
estimated from the detection of this shift (Weitkamp, 2005).

In the optical Doppler effect there is not distinction between the case of moving
transmitter/receiver or both. Therefore, considering some aerosols with a relative speed v
along the line of sight and illuminated by a emitted light with the wavelength A, at frequency

fo. the apparent frequency of the emitted light on the aerosols particles (f) can be write as:
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r=rh(1+=) @5

where c is the light speed. However, the light is backscattered, at frequency f, but due to the

movement of particle during scattering, f is detected by the lidar receiver as being shifted to

frequency (figure 2.13):

f=fo+ Af = fo(1+27v) (2.6)

The signal of speed is obtained from the following concept: if the particle
movement is toward the lidar and leading to a positive frequency shift, so the particles
velocity, wind velocity, line-of-sight velocity (v,,s) or radial velocity (v,), as is more

commonly denominated, is classified as positive. In the reverse situation v, is considered as

negative.
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Figure 2.13: Doppler lidar emission and frequency shifting. Source: Own author.
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2.2.2 Ceilometer

Ceilometers work similarly to elastic lidar system, so that the equation 2.4 also
can be applied to this kind of system. The main disadvantages are its smaller range, noisier
signal while its advantages are the capability of operating continuously and to be fully
automated. This instrument is widely used by aviation control entities, being often applied
in the detection of cloud base and ML height. Figure 2.14 demonstrates a simplified diagram

of a ceilometer, where are presents the elements 1 — 4 of figure 2.11.

;Lens

Receiver

) Mirror

Transmitter

Figure 2.14: Ceilometer. Source: Minkel, 2007.

2.2.3 Passive Microwave Radiometer (MWR)

The passive MWR measures electromagnetic radiation (brightness temperature)
at frequency of microwave emitted by atmospheric gases. In atmospheric studies this
equipment is often applied in detection of humidity and temperature profiles (Skou, et al.,
2006).

Several atmospheric gases have rotational lines in the microwave range, from
their specific emission features it is possible to derive information about their abundance and
vertical profile. For example, applying inversion algorithms, the vertical humidity and
temperature profiles can be obtained from the water vapor emission around the band of
22.235GHz and from the oxygen emission around the complex band 60 GHz, respectively,
so that the emission at any height is proportional to value of the abundance of the

corresponding gas (Skou, et al., 2006).
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Figure 2.15 shows a block diagram of a MWR, which consists of an antenna
system, microwave radio-frequency components (front-end) and a back-end for signal
processing at intermediate frequencies. Because the atmospheric signal can be very weak it

is common the utilization of amplifiers.

Firstly, the antenna receives the thermal emission from the target, so that MWR
spatial resolution is given by the refraction limited beam width of the antenna. The
calibration unit plays a fundamental role minimizing unavoidable gains drifts and
fluctuations. Then signal is downconverted to the intermediate frequency by a stable local
oscillator signal. So, it is amplified by a Low Noise Amplifier (LNA) and band pass filtering.
Thus, the real time spectral analyzer is used for solving the line shape of the emission line.

Finally the data display, storage and processing provide the sought parameter.

mixer
Thot
o — LNA I . A —
Antenna  Calibration Real time Display Storage
Spectral Parameter
local analyser Retrieval
oscillator

Figure 2.15: Schematic internal structure of a MWR. Source: Adapted from Kunzi et al., 2011.

2.2.4 Pyranometer

Pyranometers measure hemispherical solar radiance within a 180-degree field of

view.

This system consists basically of a thermopile sensor beneath a glass dome. The
thermopile absorbs all the solar radiation and generates a small, proportional output voltage
(Woodford, 2017).

Figure 2.16 demonstrates a representation of a pyranometer:

1- Outer dome made from a hemisphere of optical-quality glass;

2- Inner dome made from a smaller hemisphere of optical glass;
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Black carbon disk: It is illuminated by the Sun and absorbs a broad range of
wavelengths of solar radiation. It also acts as the sensing element;

Second control disk: It is not illuminated by the Sun and acts as a comparison
and compensating element;

Thermopile temperature sensor: It compare the temperature rise of the two
disks (3 and 4);

Output lead;

Silica gel cartridge;

Adjustable screw legs;

=

7 8

Figure 2.16: Pyranometer. Source: Woodford, 2017.
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3 Experimental site and Instruments

Abstract

This chapter presents the two sites where the studies were performed: Granada
(Spain) and Sao Paulo (Brazil), as well as, the technical specifications of passive and active

remote sensing systems, and other instruments used in measurement campaigns.

3.1 Sites

The two places where the studies presented in this thesis have been developed
have distinct climatological and topographic characteristics. So that the observational study
of these regions offers an opportunity for understanding better the differences and

similarities of the PBL in distinct regions.

3.1.1 Granada station

The measurement campaigns performed in Spain were carried out at the
Andalusian Institute of Earth System Research (IISTA-CEAMA). This station is part of
EARLINET (Pappalardo et al, 2014) since 2004 and at present is an active station of
ACTRIS (http://actris2.nilu.no/).

This station is located at the city of Granada, a medium sized non-industrialized
city in the Southeastern Spain (Granada, 37.16°N, 3.61°W, 680 m a.s.l.) (Figure 3.1), with
around 350 000 inhabitants (INE, 2017).
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Figure 3.1 — IISTA-CEAMA. Source: Own author

Table 3.1 — Climatological values of meteorological station Granada airbase (37° 8’ 14’° N, 3° 37° 53” W)
from the period 1980 — 2010. T (temperature), T, (minimal temperature), Tv (maximum temperature), Re
(Rainfall), RH (Relative Humidity), Dr (number of days with rainfall greater than 1 mm, Ds (number of
snowy days), Hsy (mean number of hours of sunshine). Source (www.aemet.es)

Months T (°C) Ty (°C) | Ty (°C) | Re(mm) | RH (%) | Dg (days) | Dg (days) |Hgg(hours)
January [ 1 170
February 1 172
March 0 219
April 0 234 |
May 0
June 0
July 0
August 0
September 0
October 0
November 0
December 0 148
Year 2 2881

Granada is surrounded by mountains and dominated by Mediterranean-
continental conditions, which are responsible for large seasonal temperature differences,
providing cool winters and hot summers. The most humid period goes from late autumn to
early spring. The rest of the year is characterized by rain scarcity. Table 3.1 presents the

main climatological variables of Granada obtained between 1980 to 2010 (AEMET, 2017).
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Granada is predominantly affected by aerosol particles coming from Europe and
mineral dust particles from the African continent (Lyamani et al., 2006a, b; Guerrero-
Rascado et al., 2011a, .b; Titos et al., 2012; Navas-Guzman et al., 2013; Valenzuela et al.,
2014). Main local sources are road traffic, domestic-heating and biomass burning (mostly in
winter time) (Titos et al., 2017). Transported smoke principally from North America, North
Africa and the Iberian Peninsula can also affect the study area (Alados-Arboledas et al.,
2011; Pereira et al., 2013; Navas-Guzman et al., 2013; Preilller et al., 2013; Pereira et al.,
2014; Ortiz-Amezcua et al., 2014, 2017).

3.1.2 Sao Paulo station

The measurement campaign performed in Brazil was carried out at LEAL (Laser
Environmental Applications Laboratory). This station is part of LALINET (Antufia-
Merrero, 2017) since 2001.

This research center is located at IPEN/CNEN (Institute of Research and Nuclear
Energy) in S2o Paulo (23° 33’ S, 46°38° W, 760 m asl) (Figure 3.2), the largest metropolis
in South America, with a population of around 12 000 000 inhabitants (IBGE, 2017).
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B’azam

Guiana Francesa
Colombia Suriname

Per. ¥ Brasil
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Bolivia Brasilis

Paraguai
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@

Chile

Gérdova
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Figure 3.2 — IPEN-CLA. Source: Own author
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Table 3.2 — Climatological values of meteorological station Mirante de Santana (23° 29’ 46’ S, 46° 37° 117
W) from the period 1961 —2016. T (temperature), T, (minimal temperature), Ty (maximum temperature),
R (Rainfall), RH (Relative Humidity), Dr (number of days with rainfall greater than 1 mm, Ds (number of
snowy days), Hsu (mean number of hours of sunshine). Source (www.inmet.gov.br)

Months RH (%) | Dy (days)

January
February
March
April
May
June
July
August
September
October
November

e T R S - B |

December

Sle e o0 o0 o o9 @

Sdo Paulo is situated on a wide plateau and it is dominated by a humid
subtropical climate with relatively well-defined seasons. Winter is mild and sub-dry, and
summer is moderately hot and rainy. Spring and autumn are transitions seasons endowed
with intermediate features. The proximity to the ocean prevents from intense temperature
variations. Table 3.2 demonstrates the main climatological variables of Sdo Paulo obtained

between 1961 to 2016 (INMET, 2017).

The air pollution in this city is intense, mainly due to heavy vehicle traffic. In
2011 the high levels of air pollution caused more deaths than traffic accidents

(VORMITTAG, 2013).



Experimental site and Instruments

46

3.2 Instruments

3.2.1 Lidar

3.2.1.1 Multiwavelenght elastic-raman lidar

3.2.1.1.1 MULHACEN

The biaxial ground-based multiwavelenght
elastic-raman lidar system MULHACEN is situated at
IISTA-CEAMA and it is part of the EARLINET
(Pappalardo et al, 2014) and SPALINET (Sicard et al,
2009) networks. MULHACEN operates with a pulsed
Nd:YAG laser, frequency doubled and tripled by Potassium
Dideuterium Phosphate crystals. It emits at the wavelengths
355, 532 and 1064 nm with output energies per pulse of 60,
65 and 110 mlJ, respectively. It has three elastic channels,
which are 355, 532 (s- and p-polarized) and 1064 nm, and
three Raman-shifted channels, which are 387 (from N>),
408 (from H20) and 607 (from N2) nm. MULHACEN has

a nominal spatial resolution of 7.5 m. The overlap is

Figure 3.3 - MULHACEN.
Source: Own author

complete at 90% between 520 and 820 m agl for all the wavelengths and full overlap is

reached around 1220 m agl (Navas-Guzman et al., 2011). Further technical details can be

found at Guerrero-Rascado et al. (2008, 2009).
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3.2.1.1.2 MSP-1

MSP-I is a coaxial ground-based
multiwavelenght elastic-raman lidar system. It is
situated at LEAL and it is part of the LALINET.
This system operates with a pulsed Nd:YAG
laser, frequency doubled and tripled by
Potassium Dideuterium Phosphate crystals. It
emits in the follow wavelengths 355, 532 and
1064. MSP-I operates with three elastic channels:
355, 532 and 1064 nm and three Raman-shifted

Figure 3.4 — MSP-I. Source:
Own author

channels: 387 (from N2), 408 (from H20) and 607 (from N2) nm. The MSP-I full overlap

is reached around 300 m agl. This system was operated with a temporal and spatial resolution

of 2 s and 7.5 m, respectively.

3.2.1.2 Doppler lidar

The coherent DL (Halo Photonics) model Stream Line is
operating in continuous and automatic mode since May 2016.
This system uses heterodyne detection to measure the Doppler
shift of backscattered light. It operates an eye-safe laser
transmitter vertically pointing to zenith emitting at 1.5 pm with

pulse energy and repetition rate of 100 uJ and 15 KHz,

respectively. The DL records the backscattered signal with 300 Figure 3.5 — Doppler lidar.

Source: Own author

gates, where the range gate length is 30 m and its first gate is

located at 60 m. The data acquisition is performed in Stare mode (only the vertical wind

speed is measured) with a time resolution of 2 s.
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3.2.1.3 Ceilometer

The ceilometer Jenopitk model CHMI15k is
operated at the IISTA-CEAMA station. The system is part of
the Iberian Ceilometer Network, an initiative of the
Atmospheric Physics Group of the University of Granada
that coordinates a network of ceilometers (ICENET)
combined with Sun-photometers for the characterization of
atmospheric aerosol with the objective of obtaining reliable
vertically resolved aerosol optical properties in near real-
time (Cazorla et al, 2017). It operates with a pulsed Nd:YAG
laser emitting at 1064 nm and a telescope with a field of view
of 0.45 mrad. The energy per pulse is 8.4 pJ with a repetition
frequency in the range of 5-7 kHz. The laser beam
divergence is less than 0.3 mrad. The spatial and temporal

resolution used are 15 m and 15 s, respectively (Cazorla et

L

ﬁ

Figure 3.6 — Ceilometer.
Source: Own author

al., 2017). This equipment has been operating continuously since December 2012.

Table 3.3 shows the main technical features of lidar and ceilometers systems

utilized in this work.

Instrument MULHACEN MSP-1 Ceilometer | Doppler
Localization Granada Sao Paulo Granada Granada
Pulse laser source Nd: YAG Nd: YAG Nd: YAG | Eye safe

Class IM
Wavelength (Pulse 355 (60 mJ), 532 | 355 (230mJ), | 1064 nm 1.5 um
energy) (65 mJ) and 1064 | 532 (400 mJ) | (8.4 wJ) (100 pd)

(110 mJ) nm and 1064
(850 mJ) nm

Spatial Resolution 7.5m 7.5m 15m 30 m
Temporal Resolution 2s 2s 15s 2s
Full-Overlap 1220 m 300 m 885 m 60 m

Table 3.3 — Main technical features of lidar/ceilometers systems
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3.2.2 MWR

The ground-based passive microwave radiometer
(RPG-HATPRO G2, Radiometer Physics GmbH) is situated
at I[ISTA-CEAMA and it is part of the MWRnet -
[http://cetemps.aquila.infn.it/mwrnet/] (Rose et al., 2005;
Caumont et al., 2016). It has been operating in automatic and

continuous mode since November 2011. The MWR measures

the sky brightness temperature with a radiometric resolution ==

between 0.3 and 0.4 K root mean square error at 1 s
integration time and uses direct detection receivers within

two bands: 22-31 GHz (water vapor - K band) and 51-58 GHz

Figure 3.7 — MWR. Source
Own author

(oxygen - V band), which are used for deriving relative humidity and temperature profiles,

respectively. Relative humidity and temperature profiles from brightness temperature are

obtained by inversion algorithms described in Rose et al. (2005). Both profiles have a range

resolution varying between 10 and 200 m in the first 2 km and varying between 200 and

1000 km up to 10km (Navas-Guzman et al., 2014).

3.2.3 Pyranometer

The pyranometer model CM-11 pyranometer
manufactured by Kipp & Zonen (Delft, The Netherlands) it is
situated at IISTA-CEAMA. It has been operating in
continuous mode since January 2012, collecting the SW solar
irradiance data (310-3200 nm). The CM-11 pyranometer
complies with the specifications for the first-class WMO

classification of this instrument (resolution better than + 5

-

Figure 3.8 — Pyranometer.
Source Own author

W/m?), and the calibration factor stability has been periodically checked against a reference

CM-11 pyranometer.
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3.2.4 Surface sensors

The humidity and temperature probe model HMP60
(Vaisala) it is situated at IISTA-CEAMA, co-located with
pyranometer mentioned earlier. It has been operating in

automatic and continuous mode since November 2011. This

system provides the air surface temperature (Ty;-) and

surface relative humidity (RH) with a temporal resolution of

) . . ) . Figure 3.9 — Surface sensors.
1 minute. T,;, is acquired with an accuracy and precision of Source: Own author

0.6° C and 0.01° C, respectively, while RH is detected with

an accuracy of = 3%
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4 Methodologies

Abstract
This chapter presents the algorithms applied in this thesis, which cover: PBLH detection by

MWR, ceilometer, Doppler lidar and elastic lidar and study of turbulence from high-order

moments obtained by Doppler lidar and elastic lidar data.
4.1 PBLH Detection

4.1.1 MWR: MWR Method

The algorithm applied to the MWR combines two methodologies that are the parcel
method (PM) and temperature gradient method (TGM), in order to detect the PBLHyg In
convective and stable situations, respectively. First of all the potential temperature profile, 8(z),
is derived from the temperature (T'(z)) profile provided by the MWR, using the following

equation:
6(z) =T(z) +0.0098 = z (4.1) (Stull,2011)

where z is the height above the sea level, and 0.0098 K/m is the dry adiabatic temperature
gradient. The surface potential temperature [6(z,)] is obtained from the meteorological station
co-located with the MWR. This 6(z) profile is analyzed in order to label the situation as stable

or unstable. Such analysis is made by comparing the surface potential temperature (6 (z,)) with
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Figure 4.1 — Combination of two methods to detect PBLH based on Temperature
Profile. Source: Own author.

all points in the 6(z) profile below 5 km. If all points presents 8(z) values larger than 6(z,)
the situation is considered stable and TGM is applied, otherwise the situation is assumed as
unstable and the PM is used instead (Figure 4.1).

The PM determines the PBLH,;,,r as the altitude where an air parcel with an
ambient temperature T can rise adiabatically from the ground by convection (Holzworth, 1964;
Coen et al., 2014). This is equivalent to affirm that PBLH,;, is the altitude (z) where the
potential temperature 6(z) is equal to surface potential temperature, 6(z,). Therefore, this

method only can be applied in unstable situations (CBL).

The TGM (Stull, 1988; Coen et al., 2014) detects the PBLH in stable situations
based on two definitions: the first one relies on surface-based temperature inversion (SBI), and
identifies the PBLH as the first height where T decrease as a function of altitude. The second
one, based on the top of Stable Boundary Layer (TSBL), determines the PBLH as the first

height where 8 does not change in function of z, in other words, de/dz = 0. In principle, this

method detects the height where the SBI is situated in the T profile. Then, from this height is
identified the TSBL in the 8(z). Otherwise, the PBLH,yy is labelled as “not identified”.
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4.1.2 Doppler lidar: Variance threshold method

The variance of vertical wind speed (a,,%) is used to estimate the vertical size of
plumes growing due to homogeneous turbulent movement. Therefore, this variable is applied

as an indicator of mixing layer height, corresponding to PBLH;}"’jgpler in stable cases and

PBLHf 5% e in Unstable cases. PBLHpoppier is adopted as the first height where o, has a
value lower than a predetermined threshold (th,,,). Although different studies use distinct
th,qr Values ranging from th,,,,- = 0.09 m#/s2 (Pearson et al.,2010) to 0.16 m2/s2 (Trdumner et.
al.,2009; Schween et al., 2014), Schween et al. (2014) demonstrated that a variation of 25% in
th,qr values causes a deviation around 7% in PBLH detection. We adopted the threshold value
of 0.16 m#s? that is extendedly used, being obtained from the semi-theoretical profile of
o,, proposed by Lenschow et al. (1980). This value of th,,, also was confirmed with Doppler
lidar measurements and mathematical modelling by Large Eddy Simulations (LES) (Lenschow

et al.,2012). In our case o2 is calculated using time intervals of 30 minutes.

4.1.3 Elastic lidar and Ceilometers

Before performing the analysis of data provided by elastic lidar/ceilometer (P(z)),

such data were corrected as described below (figure 4.2):

e Dark Current correction (DC) =» Firstly, DC(z) is subtracted from raw signal
(P(2)) in order to reduce the influence of electronical noise.

e Background Correction (BG) =» Then, BG (radiation provided by external
sources, mainly the sun) is removed from the signal to reduce the noise.

e R2 Correction = Finally, the signal is corrected by the square of distance (z?),

due its attenuation:

RCS(z) = (P(z) — DC(z) — BG) xz*> (4.2)
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Figure 4.2; Corrections applied on P(z) to obtain RCS(z). Source: Own author.

4.1.3.1 Ceilometer: Gradient method

The ceilometers detect the PBLH using aerosol backscatter as a tracer, in a similar
way to lidar systems (Steyn et al., 1999), applying the same algorithms to both instruments.
However, the relatively low SNR of ceilometers represents a challenge for accurate PBLH
detection, mainly under complex scenarios, such as in the presence of several decoupled aerosol
layers (Steyn et al., 1999). The most applied algorithms are: Threshold Method [T M] (Boers
and Eloranta, 1986), Variance Method [VM] (Haij et al., 2007), Ideal Fit [IF] (Steyn et al.,
1999; Eresmaa et al., 2006; Avolio et al., 2017), Wavelet Covariance Transform [WCT] (Haij
et al., 2007; Minkel et al., 2007; Caicedo et al., 2017), Structure of the Atmosphere [STRAT]
(Morille et al., 2007). PathfinderTURB (Poltera, 2017) and Gradient Method [GM] (Tsaknakis
et al., 2011; Stachlewska et al., 2012; Helmis et al., 2012; Wagner and Schéfer, 2015; Uzan et
al., 2016; Caicedo et al., 2017). Nonetheless, it is necessary to note that all methods have
advantages and disadvantages identifying the PBLH among the different detected peaks (PBLH

candidates). A more detailed comparison among these methods can be found in Eresmaa et al.
(2012) and Haeffelin et al. (2012).

In this work the GM is used to PBLH .;;ometer detection, because it does not need
a complex selection of specific parameters like as TM, IF or WCT, allowing the analysis of the
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4-year time series in an automated way and being able to provide results with good reliability,
although it has limitations mainly in complex atmospheric conditions (rainy and/or cloudy days
and Saharan dust outbreaks). The GM consists in detecting the minimum of gradient in the
RCS(z). Due to a typical reduction of aerosol concentration in the free troposphere (FT) when
compared to PBL, this transition region (corresponding to PBLH_;jometer) 1S Characterized by

an abrupt reduction in RCS(z) signal.

dRCS(z)) 43)

PBLH eiiometer = min( dz

GM has some limitations in complex atmospheric conditions. Such situations
generate ambiguities in the results, where PBLH .;jometer Might be over or underestimated
(Caicedo et al., 2017). Rainy, foggy, and cloudy days typically saturated the RCS above 200 x
10°srtkm™. Therefore, in the long-term study a threshold analysis is performed over the whole
ceilometer data series, cases with attenuated backscatter coefficients above the mentioned
threshold are flagged and their profiles removed, as performed by Kamp et al. (2010) and
Caicedo et al. (2017). Since Saharan dust outbreaks are frequent in Granada, Bravo-Aranda et
al., 2017 give a solution based on depolarization technique to distinguish between different
layers (local aerosol and Saharan dust), detecting the PBLH. However, the ceilometer used in
this work does not have this capability and, therefore, cases of decoupled Saharan dust layers

are detected and manually removed.

4.1.3.2 Elastic lidar: Extended Kalman Filter (EKF) method

The Extended Kalman Filter (EKF) method (Lange et al., 2014; Banks et al., 2016)
estimates the PBLH,,;,¢:i. based on an adaptive approach by extended Kalman Filter, which
generates a simplified erf-like curve model h (fig. 4.3) from the RCS and four time-adaptive

coefficients as follows:

A d
h(R; Ry, a,A,c) = 3 {1- erf[

5 ®— R |1t (@)
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where Ry, is an initial guess to PBLH,;44:ic, d 1S a scaling factor to entrainment zone thickness,
A is the amplitude of the erf transition, and c is the average value of molecular signal (Banks et
al. 2016).

The successful use of this method strongly depends on the correct initialization of
the EKF state vector that requires a priori statistical covariance information. This is obtained
from the state vector noise and a priori error covariance matrices. Further details are given by
Lange et al., 2014. In this work the RCS profiles of wavelength 532 nm are utilized. Such
profiles were averaged in order to reduce the noise and provide PBLH estimation with 30

minutes time resolution.
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Figure 4.3— Idealized lidar profile. The pair R{ and R, defines the length limit of the observation vector
applied in the filter. R, and R, represent the limits of the erf-like PBL transition zone. R, is the PBLH
guest, Bmor IS the average value of molecular signal, B,.,. is the signal obtained from aerosol
backscattering, d is a scaling factor to entrainment zone thickness and A is the amplitude of the erf
transition. Source: Own author.

4.2 Lidar turbulence analysis

Both lidar systems, Doppler Lidar and elastic lidar (MULHACEN and MSP-1),
gathered data with a temporal resolution of 2 seconds. Then, the data were averaged in 1-hour
packages, from which the mean value was extracted [g(z)]. Such value was subtracted from
each q(z,t) profile, providing the vertical profile of the fluctuation of the measured variable

[q' (z, t)](i.e. vertical velocity for the Doppler lidar):

q'(z,t) = q(zt) - qz) (45)
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Then, from q'(z,t) is possible to obtain the high-order moments (variance (o),
skewness (§) and kurtosis (K)), as demonstrated in the first column of table 4.1. These variables
and the integral time scale (z — the time over which the turbulent process are highly correlated

to itself) also can be obtained from the following autocovariance function:

tr
Mij = f[CI'(Z,t)]i[q’(z,t+ tp)ldt  (4.6)
0
However, it is necessary to considerer that acquired data contain instrument noise

(£(2)). Therefore, the equation 3 can be rewritten as:
T
M;; = j[q(z, )+ e(z, )] [qzt + T) + e(z t+ )dt (4.7)
0

The autocovariance function of a time series with zero lag results in the sum of
the variances of atmospheric variable and the £(z). Nevertheless, atmospheric fluctuations are
correlated in time, but the £(z) is random and uncorrelated with the atmospheric signal,
consequently the noise is only associated with lag 0 (fig. 4.4). Based on this concept Lenschow
et al. (2000) suggested to obtain the corrected autocovariance function (M,,(— 0)) from two
methods: first lag correction or -2/3 law correction. In the first method M;,(— 0) is obtained
directly from the subtraction of lag 0 (AM,,(0)) of the autocovariance function (M;,(0)). In
the second method M, (— 0) is generated by the extrapolation of M;,(0) at firsts nonzero lags
back to lag zero (-2/3 law correction). The extrapolation can be performed using the inertial

subrange hypothesis, which is described by the following equation:
M, (= 0) = q'*(z,t) + Ct?/®*  (4.8) (Monin and Yaglom, 1979)

where C represents a parameter of turbulent eddy dissipation rate. The high-order moments and

T corrections and errors are demonstrated in columns 2 and 3, respectively of table 4.1.
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Without Correction Correction Error
1 [ 1 [ 4AM
Integral Time Scale () =,J M (t)dt — jMn(t)dt T |— 1
q'? J q'? M, (- 0)
t—0
1w 4AM
Variance (62)) _Z(q(t) — q)* My (- 0) 2 | —"11_
1 T i 4 My (— 0)
7? M3,(= 0) AM>,
Skewness (S) — 32, 31
O'q M11 (_) 0) A1"11
q* 3M 0) —2M 0) — 3AM? 4AM, — 3AM,, — AM?
Kurtosis (K) q 22(= 0) 31(— 0) 11 31 22 11
g M3,(= 0) AM%,

Table 4.1 — Variables applied to statistical analysis (Lenschow et al., 2000)
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My,(— 0) My,(0) - AM44(0)

Figure 4.4 — Procedure to remove the errors of autocovariance functions. M,,(— 0) — corrected
autocovariance function errors; M, (0) - autocovariance function without correction; AM;,(0) - error of
autocovariance function. Source: Own author.

The same procedure of analysis is applied in studies with elastic and Doppler lidar,
so that the main difference is about the tracer used by each system, which are the fluctuation of
vertical wind speed (w') to DL and aerosol number density (N') to EL. DL provides w(z, t)
directly, then the procedure described in figure 4.5 can be applied directly. In this study w(z, t)
is acquired with a temporal resolution of 2 seconds, then these data are averaged in packages
of 1-hour w(z), from which are obtained w’(z, t) following the procedure described in equation
4.5. So, the two corrections described above are applied separately and finally T and high-order

moments with and without corrections can be estimated.

On the other hand, the EL does not provide N(zt) directly. Therefore it is

necessary to consider some aspects described by Pal et al. (2010) (ignoring the hygroscopic
Data Collection ' [ ——
(Time = 2s) o _ l

. First Lag Correction m

. -2/3 Law Correction

Figure 4.5- Flowchart of data analysis methodology applied to the study of turbulence with
Doppler lidar. Source: Own author.
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growth and assuming that the vertical distribution of aerosol type does not changes with time)
that allow us to adopt the following relation:

,Bpar(zf t) = N(z,t)Y(2) = ﬁ,par(Z' t) = N'(z,t) (4.9)

where: fq, and ﬁ’par represent the particle backscatter coefficient and its fluctuation,

respectively, and Y is a constant with time.
Considering the lidar equation:

Ctd

P)L(Z)= Py 2

AO(Z)%e‘ZfoZ w(z'az") - (4.10)

where: P,(z) is the signal [W] returned from distance z at time t, z is the distance [m] from the
lidar of the volume investigated in the atmosphere, P, is the acquired signal [W] at time t, c is
the light speed [m/s], t, is the duration of laser pulse [ns], A is the area [m?] of telescope cross
section, O(z) is the overlap function, a;(z) is the total extinction coefficient (due to
atmospheric particles and molecules) [(km)?] at distance z, S;(z) is the total backscatter
coefficient (due to atmospheric particles and molecules) [(km.sr)?] at distance z. In the
wavelength 1064 nm the influence of a,(z) provided by aerosol and the Rayleigh scattering
due to atmospheric molecules can be assumed as nearly negligible (Paul et al., 2010). So, it is

possible to affirm that:

RCS1064(2) = P(2)1064-2° = G.Proea(2z) (4.11)

and consequently:
RCS'1064(2,t) = B’ 46,2 0) = ﬁ’par(z, t)=N'(zt) (4.12)

where RCS; 064 and RCS’ ;¢4 are the range corrected signal and its fluctuation, respectively, G
is a constant and the subscribed indexes represents the wavelength. Therefore, in this study the

RCS'1064 is applied in studies about turbulence like w’, as illustrated in picture 4.6.
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Figure 4.6 — Flowchart of data analysis methodology applied to the study of
turbulence with elastic lidar. Source: Own author

Figure 4.7 shows a summary of the devices utilized in this work, as well as the methodology

applied to each one and their respective products.
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Device Methodology Product

Variance Threshold PBLH poppler

Doppler lidar

Statistical Moments
(wind)

Statistical Moments
(aerosol) + PBLH ;.

Turbulence Analysis

Elastic lidar

clidarpre-
processing Kalman Filter

PBLH .

Ceilometer Elastic

Gradient Method

PBLHE&T[mueter

MWR Method
(Parcel Method +
Temperature Gradient)

Figure 4.7 — Flowchart of data analysis methodology applied to the study of turbulence with elastic lidar. Source: Own author
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5 Study of the planetary boundary layer by microwave
radiometer, elastic lidar and Doppler lidar estimations

Abstract

In this chapter the PBLH is analyzed using microwave radiometer (MW R), elastic lidar (EL)
and Doppler lidar (DL) data. The measurements were performed simultaneously in the
framework of SLOPE-I (Sierra Nevada Lidar aerOsol Profiling Experiment) campaign at
Granada (Spain) during 90- day period in summer 2016. Firstly, the PBL height (PBLH)
obtained from MWR data is validated against PBLH provided by analyzing co-located
radiosonde. In a second stage, active remote sensing systems are used for deriving the PBLH,

which are compared with the PBLH retrieved by the MWR.

5.1 Statistical Parameters

Below are presented the statistical parameter utilized in the comparisons performed in this

chapter:

e Pearson coefficient of correlation (R): It indicates the level (and direction) of

correlation performed between two group of data:

" .(PBLH,; — PBLH,)(PBLHyyri — PBLHyyR)

(5.1)

R =
\/Z?:l(PBLHxi — PBLH,)? \/Z?zl(PBLHMWRi — PBLHywg)?

e Index of agreement (D ) (Willmont, 1981): D, often applied in comparison of
models, presents the level of agreement between a given set of values and the
reference values (PBLHyyr)

Y (PBLHpMwRi— PBLH,;)?

D=1- PG . (5.2)
n(IPBLHy; — PBLHyyg|~|PBLHywg; — PBLHywRl)
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e Root Mean Square Error (RMSE): Such variable demonstrates how concentrated
the data are around the line of the best fit obtained from reference data

(PBLHywrR):

(5.3)

I jZ?zl(PBLHMWRi ~ PBLH,)?
n

e Percentage change (APBLH," ,,,,z): This variable represents the relative
percentage change between PBLH, (provided by DL or EL data) and the reference
Value PBLHMWR

PBLH, — PBLHyyr

APBLH e = DB L Hypyr]

(5.4)

In all equations demonstrated above PBLH g represents the average value of
(PBLHywg), while PBLH,. and PBLH,, represent the PBLH provided by DL or EL and its

average value, respectively.

5.2 MWR and radiosonde PBL intercomparison

This sub-section presents a statistical comparison of PBLH retrieved from DL or MWR data
(PBLHwg) and the estimations obtained applying similar methodology (Section 3.1) to the
radiosonde profiles (PBLHgqgiosonde)- PBLHMwr and PBLHgg4i0sonde Present very similar
results with high level of correlations (R) and index of agreement (D) under convective and
stable atmospheric conditions (Rconpective = 0-96, Dconvective = 0-89, Rstapie = 0.97, Dstabie
= 0.98). The percentage difference between PBLHyyr and PBLHgubiosonde
(APBLHyyr—Radiosonde) 1N convective cases (-0.6%) is smaller than the corresponding
relative difference observed in stable cases (8.1%), when the MW R always overestimate the
PBLH derived from the radiosonde. This overestimation probably occurs because of the
limited and smaller vertical resolution of MWR in comparison with radiosonde (in the first
350 m Orqgiosonde(z) has around 12 levels, while 0yr(z) has 3 levels), what requires
further interpolations during the process of PBLH s detection. The Root Mean Square
Error (RMSE) values observed in both situations are small (190 and 50 m in convective and

stable cases, respectively).The largest value of RMSE occurs under convective conditions
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because of the average value of PBLH obtained in unstable conditions is around 68% higher

than the values in stable conditions.

Based on these results, we can conclude that, although the vertical temperature profile
derived from MWR has lower vertical resolution than that derived from the radiosondes,
the values of PBLHr obtained by the methodology described in section 4.1.1 are
equivalents to PBLHgpggiosonde, Tetrieved by an equivalent algorithm applied over the

radiosonde temperature profiles.

As mentioned before, the PBLH detection based on radiosonde data is the most accepted
methodology for deriving the CBL and SBL. Therefore, due to good agreement between
PBLHyywr and PBLHpu4i0s0nde»> and the high temporal resolution of MWR, PBLHyy g 1s
adopted as standard procedure for deriving the height for the CBL and the SBL. In this way
a continuous PBLH detection is performed thus providing an insight on the PBL dynamics

along the day.

5.3 Study cases

As aforementioned, the complexity of the PBL characterization is linked to the complexity
of its structure that changes along the day. In this section, we present three case studies in
increasing level of complexity to analyze how MWR, EL and DL determine the PBL
structure under different situations. The three scenarios are: 1) well-defined PBL (the
simplest case); 2) presence of clouds (complicated situation mainly for lidar systems, e.g.
Hennemuth and Lammert, 2006), and (iii) Saharan dust outbreak (very complicated and

typical situation over the city of Granada, e.g., Bravo-Aranda et al., 2017).

5.3.1 Well-defined PBL case

A well-defined PBL case was detected on 19" May 2016 with MWR and DL measuring
continuously, and MULHACEN operating from 08:20 until 18:00 UTC. Figure 5.1 shows
the temporal evolution of the EL RCS at 532 nm and the retrieved PBLHyyg, PBLHpoppier
and PBLH, 4. The last one only after 10:00 UTC since the CBL was below the full-
overlap height of MULHACEN, and thus, out of the MULHACEN’s range. From 08:20 until
10:00 UTC the RCS temporal evolution suggest the presence of the RL over the BL. Also
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there are some aerosol layers over the CBL between 13:00 and 18:00 UTC with altitudes
around 2.3 km a.g.l.
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Figure 5.1 — Temporal evolution of RCS profile and PBLH provided by MWR (pink stars), elastic (green stars) and
Doppler lidar (black stars)
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Figure 5.2 - Temporal evolution of APBLHpgppier-mwr (blue bars) and APBLHp oppier—mwr (Orange
bars)
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Figure 5.2 presents the temporal evolution of the relative differences in percentage
APBLHpoppier—mwr (blue bars) and APBLHg45tic—mwr (orange bars), evaluated in 30-min
intervals. Due to the small height for full overlap of the DL, it is feasible perform the
comparison between DL and MWR during all the convective period (06:00—18:00 UTC).
From the first hours until 15:00 UTC, |APBLHpoppier-mwr| varies between 4 and 8%. The
largest values of APBLHpoppier—mwr (above 10%) are observed in the last hours when PBL
begins to decrease. This is caused by the different PBLH tracers used in each method. Unlike
the moments of intense convection where both algorithms detect the height of CBL
(PBLHSEL: ~ PBLH gggp,er), when PBL stability is changing the variance threshold method
detects the ML height, while MWR method detects the TSBL. Resulting in the higher values
of APBLHpoppier-mwr-

When CBL growths or decrease rather fast (10:00-11:30 UTC and 16:00 — 18:00 UTC), high
values of [APBLH 1gstic—mwr| are observed (between 8 and 15%). Although, in this period,
EKF and MWR methods detect the height of CBL, the different tracer used are subject to
distinct interferences. While the temperature profile varies directly by thermodynamic
phenomena, aerosols are affected by these phenomena and also can be influenced by others
like emission rate from the ground and/or inertia, resulting in the differences observed in
figure 3. When CBL is fully-developed (between 12:00 and 15:30 UTC) its height does not
show great differences among different methods, thus, under these conditions, the different
tracers agree in the determination of the PBLH. Therefore the smaller values of

APBLHyyg—eiastic are detected under fully-developed convective columns (~1%).

5.3.2 Cloudy case

The second study case corresponds to 16" May 2016, where measurements with MWR and
DL were continually performed while MULHACEN was operated from 10:36 until 16:30
UTC. This situation is more complex than the one presented in the previous case, due to
presence of clouds between 1.8 and 2.8 km a.g.1. (12:30 to 16:30 UTC —) and lofted aerosol
layers between 2.5 and 3.5 km a.g.l.. Figure 5.3 shows the EL RCS temporal evolution
together with PBLH,qstic, PBLHywr, and PBLHpoppier-
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Figure 5.3 - Temporal evolution of RCS profile and PBLH provided by MWR (pink stars), elastic (green
stars) and Doppler lidar (black stars)

1 i ]

300

Figure 5.4 presents the percentage differences of APBLH.ustic— mwr and
APBLHpoppier- mwr for the whole period of measurements. The behavior of
APBLHpppier-mwr 10 this case is similar to that observed in the study case I, small and
almost constant values when CBL does not varies too much and large values in the periods
when there are intense and fast variation of PBLH. During the cloudy periods,
|APBLHpoppier— mwr| values increase (around 15%), because the DL and MW R methods to
detect the PBLH under cloudy conditions establishes the PBLH at the cloud base and at the

cloud center, respectively.
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Figure 5.4 — Temporal evolution of APBLHpoppier—mwr (blue bars) and APBLHpoppier—mwr (Orange
bars)

In a similar way as APBLHpoppier— mwr> APBLHigstic—-mwr Presents a pattern similar to
that encountered in the study case I, with values close to 5% around noon, and values close
to 10% at the moments of high convective activity. High values of APBLHyyr—eiastic are
observed during the cloudy period because, similarly at DL method, PBLH it is established

at the cloud base.

5.3.3 Saharan dust case

This case illustrates the Saharan dust outbreak over Granada on 22% July 2017 detected by
MWR , DL and EL (from 04:47 until 12:32 UTC). Figure 5.5 shows the EL RCS temporal
evolution together with PBLHyy g, PBLHpoppier and PBLHjq5¢ic- At the start time of the
EL measurement the dust layer is coupled with RL. In such cases PBLH detection is very
complicated for methods that use the atmospheric aerosol as a tracer, and many of them often
overestimate the PBLH. Bravo-Aranda et al. (2017) proposed the utilization of lidar
depolarization measurements to distinguish between mineral dust and anthropogenic aerosol

layers in order to estimate the height only of the last one and adopt it as PBLH.
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Figure 5.5 — Temporal evolution of RCS profile and PBLH provided by MWR (pink stars),
elastic (green stars) and Doppler lidar (black stars)

PBLHpoppier detection is not affected by presence of dust layer, because it is based on the
level of mixing. Although there is a mineral dust layer coupled with other anthropogenic
aerosol layers, the level of mixing observed in the first meters of PBL exceeds the threshold
selected, therefore PBLHg%pler is detected at this region. In contrast, the presence of
mineral dust layer, due to absorption of infrared radiation, changes the potential temperature

profile, so that PBLHSEE, is registered in upper layers in comparison with PBLHgggp,er.
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Figure 5.6 — Temporal evolution of APBLHpppier—mwr (blue bars) and APBLHpoppier—mwr (Orange bars)
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These detections of distinct phenomena result in higher values of APBLHpoppier-mwr 10
comparison with the other study cases previously discussed (reaching 60%). However, the
values of APBLHp,ppier-mwr Te€duce as the PBL becomes more homogeneous, reaching

about 38% in the last hours of measurement (Fig. 5.6).

During the first hours of this measurement, PBLH,;,¢; probably would be affected by dust
layer due to impossibility of differentiating the coupled layers. At 11:00 UTC the dust layer
is displaced (Fig. 5.5) and do not affect the PBLH ;4 detection. Although the fast PBL
growth and the existence of different influences acting on the distinct tracers result in high
values of APBLH yyr—e1astic in comparison with other situations (reaching 32%). However,
these values decrease as the growth rate reduces, reaching 11% in the last hour of

measurements.

5.4 Statistical analysis

The statistical study of the comparison of the PBLH retrieved by the three remote sensing
methods used during all SLOPE-I campaign is presented in this section. The comparison
between PBLH g and PBLHpopp1er Was performed over 24 hours of all days of campaign.
This allows the evaluation of the DL retrieval, PBLHpoppier, both under stable and
convective situations. Nevertheless, the comparison between PBLH;45ic and PBLH g is
not extended for the whole day because, as a result of the relatively large full overlap height
of MULHACEN, in the morning and at night the PBLHEL ... is detected (Bravo-Aranda,
2017), while MWR method detects the PBLH{firr. Therefore, to ensure that both
instruments detect the same variable, EKFmethod was applied only when the reference

PBLH vk exceeded 700 meters a.g.l., therefore (between 09:00 and 19:00 UTC)
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In figure 5.7 is demonstrated the comparison among the average daily PBLH values of MWR
(PBLHywr), DL (PBLHpoppier) and EL (PBLHgy45tic ). Both profiles have similar behaviors

with differences smaller than 300 m. PBLHg,4;. presents the lowers differences with

relation to PBLHyyg. PBLHpopper Overestimated the reference values along almost the

whole profile, however the such values do not exceed the standard deviation of PBLHyyg.
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Figure 5.7 — Average values of PBLH provided by MWR (pink stars), elastic (green stars) and Doppler
lidar (black stars

Figure 5.8 shows the daily pattern, of the statistics describing the comparison between

PBLH g and PBLHpqpp1er, with a temporal resolution of 30 minutes. It is evident that

the absolute average value of APBLH fé;,ppler_ wwg does not exceed 20%. The higher values

are observed between 21:00 and 22:00 UTC, 00:00 and 01:00 UTC, 08:30 and 10:30 UTC,
16:30 and 18:30 UTC. The last two intervals are characterized by intense PBLH changes,
thus being justified in the terms argued in the discussion of the study cases. The lowest
differences are concentrated in central region of day and in some moments associated to the
SBL (around 3%). Most of the time PBLHp,ppier Overestimates the PBLHyy g, however

the higher values of average APBLH,ODA)OppleT_MWR also occur when PBLHyyg, is

underestimated by and PBLHpppier- RMSE has practically constant values during the stable
periods (around 100 m). The highest values occur between 16:30 and 18:30 UTC (around
450 m). R values are larger than 0.70 between 04:30 and 16:30 UTC, and the higher values
(0.90) are in the central region of day, when PBL is fully-developed. After 16:30 UTC R
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value begins to decrease, reaching their minimum values during the stable period. D values
are larger than 0.85 during quite all the period, outside of the period between 22:30 and 00:00
UTC, where D is lower than 0.70. Similarly to R, the higher values of D (0.99) occur often
when PBL is fully-developed.
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Figure 5.8 — Statistical comparison between the daily patterns of PBLHyyr and PBLH g5 Obtained during all SLOPE-I
campaign. Each bin size is equivalent to 30 minutes. APBLH%’OWM_MWR, RMSE, R and D represents average percentage

difference, root mean square error, correlation index and index of agreement, respectively.

From the combination of the statistics presented in figure 5.8 it is possible to affirm that
PBLHpppier has a good agreement with PBLH g in 80% of the daily cycle, so that the
lower results are observed between 20:00 and 00:00 UTC. This is due to the different PBLH
indicator adopted by each method, because while variance threshold method is based on
analysis of turbulence level, MWR method detects the TSBL, so that these events do not
occur always at same height, meanly when PBL has vertical movements (in this situation

decreasing), as mentioned above.

Figure 5.9 shows the statistics describing the comparison between the daily patterns of
PBLHyyr and PBLH 44i-. During all SLOPE-I campaign the absolute average value of
(APBLH ,otic—mwr) does not exceed 15%. The higher values are detected at 09:00 UTC,
between 10:00 and 11:30 UTC, at 17:00 UTC and between 18:30 and 19:00 UTC (around
13%), where frequently PBLH has fast changes. For all the period, the RMSE has values
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lower than obtained in the comparison between the retrievals of PBLH by MWR and DL.
This difference in the results of RMSE probably occurs due to larger vertical resolution of
EL. Outside the period between 11:30 and 12:00 UTC and at 17:30 UTC, where R values
are lower than 0.8, high correlations are observed, mainly in the beginning of measurement
and in the central part of the day. D presents a similar behavior with values lower than 0.85
between 11:30 and 12:00 UTC and at 17:30 UTC and higher values in the central of day,
when PBL is fully-developed.
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Figure 5.9 — Statistical comparison between the daily patterns of PBLHyygr and PBLHgjqsic obtained during all
SLOPE-I campaign. Each bin size is equivalent to 30 minutes. APBLH, ;Aiam-c_ uwr> RMSE, R and D represents average

percentage difference, root mean square error, correlation index and index of agreement, respectively.

The joint analysis of these statistical variables reveals a good agreement between PBLH 5
and PBLH,;,s;c mainly in the central part of day, when PBL is fully developed and low
average values of APBLH, . _z10seic together with high values of R and D are observed.
The largest discrepancies are observed in moments of intense increase and/or decrease of
PBLH, due to great change in PBL affecting in a different way the distinct PBLH tracers

used in each method, thus leading to discrepancies in the retrieval of the PBLH.
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6 Statistical study of the Planetary Boundary Layer in an
urban environment

Abstract

In this chapter we analyze four- and five-year dataset of measurements gathered with a
ceilometer and a microwave radiometer, respectively, in the mid-latitude urban area of
Granada (Spain). Firstly, two case studies are analyzed in order to observe the Planetary
Boundary Layer (PBL) daily pattern and how the synergy between these systems can provide
a description of PBL structure in simple and complex situations. Then, the PBL behavior
is characterized by a statistical study of the convective and stable PBLH obtained from
microwave radiometer measurements. Such study included the analyses of the following
variables: daily PBLH maximum, PBLH growth rate, PBLH growth speed and PBLH
growth duration, as well as, its relationship with surface meteorological variables (air
temperature, relative humidity and solar global and net irradiances). Finally, it was
performed a joint long-term analysis of the Residual Layer provided by ceilometer and the

Stable and Convective Layer heights determine by microwave radiometer,

6.1 Variables to long term analysis

The statistical analysis of the PBLH, performed in this chapter, includes histogram, seasonal

mean, and the variables described below:

e Maximum of PBLH (PBLHM®*): The PBLHM%* represents the maximum daily
value of PBLH.

e PBLH growth rate (PBLHR%): The PBLH“R%t¢ measures the intensity of PBLH
growth. It is obtained from a slope of a linear fit of the first PBLH detected after
sunrise and the last point to reach 90% of daily PBLH maximum value, like as
performed by Baars et al. (2008), Korhonen et al. (2014), Schween et al. (2014) and
Pal et al. (2015).
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e PBL growth speed (PBLH®P°¢%): The PBLH®SP¢¢? represents the variation of
PBLH during a determined time interval:

PBLHSSP¢¢d = PBLH(t,) — PBLH(t,_;) (6.1)

In this work, the PBLH5P¢¢4 is calculated from the hourly mean difference of PBLH in two

consecutive hours.

e PBL growth duration PBLH®P¥" ; The PBLH %% represents the number of hours

after sunrise where PBLH ¢5peed

is larger than zero, in other words is calculated the
interval between the time of beginning of PBL growth and when the PBLHM%* is

reached (Pal et al., 2015).

6.2 Comparative case studies: PBLH y;yyp and PBLH ..i1ometer

6.2.1 Case Study I — Sample days

Figure 6.1 shows the 24-h time series of the range-corrected signal and the PBLHy;r (pink
stars) and PBLH o jometer (black stars) of four sample days: a) 17" February 2016; b) 05"
April 2014, ¢) 20" July 2014 and d) 06" November 2014 as representative days of the four
meteorological seasons: winter [December, January and February], spring [March, April and
May], summer [June, July and August] and autumn [September, October and November].
These days are selected to show the behavior of the two estimates of the PBLH in different

s€asons.

During night-time, the MWR measurements mainly show thermal inversions (stable
conditions) and thus, the PBLHy5E, is detected showing low and almost constant values
(Fig. 6.1). However, the GM applied to ceilometer measurements detects the PBLHEL | vor
because the edge of the signal between the RL and the FT is sharper than between the SBL
and the RL. The independent detection of the RL and the TSBL, due to synergy between
ceilometer and MWR measurements, allows us to study its relationship and different

temporal evolution during night-time.

As mentioned before, some instants around sunrise the convective process begins originating

the CBL. Then, PBLHS 5 begins to grow fast and continuously becoming closer to
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PBLHEY jmeter- In a given instant after midday, PBLH is fully developed and
PBLHEEE  .ier is detected, so that such variable and PBLHGEE, converge to similar values

even if different tracers are used.
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stars represent PBLH oj1ometer and PBLHyy g, respectively.

Around sunset, convective processes gradually decrease and surface cools due to the
reduction of the solar irradiance. The surface cooling causes a decrease of temperature of the
nearest atmospheric layer by conduction, generating a thermal inversion. In this period, the
M4 L becomes two different layers: the SBL (from surface until around the thermal inversion
top) and the RL between the top of the SBL and the FT. In this transition, the GM method
goes from detecting the PBLHEEE . orer to detect the PBLHEL, ... However, the MWR
algorithms depend on the stability in atmosphere. When the stability is changing from
unstable to stable, the ‘dying’ convective cells are detected as rest of M,4;L height
(PBLHSEER). After the transition period, the stable method is applied to the MWR

measurements to detect the PBLHyE k5.

This pattern occurs at all seasons (fig. 6.1) with some differences. In summer, the larger
positive net radiation balance achieved during daytime causes larger values of PBLH with

respect to other seasons, so that, the lower positive net radiation in winter cause an inverse

Cellometer

45 eilometer

r

Figure 6.1 —RCS (A = 1064 nm) profiles obtained from ceilometer data (A — spring, B — summer, C — autumn, D — winter). Black and pink

RCS 1064 nm (an.)

IRCS 1064 nm (a.n.)
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effect. Concerning PBLH ;¢i1ometer it 1S €vident that it presents almost constant values along
the day in autumn (case C) and winter (case D), thus suggesting some constancy of the height
of the RL. The presence of low clouds (cases A and B) difficult the PBLH eijometer
detection, because the high backscattered signal generates a sharp minimum in gradient

profile, which is wrongly interpreted by the algorithm as PBLH ;ejjometer -

6.2.2 Case Study II — Saharan Dust

An example of dust outbreak is shown in figure 6.2, where the range-corrected signal of the
ceilometer shows a dust layer on 20-21 July 2016. The dust layer arrives at 12:00 UTC on
20™ July as thin lofted layer at 3000 m a.g.l., becoming coupled with the PBL at 18:00 UTC
of same day at 2000 m a.g.1. The signal increase between 18:00 UTC on 20" July and 06:00
UTC on 21" July in the region from 1000 to 2500 m a.g.l. points to an increase of the depth
and thick of the dust layer. Then, the episode finishes with the dust entrainment in the PBL
between 08:00 UTC and 12:00 UTC on 21™ July.

Granad - 20 and 21/Jul/2016
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Figure 6.2 — RCS (A= 1064 nm) profile obtained from ceilometer data. Black and pink stars represent
PBLH ej1ometer and PBLH g, respectively.
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In the afternoon, when CBL uses to reach its maximum, on 20 and 21 July, PBLH 5k, and

PBLHEEE . oter present similar values indicating that the GM works when the dust layer is
decoupled of the PBL. However, PBLHEY ) meter is at 2500 m all along the night from 20 to
21 July since the sharpest vertical decrease of the signal occurs at the top of dust layer instead
of the at the top of the RL. Therefore, the GM can provide false detection when the dust layer

is coupled with the PBL.

Although the presence of mineral dust may generate the heating of dust layer, due to the
absorption of solar radiation, affecting the vertical temperature profile, the influences were
not significant enough in this event and thus the same behavior of PBLH,;r described in

section 6.2.1 1s observed.

6.3 PBL long term analysis

6.3.1 Study of the PBL based on MWR

MWR operates continuously, even under rainy and cloudy scenarios, with low interruption
periods (which are associated with maintenance, calibration and power outage). With the
exception of summer 2015, the maintenance and failures did not affect more than 27% of
data and thus, the MWR measurement covers more than 70% of the period 2012-2016. Table
6.1 shows the distribution of data recovery rate per season and per year, and the percentage

of measurement days.

94% 83% 86% 86% 90%
83% 85% 84% 88% 83%
82% 76% T7% 64% 73%
81% 81% 77% 88% 73%

Table 6.1 - MWR Recovery rate

* Measurement Days

The long-term study performed with MWR data at Granada is compared with same kind of

study performed at other locations, such as eastern part of the Highveld region (a large
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plateau in South Africa composed by rural area with agriculture, mining and industrial
activities) (Korhonen et al., 2017), south of Paris (on the Saclay plateau in a suburban
environment surrounded by villages, agricultural fields and some roads) (Pal et al.,
2015),Cologne (situated in a flat region and surrounded by some hills at east and west. In
addition it is the fourth most populated city in Germany) (Schwenn et al., 2014), and Leipzig
(a very populous city situated in a rather flat terrain with some forest parks within its limits

and surrounded by a relatively unforested region) (Baars et al., 2008).

Table 6.2 presents some characteristics of each campaign, e.g., localization, instrument and

algorithm.

Figure 6.3 shows the average daily evolution of PBLHy g since 2012 until 2016. The
PBLHyyr has low values in winter, maximum values in summer, spring and autumn with
intermediate values which is the expected pattern being in agreement with the results showed
by Pal et al. (2015) in south of Paris and Korhonen et al. (2014) at Highveld. However, the
different latitudes result in distinct average values. For example, the average maximum
PBLH value in winter is larger in Highveld (1480 m) than in Granada and Paris (1000 m).
In summer, Granada and Paris have slightly different average maximum values (around 2
km in Granada and 1.9 km in Paris). Therefore, although the seasonal cycle is the same,
geographical differences (latitude, ground cover, city size) results in distinct values observed

in each season at the different stations.

Granada — PBLHywr —2012/16

Nov 2500
2000
Jun !
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= |
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Hour (UTC)

Figure 6.3 - Daily PBLHyr since 2012 until 2016.
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Leipzig
Baars etal.,2008

Colonia
Schween et al.,2014

Paris
(Pal etal.,2015)

Highveld

Cities Granada Korhonen et al. 2014

Localization 37.16°N, 3.61°W 26°15° S, 29°26’ E 48.713°N, 2.208°E 50°54° N, 6°24’ E 51.3°N, 12.4°E
Altitude (m a.s.l.) 680 1745 160 111 113
Aerosol lidar and .
XT
Instrument MWR Polly e mion Doppler lidar Polly
i PM and TGM Wavelet Covariance STRAT- Variance of vertical wind  Wavelet Covariance
Transform speed Transform

Table 6.2 — Main characteristics of long-term studies campaign
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Figure 6.4 shows a deeper statistical analysis using the monthly Whisker boxes for each
season of the period 2012-2016. In all seasons, during the sable period, PBLH has a similar
behavior with low variability, except in the summer, where the whiskers show larger range
of values. Similar behavior was demonstrate by Pal et al. (2015), where, outside of summer,
the average PBLH variation in stable situations is around 200 m. During convective period
the differences among the seasons are more evident. As confirmed in different works (e.g.
Stull, 1988; van der Kamp and McKendry, 2010; Seidel et al., 2012; Pal et al., 2015; Chen
etal., 2016), the average value of PBLH,, g 1s low in winter and reaches its apex in summer.
The PBLHyyg in spring is similar to autumn, but with slightly higher average and larger

spread of values, as can be seen in the whisker boxes.

The PBLH growth speed PBLH ﬁ%’;ed (Fig. 6.5) offers an interesting insight on the PBL

behavior where positive values shows the PBLH growth and vice versa. Maxima values of

PBLH ﬁ;’,’ged occur in summer (red line) when the diurnal cycle is wider. This behavior is

due to the high incidence of solar radiation on summer which favors the surface heating,

. . .. GSpeed .
generating stronger convective processes. Minima values of PBLHMMI;;e occur also in

summer because the PBLH decreases from the largest values of the year (~2000 m) to the
typical value of the SBL (~500 m). Oppositely, winter (dark blue line) with less solar
radiation (low incident angle and few hours of sun) is characterized by smaller absolute

values of PBLH ﬁ%’;ed. Spring (orange line) and autumn (light blue line) present similar

intermediate behaviors. It is worthy to note that positive PBLH I\C,;,%J;ed values starts close to

sunrise and last till 14:00 UTC, in this period the mixing process is more intense and ML is
expanding. This is a general behavior for all seasons excluding summer, when the growth
period last one hour more as a result of the higher incidence of solar radiation during this

s€ason.
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Figure 6.4 — Daily PBLH g cycle for winter (DJF), spring (MAM), summer (JJA) and autumn (SON) since 2012 until 2016. Whiskers and boxes
indicate 10, 25. 75 and 90% percentiles. The red lines represent the median and the blue stars indicate the mean.
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Figure 6.5 - PBLHICV;,SVE;M for winter (DJF — dark blue line), spring (MAM — orange line), summer (JJA — red line) and autumn
(SON - light blue line) in the period 2012-2016.

Figure 6.6 shows the PBLH&Y, histograms for the four seasons, including the skewness

(Sk), the normalized kurtosis (K;) and the average (A4,) values. Winter and autumn

histograms of PBLH}&% have an asymmetric shape (SY/™¢" = 0.8 and SHUmn = ().6)
biased toward small values, with A,, of 1000 £+ 350 and 1300 + 600 m, respectively. However,

winter _
t

winter histogram present a higher K, value (K 0.2) with respect to autumn which

presents a more flat distribution (KF“%™" = _().5). Spring has an almost symmetric and flat

distribution (S ,ipring =0.1and Kf pring — -0.6) with average value of 1600 = 500 m. Finally,
summer has a flattest distribution (KF“™™¢" = -0.7) with low asymmetry (Sp*""¢" = 0.3)
and high number of cases localized in higher bins and an average value of 1900 + 700 m.
We found similar seasonal pattern as those determined in other cities like Leipzig (Baars et
al., 2008), Cologne (Schween et al., 2014) and Paris (Pal et al., 2015). Nevertheless, the
different cities present differences in the average and the range of the variables used in PBL
description, thus larger values are obtained at Granada while the lowest ones correspond to

Cologne.
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Figure 6.6 - PBLHM% for Winter (DJF), Spring (MAM), Summer (JJA) and Autumn (SON) since 2012 until 2016. Each
bin size is equivalent to 100 m. The red line indicates a lognormal distribution. 4,,, Sxand K, represents average, skewness
and kurtosis values, respectively.

The PBLHERE is influenced by the seasonal variability (Fig. 6.7). Winter has the lowest
average value (220 = 140 m/h), as well as a very asymmetric and peaked distribution (Sy™te"
= 3.1 and K}Y™"¢" = 16.2) with values concentrated in smaller bins. Spring and autumn have
a considerable difference in their plot shape and average values. Autumn, like winter,
presents a small average value (230 + 140 m/h) and a very asymmetric and peaked
distribution (S}V*" = 2.9 and K}*™*°" = 14.5) with more frequency of smaller bins. On the
other hand, spring, has a high average value (300 + 160 m/h) and an asymmetric and more
flat distribution (S Zpring =2.7 and Kts Pring _ 1.6) concentrated at higher bins. Summer, as
expected, has larger average value (360 = 290 m/h) with a less asymmetric and peaked
distribution (Sp*™™¢" = 2.3 and KS“™™" = 6.0) with values centered at higher bins,
similarly to spring. The same pattern of seasonal variations is observed in Cologne (Schween
etal., 2014) and Paris (Pal et al., 2015), however Granada presents greater variability among
seasons. Thus, while the difference between average values registered in summer and winter
are around 0.8 and 1.0 km/h in Cologne and Paris, respectively, this difference in Granada

is around 1.8 km/h. This result can be explained considering the wider range between the
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winter and summer seasonal conditions, as reflected for example in the analysis of the

temperature range and explained in Section 6.3.2.
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Figure 6.7 - PBLHER4E for winter (DJF), spring (MAM), summer (JJA) and autumn (SON) since 2012 until 2016.
Each bin size is equivalent to 100 m/h. The red line indicates a lognormal distribution. A,,, Syand K; represents
average, skewness and kurtosis values, respectively.

The PBLHSZPYY present a clear seasonal pattern (Fig. 6.8). The average value in summer
(6.2 £ 2.0 h) is larger than average value in winter (5.4 £ 1.6 h). This is consequence of
earlier sunrise and later sunset in summer, enabling PBL grows during larger time. In winter
and autumn, the frequency distribution is more centered on low values, whereas summer and
spring has spread distributions with negative skewness (S;pring =-0.1, K; Pring — 0.6,
SpUmmer = 0.2 and K7¥™™Me" = -(0.8). Granada, Cologne and Paris present similar seasonal
patterns of PBLHEPUT being the difference between summer and winter around 0.9 h at

Granada and 3.6 h at Paris, with Cologne in between.
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Figure 6.8 - PBLHSPM
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Max

Table 6.3 summarized the comparison among the values of PBLH g, and

PBLHER e
PBLHEPUY obtained at Leipizig (Baars et al. 2008), Cologne (Schween et al. 2014), Paris
(Pal et al., 2015) and Granada. It is evident the seasonal pattern of the different variables at
all the stations. PBLH}G%

GRate

larger than those determined at the other stations with high latitude. Concerning PBLH /7%,

presents similar values and ranges at Granada and Paris that are

it is clear that Granada presents larger values associated to the larger solar irradiance all
around the year. Furthermore the values of Granada also presents a larger seasonal range
than the other sites, thus suggesting really dry conditions in summer that favor strong

convective processes shortly after sunrise. The combination of larger PBLH (%

at Granada leads PBLHSDMY

and faster

PBLHERake smaller than those encountered at the other sites.
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PBLHY% %, (km)
Granada Paris (Pal et al.,2015) Colonia (Schween et al.,2014) Leipzig (Baars et al.,2008)
1.6 +0.5 1.6+0.5 1.4 1.4
2.0+0.7 1.9+0.4 1.6 1.8
1.3+0.6 1.4+0.6 1.0 1.2
1.0+0.4 1.0+0.4 1.1 0.8
PBLHSRe (km/h)
0.30+0.20 0.22+0.14 0.11 -
0.40 +£0.30 0.25+0.14 0.13 -
0.23+0.20 0.20+0.14 0.11 -
0.22+0.17 0.15+0.12 0.05 --
PBLHSR R ™ ()
6.1+1.8 72+23 6.6 --
62+1.9 8.1+23 7.0 -
54+1.7 57+23 5.8 -
53+1.5 45+2.1 4.9 --

Table 6.3 — PBL characterization of four different places
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6.3.2 Meteorological variables affecting the PBL

Figure 6.9 shows the average daily pattern for Ty;,-, RH and R,, together with the PBLH 5

for all seasons in the period 2012-2016. During summer and spring the Ty, rising (triangles)

occurs at approximately 06:00 UTC whereas this increase is approximately at 07:30 UTC in

winter and autumn. This delay between spring/summer and autumn/winter is due to the

changes in the insolation period, the influence of heat conductive fluxes from/to the ground

and the dry land with reduced vegetation typical of summer conditions.
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Figure 6.9 — Comparison among average annual daily cycle of PBLH g (blue line), R, (orange line), air surface
temperature (green line) and surface relative humidity (purple line) for all meteorological seasons from 2012 until 2016.
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Studies performed in other regions such as Paris and Highveld (Pal et al., 2015; Kornohen
et al.,, 2014) reveal similar seasonal patterns for the T,;,, although both the average air
temperature and its interseasonal range are different from site to site due to differences in
latitude, climate and ground cover. For example, in Paris the average maximum value
obtained in summer and winter of Ty;,- are around 297 and 277 K, respectively, representing
an average difference of approximately 20 K between these seasons. In Highveld, the
average maximum values of T, are around 297 and 290 K, for summer and winter,
respectively. While at Granada the maximum average of T,;,-are 305 K (summer) and 279
K (winter) with a difference between them around 26 K, Highveld has a low variability of
air surface temperature throughout the seasons, justifying the small difference of Maximum
PBLH observed between summer and winter (around 500 m), when compared to Paris and

Granada, where this variability is approximately 900 and 1000 m, respectively.

The surface thermal amplitude (STA - the difference between the average minimum value
of Ty [TIW™] and average maximum value of the same variable [T/2%*]) at Granada is 9,
12, 9, and 8 K for spring, summer, autumn, and winter, respectively. This seasonal change
of STA justifies the pattern of PBLHZE%¢ exhibited in table 6.3. As it can be seen, the
warmest and coldest seasons have the largest and lowest STA, respectively. The correlation
between the STA and PBLHSE%¢ is based on the intensification of convective process
caused by the increase of air surface temperature. The opposite situation occurs in Highveld,

where low values of STA are observed (ST Asymmer < 9 K) and consequently small values

of PBLH Rt are registered (median value of approximately 0.2 km/h).

The annual cycle of the RH average presents its maximum in winter and its minimum
summer (Fig. 6.9). At all seasons, the averages daily values of RH are anti-correlated with
R,, T, and PBLHyyr. The minimum of RH occurs close to maximum of Tg;,. and
PBLHSEL,. Therefore the higher values of RH are observed during stable period and the
lower one in the central region of day, as expected because PBLH is higher when surface
sensible heat fluxes dominate latent heat fluxes, causing an increase in the buoyancy. Similar
results also were observed by Pal et al. (2015), however values of RH in Paris are higher
than the values in Granada for all seasons, due to higher evapotranspiration and Atlantic

influence at Paris.

The lower T,;,- and the higher average RH observed in Paris, in comparison with Granada,

justify the lower values of PBLH} and PBLHSR?Le observed in Paris. Because the low
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values of these surface variables suggest smaller sensible flux in comparison with values

observed in Granada.

We have estimated R,, from the solar global irradiance using the seasonal model described
in Alados et al. (2010) (fig. 6.9). As expected due to the different levels of incidence of solar
radiation, the higher values of R,, are registered in summer and they decrease continuously
until the winter. In all seasons, the higher values are observed in central region of day around
13:00 UTC, close to moment when PBLHSEE, is fully developed. There is a clear link

between the start of positive R,, and the starting time of PBLHSEE, growth, as well as, with

PBLHERA® and PBLHEDMY in all seasons. Positive values of R,, heats the ground which at
the same time increases the temperature of the adjacent air layer by conduction, and
consequently intensifies the convective processes. Therefore, PBLH5E, begins to growth
approximately at the same time when R,, becomes positive. In the same way, the reduction
of R, causes the decrease of T,;, and convective process, provoking the fall of PBLHSEE.
However, this process does not occur immediately having an offset as can be observed in
Figure 6.9. This offset may be explained based on the thermal and mechanical inertia of the

atmosphere which requires some time to dissipate the convection cells.

The increase of positive values of R, is directly related to PBLH;gqte, because the
enhancement of R,, generates an intensification of convective process, which are responsible

for increasing the PBLHGEE,. The seasonality of R,, also is observed in PBLHSZR%¢ | where

summer, the season with higher average values of R,,, has the higher values of PBLHSR%E

as expected.

Negative values of R, correspond to period when the ground emits more longwave
irradiance than absorbs solar irradiance, characterizing the cooling of the surface and
suppression of the convective activity. Therefore, this period is associated with SBL, as
shown in figure 6.9. The low variation of the PBLH;jFz average is also associated with
negative and practically constant values of R,,. The negatives values of R, also coincide with

higher values of RH and lower values of air surface temperature.

6.3.3 Study of the PBL based on ceilometer: Searching on the Residual Layer

The ceilometer located at ISTA-CEAMA measured without failures during 96% of the days

from January 2013 until December 2016, showing its automatic operability and low
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maintenance requirements. However, the number of successful PBLH retrievals with the
ceilometer (Table 6.4) are lower than those retrieved with the MWR due to influence of
atmospheric conditions in aerosol backscatter profiles (Eresma et al., 2006), preventing
PBLHeijometer detection in complex situations (rainy, clouds, Saharan dust layers). These
cases were flagged and removed as explained in section 4.1.3.1. The lowest retrieval rate is
registered in autumn, due to the rain and still the occurrence of Saharan mineral dust

outbreaks.

96.7% 51.1% 84.4% 67.8%
46.7% 50.0% 50.0% 45.6%
34.4% 56.7% 50.0% 32.2%
27.8% 42.2% 56.7% 21.1%

Table 6.4 — Ceilometer Recovery rate

* Measurement Days

Figure 6.10 shows the average daily PBLH ,jjometervariation from 2013 until 2016. As
mentioned before, the ceilometer detects the PBLHEL o meter Detween sunset and sunrise,
often remaining around 1000 m a.g.l. The GM allows the PBLHEEE ... height detection
when the CBL is fully developed, reaching the previous-day RL height Thus, the variation
observed in this period is large, mainly in summer, when STA and R,, reaches the largest

values.

The average values of PBLHpijometer (blue stars) and PBLHy,y g (red stars) are shown in
figure 6.11. Only days with these two instruments simultaneously operating are considered.
This combination allow us to observe the seasonal behavior of the complex PBL structure
composed by PBLHEL, ..., PBLHZEE ..., PBLH{EE: and PBLH:EE,, so that the
presence of these variables is related with the PBL daily cycle presented in previous sections.
The same daily pattern described in section 6.2.1 is observed, as well as the seasonality

demonstrated in figures 6.3 and 6.10 for PBLH g and PBLH eijometer > r€Spectively.
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Granada — PBLHcejjometer — 2013/16
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Figure 6.11 - APBLH = [PBLH¢j1ometer - PBLHpyywr (m)] or RL depth for winter (DJF), spring (MAM), summer (JJA) and
autumn (SON) since 2013 until 2016.

Figure 6.12 shows the average RL depth (APBLH = PBLHceijometer — PBLHpyg) for all
seasons from 2013 until 2016. During period of SBL RL depth is between 700 and 800 m for

all seasons, however in the course of CBL growth, RL depth decreases reaching the lowest
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values close to the middle of day when PBL is fully developed (between 12 and 15:30 UTC).
The lowest RL depth values occur in spring, being that this is the only season where the
average value of PBLHSEE, is larger than the average value of PBLHSEE ... (APBLH <
0). Summer has the largest values of RL depth in convective cases (250 — 550 m). The CBL
height detected by methods based on temperature vertical profile is usually higher than CBL
height obtained from methods based on aerosol vertical profile. The convective cells takes
time to growth from the surface up to be fully developed (daily maximum CBL height).
However, if the instability is really big, we can have APBLH > 0 because the inertia of the

convective cell can push up aerosols, breaking the thermal inversion.
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Figure 6.12 — Comparison between PBLH g and PBLH ejometer
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7 Analyzing turbulence in Planetary Boundary Layer from
multiwavelenght lidar system

Abstract

In this chapter it is performed an analysis about the utilization of lidar backscattered
signal in up to three wavelengths (355, 532 and 1064 nm) for studying the turbulence by the
analyses of the high-order moments (variance, skewness and kurtosis) of the distribution of the
backscattered signal. In addition, two study cases are analyzed using the wavelengths of 532

and 1064 nm (in separated study cases).

7.1 Wavelengths comparison in studies about turbulence

Figure 7.1 shows the autocovariance function (ACF) of three wavelengths: 355, 532
and 1064 (reference) nm at two different heights: 950 m (yellow line) and 1175 m (green line).
As expected ¢ increases with height in all analyzed wavelengths due to reduction of aerosol
concentrations. In comparison with ACFs3, and ACF; g4, ACF355 has the lower intensity
(around 90% smaller) and it is clearly much more affected by the magnitude of ¢ that represents
25% of ACF;55, while for ACFs3, and ACF; e, the noise represents around 10% of the
corresponding autocovariance. The low values observed in ACF;ss tend to influence negatively
the retrieval of high-order moments and in this way can prevent the observation of some

phenomena and/or generate inconsistent results.
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Figure 7.1 — Autocovariance function of three wavelengths (355, 532 and 1064 nm) at two different heights: 950 (yellow line) and 1175 (green line) m
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The integral time scale vertical profiles (tgcs,), with and without corrections (g7,
and tges,, respectively), calculated for the three wavelengths are presented in figure 7.2.
Comparing the Tg¢s, profiles, both have values larger than MSP-I time acquisition (red dotted
line). However, the largest wavelength has the largest values of Tzcs,. In the profiles obtained
for the wavelengths of 532 and 1064 nm, the application of the correction of first lag and that
of 2/3 do not cause significant changes in comparison with tg¢s, profiles, mainly below the
PBLH, .4 (gray line). The T, at 355 nm is more affected by the first lag correction and
presents larger values and error bars than the other wavelengths. Comparing the amplitude of
Tres: 10 all wavelengths, 355 nm has the lower results. It is consequence of the lower values of
ACF;sc. Inthe same way, the high influence generated by corrections demonstrate the influence

of noise in the results obtained from this wavelength.

Figure 7.3 shows the skewness profiles (Sg¢s,) for the three wavelengths. Although
the skewness profiles without correction (Skes,) generated from both wavelengths have the
same behavior (negative values below PBLH,,;,4:i. and positive values in the first meters above
it) indicating the observation of the same phenomenon (positive values represent the aerosol
layer updrafts, while the negative ones indicate aerosol layer downdrafts) by both, the intensity
of Spcs, oObtained from 355 nm has remarkable difference in comparison with the other two
wavelengths, so that subtle events cannot be detected. The corrected profiles obtained from 355
nm present differences mainly close PBLH,,;,.;i- region, being highlighted the values and error
bars observed in first lag correction profile. The profiles generated from the wavelengths 532
and 1064 nm are very similar. The main differences are the slightly lower intensity observed in
532 nm profiles and one region around 1350 m where Sges, of 1064 nm has negative value and
532 nm positive one. The corrections in 532 and 1064 nm do not have significantly impact until
approximately 200 m above PBLH,;,:.. After this region the error of profiles provided by
both wavelengths increase substantially in the size of the error bars, mainly in first lag
correction. This demonstrate that low intensity of turbulence above the PBLH 4, Which
prevents the use of the proposed methodology in this region. Such limitation also is indicated

by intense reductions in T, values, above PBLH, for all wavelengths.
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Figure 7.2 — Comparison among integral time scale profiles (tg¢s,) obtained from three wavelengths: 355 (up), 532
(center) and 1064 (bottom) without corrections (black line), with 2/3 corrections (blue line) and first lag correction (green
line). The gray line represents the PBLH,;,4:ic- The dotted red line corresponds to MSPI acquisition time (2 s).
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Figure 7.3 — Comparison among skewness profiles (Sgcs,) obtained from three wavelengths: 355 (up), 532
(center) and 1064 (bottom) without corrections (black line), with 2/3 corrections (blue line) and first lag
correction (green line). The gray line represents the PBLH .;,::c. The dotted red line corresponds to region where

The kurtosis profile (Kgcs,) is the most complex moment presented in this study

and, consequently in these profiles the differences among the three wavelength is more evident
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(figure 7.4). Comparing the profiles without correction (Kxgs,), the values generated for the
wavelength 355 nm has opposite results of Kxis, obtained at 532 and 1064 nm. The two
corrected (Kg7s,) at 355 nm have considerable differences and error bars, highlighting the
impact of the first lag correction, which present larger differences in PBLH,; ;- region. The
low values of ACF;s5 and the high influence of ¢ affects directly the results obtained with the
wavelength 355 nm, causing results with low reliability. The K%z, at 532 and 1064 nm are
very similar, although the profile at 1064 nm has higher intensity, what emphasize some
atmospheric features, for example the negative values appearing just below PBLH,;4s:ic and
that cannot be detected in Kx¢¢, at 532 nm. The K&, profiles at 532 and 1064 nm have slighter
differences until the first 100 m above PBLH,;,:;.. At highest altitudes the kurtosis corrected
profile at 532 and 1064 nm present more evident differences and larger error bars, mainly when
applying the first lag correction. This restricts our analysis to PBLH,;,s: . region and
demonstrate that the results provided by wavelength 532 nm has some restrictions in

comparison with 1064 nm results.

From these study of ACF and the associated high-order moments we can observe
clear differences among the distinct wavelengths considered. Thus, it is evident that ACF;sc
has lower intensity and it is considerably influenced by presence of noise. This combination of
factors generates profiles of the high-order moments where some phenomena cannot be
observed or an inverse phenomenon is presented. Otherwise it is evident that at 355 nm the
application of the corrections leads to significant changes. According to the precedent
paragraphs this problem increase with the complexity of the high-order moment, with kurtosis
results hardly interpretable. On the other hand, inside the PBLH,;,¢:; and in the first meters
above it, the analysis of the wavelengths 532 nm and 1064 present similar behaviors and small
changes when the corrections are applied. There are also slight differences between this two
wavelengths in terms of intensity, in that way it is evident that some events are more highlighted
at 1064 nm than at 532nm.
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This comparison demonstrates that some concepts proposed in equation 4.11 and
4.12 cannot be applied to wavelength 355 nm. Such wavelength is dominated by S,,,:. (unlike
1064 nm, which is dominated by f,,,), resulting in low ACF;55 values and nosier high-order
moments, what prevents the use of this wavelength in this kind of study. On the other hand, the
wavelength 532 nm, although its § is composed by fpo1ec aNd B4, the component molecular
IS not predominant, so that, the results observed are similar to obtained with wavelength 1064
nm. Even though in the more complex high-order moments the profiles obtained from 532 nm
have lower intensity in comparison to 1064 nm, it does not prevent its use in studies about

turbulence from the methodology proposed in this paper.

7.2 Case Studies

In this section we analyze three study cases, applying the methodology described
in section 4.2, in order to demonstrate how the statistical moments can give us a better
comprehension about PBLH behavior. In these cases the wavelengths 532 and 1064 nm (case |
and case Il, respectively) were utilized. Although the corrections slightly change the profiles,

the first lag correction was applied in all profiles in order to be more restrictive with the results.

7.2.1 Case Study | - 02™" February

In this study case measurements were gathered with the MPS-1 system from 10:00
to 14:30 UTC. The wavelength used in the statistical moment analysis is 532 nm. Figure 7.5
shows the RCS profile of the period mentioned above, as well as, the statistical analysis (boxes
with dashed lines). From the RCS profile is possible to observe the growth of a well-defined
PBL.
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Figure 7.5 — RCS profile and statistical moments (6.5, [pink line], Trcs, [green line], Sgcs, [blue
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The red dashed box shows the statistical analysis performed between 10:00 and 11:00 UTC.
The a%., (pink line) has its maximum around 300 m (PBLH ,;44:i.) and some small fluctuations
above this height evidences the low aerosol concentration. Tgcs, has values higher than MSP-
I acquisition time (2 s) until around 1600 m, what enable us to study the turbulence throughout
this region. The positive values of Sgcs, under the PBLH,;,.:ic region indicates the presence
of aerosol layers updrafts associated to the convective process. The Kg¢s, values larger than 3
under PBLH,;,,:ic €vidence the low mixing of this region, associated to a peaked distribution
of RCS'. Above 2000 m Sgcs, and Kgcs, have positive and crescent values, however in this
region Tgcs, is equal or below 2 s (temporal resolution of these time series), then the turbulent
eddies cannot be correctly detected and erroneous results can be generated. Therefore the values
of Sgcs and Kgpes, cannot be adequately interpreted and this region must be excluded of the

turbulence analysis.

In the black dashed box is represented the statistical analysis accomplished between
11:00 and 12:00 UTC. During this period the presence of aerosol is more evident, so that the
maximum of o4, demonstrates the ascension of PBLH,;,;c. As in the previously analyzed
period, Tpcs, has values higher than 2 s in all the PBL region. Sgcs, has positive peak just above
PBLH,; .., representing the aerosol layers updrafts, and a negative peak just below
PBLH,,,:;c demonstrating the presence of clean air downdrafts from Free Troposphere (FT).
This kind of movement with inflexion point of Sgcs, IN PBLH, 44 1S Characteristic of fast
upward growth of the PBL, as has been evidenced in other studies like those of Paul et al.
(2010) and McNicholas et al. (2014). Kgs, has values larger than 3 just below and above
PBLH . 44¢ic, @and values lower than 3 in most of the PBL region, characterizing it as well-mixed
region. This behavior is also presented in the studies of Paul et al. (2010) and McNicholas et al.

(2014) when they analyze an ascending PBL.

The yellow dashed box (statistical analysis performed between 12:00 and 13:00
UTC) presents features similar to those observed in the previous analyzed periods. The growing
of PBL can be visualized by maximum of ¢.s,, which during this period is situated around
800 m. Sgcs, and Kges, also maintain the same behavior observed earlier, with  Sgcs,
presenting positive and negative peaks just above and below PBLH,;,s¢ic, respectively. The
K (s, profile denotes the existence of a well-mixed region in most of the PBL (values lower
than 3) and a peak above the PBLH,qstic-
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In the same way as evidenced in the yellow dashed box, the green dashed box
(statistical analysis performed between 13:00 and 14:00 UTC) presents similar features to those
evidenced in the previous periods but with a clear increase of the height of most remarkable
events in parallel with the increase of the PBLH,;,4:ic- This shows that in a simple and well-
defined PBL structure the growth of the PBL can be followed with the analyses of the lidar

backscattered profiles measured at 0.5 Hz.

7.2.2 Case Study 2 — 26" July

In this study case we gathered measurements with the MPS-1 system from 13:00 to
19:00 UTC. The wavelength of 1064 nm was used in statistical moment analysis. Figure 9
shows the RCS profile and the statistical analysis (boxes with dashed lines) during this period.
This case also has two distinct moments, in the first two hours there is a shallow CBL covered
by a RL. Nevertheless, in the final of second hour CBL has a fast increasing and it combines
with RL forming a fully-developed CBL, which remains constant height from 15:00 to 19:00
UTC.

The red dashed box shows the statistical moments from 13:00 to 14:00 UTC. The
0%cs, has the maximum value (PBLH,,4s:) around 500 m and values close to zero in the rest
of profile. Around 1500 m a%., has a small peak, this height is the region where occurs the
transition between RL and FT. Tgcs, has values higher than 2 throughout PBL that decreases
just above the PBLH,; ... In the region of transition between RL and FT tgcs, has a peak.
The Spcs, Vertical profile has the similar features to those described in the previous study case,
positive and negative peaks just above and below PBLH,qs:ic, respectively. As previously
indicated, these features evidence the ascension of aerosol plumes towards the FT and the
downdraft of clean air from FT. Kpcs, also presents a characteristic behavior that denotes the
existence of a well-mixed PBL. In general, the high-order moments practically did not have

variations in the region of RL, as expected, due to low convective activity in this region.

In the other three boxes are illustrated the statistical moments from 16:00 to 19:00
UTC, however as suggested by RCS profile observation, PBLH,;,:;. does not have significant
variation. This last fact is also evidenced by the rather constant value of the maximum of o3,
during all the study period. Some variations of %, are observed below PBLH,;,;. due to
changes in the aerosol distribution along the time. Sgcs,presents features similar to those

observed in the previous analyzed period, however the smaller value of the peaks, in
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comparison with the Sgcs, profile observed in the first analyzed hour, evidences the low
intensity of the movements inside the PBL. The small negative and positive peaks observed in
the low and middle region of PBL shows the occurrence of updrafts and downdrafts throughout
PBL, although with intensity smaller than that on observed in PBLH,;45:ic- In a similar way,
Kgrcs, presents similar features to those observed during the previous analyzed periods. In the
last period (18:00 to 19:00 UTC) all region inside PBL has Kg¢s, lower than 3, demonstrating

a well-mixed level.
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8 Analyzing the turbulence in the PBL by remote sensing
systems

Abstract

In this chapter it is performed the synergetic use of remote sensing systems
(microwave radiometer [MWR], Doppler lidar [DL] and elastic lidar [EL]) to analyze the PBL
behavior. Furthermore, it is demonstrated how some variables (air temperature, aerosol, vertical

wind, relative humidity and net radiation) can influence the PBL dynamic.

8.1 Error Analysis

The influence of random error in noisy observations grows rapidly for higher-order
moments (i.e., the influence of random noise is much larger for the fourth-order moment than
for the third-order moment). Therefore, the first step, in order to ascertain the applied
methodology and our data quality, we performed the error treatment of DL data as described in

Figure 4.5.

Figure 8.1 illustrate the autocovariance function, generate from w', at three different
heights. As mentioned before, the lag 0 is contaminated by noise ¢, so that impact of the noise

¢ increases together with height, mainly above PBLH g (1100 m a.g.l. in our example).
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Figure 8.1 — Autocovariance of w’ to three different heights

Figure 8.2 illustrates the comparison between integral time scale (t,,) without
correction and the two corrections cited in section 4.2. Except for the first height, below the
PBLH,,r the profiles practically do not have significant difference, as well as small errors
bars. Above PBLHyyr the first lag correction presents some difference in relation the other

profiles at around 1350 m.
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Figure 8.2 — Vertical profile of Integral time scale (t,,,). Without correction (left), 2/3
correction (center), first lag correction (right).

Figures 8.3 and 8.4 show the comparison of variance (63,) and skewness (S,,,),
respectively, with and without corrections. Under the PBLH,y r the corrected vertical profiles
do not present significant differences with the respective corrected profiles. Slight differences

are evident above PBLH,,,r when the first lag correction is applied.
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For EL we use the same procedure for the correction and error analysis that we
apply to the DL data. Figure 8.5 shows the autocovariance function, obtained from RCS’, at
three distinct heights. As expected, the increase of height produces the increase of &, principally

above the PBLH 5.

35 % 10" _ Autocovariance

[—1175m|
i—950 m
[=750m |

-3000 -2000 -1000 0 1000 2000 3000
Lag(s)

Figure 8.5 — Autocovariance of RCS’ to three different heights

Figures 8.6, 8.7, 8.8 and 8.9 show the vertical profiles of Tgcs,, O4cs/» Srcs: and
kurtosis (Kg¢s,), respectively, with and without the corrections described in section 3.2. In
general, the corrections do not affect the profiles in a significant way, specially in the region
below the PBLH,y 5. Above the PBLHy,r some small differences are noticed, mainly in the
first lag correction. The errors bars associated to each profile also have low values in all cases.
When comparing corrected and uncorrected profiles, the largest differences are observed for
the profiles of higher order moments, because of error propagation. Kpcs, profile is the more
affected by corrections, so the kurtosis profile after the first lag correction shows the largest

difference with uncorrected profile.
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Figure 8.9 — Vertical profile of Kurtosis (Kgcs,). Without correction (left), 2/3
correction (center), first lag correction (right).
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Although the difference observed in the corrected profiles are small, mainly inside

the PBL, as a general rule the first lag correction will be adopted for all profiles.

8.2 Cases study

In this section we present two study cases, in order to show how the synergy of
methodologies described in section 3 can provide detailed results about PBL behavior. The first
case represents a typical day with well-defined PBL. The second case correspond to a more

complex situation, where there is presence of clouds and Saharan mineral dust layers.

8.2.1 Case study 1- 19" May

In this study case we use measurements gathered with DL, MW R and pyranometer

during 24 hours. The EL was operated in supervised mode between 08:20 to 18:00 UTC.

Figure 8.10-A shows the integral time scale obtained from DL data (t,,,). The gray
areas represents the region where t,,, is lower than the acquisition time of DL, therefore for this
region it is not possible to analyze turbulent process. However, the gray area is located almost
entirely above the PBLH s (White stars). Thus, the DL acquisition time allows us to observe
the turbulence throughout the whole PBL. The gray areas have the same meaning in Figures

8.10-B and 8.10-C.

0%, has low values during the entire period of SBL (Figure 8.10-B). Nevertheless
as air temperature (black lines) begins to increase (around 07:00 UTC), 0%.s, increases
together, as well as, PBLH . 04cs, reaches its maximum values in the middle of the day,
where are we also observe the maximum values of air temperature and PBLH 5. This process
is in agreement with the behavior of skewness of w' (S,,,) shown in Figure 8.10-C. S,,, is
directly associated with the direction of turbulent movements (surface heating or cloud-top
cooling). If S,,, is positive, both 62, and TKE (Turbulent Kinetic Energy) are being transported
upwards, consequently the red regions in Figure 8.10-C represents positive values of §,,, and
the blue regions means negative ones. During the stable period, there is predominance of low
values of S,,,, nevertheless as air temperature increase, S, values begins to become positive

and increase with the ascent of the PBLHy;g. The PBLHy, g ascension follows the high
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convection regions. Around 18:00 UTC, air temperature begins to decrease, causing the

reduction of §,,, and consequently of PBLHyg.

Figure 8.10-D shows the values of R,, that are estimated from solar global irradiance
values using the seasonal model described in Alados et al. (2003). The negative values of
R,, are concentrated in the stable region. Around 06:00 UTC R,, value begins to increase and
reach its maximum in the middle of the day. Comparing Figures 8.10-C and D, we can observe
a similarity among the behavior of §,,,,, R,, and air temperature, because these variable increase
and decrease together, as expected. The increase of R, causes the increase of air temperature
generating the intensification of convective process (S,,) and consequently the rising of the
PBLHywr- R, begins to decrease some time before the other variables, but the intense
reduction of air temperature and decrease of S,,, and PBLHy,z occurs when R, becomes

negative again.

Figure 8.10-E presents the values of air surface temperature and surface relative
humidity (RH). Air surface temperature is directly related with R,, and S,,,, values. On the other
hand RH is inversely correlated with temperature and thus with the rest of variables, in fact
PBLH,y R is higher when surface sensible heat fluxes dominate latent heat fluxes and lead to

increase buoyancy, what occurs in the middle of the day.
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Figure 8.11 shows the RCS profile obtained from 08:00 to 18:00 UTC and the well-
defined PBLHy gk (pink stars). At the beginning of the measurement period (08:20 to 10:00
UTC) it is possible to observe the presence of a thin residual layer, and later from 13:00 to
18:00 UTC it is evident a lofted aerosol layer. Figure 15 presents the statistical moments
generated from RCS’, which were obtained from 13:00 and 14:00 UTC. The maximum for the
variance of RCS can be used as indicator of PBLH (PBLHg4s:ic) (Moreira et al., 2015), so the
red line in all graphics represent the PBLHg;45tic and the blue one the PBLHpyyg-
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Due to well-defined PBL, PBLHg45tic and PBLHy,,r do not have significant
differences. %cs, has small values below the PBLH. Above PBLHpg 451 the values of o3,
decrease slowly due to location of the lofted aerosol around 2500 m. However above this
aerosol layer the value of 63, is reduced to zero, indicating the extreme decreasing in aerosol
concentration in the free troposphere. The integral time scale obtained from RCS’ (Tgcs,) has
values higher than MULHACEN time acquisition throughout the CBL, evidencing the
feasibility for studying turbulence using this elastic lidar configuration. The skewness values
obtained from RCS’ (Sg¢s,) give us information about aerosol movement. The positive values
of Spcs, observed in the lowest part of profile and above the PBLHg, ;i represents the updrafts
aerosol layers. The negative values of Spcs, indicates the region with low aerosol concentration
due to clean air coming from Free Troposphere (FT). This movement of ascension of aerosol
layers and descent of clean air with zero value of Sgcs, is characteristic of growing PBL and

also was detected by Pal et al. (2010) and McNicholas et al. (2014). The kurtosis of RCS’
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(Kgcs,) determines the level of mixing at different heights. There are values of Kpcs, larger
than 3 in the lowest part of profile and around 2500 m, showing a peaked distribution in this
regions. On other hand values of Kpcs, lower than 3 are observed close the PBLHg4stic»
therefore this region has a well-mixed CBL regime. Pal et al. (2010) and McNicholas et al.
(2014) also detected this feature in the region nearby the PBLH.

The results provided by DL, pyranometer and MWR data agree with the results
observed in Figure 8.12. In the same way the analysis of high order moments of RCS’ fully
agree with the information in Figure 8.10. Thus, the large values of Sgcs, and Kpcs, detected
around 2500 m a.g.l, where we can see a lofted aerosol layer, suggest the ascent of an aerosol

layer and presence of a peaked distribution, respectively.
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Figure 8.12 — Statistical moments obtained from elastic lidar data. From left to right:
variance [0'12;65,], integral time scale [Tgcs, ], skewness [Sgcs,] and kurtosis [Kgcs,]-

8.2.2 Study Case 2 — 08" July

In this study case measurements with DL, MWR and pyranometer expand during

24 hours, while EL data are collected from 09:00 to 16:00 UTC.
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Figure 8.13-A shows t,,,, where the gray area has the same meaning mentioned
earlier. Outside the period 13:00 to 17:00 UTC, the grey area is situated completely above the
PBLHy,r (White stars), thus DL time acquisition is enough to perform studies about turbulence

in this case.

02, has values close to zero during all the stable period (Figure 8.13-B). However,
when air temperature (black lines) and PBLH,,y,r begins to increase (around 06:00 UTC), 63,
also increases and reaches its maximum in the middle of the day. In the late afternoon, as air
temperature and PBLH,,,r decrease, the values of 62, decrease gradually, until reach the
minimum value associated to the SBL. Figure 8.13-C shows the profiles of §,,,. In the same
way of the previous study case, the behavior of S,,, is directly related to the air temperature
pattern (increasing and decreasing together) and causing the growth and reduction of
PBLHyy . The main features of this case are: the low values of §,,,, the slow increase and
ascension of positive S,,,, values and the predominance of negative §,,, values from 12:00 to
13:00 UTC. The first two features are likely due to the presence of the intense Saharan dust
layer (Figure 8.14), which reduce the passage of solar irradiance, and consequently the
absorption of solar irradiance at the surface, generating weak convective process. From Figure
8.14 we can observe the presence of clouds from 12:00 to 14:00 UTC. This justify the intense
negative values of §,,, observed in this period, because, as mentioned before, §,,, is directly
associated with direction of turbulent movements that during this period is associated to cloud-

top cooling, due to the presence of clouds (Asmann, 2010).

The influence of Saharan dust layer can also be evidenced on the R,, pattern (Figure
8.13-D), which maintain negative values until 12:00 UTC and reach a low maximum value
(around 200 W/m?). Air surface temperature and RH (Figure 8.13-E) present the same
correlation and anti-correlation (respectively) observed in the earlier study case, where the
maximum of air surface temperature and the minimum of RH are detected in coincidence with

the maximum daily value of PBLH .

As mentioned before, Figure 8.14 shows the RCS profile obtained from 09:00 to
16:00 UTC in a complex situation, with presence of decoupled dust layer from 09:00 and 12:00
and clouds from 11:00 to 16:00 UTC. The pink stars represents PBLH -
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Figure 8.15 illustrates the statistical moments of RCS’ obtained from 11:00 to 12:00
UTC. The o35, profile presents several peaks due to the presence of distinct aerosol sublayers.
The first peak is coincident with the value of PBLH . The value of PBLH g 44¢ic, 1 coincident
with the base of the dust layer. This difficulty to detect the PBLH in presence of several aerosol
layers is inherent to the variance method (Kovalev and Eichinger, 2004). The values of Tgcs;,
are higher than MULHACEN acquisition time all a long the PBL, evidencing the feasibility of
MULHACEN time acquisition for studying the turbulence of PBL in this case. The Spcs, profile
has several positive values, due to the large number of aerosol sublayers that are present. The
characteristic inflection point of Sgcs, is observed in coincidence with the PBLH g, that
confirming the agreement between this point and the PBLH. K (g, has predominantly values
lower than 3 below 2500 m, thus shown how this region is well mixed as can see in Figure 8.15.
Values of Kpcg, larger than 3 are observed in the highest part of profile, where the dust layer is

located.
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Figure 8.16 shows the RCS' high-order moments obtained from 12:00 and 13:00 in
presence of cloud cover. The method based on maximum of 6%, locates the PBLHgqsric at
the cloud base, due to the high variance of RCS’ generated by the clouds. Tgcs, provides values
larger than MULHACEN time acquisition, therefore this configuration enable us to study
turbulence by EL analyses. Sgcs, has few peaks, due to the mixing between CBL and dust layer,
generating a more homogenous layer. The higher values of Sgcs, are observed in regions where
there are clouds, and the negative ones (between 3500 and 4000 m) occur due to presence of
air from FT between two aerosol layers (Figure 8.14). The inflection point of Sg¢s, profile is
observed in PBLH,y g region. Kpcs, profile has low values in most of the PBL, demonstrating
the high level of mixing during this period, where dust layer and PBL are combined. The higher

values of Kp¢s, are observed in the region of clouds.
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9 Conclusion

In this thesis was performed a study about the PBL using remote sensing systems.
Such study can be divided in four parts: validation of instruments, long-term studies, validation

of methodology and wavelengths in analyses of turbulence, deep analyses of turbulence.

In the first study, the PBLHuyg is validated by PBLHgpg4iosonde from the
methodology describe in section 4.1. The PBLH provided by both instruments are equivalent
in stable and convective situations, with high level of correlations and index of agreement
(Reonvective = 0.96, Deonvective = 0.89, Rstapie = 0.97, Dstapre = 0.98) and low values of
APBLHywr_Rradiosonde (0.6 and 8.1% for convective and stable cases, respectively). This
agreement between the data allowed us to use the PBLHy s as the reference method, for the
rest of the study. Then, three study cases are analyzed in detail in order to investigate the
behavior of PBLHpoppiers PBLHegstic and PBLHyy 5. In situations where PBL is well defined
and the growth rate is not so intense, all methods present small percentage differences (APBLH
smaller than 5%). However, under scenarios where PBL grows rapidly, there are presence of
clouds and/or dust layers, the values of APBLH increase (differences around 60% for DL and
35% for EL, with respect to the MWR estimations). Such differences are originated by the
distinct influence suffered by each tracer (inertia, gravitation, etc.), as well as, PBLH definition
(case with presence of clouds). In addition, a statistical analysis was performed The comparison
between PBLH g and PBLHpoppier is performed over the whole 24 h day period, while
PBLH 46tic and PBLH .z were compared between 09:00 UTC and 19:00 UTC, due to the
shortcomings associated to the rather large height for full overlap of the MULHACEN lidar
system. From these comparison we can conclude that when PBL is full-developed both lidar
systems have good results, although RMSE¢;45tic < RMSEpoppier likely as a result of the best
vertical resolution of the MULHACEN lidar in comparison with the DL. During the periods of
intense PBLH increasing and/or reduction PBLHpqppier has correlations (D always larger than
0.85) better than PBLH¢q4¢ic- In stable cases PBLHpqppier has more reliable values only from

00:30 UTC.
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In the second part is shown a study about PBLH obtained from ceilometer
(PBLH¢ejometer) and MWR (PBLHyyy ) measurements. PBLHeijometer Was obtained by the
GM (Sec. 3.1.2), which detects the top of aerosol layer (PBLHSEE ... if PBL is fully
developed and PBLHE, ,meter in Other cases) and, PBLH,y,r Was obtained by means of an
algorithm that combines PM and TGM, allowing to differentiate between SBL (PBLHj5kR) and
CBL (PBLHSEL:) cases (Sec. 3.1.1). The long-term analyses allowed us to provide a statistical
study of the PBL height at Granada which together with other studies at Paris, Highveld, and
Cologne, increases the general knowledge on the PBL pattern in Europe at different latitudes.
The surface meteorological variables involved in the thermodynamic processes are correlated
with the PBLH, demonstrating that the correct interpretation of the processes which drives the
PBL behavior. Only the RL height is not affected by the seasonality of meteorological variables,
being its value practically constant (around 1000 m a.g.l.) through the year. In this regard, we
have shown how the combination of the PBLHyyr and PBLHcgiometer during stable
conditions allowed the retrieval of the RL depth (PBLHEL ) oter - PBLHfvR), Opening the
door to further investigations about the air quality due to the potential entrainment of the ‘RL

aerosol load’ in the next ‘CBL aerosol load’.

This study has demonstrated the feasibility of long-term PBLH analysis using
ceilometer and MWR, enabling the characterization of this variable and a better comprehension
about its behavior, complex structure and how seasonality, geographical differences and surface
variables can influence it. In the future we will intend to extend this study to other regions and

synergistically aggregate other remote sensing systems.

Then, in order to compare the applicability of different wavelengths in studies about
turbulence, it was performed a comparison among three wavelengths: 355, 532 and 1064 nm
using the methodology described in section 3.2. The wavelength 1064 nm was used as reference
due to predominance of fpq, in its . Our study indicates that ACFs53, and ACF;ge4 shown a
similar behavior with approximately the same values of intensity and error. On the other hand,
ACF;55 presents an intensity 90% smaller than ACF;y¢4 and an error around 25%. In the
analysis of high-order moments this difference also is remarkable, because while the
wavelengths 532 and 1064 nm have similar results with low influence of corrections, inside
PBL region, the wavelength 355 nm has results with lower intensity, so that the quality of result
decreases as complexity of statistical moment increases. The correction also generated a great

impact in the profiles at 355 nm, mainly the first lag correction, demonstrating the high



Conclusion 127

influence of ¢ in the signal. Then, due to combination of this factor with high influence of

noise, the wavelength 355 nm was not applied in turbulence studies described in this paper.

Two case studies were performed in order to demonstrate how this methodology
can provide detailed information about PBL behavior. The analyses were carried out for 532
and 1064 nm, respectively. In both cases, the obtained values of Tg¢s,, inside the PBL region,
were larger than MSP-I acquisition time, demonstrating the viability of the system setup for the
study of turbulence. From a4, it was possible to detect the PBLH,;45ic, using the maximum
value of each profile. Sgcs, provided information about the dynamic of aerosol layers (updrafts
and downdrafts are observed from positive and negative values of Sgcs,, respectively). From
K rcs, was possible to identify the level of mixing, so that PBL region was often characterized
by a well-mixed regime. The results obtained show the viability of the proposed methodology
and its applicability to wavelength 532 nm, due to the similarity with results derived at 1064

nm.

Finally, it is performed a study about the turbulence in the Planetary Boundary
Layer using three different types of remote sensing systems (MWR, DL and EL). Firstly as held
an error analysis in order to validate the quality of methodology applied. The small changes in
the profiles after the corrections, specially inside the PBL region, evidence the feasibility of
the applied methodology for monitoring the turbulence in the PBL. Nevertheless, to be cautious
all profiles were corrected by first lag correction, which was more restrictive during the
comparison. Then two case studies were performed. In the first one, a well-defined PBL is
presented. The values of t,,,, in PBL region, are larger than DL acquisition time, demonstrating
the feasibility of applying this treatment of DL data in turbulence studies. 2, and S,,, showed
a good agreement with the behavior of the air temperature, R,, and PBLH g, which increase
and decrease together. The air surface temperature and RH also showed a good agreement with
profiles of other variables, reaching its maximum (air surface temperature) and minimum (RH)
close to moment of the daily maximum of PBLHyyr and some instants after the daily
maximum of R,. The analysis of statistical moments by EL lidar data showed a good agreement
with results provided by DL data, enabling us to observe the position (6%.s,) and movement

(Sy/) of aerosol layers, as well as, the level of mixing (K, ) of each height.

The second study case (sect 4.2.2) illustrated a more complex situation with the
presence of Saharan dust layer and some clouds. As in the previous study case, t,,, presents

inside the PBL region values larger than the DL acquisition time. 62, and S,,, showed low
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values and a slow growth along the day as a result of the presence of the Saharan dust layer,
that filters the incoming solar irradiance affecting the surface net radiation, R,,, and through this
the PBLH, g behavior. Under cloudy conditions Sy, has predominantly negative values, due
to cloud-top cooling. The analysis of statistical moments of EL data shown a good agreement
with results obtained from DL data and give us more information about the characteristic and
dynamic of aerosol dust layer. This study shows the feasibility of the described methodology
based on remote sensing systems for studying the turbulence. The synergy provided by the
different systems allows for a more detailed comprehension about the PBL and some variables

that influence its dynamic.

The set of analysis performed in this thesis demonstrates the feasibility of the
remote sensing systems application in study about PBL providing a better comprehension about

the dynamic of this layer.

9.1 Suggestions for future work

The analyzes performed in this thesis demonstrated the feasibility of synergic use
of remote sensing systems, so that the combination of results can provide detailed and
complementary information. In the future, the methodologies described in this thesis can be
applied in other sites, in order to analyze the PBL behavior and identify the main factors that
influence the PBL dynamics in each region. In addition, the combination of results provided by
EL and DL, from methodology proposed in section 4.2, can be applied in detection of aerosol
vertical flux. Such analyses is relevant for several research fields like as: weathercast modelling,

dispersion of pollutants, air quality.
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