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“Equipped with his five senses,
man explores the universe around him
and calls the adventure Science.”

Edwin Hubble



RESUMO

Sistemas de sensoriamento remoto sdo ferramentas poderosas para a realizacéo
de medidas atmosféricas. Neste trabalho, € apresentada uma comparacao entre
dois sistemas de sensoriamento remoto, um lidar e um ceildbmetro, na determinacao
da altura da Camada Limite Planetéaria (CLP) na cidade de Séao Paulo com o método
Wavelet Covariance Transform (WCT). Todos os dados utilizados neste trabalho
foram coletados entre fevereiro e dezembro de 2021. Os instrumentos operaram
durante o ano de 2021. Os sistemas utilizados foram um lidar elastico (MSP-LIDAR
), que opera em 355 nm, 532 nm e 1064 nm, e um ceildbmetro (Lufft CHM 15k
ceilometer) que opera apenas no infravermelho, em 1064 nm. Os resultados foram
comparados em diferentes situacfes através de estudos de caso, que mostraram
boa concordancia entre os valores obtidos com os dados de ambos o0s instrumentos
em situacdes de calmaria. Foram obtidas as alturas médias mensais do topo da
CLP entre fevereiro e dezembro de 2021 e a média diurna da PBL, e foi possivel
observar os ciclos diurno e sazonal da PBL. Os resultados mostraram boa
aplicabilidade do ceildmetro para realizacdo de medidas para obtencdo da altura
do topo da PBL. Uma aplicacdo dos dados foi apresentada, comparando as alturas
obtidas ao longo de 2021 com concentracdes de CO2 medidas em trés locais de
Séo Paulo, e os resultados mostraram anti-correlacao entre a altura da CLP e a

concentracdo desse gas.

Palavras-chave: Camada Limite Planetaria, Sensoriamento Remoto, Lidar,

Ceilometer, Wavelet Covariance Transform



ABSTRACT

Remote sensing systems are powerful tools for atmospheric measurements. In this
work, a comparison is presented between two remote sensing systems, a lidar and
a ceilometer, in determining the height of the Planetary Boundary Layer (PBL) in the
city of Sdo Paulo with the Wavelet Covariance Transform (WCT) method. All data
included in this work was collected between February and December, 2021. The
systems used were an elastic lidar (MSP-LIDAR 1), which operates at 355 nm, 532
nm and 1064 nm, and a ceilometer (Lufft CHM 15k ceilometer) which operates only
in the infrared, at 1064 nm. The results are compared in different situations through
case studies, which show good agreement between the values obtained with the
data from both instruments in calm situations. The monthly average PBL top heights
between February and December 2021 and the diurnal average of the PBL are
obtained, and it is possible to observe the diurnal and seasonal cycles of the PBL.
The results show good applicability of the ceilometer for carrying out measurements
to obtain the PBL top height. An application of the data is presented, comparing the
heights obtained throughout 2021 with CO2 concentrations measured in three
locations in Sao Paulo, and the results show an anti-correlation between the height

of the PBL and the concentration of this gas.

Keywords: Planetary Boundary Layer, Remote Sensing, Lidar, Ceilometer, Wavelet

Covariance Transform
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1 INTRODUCTION

Growing emissions of greenhouse gases (GHGSs), such as carbon dioxide
(CO2), methane (CH4), and carbon monoxide (CO), as well as of other climate
pollutants, generate impacts on the planet's atmosphere, life, and economic systems.
Industrial processes and the burning of fossil fuels are responsible for most of this
increase (IPCC, 2021). The presence of these gases and of short-lived climate
pollutants, which include particulate matter, in the atmosphere is responsible for the
impacts attributed to climate change. Large cities and power plants play a significant
role in these emissions. In the coming years, the number of megacities around the
world is expected to continue to grow (UNITED NATIONS, 2014) and, along with this
increase, emissions of atmospheric pollutants and greenhouse gases are also
expected to intensify, as well as the need to assess the impact of these emissions on
the atmosphere and understand their influence on the climate.

Sédo Paulo is the largest megacity in South America, and with a large
population and industrial presence, the region is a suitable location for studying the
impact of greenhouse gas emissions and pollutants on the atmosphere. Monitoring the
presence of these gases and atmospheric pollutants, as well as studying their
properties and the processes involved in their transport and dispersion, can be a
challenging task, due to the various factors that influence these processes. One of
them is the development of the Planetary Boundary Layer (PBL), also called the
Atmospheric Boundary Layer, where most of the dispersion of pollutants in the
atmosphere occurs.

The atmosphere is divided into layers, extending from its lowest layer, the
troposphere, up to the exosphere thousands of kilometers from the Earth’s surface.
The surface of the planet, as well as the processes and activities that occur near it,
directly influence the lowermost layer of the atmosphere, creating what is called the
Planetary Boundary Layer (STULL, 1988). Studies on the PBL benefit from monitoring
its dynamics under different conditions, due to the influence of factors that vary with
time and location. The depth of the layer varies over time, and it can extend from a few

hundred meters to a few kilometers. Much of the aerosol and human pollution is
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trapped by the PBL, and it is in this layer where there is the highest concentration of
aerosols and where their circulation occurs (STULL, 1988). Processes of transport and
dispersion of atmospheric pollutants are substantially associated with air quality control
(GARRATT, 1994).

In addition to its important role in aerosol mixing in the atmosphere, the PBL
also influences other climate and radiative processes. Solar radiation absorbed by the
Earth's surface is transmitted to the atmosphere by processes that occur in the PBL,
such as sensible and latent heat fluxes. Radiative transfer processes are also affected
by aerosol concentrations in this layer. Cloud formation, which depends on the
presence of cloud condensation nuclei and water vapor, is also influenced by
processes that occur in the PBL, with this layer having a fundamental role in the
occurrence of low clouds (HOLTON et al., 2002). It is also in the PBL where fog
formation occurs (STULL, 1988). Thus, climate and meteorology are influenced by the
processes that occur in the PBL, also influencing, directly and indirectly, life on the
planet (GARRATT, 1994; SEIBERT et al. 2000).

There is a need for a closer monitoring of PBL dynamics, whether for air
quality control or for studies on the radiative processes that occur on the planet and
how they are influenced by the presence of aerosols and clouds, as well as their
impacts on the climate. However, studying the structure of this layer, which has high
variability and turbulent behavior, requires the use of systems that can monitor the
behavior of the PBL with good spatial and temporal resolution. Remote sensing
systems are important allies for boundary layer studies, as they provide measurements
of atmospheric variables such as temperature, relative humidity, and aerosol
concentrations. With profiles of these atmospheric variables, it is possible to study the
structure of the boundary layer, as well as detect the Planetary Boundary Layer height
(PBLH), an important parameter for studies on the concentration and dispersion of
pollutants (TANG et al., 2015; LI et al., 2017).

The lidar technique is widely used for studies of the atmosphere. The high
temporal and spatial resolution of lidar systems allow a detailed study of the PBL top
height (KORNOHEN et al., 2014, PAL. et al. 2015; BRAVO-ARANDA et al., 2017). The
system works like a light radar, emitting laser pulses and measuring the light returning
to the instrument, generating backscatter profiles. Large variations and peaks in these
profiles correspond to the presence of clouds or changes in aerosol concentrations in

the atmosphere. The possibility of detecting these changes is especially useful for
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studies on the PBL, as the layer generally has a higher aerosol concentration than in
the free atmosphere. Numerical methods that use this variation to detect the layer
height, such as the Wavelet Covariance Transform Method, are used in studies on
PBL height around the world (COHN and ANGEVINE, 2000; BROOKS, 2003; DAVIS
et al., 2000; GRANADOS-MUNOZ et al. al., 2012; LOPES et al., 2014).

The ceilometer, an instrument which operates similarly to the lidar by
emitting laser pulses to obtain light backscatter profiles, is another remote sensing
system that can be used for studies of the atmosphere. This instrument can be used
to monitor the dynamics of the PBL, when there is a need for continuous PBL
monitoring (MUNKEL et al., 2007). The ceilometer has a weaker laser source than the
lidar, lower maximum range, and presents more noise in its backscatter signal.
However, the instrument has the advantages of not needing constant monitoring during
its use and having a lower cost than a lidar system. Thus, due to its low cost and easy
automation, the ceilometer can be a very useful instrument in the construction of
atmosphere monitoring networks. Operating remote sensing instruments at different
locations of a city or region can help to observe the variability of the PBL in an urban
area, as well as contribute to studies of pollutant concentration and dispersion on the
site. Verifying the efficiency of this instrument for PBL studies compared to more
powerful lidar systems is therefore an important step for its use in future studies.
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2 OBJECTIVES

This work aims to present an intercomparison of results obtained through
the use of data from a lidar system and a ceilometer operating at two different locations
in the city of Sdo Paulo, and show the efficacy of using data from these instruments to
retrieve the Planetary Boundary Layer height by using the Wavelet Covariance
Transform Method, as well as to use this data to study the daily and seasonal Planetary
Boundary Layer height variability in the city, and present an application of the results
by comparing them with CO2 concentrations obtained in the same time frame used in
the study.
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3 LITERATURE REVIEW

In this section, the following themes will be discussed: the Planetary
Boundary Layer; CO2 and CH4 emissions and their impact on climate change; remote
sensing systems for the study of the Planetary Boundary Layer height; and numerical

methods commonly used to determine the PBLH.

3.1 The Planetary Boundary Layer (PBL)

The Earth’s atmosphere is divided into layers based on temperature
changes with altitude. Each layer has its own temperature and pressure profile, as
seen in Figure 1. Its lowest layer, the troposphere, is in direct contact with the Earth’s
surface and, as such, is the layer of the atmosphere that is directly influenced by
natural and anthropogenic processes and activities that occur near the surface.

Figure 1: Temperature profile of the atmosphere as a function of height and pressure.
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The planetary boundary layer is defined as the layer of air directly above the
surface of the planet which is subjected to the impact of surface forcings in time scales
of an hour or less (STULL, 1988). This layer constitutes the lowermost region of the
troposphere and is defined by the interactions happening between the atmosphere and
the surface, such as heat fluxes, evaporation and transpiration, pollutant emissions,
clouds, surface friction, among other factors. The depth of this layer varies from a few
hundred meters up to a few kilometers, variying during its diurnal cycle and showing
spatial and temporal variability. The PBL has an important role on the behavior of the
atmosphere, influencing heat and humidity exchanges between the surface and the
free atmosphere above it. The PBL also influences pollutant dispersion, as well as the
formation of low clouds, hence also affecting the radiation balance on the surface
(STULL, 1988). It also has an important role in air quality, as the PBL top height defines
the volume in which the pollution is distributed, affecting pollutant concentration near
the surface. Studying the PBL is important for many areas of the atmospheric sciences,
such as climate modelling, weather forecasting and studies on pollutant transport,
dispersion, and air quality (SEIBERT et al., 2000; MEDEIROS et al., 2005).

A notable characteristic of the PBL is its turbulent behavior, and its variability
usually presents a diurnal and seasonal cycle influenced by variations in factors such
as air temperature near the surface, air density, relative humidity, radiative fluxes, local
topography, winds, and atmospheric stability. These forcings drive diurnal growth and
collapse of the Convective Boundary Layer. During the day, the heat flux generated by
solar radiation causes an increase in air temperature near the surface, generating
convective processes that expand the PBL. At night, the negative radiative flux causes
surface cooling, leading to a reduction in convective activity and decreasing turbulent
exchanges between the atmosphere and the surface. Due to diurnal variation in PBL
characteristics, the layer can be classified in three main types: the Stable or Nocturnal
Boundary Layer (SBL), formed when heat fluxes are negative, that is, directed from
the atmosphere to the surface; the Neutral Boundary Layer (NBL), formed when heat
fluxes near the surface are close to zero; and the Convective Boundary Layer (CBL),
formed when heat fluxes are positive, that is, directed from the surface to the
atmosphere (STULL 1988, LIU and LIANG, 2010).

During the day, the PBL has a daily cycle that goes through the previously

mentioned types and, between these main cycles, there are also transition regions that
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are formed due to surface-atmosphere interactions. These regions are discussed in

greater detail in the following sections.

Figure 2: Typical diurnal evolution of the planetary boundary layer.
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3.1.2 Convective Boundary Layer (CBL)

The CBL usually forms during daytime and its height varies in response to
the ascension of air parcels due to surface heating (EICHINGER et al., 2005). With
increased solar radiation incidence on the surface during daytime, there is a change in
heat fluxes, which are now positive, with the surface warmer than adjacent air. The
vertical development of the CBL is driven by the formation of convective processes
caused by the latent and sensible heat fluxes, where heated air masses rise in the
atmosphere as they become denser. The CBL presents strong turbulence which leads
to well-mixed potential temperature profiles (STULL, 1988).

This layer is defined as unstable since it presents negative variation in its
potential temperature profile 6,,:

06,

<0
dz

The CBL usually follows a predictable pattern, emerging right after sunrise,
with its growth being initiated by the convection process generated by the sensible
heat flux at the surface, reaching its maximum height usually during early or mid

afternoon. However, its duration and growth during the day do not depend only on solar
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radiation, but also on geographical and meteorological factors such as the
characteristics and topography of the surface, sea breezes, wind, advection and
precipitation (BIANCO et al., 2011). For that reason, the PBL usually does not present
a structure exactly as idealized.

In well-defined PBLs, CBL growth depends on the rate in which energy is
introduced in the PBL by heat fluxes (EICHINGER et al., 2005), and its diurnal
evolution and maximum height depend on the sensible heat flux and its stability on the
free atmosphere (STULL, 1988).

The CBL is tipically divided in three main layers: the Surface Layer (SL), the
Mixed Layer (ML) and the Entrainment Zone (EZ).

The Surface Layer is usually situated in the lower 100 m of the PBL. This
layer presents the highest temperature, humidity, and wind speed gradients. Winds in
this layer are usually influenced by ground friction and by the vertical temperature
gradient. The SL is characteristically turbulent, with significant exchanges of heat,
mass and momentum, influencing the entire PBL (KAIMAL and FINNIGAN, 1994).
Virtual potential temperature profiles in the SL are often superadiabatic adjacent to the
ground (STULL, 1988).

Above the Surface Layer sits the Mixed Layer, the deepest layer in the PBL.
Turbulence in this layer is driven by convection, which usually originates from heat
exchanges with the ground that cause warm air to rise. In the presence of clouds,
radiative cooling at the top of the cloud layer can also be a source of convection,
making cold air descend. At the top of the ML, turbulence can also be generated by
wind shear. In days when the air parcels rise up to their lifting condensation level (LCL),
clouds can be formed if there is enough humidity. In cloudy days, insolation at the
surface is decreased which in turn decreases turbulence in the layer and can slow its
growth (STULL, 1988). In homogeneous surfaces, turbulent heat transfer and mixing
is predominantly vertical ( WANG and BRAS, 1998). In the middle portion of the ML,
virtual potential temperature profiles are nearly adiabatic (STULL, 1988).

The Entrainment Zone (EZ) is the region of the CBL located between the
Mixed Layer and the Free Atmosphere. In this region, free tropospheric air is entrained
into the PBL (WALLACE and HOBBS, 2006), usually bringing dryer and warmer air
into the ML. Pollutant entrainment to the FA occurs with turbulent mixing during the
development of the CBL until turbulence decreases at night. Rapid CBL growth can

contribute to the entrainment and transport of gases and pollutants between the PBL
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and the FA. The Free Atmosphere is not directly influenced by surface friction and
usually presents lower concentrations of particulates and aerosols.

Near sunset, with decreasing incident solar radiation, sensible heat fluxes
at the surface also decrease. The CBL decays with the weakening convective
processes and turbulence. There is still a residual weak turbulence, constituing a
region know as the Residual Layer (RL) (WALLACE and HOBBS, 2006), which
maintains some of the characteristics of the ML and remains during nighttime, with its
lowermost part becoming the SBL. In the absence of large-scale sinoptic influences,
the RL usually remains until sunrise the next day. This layer retains the previous day’s
pollutants during nighttime and early morning, until it is entrained by the emergence of
a new ML (STULL, 1988). Idealized daytime vertical profiles of mean virtual potential
temperature, wind speed, water vapor mixing ratio, and pollutant concentration c in the

CBL can be seen in Figure 3.

Figure 3: Typical daytime vertical profiles of mean virtual potential temperature 6, wind speed M, water
vapor mixing ratio 7 , and pollutant concentration c.
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3.1.2 Stable Boundary Layer (SBL)

The Stable Boundary Layer usually forms at night, with surface radiative
cooling due to the decrease in incident solar radiation. The surface becomes cooler
than the adjacent air layer, which leads to this layer losing heat to the surface and the
heat flux becomes negative. As the layer of air above the surface becomes cooler, it
becomes denser, and the SBL is formed (STULL, 1988).
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The intensity of turbulent exchanges between the atmosphere and the
surface is weak in the SBL (STULL, 1988). This layer is marked by its stability, which
can be observed through its virtual potential temperature profile, with:

a6,
dz
Unlike the CBL, the SBL presents small heat fluxes and is a very thin layer,

>0

usually not surpassing a few hundred meters at most, or possibly even thinner, with a
depth of under 100 m, at clear conditions and light winds (GARRATT, 1994)

The SBL can be divided into three parts. Its lowermost part is equivalent to
the Surface Layer, having a depth of only a few meters and being marked by the
radiative exchange between the surface and the adjacent air. Above this region, the
SBL is marked by turbulent cooling, with potential temperatures changing almost
linearly. This region comprises most of the SBL. In the uppermost region of the SBL,
there is a layer similar to the EZ called the Inversion Layer (IL). This layer presents
high stability, predominantly radiative cooling, and its turbulence decreases with
height. Due to the high stability of this layer, there is little vertical pollutant dispersion,
which can prevent these pollutants from escaping to the Free Atmosphere (STULL,
1988), and increase pollutant concentrations in the lowermost regions of the SBL. In
figure 4, idealized mean virtual potential temperature and wind speed profiles in the
SBL are shown.

A Stable Boundary Layer can also form during the day, in situations where
the surface is colder than adjacent air, such as, near the coast or during a passage of
a hot air mass (STULL, 1988).

During the transition from the SBL to the CBL, the heat flux varies from
negative to positive, going through periods in which it is nearly zero. During these
periods, the PBL can be classified as a Neutral Boundary Layer (STULL, 1988; MAHRT
et al., 1998).
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Figure 4: Idealized mean virtual potential temperature and wind speed profiles in the SBL.
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3.2 Greenhouse Gases

Changes in greenhouse gas (GHG) concentrations are unequivocally linked
to climate change (BALLANTYNE et al., 2012; HODNEBROG et al., 2020, IPCC,
2021). A more intense water cycle and rainfall, amplified permafrost thawing and
melting of glaciers, ocean acidification and reduced oxygen levels in the ocean are
some examples of how climate change can affect every region of the planet in many
aspects. Cities can be more affected by some aspects of climate change, with amplified
changes in heat, heavier precipitation and sea level rise (IPCC, 2021).

Since 1850-1900, GHGs emitted by anthropogenic activities have caused a
warming of 1.1 °C, and it is expected that the global temperature will continue to rise
another 1.5 °C or more over the next 20 years (IPCC, 2021). Changes in global surface
temperature relative to 1850-1900 are shown in Figure 5. Carbon dioxide (CO2) and
methane (CHa4) are the two most important contributors to climate change caused by
human activities (UNEP, 2018; IPCC 2021). According to a report released by the
Intergovernmental Panel on Climate Change (IPCC) in August, 2021, CO2 and CHa4
concentrations in the atmosphere have continued to rise since around 1750, reaching

annual averages of 410 ppm and 1886 ppb respectively (IPCC, 2021).
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Figure 5 — History and causes of global temperature change.
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Carbon dioxide is a long-lived anthropogenic GHG. It accounts for about
66% of the warming effect on the climate (WMO, 2021). From 1990 to 2020, there was
an increase of 47% on the radiative forcing by long-lived GHGs, and most of this
increase, about 80%, can be attributed to CO2 (WMO, 2021). The main sources of
global anthropogenic CO2 emissions are fossil fuel combustion, cement production
flaring and land use. About 78% of the increase in GHG emissions in the 1970-2010
period can be attributed to fossil fuel combustion and industrial processes (IPCC,
2014). Diurnal CO2 fluxes are strongly linked to vehicular traffic. A time series of the

global anthropogenic CO2 emissions is shown in figure 6.

Figure 6 - Global CO2 emissions from anthropogenic activities (left-hand side) and cumulative CO2
emissions (right-hand side).
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Land and oceans are the main CO:2 sinks, taking up about 56%, globally, of
emissions from human activities per year (IPCC, 2021), while the remaining
atmospheric COz2 contributes to climate change (IPCC, 2014). How much CO2 remains
in the atmosphere is an important indicator of the sources/sinks balance.

CHa is responsible for approximately 20% of the global warming caused by
all well-mixed greenhouse-gases (RAMANATHAN et al., 1985; IPCC, 2014, 2021).
The increase in atmospheric CH4 can cause substantial impact on the climate. Much
of the thermal infrared radiation emitted by the planet is absorbed by atmospheric
methane. Therefore, this greenhouse gas has important radiative forcing potential
(MYHRE et al., 2013). Tropospheric ozone (Os), another greenhouse gas that is an
important contributor to climate change (UNEP, 2018), is also produced by CHa.
Although CHs4 concentrations are smaller than that of CO2, the Global Warming
Potential of CHa4 is larger than that of CO2 (KIRSCHKE et al., 2013; VOULGARAKIS et
al., 2013). Thus, it is important to understand the impact of atmospheric CH4 on the
Earth’s climate, and monitor its sources and sinks, as well as its global distributions
and long-term trends in future years. CHs is emitted to the atmosphere by
anthropogenic and natural processes (KIRSCHKE et al., 2013). Approximately 60% of
CHa4 emissions are due to anthropogenic sources, such as coal, oil and gas production
and consumption, agriculture and waste, while about 40% are emitted by natural
sources, such as wetlands, termites, gas-oil seeps, wild animals, methane hydrates,
permafrost and oceans (KIRSCHKE et al., 2013). Most of the uncertainty related to the
CH4 budget in the atmosphere is due to its natural sources. CH4 emitted by natural
sources has remained virtually unchanged over the past twenty years, while most of
the increase in methane concentrations have been caused by anthropogenic
emissions (JACKSON et al., 2020).
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Figure 7: Locations of current and projected megacities between 2018 and 2030.
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A strong reduction in GHG emissions still has the potential to limit climate
change. Net zero CO2 and reduced CH4 emissions would significantly slow down the
rate of warming (IPCC, 2021). Figure 7 shows the locations of current and projected
megacities in the world. Cities, and especially megacities, contribute a significant
amount of GHG emissions, accounting for approximately 70% of CO2 anthropogenic
emissions (CANADELL et al., 2010), and understanding this contribution is important
for the creation of mitigation policies and strategies. However, estimating these
emissions can be a complicated task, as they are influenced by not only anthropogenic
activities but also land-surface interactions.

Estimating the spatiotemporal distribution of GHGs is a complex process,
but it is possible to estimate the concentration of recently emitted gases near the
surface. Measuring GHG concentrations in the PBL can be a useful tool to study GHG
sinks and sources, as well as monitor trends. GHG concentrations and PBL height
present a lot of diurnal variation. Therefore, accurately estimating the PBL height is
crucial and frequent measurements are necessary. CO2 concentrations are affected
by near-surface interactions, such as photosynthesis and respiration, and processes
related to PBL dynamics (KIM and VERMA, 1990; JACOBS and de BRUIN, 1992). The
morning CO2 budget is greatly affected by entrainment processes (CULF et al., 1997,
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ARELLANO et al.,, 2004), and diurnal concentrations near the surface are also
influenced by turbulence and advection (EUGSTER and SIEGRIST, 2000).

3.3 Retrieval of PBL height from remote sensing data

Studies involving aerosol concentrations or atmospheric dynamics will very
often use PBL height data. This height cannot be measured directly, but it can be
determined by the detection of changes in some atmospheric variables, such as
aerosol concentrations, wind speed, potential temperature and relative humidity. The
retrieval of these variable profiles can be made with instruments working in-situ (such
as radiosondes) or by remote sensing. PBLHs derived from radiosoundings are
commonly estimated from methods such as the Richardson number method (MENUT
et al., 1999) using radiosounding wind and temperature profile data. Although these
estimates are usually accurate, radiosondes provide sparse data and, as such, are not
adequate for detecting the PBLH with high temporal resolution. Remote sensing
instruments commonly used for PBLH retrievals are elastic lidars, ceilometers, Doppler
wind lidars (MOREIRA et al., 2018), wind-profiling radars (COHN and ANGEVINE,
2000), microwave radiometers (CIMINI et al., 2013). Changes in profiles derived from
data obtained with these instruments are used as parameters to detect the transition
between the PBL and the Free Atmosphere by different mathematical methods
(STULL, 1988). Studies carried out in the last decades suggest that a combination of
different remote sensing techniques allow for better PBL development observations
(DAYAN and LIFSHITZ-GOLDEN, 2002; COHN and ANGEVINE, 2000; EMEIS et. al,
2008).

Lidar data can be used to detect the PBL top height with precision (MENUT
et al, 1999; WIEGNER et al., 2006; MARTUCCI et al, 2007). The presence of a greater
aerosol concentration in the PBL can be seen as a region of high backscattering in
comparison with the region directly above it. This abrupt change from high to low
backscattering represents the region where the PBL top can be identified by some
numerical methods. Many lidar-based PBLH detection mathematical algorithms
depend on the decrease in lidar signal strength with height, searching for strong
decreases associated with the top of the boundary layer (MENUT et al., 1999; PAL et
al., 2010). For lidar data, a few of the most used methods are the Wavelet Covariance
Transform Method (COHN and ANGEVINE, 2000; DAVIS et al.,, 2000; BROOKS,
2003; GRANADOS-MUNOZ et al., 2012; LOPES et al., 2014), the Gradient Method
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(HAYDEN et al, 1997; FLAMANT et al., 1997; MENUT et al., 1999; MARTUCCI et al.,
2007; BAARS et al., 2008; LI et al.,, 2017), the Variance Method (HOOPER and
ELORANTA, 1986; PIIRONEN and ELORANTA, 1995; MENUT et al., 1999;
MARTUCCI et al., 2007; CAICEDO et al. 2017).

Lidar systems have the advantage of having a long range, being able to
detect aerosol layers dozens of kilometers high, and having good spatial and temporal
resolutions, as well as little signal noise. However, the system needs a local operator
and is not usually able to operate under rain. The ceilometer, an instrument similar to
the lidar, does not need constant maintenance and is also easily automated. It is a
simple, low-cost instrument, which can be used to detect clouds and to obtain aerosol
profiles. Studies have shown that the instrument can also be used to the detect the
PBL height (PENG et al., 2017), and the common algorithms of PBLH estimation can
also be applied for ceilometers (HAEFELLIN et al., 2012). The instrument is also useful
for monitoring aerosol such as volcanic ash (HAEFELE et al., 2017). Due to their lower
operational cost, ceilometers can be implemented in remote sensing networks for
automatic PBLH measurements. Continuous PBLH monitoring is essential for
understanding the transport, mixing and accumulation of aerosols and contaminants.
Identifying the situations in which a ceilometer can be used is therefore important to
reduce costs and expand monitoring of the lower troposphere structure.

3.4 The lidar technique

Lidar, originally an acronym for Light Detection and Ranging, is a remote
sensing technique that works like a light radar, emitting laser pulses that are scattered
in all directions in the atmosphere and measuring the backscattered light, i.e., the light
returning to the instrument. It is an important instrument for research of the atmosphere
and can be used to characterize the vertical distribution of aerosols (DAVIS et al., 2000;
LI et al., 2017), as well as for the analysis of its properties, and also for the detection
of clouds and measurement of other atmospheric variables (WEITKAMP, 2005),
allowing the retrieval of profiles of volumetric backscattering coefficient, volumetric
extinction coefficient and depolarization rate (KOVALEV and EICHINGER, 2004). The
laser pulse emitted by the instrument is scattered in all directions due to the presence
of molecules, aerosols, and clouds in the atmosphere. Part of this signal returns to the
instrument, and this backscattered signal is collected by a telescope and measured by
a photodetector as a function of distance from the lidar (KOVALEV and EICHINGER,



32

2004). To detect the presence of clouds and aerosols, an elastic lidar is commonly
used. This type of lidar measures light that has been backscattered with the same
emitted wavelength (WEITKAMP, 2005).

An overview of a lidar system is presented in Figure 8.

Figure 8: Overview of a lidar system.
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Source: Chapter 3 — Fundamentals of the Lidar Technique, Elastic LIDAR - Theory, Practice and
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The instrument consists of a transmitter, a receiver, and a detector. The
transmitter consists of a laser that emits pulses with a wavelength that can vary
between approximately 250 nm and 11 ym, depending on the purpose for which the
instrument is being used. The pulses have a duration of nanoseconds and are emitted
with a repetition frequency of 10 Hz to 5 kHz. The receiver consists of a telescope,
which has the role of collecting backscattered light. The system is considered mono-
axial if the optical axis of the telescope is coincident with the laser, and bi-axial if it is
parallel. The detector converts the light collected by the telescope into electrical
signals, through photomultipliers, and digital signals (ADC, analog to digital converter).

The distance at which a lidar can measure varies from instrument to
instrument and depends on a combination of system-specific geometric factors. This
distance depends on the overlap function, or simply overlap, which is defined by the
field of view of the telescope used and the positioning of the emitter and receiver axes
(WEITKAMP, 2005). Systems that work on more than one wavelength can be altered
by using filters that allow only the light of the wavelength of interest to be measured. It
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is also possible to change the signal-to-noise ratio of the signal obtained by the
instrument by changing the telescope's field of view (WEITKAMP, 2005).

The equation that describes the signal received by an elastic lidar, P(R, 1),
that is, the power, is shown below, according to the notation by WEITKAMP (2005).

ct = O(R)
P(R, /1) = PO ?AT] ?ﬁ(R,A)exp

-2 fo a(r, A)drl (1)

Where:
- B(R, 1) is the backscatter coefficient of laser light, with B(R, 1) = Bmoi(R, A) +
Baer(R,A) , Where B, corresponds to molecular scattering and B, to

scattering by aerosol particles.
- exp [—2 fOR a(r, A)dr] corresponds to extinction, that is, the fraction of light that

is lost during the path, with a(R,1) = a0 (R, A) + ager(R, 1), Where a,,;
corresponds to molecular extinction and «a,., to extinction due to aerosol

particles.

O0(R)
R?

decay of the signal with distance.

is a geometric factor that includes the overlap function and the quadratic

- POCZ—TAn is a system-dependent factor, with P, being the average power of a

laser pulse, t the pulse duration, c the speed of light, A the area of the receiver
collecting backscattered light, and n the system efficiency.
(WEITKAMP, 2005).

The ceilometer is an instrument that was developed for the detection of the
altitude of clouds in airports. Its working principle is similar to that of a lidar, but the
instrument operates on only one wavelength and usually has a weaker laser source,

resulting in a shorter instrument range and noisier signal.

3.5 Cavity Ring-Down Spectroscopy

Cavity Ring-Down Spectroscopy (CRDS) is a direct absorption technique
used to make precise trace gas measurements (BITTER et al., 2005; CROSSON,
2008), using pulsed or continuous light sources. It has a better sensitivity than other
techniques such as conventional absorption spectroscopy. It can provide the gas
concentration of a gas by determining the optical absorbance of a gas sample in a
closed high-finesse optical cavity (CROSSON, 2008).
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Basic CRDS spectrometers are composed of a laser, a high finesse optical
cavity with two or more mirrors and a photodetector (CROSSON, 2008). It works by
monitoring the built-up intensity of laser light injected into the cavity with a
photodetector. The laser is quickly turned off and the light intensity inside the cavity is
measured as it decays. The light remains trapped in the cavity for a long period of time
and the length of this process depends on the absorption and scattering characteristics
of the sample being analyzed, as well as the cavity mirrors used (CROSSON, 2008).
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4 MATERIALS AND METHODS

Data from a lidar system and a ceilometer was used to obtain the PBLH in
2021. The lidar system operated a few days a month during the year. A commercial
ceilometer was in continuous operation from February to December, 2021. Backscatter
profiles obtained with these instruments were used to calculate the PBLH at two points
in the city of S&o Paulo using the Wavelet Covariance Transform Method.

The lidar system used in this work, the MSP-LIDAR |, operates at the Center
for Lasers and Applications (CLA) of the Energy and Nuclear Research Institute
(IPEN). A CHM 15k ceilometer operates approximately 11 km away, at the CIENTEC
Park.

CO2 concentrations were obtained with Picarro CRDS Spectrometers
located at different locations in the city.

The following tasks are carried out in this work:

1 Obtaining backscattering data with two different systems in different

locations in the city;

Apply a numerical method to obtain the PBLH with the instrument data;
Comparing the results obtained by the instruments;

Checking the dynamics of the PBLH over the months during the
measurement period;

1 Comparing the results to greenhouse gases concentrations such as CO2

and CH4 in the city of Sdo Paulo.

This work is linked to the METROCLIMA-SP project, whose goal is to study
the role of emissions by the megacity of S&o Paulo on air quality and regional climate
change. The project has researchers and collaborators at several national and
international universities and institutions, and its coordinator is Professor Maria de
Fatima Andrade (IAG-USP). The ceilometer and CRDS analyzers used in this work are
part of the METROCLIMA-SP project.
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4.1 Methods

4.1.1 Wavelet Covariance Transform (WCT)

The Wavelet Covariance Transform method algorithm was applied to the
data, with a few adaptations to improve retrieval in different conditions. This method
was chosen because it has shown good applicability under different meteorological

conditions and allows for adjustability.

The aerosol concentration in the PBL is usually distinctly greater than in the
free atmosphere. The WCT method can be used to obtain the PBL top height from lidar
data, identifying changes in the concentration of aerosol through the detection of step
changes in the range-corrected signal (BAARS et al., 2008). The step change in the
lidar backscatter signal is similar to the step change of the Haar wavelet function. The
similarity between the RCS and the Haar function is measured by the covariance

transform We(a, b). It is defined by the equation:

W, (ab) = % f " RCS()h (?) dz @)

Where h (%) corresponds to the Haar function, expressed as:

( a
J—l:b—ESZSb

z—Db
h —_ ) = a
( a ) 1:b <z< b+ E
L 0: Other cases
In the equation, RCS is the range-corrected signal P(z)z?, z, and z, are the
lower and upper limits of the signal, a is the dilation of the function and b the vertical
translation of the function (BROOKS, 2003).



37

Figure 9: Representation of the Haar function, h, dilation a and translation b.
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The global maximum value taken by Wr(a, b) corresponds to the height in

which an abrupt change is seen in the lidar signal, as it represents the location where
the backscatter profile and the Haar wavelet function present greatest similarity.
Before obtaining the covariance transform, it is necessary to define the initial
conditions a and b. Choosing the appropriate initial conditions is crucial for accurately
determining the PBLH. The dilation of the Haar function, a, defines the extent of the
step function, i.e. where the algorithm is looking for an abrupt change in the profile. For
better results, the value of a should be large enough to contain the extent of the
transition zone. Too small values of a can result in the detection of small gradients
corresponding to aerosol layers, low clouds and noise, generating multiple local
maxima, while large values of a can reduce the precision in determining the PBLH. In
non-ideal conditions, the appropriate selection of a is necessary for an accurate
retrieval of the PBLH. In ideal conditions, the selection of a is not as critical, as the

local maxima are not as affected by the value of a. The value of b corresponds to the
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location where the function is centered,

this translation should not be greater than the value of a. Figures 10 and 11 show lidar

RCS and WCT profiles and the effect of changing the values of a in the WCT profile.

Figure 10 - RCS and WCT profiles obtained on May 19t, 2021 from 30-minute averaged data between
17:11 and 17:40 UTC (left-hand side) and the W(a,b) profiles obtained using different values of a (right-

hand side).
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Figure 11 - RCS and WCT profiles obtained on September 14™, 2021 from 30-minute averaged data

between 15:10 and 15:40 UTC (left-hand side) and the
of a (right-hand side).
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The WCT method has the advantage of being able to be applied in complex
cases (DAVIS et al., 2000), being less affected by noise and being easily automatized
(BAARS et al., 2008), since its a and b parameters can be adjusted to better identify
the PBL height in different situations. However, when there are multiple aerosol layers,
the accuracy of the method can be affected (TANG et al., 2016).

A few adaptations and conditions were applied to improve the accuracy of
the results. The CHM 15K ceilometer provides estimates of cloud base heights for each
of its signal profiles. Although results are obtained automatically and sometimes
present errors, this information is useful to screen the profiles included in the analysis
for the presence of low clouds that could interfere with the PBLH retrieval. Each profile
where the ceilometer detected a cloud at a height lower than 2500 m was excluded
from the analysis, as well as its two neighboring profiles. The instrument also provides
information on window visibility. Profiles with very low window visibility are usually
indicative of rain and were removed from the analysis. The CHM 15k’s backscattering
signal can present high noise during daytime and in the presence of thick or multiple
cloud or aerosol layers due to attenuation of the signal. In order to improve signal-to-
noise ratio and better identify changes in the signal, a 30-minute average was applied
to the backscatter profiles. At nighttime, the algorithm searched for PBL heights up to
500 m. The results were analyzed for unexpected changes of PBL height, such as
abrupt peaks. In order to improve the accuracy of the results, a 4 or 5-point moving

average was used instead in some cases.

4.2 Locations

Sao Paulo (23°33’S, 46°38'W, 760 m a.s.l.) is the most populous city in
Brazil, the Southern Hemisphere and the Americas. The city has an estimated
population of over 12 million, and the Metropolitan Area of Sdo Paulo (MASP) has a
population of around 21 million (IBGE, 2021). The city’s large population and industrial
presence contribute to large anthropogenic emissions of pollutants in the region.
Monitoring the presence of atmospheric pollutants, as well as studying their transport
and dispersion is important in this polluted area, and continuous monitoring of the
development of the PBL in the region can be useful to obtain information regarding
local air quality. Air pollution in the area mostly originates from fossil fuel consumption.
The city has a vehicular fleet of over 7 million (CARVALHO et al., 2015), and vehicular

traffic is the main source of pollutant emissions in the city. Biomass burning from
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nearby regions also contribute to air pollution in the city. The city is located in the
southeast of Brazil and has a humid subtropical climate (Cwa). Summers (January-
March) in the city are warm and wet, and winters (July-September) are dry and mild.

Lidar and ceilometer data were obtained at the IPEN and CIENTEC sites,
respectively. CO2 data was obtained from Picarro CRDS spectrometers located in
three different experimental sites in the city: IAG, UNICID and Pico do Jaragud.
Experimental site locations and approximate distance between them are shown in
figures 12 and 13.

Experimental site locations:

1 IPEN (23°34’ S, 46°3 W): located in a suburban setting, approximately 782 m
above sea level. The lidar is located at the Center for Lasers and Applications
of the Nuclear and Energy Research Institute building.

1 CIENTEC (23°39’' S, 46°37’ W): a CHM15k ceilometer located on the rooftop of
the Museum of Meteorology of the Science and Technology Park (CIENTEC) of
the University of Sdo Paulo. The site is located in a suburban setting,
approximately 810 m above sea level.

1 1AG (23°33’ S, 46°44’ W): is located in a suburban setting, approximately 731
m above sea level. The inlet sits at the rooftop of the Institute of Astronomy,
Geophysics and Atmospheric Sciences (IAG) of the University of Sdo Paulo, 15
m above ground level. An urban highway is located approximately 1 km from
the site, with an average daily traffic of over 250000 vehicles (CET-SP, 2021).

1 UNICID (23°32’ S, 46°33’ W): located in an urban setting, approximately 741 m
above sea level. The inlet is located at the rooftop of the City University of S&o
Paulo (UNICID), at 38 m above ground level. A busy road is located only a few
meters from the site, as well as an over ground metro line. A sewage treatment
station is located approximately 2.5 km from the site.

{1 PicodoJaraguéa (23°27’ S, 46°45’ W) is located in the Pico do Jaragua (Jaragua
Peak), one of the highest places in the city, and is surrounded by the Jaragua
forest reserve. The site elevation is 1079 m, and the inlet is located 3 m above

ground level.
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Figure 12: Location of IPEN and CIENTEC stations.

Source: Google Maps, 2023.

Figure 13: Locations of IAG, UNICID and Pico do Jaragua stations.
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Source: Google Maps, 2023.
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4.2 Instrumentation

4.2.1 MSP-LIDAR |

The lidar system used in this work is the MSP-LIDAR | (MSP-I), located at
the IPEN Center for Lasers and Applications. The instrument uses a Nd:YAG laser
commercialized by Quantel, model Brilliant B. The laser operates at a fundamental
wavelength of 1064 nm, generating second and third harmonics at 532 nm and 355
nm, and with a repetition rate of 10 Hz. The beam diameter is 9 mm, and the beam
duration is 6 + 2 ns. The telescope has a 30 cm mirror with a focal length of 1.5 m, and
the system has a field-of-view of 0.1 mrad. More information can be found on the
laboratory's website at http://gescon.ipen.br/leal/4.Equipments.html.

Figure 14 shows the MSP-LIDAR | at its operating location.

Figure 14: MSP-LIDAR | operating at the Center for Lasers and Applications — IPEN.

Source: author, 2023.

4.2.2 Lufft CHM 15k Ceilometer

The ceilometer used in this work, shown in Figure 15, is the CHM 15k,

commercialized by Lufft, located at Parque CIENTEC.
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Figura 15: CHM 15k ceilometer at CIENTEC.

Source: author, 2023.

The instrument has an eye-safe system equipped with a solid-state Nd:YAG
laser that operates at a single infrared wavelength at 1064 nm. It has a range of 15
km, with a vertical resolution of 5 m for measurements and 15 m in the NetCDF file. Its
temporal resolution is fixed at 15 s. The laser pulse has a duration of 1 to 5 ns, with a
repetition rate of 5 — 7 kHz and energy of 8 uJ. The beam diameter is expanded up to
90 mm, with a divergence of less than 0.3 mrad. The receiver's field-of-view is 0.45
mrad. More information can be found in the instrument manual

(https:/Iwww.lufft.com/download/manual-lufft-chm15k-en/).

4.2.4 Picarro CRDS gas analyzer

The analyser used to measure the ambient air concentrations of CO2 was
the Picarro Cavity Ring-Down spectrometer (Picarro Inc., USA) G2301 at IAG and Pico
do Jaragua station and G2401 at UNICID station. This instrument is a high-precision
GHG analyzer. It makes simultaneous measurements of CH4 and CO:2 at parts-per-

billion (ppb) and water (H20) at parts-per-million (ppm) with extremely low drift. This
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instrument meets the performance requirements for CO2 and CH4 monitoring defined
by the World Meteorological Organization (WMO) and Integrated Observation System
(ICOS). The concentrations are measured by the instrument using Cavity Ring-Down
Spectroscopy (CRDS) technique.

G2301 model:

For CO2 measurements, precision is < 70 ppb at 5 seconds and < 25 ppb
at 5 minutes. For CH4 measurements, precision at 5 seconds and 5 minutes are < 0.5
and < 0.22 ppb respectively. At standard temperature and pressure (STP), the
maximum drift of the measurement data is < 120 ppb for CO2 and < 1 ppb for CH4 over
24 hours. More about the instrument can be read on the manufacturer's website
(https://lwww.picarro.com/g2301_gas_concentration_analyzer).

G2401 model:

For CO2 measurements, precision is 50 ppb at 5 seconds and 20 ppb at 5
minutes. For CH4 measurements, precision at 5 seconds and 5 minutes are 1 and <
0.5 ppb, respectively. At standard temperature and pressure (STP), the maximum drift
of the measurement data is 100 ppb for CO2 and 1 ppb for CH4 over 24 hours. More
about the instrument can be read on the manufacturer's website

(https://lwww.picarro.com/g2401_gas_concentration_analyzer).
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5 RESULTS AND DISCUSSION

5.1 Case studies

Three case studies will be presented: section 5.1.1 — well-defined PBL;
section 5.1.2 - presence of clouds, and section 5.1.3 - presence of aerosol layers.
PBLHs values retrieved from lidar data will be referred as PBLHidar, and from
ceilometer data, as PBLHceil.

5.1.1 Well-defined PBL

Data from May 19", 2021, was selected to compare the results obtained by
the instruments in a clear-sky day and the PBL is well-defined. The Lidar MSP-I system
operated on this day from 12:08 to 22:35 UTC, and this will be the interval considered
in the comparison. Figure 16 shows the evolution of the RCS obtained with the MSP-|
data throughout the day, as well as the PBLHs obtained by the WCT method with the
instrument data. Figure 17 shows the RCS of the CHM 15k in the same range, as well

as the PBLH values calculated with the data from this instrument.

Figure 16 — RCS measured by the MSP-I lidar as a function of height and time of day (UTC) on May
19th, 2021. PBLHSs obtained from the lidar data are shown in black.
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Figure 17 — The same as the previous figure, but for CHM 15k ceilometer data on May 19th, 2021.
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During the interval considered in this case, we see the PBL has a typical
presentation for clear-sky days, growing from mid-morning to early afternoon, the PBL

top reaches its peak height in mid-afternoon, and PBL collapse starts in mid-to-late

afternoon.
Figure 18 shows the variation between the values found for PBLHiidar in

relation to the results obtained for PBLHceil.

Figure 18 — Difference between PBLHiidar and PBLHceil values obtained on May 19t, 2021.
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At around 17:00 local time (20:00 UTC), data from both instruments show
the development of a lower layer closer to the ground. This corresponds to the arrival
of maritime breezes, commonly detected in late-afternoon. Sea breeze is one of the
thermally driven circulations affecting local weather patterns in the Metropolitan Region
of Sdo Paulo (MRSP), and sea breeze fronts disrupt convective growth of the boundary
layer (RIBEIRO et al., 2018; OLIVEIRA et al., 2003). The presence of this layer
attenuates the signal, making it more difficult to see the PBLH above it. It can also be
difficult to identify the CBL due to the developing Residual Layer. As we can see in
Figure 16, the PBL top is still visible, but could be mistaken for the Residual Layer
above it. This difference is even more difficult to see in the ceilometer signal, making
it hard to separately identify the maritime breeze, the CBL and the RL.

Despite not being co-located, the PBLH values obtained with both
instruments do not show great variation. From Figures 16 and 17, we can estimate
Convective Boundary Layer growth starting in late-morning, around 10:00 local time
(13:00 UTC). The PBLH values obtained with the WCT method start decreasing at
around 16h30 local time (19h30 UTC). Data from both instruments show similar diurnal
evolution in both locations.

This case study shows that, in clear-sky days when the PBL is well defined,
the results of the two instruments present good agreement with each other.

5.1.2 Cloudy conditions

To illustrate a situation where there is the presence of clouds at heights
close to the PBLH, data from June 16™, 2021, was selected to compare the results
obtained by the instruments. The MSP-I Lidar operated on this day from 13:25 until
21:28 UTC, this being the time interval considered in the comparison. Figure 19 shows
the evolution of the RCS obtained with the MSP-I data in the period, as well as the
PBLH values calculated by the WCT method with the instrument data (PBLHiidar).
Figure 20 shows the RCS of the CHM 15k in the same range, as well as the PBLH

values calculated with the data from this instrument (PBLHcei).
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Figure 19 — RCS measured by the MSP-I lidar as a function of height and time of day (UTC) on June
16, 2021. PBLHSs obtained from the lidar data are shown in black.
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Figure 20 — The same as the previous figure, but for CHM 15k ceilometer data on June 16, 2021.
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From figures 19 and 20, signal of both instruments is attenuated, but it is
still possible to estimate the boundary layer top in some of the profiles. For profiles
obtained with the ceilometer, signal attenuation is significant. As the WCT method
identifies abrupt changes in aerosol concentration, it is not possible to confirm if the

obtained PBLH is accurate when there is significant signal attenuation.
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Figure 21 shows the APBLHiidar-ceil difference calculated every 30 minutes in

the considered interval.

Figure 21 — Difference between PBLHiidar and PBLHceil values obtained on June 16", 2021.
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The presence of low clouds resulted in a greater divergence between the
results from both instruments when compared to the first case study. This highlights
the different instrument capabilities, as well as the variability in the spatial and temporal

distribution of clouds between the two locations.

5.1.3 Aerosol layers

The third case study corresponds to a situation where there is the presence
of aerosol layers near the top of the PBL. Data from September 14", 2021 was
selected. The MSP-I Lidar operated on this day from 13:03 to 19:25 UTC. For
comparison purposes, the same interval was selected for the CHM 15k ceilometer
data. Figure 22 shows the evolution of the MSP-I RCS in this selected time period, as
well as the calculated PBLHidar values. Figure 23 shows the same, but for RCS and

PBLHeceil of the ceilometer.
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Figure 22 — RCS measured by the MSP-I lidar as a function of height and time of day (UTC) on
September 14, 2021. PBLHs obtained from the lidar data are shown in black.
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Figure 23 — The same as the previous figure, but for CHM 15k ceilometer data on Sempteber 19", 2021.
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In figures 22 and 23, it is possible to observe the presence of aerosol layers
below 3.5 km with the data from the two instruments. As the PBLH increases
throughout the day, the top of the Boundary Layer grows closer to the aerosol layer
above it. We see that the presence of these layers caused variations in the calculated
PBLH values. For PBLHcei, the top layer was considered as the PBLH by the WCT

method twice.
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Figures 22 and 23 appear to show the top layer of aerosols at different
heights at the two locations. A APBLHidar-ceil difference of a few meters was therefore
expected. Figure 24 shows the variation between the values found for PBLHiidar in
relation to the results obtained for PBLHeceil in the chosen time-interval. PBLHceil values

remained higher than PBLHiidar for almost the entire time-interval shown.

Figure 24 — Difference between PBLHiidar and PBLHceil values obtained on September 14t 2021.
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5.2 Chosing the dilation ‘a’ and the threshold values

In order to obtain accurate results for PBLHs retrieved through the WCT
method, adequate values must be chosen for the parameter a.

Figure 25 shows the RCS measured by the CHM 15k ceilometer on July
15t 2021, and the PBLHSs retrieved when using different values of a.
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Figure 25: RCS measured by the CHM 15k ceilometer as a function of height and time of day (UTC) on
July 15t 2021 and PBLHSs obtained from the ceilometer data for different values of a.
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From figure 25, we see that the choice of the parameter a was determinant
in finding the PBLH. From 12:00 to 15:00 UTC, the Residual Layer was still evident in
the profiles and, when using higher values for a, the RL was detected instead of the
developing ML. On the other hand, too low values of a can cause the detection of
PBLH values that are lower than the real values, as seen in figure 25 from 17:00 to
18:00 UTC.

For PBLHSs obtained from CHM 15k data presented in this work, the dilation
was defined as a = 200.

The maximum value of the WCT function does not always correspond to the
PBL top height. Aerosol layers within the boundary layer can sometimes be
misidentified as the PBLH. Choosing a threshold condition can improve the accuracy
of the results, by searching for a value of W(a,b) that is a certain percentage smaller
than the maximum of the function. While choosing a threshold condition can be helpful
in some situations, in the presence of aerosol layers above the PBL it can cause the
misidentification of the aerosol layer as the PBLH.

PBLHs obtained on September 27, 2021 when using different threshold

values are shown in figure 26.
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Figure 26: RCS measured by the CHM 15k ceilometer as a function of height and time of day (UTC) on
September 27t, 2021. PBLHs obtained from the ceilometer data using different threshold values are
shown in blue, red, yellow, purple and green (threshold = 0.75, 0.80, 0.85, 0.90, 0.95).
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The high backscattering signal from the aerosol layer at 2000-2500 m
caused the overestimation of the PBL height. Using lower threshold values caused this
to happen to a greater number of profiles. In figure 27, the 30 minute average of the
RCS between 16:00:05 and 16:30:04 UTC is shown, as well as the WCT values

obtained in the same period when using different threshold conditions.

Figure 27 - RCS and WCT profile obtained on September 27", 2021 from 30-minute average data
between 16:00:05 and 16:30:04 UTC and the maximum values of W(a,b) obtained using different
threshold values.
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From figure 28, we see that using threshold values above 0.80 resulted in
good PBLH estimates, but with a threshold of 0.75 the aerosol layer was identified as
the PBLH instead. We can also see from figure 28 that with lower threshold conditions
can the method is less likely to underestimate the PBL height.

A threshold value of 0.80 was used for the PBLHs obtained from CHM 15k

ceilometer data in this work.

5.3 The PBLH cycle

The CHM 15k ceilometer operated daily from February to December 2021.
Data from the instrument include automatic estimates of cloud base heights for each
profile. Even though these estimates are not always accurate, this information is useful
for filtering the data. As seen in case study 2, the presence of low clouds close to the
top of the PBL can impair the retrieval of PBLH values.

From this point forward, PBLHeceil Will be referred to as simply PBLH.

5.3.1 Diurnal PBLH cycle

CHM 15k ceilometer data from February 3 to December 31, 2021 was used
to calculate the PBLH in this interval. Profiles where the instrument detected clouds
below 2.5 km were removed from the analysis. Figure 28 shows the average values of
PBLHeceil obtained throughout the day, with a time average of 30 minutes. The errorbars

correspond to the standard deviation of all profiles included in the average.

Figure 28 — Average of the PBLH values obtained from February 3 to December 31st, 2021.
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As seen in figure 28, the highest mean value of PBLHceil was observed at
17:00-17:30 UTC. It is possible to see a PBLH diurnal growth pattern which
corresponds to what is expected for the diurnal cycle of the PBL, with its top height

increasing during the morning, reaching its maximum value in early-to-mid afternoon.

5.3.2 Seasonal PBLH cycle

Mean PBLH values were calculated for each month in the measurement
range, and these values are shown in Figure 29. The errorbars correspond to the

standard deviation of all profiles included in the average.

Figure 29 — Monthly average PBLH obtained from February to December 2021.
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From figure 29, it is possible to observe that throughout the analyzed period
the PBLH average value per month remained between 400 and 800 m. However, the

values vary widely, as can be seen by the error bars included in the figure.

5.4 Application of results: PBLH and CO2 concentration comparisons

PBLH values obtained with the CHM 15k data were compared to CO2
concentration data from three experimental sites. The CO2 concentration profiles were
30-minute averaged, as well as the ceilometer data. The number of valid data points
from each location are shown in table 1. Table 2 shows the number of valid data-points

for each CO2 measurement location that have equivalent valid CIENTEC data-points.



Table 1: Number of valid PBLH (CIENTEC) and CO:2 data-points.

56

Data points | CIENTEC (PBLH) IAG (CO2) UNICID (CO2) Jaragua (CO2)
Feb 512 1289 1342 0
Mar 805 1488 1136 828
Apr 549 1440 1278 1428
May 672 952 790 1360
Jun 539 1269 1388 1145
Jul 932 1488 1345 1480
Aug 542 1488 1319 1451
Sep 286 1440 1372 1399
Oct 256 1488 1480 505
Nov 338 1440 1264 1260
Dec 209 1448 244 1476

Total 5640 15270 12958 12332

Table 2: Number of valid CIENTEC data-points and number of data-points at IAG, UNICID, and Pico
do Jaragua that have equivalent valid CIENTEC data-points.

Data points | CIENTEC (PBLH) IAG (CO2) UNICID (CO2) Jaragua (CO2)
Feb 512 508 511 0
Mar 805 805 534 528
Apr 549 549 414 545
May 672 616 310 670
Jun 539 488 506 398
Jul 932 932 878 926
Aug 542 542 542 538
Sep 286 286 246 257
Oct 256 256 256 62
Nov 338 338 314 338
Dec 209 209 0 209

Total 5640 5529 4511 4471

5.4.1 Monthly average PBLH and CO2

The monthly average PBLH and CO2 concentrations are show in figures

30 to 33.
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Figure 30 — Monthly average PBLH obtained from February to December 2021 with fitted curve.
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Figure 31 — Monthly average CO: concentrations obtained from February to December 2021 at IAG.
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Figure 32 — Monthly average CO2 concentrations obtained from February to December 2021 at

UNICID.
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Figure 33 — Monthly average CO2 concentrations obtained from February to December 2021 at Pico

do Jaragua.
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The highest average CO2 concentrations were measured during or around

the winter months (June-September). In all stations, the lowest CO2 concentrations

were measured in April. The monthly average PBLH shows more variability, not
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exhibiting a clear pattern. During the winter months, Sdo Paulo experiences its dry
season and the temperature fluctuates between cold, mild and warm. During summer
and spring, rainfall is common and obtaining the PBLH is not always possible due to
the rain and cloudy conditions. These variations can make it hard to see the actual
changes the PBL presents throughout the year, and the monthly average includes
nighttime PBLHs, which vary only a few hundred meters from day to day. The PBL
seasonal cycle becomes more evident when analyzing the average PBLH for different
times of the day. The average monthly PBLH at 10:00, 12:00, 14:00 and 16:00 UTC
were obtained and are shown in figure 34. Figures 36-38 show the average CO:2
concentrations at the three experimental sites.

Figure 34 — Monthly average PBLH values obtained from February to December 2021 at 10:00, 12:00,
14:00 and 16:00 UTC.
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Figure 35 — Monthly average CO2 concentrations obtained at IAG from February to December 2021 at
10:00, 12:00, 14:00 and 16:00 UTC.
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Figure 36 — Monthly average CO: concentrations obtained at UNICID from February to December
2021 at 10:00, 12:00, 14:00 and 16:00 UTC.
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Figure 37 — Monthly average CO: concentrations obtained at Pico do Jaragué from February to
December 2021 at 10:00, 12:00, 14:00 and 16:00 UTC.
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In figure 34, we can see a clear pattern of PBLH growth during morning and
early afternoon. Early morning heights at 10:00 UTC are still similar to nocturnal
boundary layer heights, and, during most days, the PBL top is already nearing its
maximum height by 16:00 UTC. A decrease in PBLHs is seen in during the colder
months and this is mostly consistent throughout the day, with colder months having
lower PBLHs during daytime and nighttime. PBLHs obtained at 16:00 UTC show more

variability than those obtained for earlier in the day.

In figures 35-37, the average CO2 concentrations are shown to increase
during the winter months. CO2 concentrations show more variability earlier in the day.
This increase in CO2 concentrations during the colder months and decrease during
the warmer months is seen throughout the day, with colder months showing higher
CO2 concentrations during daytime and nighttime. At UNICID and Pico do Jaragua,
there was a decrease in CO2 concentrations from March to April, in sharp constrast to

the slightly increasing concentrations seen between February and March.

Average PBLHs and CO2 concentrations show negative correlation, with
PBLH values significantly decreasing from April to May, at the same time that a sharp

rise in CO2 concentrations is seen. Peak CO2 concentrations vary from station to
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station, with IAG having its peak in May, UNICID in July, and Pico do Jaragua in
September.

Rainfall is more common in Sdo Paulo during the afternoon and night than
earlier in the day, therefore morning to late afternoon is a favorable time for accurate
PBLH detection. Between late morning and early afternoon, due to increasing incident
solar radiation, the PBL quickly expands. The average PBLH at noon varies throughout
the year. In figure 38-41, average PBLHs and CO2 concentrations at 12:00 local time

are shown. Each data point corresponds to a 30-minute average measurement at
15:00 UTC from February to December 2021.

Figure 38 — All PBLH values obtained at 15:00 UTC (12:00 local time) from February to December,
2021 at CIENTEC.
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Figure 39 - All CO2 concentrations obtained at 15:00 UTC (12:00 local time) from February to
December, 2021 at IAG.
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Figure 41 - All CO2 concentrations obtained at 15:00 UTC (12:00 local time) from February to
December, 2021 at Pico do Jaragua.
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From figures 38-41, we see that the values obtained at 15:00 UTC show great
variation from day to day, but a trend can be observed in both PBLH and CO:
measurements. The CO: yearly cycle is more evident in the Pico do Jaragua
measurements, the station furthest away from the city, and less evident at IAG.
Measurements from IAG station seem to show a small increase in CO2 concentrations
in the months preceding April. Although average CO:2 concentrations seem higher in
March than in April at Pico do Jaragua, it is not possible to confirm if this was also seen
at Pico do Jaragud in 2021, due to lack of data. At UNICID station, this increase from

February to March can be see more clearly in Figure 36.

5.4.2 Average seasonal PBLHs and CO2 concentrations

PBLH data from February to December 2021 was sorted into four two or
three month intervals: February-March, April-June, July-September and October-
December, and then averaged, in order to obtain the average seasonal PBLH cycle.
These periods will be referred to as summer, fall, winter and spring, respectively. The
same was done with the CO2 concentration data from IAG, UNICID and Pico do

Jaragua stations. These values are shown in figures 42-44.
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Figure 42 - Diurnal averages of the PBLHs (CIENTEC) and CO:z concentrations (IAG) obtained in four
different periods: summer (in yellow), fall (in black), winter (in green), and spring (in blue).

e . Diwrmal averags OO (LAGH ve Average PELH (CIENTEC) e db
1650 s :2:—:% 455

ey i 1 Pl DD
1500 7 3 43l

1350 ’ -
1200 | - i
LT

BN

Ta0

B0

PBLH {rmj
CO2 [ ppen)

450

00—

150

i : ; : ’ Rl
D00 oZ:00 Q400 0800 OS00 1000 1300 400 1600 18:00 F000 300 Q0c00
Time of Day (UTC)

Source: author, 2023.

Figure 43 - Diurnal averages of the PBLHs (CIENTEC) and CO:2 concentrations (UNICID) obtained in
four different periods: summer (in yellow), fall (in black), winter (in green), and spring (in blue).
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Figure 44 - Diurnal averages of the PBLHs (CIENTEC) and CO:2 concentrations (Pico do Jaragud)
obtained in four different periods: summer (in yellow), fall (in black), winter (in green), and spring (in
blue).
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From figures 42-44, we see that the PBL top height was greater, and PBL
growths begins earlier, in warmer months (October-March). During nighttime, CO:
concentrations start low and quickly rise to their peak value in early morning. Fall and
winter experience delayed PBL growth, reaching maximum average top height during

mid-to-late afternoon.

CO2 concentrations at IAG, UNICID and Pico do Jaragué stations have
different daily cycles. At all three stations, CO2 concentrations are highest in winter.
Lowest CO2 concentrations vary from station to station during nighttime and early
morning, but daytime concentrations are lowest during summer in all three stations. At
IAG and UNICID stations, CO2 concentrations increase during the night in spring,
summer and fall, reaching their peak values in early morning. This peak is seen earlier
at IAG than at UNICID. Winter CO2 concentrations fluctuate during the night, showing
two peaks instead of one. The greatest variations in daily CO2 concentrations are seen
in summer and winter. At IAG, peak CO2 concentrations are seen earlier in summer
than in winter. The COz2 increase seen in mid-to-late afternoon is also delayed during
winter. At Pico do Jaragua station, CO2 concentrations vary little from season to
season, and values show a slow decrease during the night and early morning. A

sharper decrease is seen after 12:00 UTC and minimum concentrations were obtained
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during the afternoon. Average concentrations start increasing again after 18:00 UTC.
The daily maximum variation was obtained in summer. All throughout the year,

average COz2 concentrations vary less than 15 ppm during the day at this station.

The results show a negative correlation between the CO2 averages and the
PBLH averages. As can be seen in Figures 42-44, the negative correlation between
PBL top heights and CO2 concentrations can be seen both in their average seasonal
values, but also in how their daily cycles change during the year. The elevated CO2
concentrations measured in winter, as well as the delayed decrease in early morning
and increase in later afternoon when compared to the warmer seasons, is
accompanied by a lower average PBLH and delayed PBL growth and collapse.
Daytime average CO2 concentrations are lowest in summer, which is consistent with

higher PBLHSs during this period.

Figures 45-48 show the correlation matrices of PBLH values and CO:2
concentrations in all stations during February-March, April-June, July-September and

October-December. Values closer to -1 show significant negative correlation.

Figure 45 - Correlation Matrix of PBLHs and CO:2 concentrations obtained at all stations during February-
March, 2021.
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Figure 46 — Correlation Matrix of PBLHs and CO2 concentrations obtained at all stations during April-
June, 2021.
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Figure 47 - Correlation Matrix of PBLHs and CO:2 concentrations obtained at all stations during July-
September, 2021.
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Figure 48 - Correlation Matrix of PBLHs and CO2 concentrations obtained at all stations during October-
December, 2021.
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From figure 45-48, CO: concentrations obtained in all stations show
negative correlation to the PBLH values obtained at CIENTEC. In summer, fall and
winter, CO2 concentrations measured at IAG show the most significant negative
correlation with the corresponding PBLH values, whereas in spring, Pico do Jaragua
measurements show the most significant negative correlation, followed by IAG and
UNICID measurements. The greatest negative correlation was seen in summer in all
stations. Winter values show the least significant correlations in two of the three
stations. Additionally, we see that correlation between IAG and UNICID stations is
higher than between each of these stations and Pico do Jaragua. The latter, being
located at a higher altitude and furthest from the city, is less influenced by urban CO:2

emissions.

5.5 Case study July 24t — 26th

From July 24 to July 26, skies were mostly cloudless and the PBL growth
can be easily seen. Due to the lack of precipitation and clouds, it was possible to obtain
accurate PBLH values for these days. This interval was selected for a case study to
analyze if the PBLH variations seen in these three days reflect similar changes in CO2

concentration values.
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Figures 49, 51 and 53 show the range corrected signal obtained from
ceilometer measurements in July 24-26, 2021 at CIENTEC, and figures 50, 52 and 54

show the CO2 concentrations at the three stations during the same interval.

Figure 49 - RCS measured by the CHM 15k ceilometer as a function of height and time of day (UTC)
on July 24t 2021. PBLHSs obtained from the ceilometer data are shown in black.
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Figure 50 — CO2 concentrations measured on July 24th, 2021 at the IAG, UNICID and Pico do
Jaragua stations.
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Figure 51 - RCS measured by the CHM 15k ceilometer as a function of height and time of day (UTC)
on July 251, 2021. PBLHSs obtained from the ceilometer data are shown in black.
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Figure 52 — CO2 concentrations measured on July 25th, 2021 at the IAG, UNICID and Pico do
Jaragua stations.
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Figure 53 - RCS measured by the CHM 15k ceilometer as a function of height and time of day (UTC)
on July 26", 2021. PBLHSs obtained from the ceilometer data are shown in black.
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Figure 54 — CO2 concentrations measured on July 26th, 2021 at the IAG, UNICID and Pico do
Jaragua stations.
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Figure 55 — 30-minute averaged PBLHs and CO: concentrations obtained on July 24th, 2021 at the
CIENTEC and IAG stations.
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Figure 56 - 30-minute averaged PBLHs and CO:2 concentrations obtained on July 25th, 2021 at the
CIENTEC and IAG stations.
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Figure 57 - 30-minute averaged PBLHs and CO2 concentrations obtained on July 26th, 2021 at the
CIENTEC and IAG stations.
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Maximum PBL height was reached increasingly earlier from July 24 to July
26, while PBL growth was delayed, but also sharper. Concurrently, a similar behavior
was seen in the CO:2 data, with a sharp decrease in concentrations starting around
12:00 UTC on July 26 and a few minutes earlier on July 24, but minimum
concentrations being reached earlier on July 26. Maximum CO:2 concentrations were
measured at around 11:00 UTC on July 24, at around 06:00 am on July 25, and at
around 03:00 am on July 26. Nighttime PBLH values were highest, and CO:
concentrations lowest, on July 24. Similarly, between 12:00 UTC and 21:00 UTC,
PBLH values were lowest, as well as CO2 concentrations were highest, on July 24.

Air masses arriving in the city have similar origin during the selected interval.
Backward trajectories of air masses arriving on July 23 to July 26 were obtained with
the NOAA Hysplit Trajectory Model, using the IAG station as a source point, and are

shown in figure 58.



Figure 58 — Backward trajectories of air masses arriving at the IAG station on July 23-26, 2021.
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6 CONCLUSION

This work presented the results derived from the operation of a lidar system
and a ceilometer throughout 2021 at two different locations in the city of S&o Paulo,
approximately 15 km apart. Data from lidar and ceilometer measurements were used
to obtain the Planetary Boundary Layer height with the Wavelet Covariance Transform
Method. Due to its weaker laser source, the ceilometer data suffers from significant
signal noise and attenuation, but the instrument can be used to obtain high-quality
results, similar to those obtained from more powerful lidar systems, in clear-sky
situations. Similar difficulties were encountered when attempting to obtain the PBLH
from data from both instruments, in the presence of clouds and aerosol layers. Three
case studies were shown, comparing the PBL heights obtained with both instruments
in different situations. In situations where the PBL is well defined, the WCT method
obtains similar results from data of both instruments, as shown in the first case study.
These results also show that PBL top height does not vary greatly between both
locations. In situations such as the second case study, in which there is the presence
of low clouds near the top of the PBL, the results show greater divergence between
the instruments, also reflecting the different cloud distributions between the locations.
In cases like this, the comparison of results is impaired. In the third case study, which
shows the results for a situation in which there are aerosols layers, the aerosol layer
can be misidentified as the PBL top, and the case study shows that this
misidentification can happen both when using ceilometer and lidar data.

The ceilometer was shown to be a powerful tool for long-term PBLH
measurements. With ceilometer data from February to December 2021, it was possible
to analyse PBLH changes throughout the year, with enough data points to allow the
observation of both the daily cycle and the seasonal cycle of the PBL. PBLHceil
averages per month were calculated, obtained from the ceilometer data. The average
heights for each month vary between 800 and 1000 m for the entire period. The
maximum average PBLHceil values were obtained during first and the last trimester of
the year. With the ceilometer data, average PBLHceil for the entire period was

obtained, with a 30-minute temporal resolution. The results show a daily cycle for the
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period correspondent to the expected PBL daily cycle, with PBL growth starting in mid-
to-late morning due to convective processes resulting from incident solar radiation, with
the top height reaching its maximum value during the afternoon.

Long-term PBLH measurements have numerous applications, such as
studies and modelling of pollutant and gas dispersion. The results obtained in this work
were compared to CO2 measurements obtained in different measurement sites in S&o
Paulo, to observe the effect of PBL changes in CO2 concentrations. PBLH values
obtained from the ceilometer data were compared with CO2 concentrations obtained
at three measurement sites in the city: IAG, UNICID and Pico do Jaragua. These
values were averaged per month and intercomparisons at different times of the day
were presented. Average PBLHs and CO:2 concentrations were also compared by
season. The results show negative correlation between PBL heights and CO:2
concentrations throughout all the day, with increasing PBL heights being accompanied
by decreasing CO2 concentrations, and this behavior was seen throughout the year.
Seasonal variations were seen in the average PBL heights and CO2 concentrations,
with the highest PBLHs and lowest CO2 concentrations being obtained during summer,
followed by spring, fall and winter. PBL growth was delayed during the period
correspondent to fall and winter (April-June and July-September), and a corresponding
delayed decrease in CO2 concentrations was also observed in the same period. PBLH
values obtained from July 24, 2021 to July 26, 2021 were compared to the CO:2
concentrations in the same period. These days were chosen due to the absence of
clouds and rainfall. The results show that day-to-day changes in PBL behavior are
accompanied by similar changes in the CO2 measurements, with higher nighttime PBL
heights being accompanied by lower CO2 concentrations, and lower maximum daytime
PBL heights corresponding to higher CO2 concentrations during the day. Changes in
PBL growth timing, such as an earlier or quicker development of the Mixed Layer, also
reflected changes seen in the CO2 data, with sharpest PBL growth being accompanied
by minimum CO:2 concentrations being measured at an earlier time. These results
show the negative correlation between PBL top heights and CO2 concentrations,

similarly to what was seen in the monthly and seasonal intercomparisons.
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