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Cases of intense air pollution have been a recurring problem in most of urban centers in different regions of the 
world. Although actions to mitigate pollutant emissions are fundamental, it is also necessary to understand which 
factors can favor their dispersion process. In this scenario, this paper presents, for the first time, a long-term 
analysis of the Planetary Boundary Layer Height (PBLH), estimated through lidar and radiosounding data, 
Ventilation Coefficient (VC), Thermal Inversions (TI), and Aerosol Optical Depth (AOD), for the city of São Paulo, 
demonstrating how these variables are related with PM2.5 concentration. The analyzes showed that PBLH and VC 
have a seasonal cycle, with higher values in summer and lower ones in winter. Furthermore, PBLH is affected by 
one local factor, the sea-breeze, which reduces the concentration of aerosols in the late afternoon, resulting in an 
underestimated PBLH obtained from lidar data. Furthermore, from AERONET data, a predominance of Black 
Carbon and small particles was observed in all seasons, which are associated with the feedback effect observed in 
winter. Such effect attenuates the increase of PBLH and VC in cases of high concentrations of PM2.5. Finally, it 
was presented a Generalized Linear Model, which combines VC, AOD and TI information as input and can es
timate the PM2.5 concentration with a R2 = 0.93.   

1. Introduction 

Air quality monitoring has become a crucial activity in recent years, 
particularly for megacities, due to the increasing level of pollutants in 
the atmosphere. (Dupont et al., 2016; Li et al., 2017, 2019; Kotthaus 
et al., 2018; Murthy et al., 2020).However, monitoring air quality is a 
complex task that requires continuous meteorological observations, 
such as wind speed, net radiation, pollutants concentration, and most 
importantly, the height of the planetary boundary layer (PBLH), which 
can strongly influence air pollution levels, because aerosols are pre
dominantly situated in this tropospheric region (Li et al., 2017). 

The lowermost tropospheric region is called Planetary Boundary 
Layer (PBL). This region is endowed with turbulent behavior, respond
ing to surface forcings and being influenced by the earth’s surface on a 
time scale equal to or lower than 1 h (Stull, 1988). Such a layer is 

characterized by the high variability of its height (PBLH) during the 
daily cycle. Considering an ideal scenario, some instants after sunrise, 
the positive net radiation causes the increase of ground surface tem
perature, so that the air masses (located at low heights) are warmed. 
This phenomenon, together with turbulent mixing, favors the convective 
process, resulting in the warming of the upper region of the troposphere 
and originating an unstable sublayer denominated Convective Boundary 
Layer (CBL) or Mixing Layer (ML). Close to sunset, convection ceases, 
and the CBL becomes a neutrally stratified layer denominated Residual 
Layer (RL). This layer contains the main characteristics of the previous 
CBL. Parallel to this process, from the ground emerges a sublayer, 
endowed with stability, called Stable Boundary Layer (SBL) (Stull, 
1988). 

In addition to variations in height values caused by the daily cycle, 
which is directly influenced by atmospheric stability, PBL H can also be 
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affected by the behavior of other forcings, which can be attenuators of 
the dispersion process, due to the negative result caused in mixing/ 
growth process. The reduction in sensible heat due to intense aerosol 
backscattering, can reduce the air temperature and weaken the turbu
lent mixing process. Such a process results in a stabilized PBL, which is 
endowed with a low height and a high concentration of pollutants in its 
lower region (Li et al., 2017). Thermal Inversions (TI) can attenuate the 
dispersion process, trapping the pollutants in the regions below its top. 
So that several extreme pollution episodes are associated with TI at the 
PBL top (Wallace J and Kanaroglou, 2009; Liu et al., 2019; Xu et al., 
2019; Guo et al., 2020). Overall, understanding the behavior of the PBL 
and its influencing factors is crucial in monitoring and mitigating air 
pollution levels, particularly in megacities. 

However, although it is essential to monitor PBLH variations, it is not 
an easy task. Such a variable can be estimated from the direct obser
vations of vertical profiles of turbulent quantities (Teixeira et al., 2021) 
or retrieved indirectly from variations in the vertical profile of some 
variables, such as temperature, relative humidity, wind speed, and 
aerosol concentration (Stull, 1988). 

The method most widely applied in PBL H detection is radio
sounding. However, due to low spatial (~300 m) and temporal (~12 h) 
resolution, this technique does not allow monitoring the variation of 
PBLH throughout the day (Li et al., 2017). To solve this problem, remote 
sensing systems such as elastic lidar (Toledo et al., 2017; Bravo-Aranda 
et al., 2017; Moreira et al., 2018, 2022), Doppler lidar (Manninen et al., 
2018; Marques et al., 2018; Moreira et al., 2019), radar wind profiler 
(Liu et al., 2019; Solanki et al., 2022; Salmun et al., 2023), ceilometers 
(Caicedo et al., 2017; Lee et al., 2019; Uzan et al., 2020; Moreira et al., 
2020) and microwave radiometer (Bravo-Aranda et al., 2017; Moreira 
et al., 2020), have been broadly applied in the PBLH detection during the 
last decade. Such systems are endowed with high temporal and spatial 
resolution so that it is possible to track the PBLH evolution throughout 
its daily cycle. 

From lidar data, Dupont et al. (2016) estimated the PBLH evolution 
in Paris (France), and demonstrated that during extreme pollution 
events, such a variable can influence the PM2.5 concentration. Miao and 
Liu (2019) analyzed the behavior of the PBLH and PM2.5 concentration 
in 28 air quality stations across of China and identified that the corre
lation between these variables increases as higher PM2.5 concentrations 
are detected. Lou et al. (2019) analyzed the relationship between PM2.5 
and PBLH in three different PBL regimes (neutral, stable, and convec
tive), identifying that the correlation signal is directly associated with 
these regimes, being that negative correlations were observed during 
convective and neutral regimes, and positive correlation during the 
stable period. From a combination between PBLH (obtained from mi
crowave radiometer data) and wind speed, Moreira et al. (2020) esti
mated the ventilation coefficient (VC) and demonstrated that such a 
variable positively influences the dispersion of Black Carbon in Granada 
(Spain). Murthy et al. (2020), from ceilometer data, estimated the PBLH 
evolution in Delhi (India) and presented a negative correlation between 
PM2.5 concentration and PBLH, mainly during convective periods. 

In this study, the primary objective is to investigate how PBLH, VC, TI 
occurrence and the variations in some atmospheric optical properties (e. 
g., Atmospheric Optical Depth - AOD) can affect the PM2.5 concentration 
in São Paulo city during the convective period. Therefore, first a 
description of the seasonal behavior of these variables will be presented. 
Next, it will be described how they relate to each other, whether or not 
they may favor dispersion processes. And finally, a way to relate such 
variables with the concentration of PM2.5 using a Generalized Linear 
Model (GLM) will be presented. It is important to highlight that is the 
first long term study relating PBLH and PM2.5 concentration performed 
in this region. This paper is organized into five sections. Section 2 pro
vides an overview of the study area, the equipment used for measure
ments, and the campaigns conducted for data collection. Section 3 
describes the methodology employed in the study and the algorithms 
used for data analysis. In Section 4, the results of the study are presented, 

and the implications of the findings are discussed. Finally, in Section 5, 
the main conclusions drawn from the study are summarized. 

2. Materials 

2.1. Study area 

With around 12.8 million inhabitants (IBGE, 2022) and a vehicle 
fleet of around 32 million (São Paulo Municipality, 2020), São Paulo is 
the most populous Brazilian city. This city has a humid subtropical 
climate, where summer is warm and humid, winter is dry and with low 
decrease in the average temperature. On the other hand, similar inter
mediate climatic characteristics are observed in spring and autumn 
(CETESB, 2019). Fig. 1c shows the places where the LIDAR is located 
(Center of Laser and Applications (CELAP) – violet star) and the radio
soundings where launched (Campo de Marte Airport – orange star), as 
well as, all CETESB stations, at São Paulo municipality, where PM2.5 is 
measured (colored circles). 

2.2. SPU-Lidar Station 

The SPU-Lidar Station São Paulo Lidar Station is a multiwavelength 
elastic lidar system installed in the CELAP (23◦33′38″ S, 46◦44′23″ W, 
760 m a.s.l.) (Fig. 1c – violet star) and is part of LALINET (http://lalinet. 
org), a federative coordinated lidar network that focuses on monitoring 
the vertical distribution of particle optical properties in Latin America. 
This system works with a pulsed Nd:YAG laser, pointed to zenith di
rection and that emits radiation at four wavelengths (355, 532, and 
1064 nm) with a repetition rate of 10 Hz. The data acquisition occurs by 
three Raman-shifted (387, 408, and 530 nm) and three elastic (355, 532, 
and 1064 nm) channels. SPU-Lidar Station has a spatial resolution of 7.5 
m, reaching the full overlap at 300 m a.g.l. (Lopes et al., 2019; Moreira 
et al., 2019). For this work, all lidar measurements were obtained from 
the wavelength of 532 nm (elastic), with a temporal resolution of 1 min, 
from January 2013 to December 2019, from 13 UTC to 21 UTC (this 
period corresponds to 10 to 18 Local time). 

2.3. Radiosoundings 

The radiosoundings were launched daily at Campo de Marte Airport 
(23◦ 41′ S, 46◦ 53’ W) (Fig. 1c – orange star) at 12 and 00 UTC (09 and 21 
Local time, respectively). In this paper, only the 12 UTC data (collected 
from January 2013 to December 2019) were used, so that from them 
were estimated the PBLH (Section 3.1.2) and the Thermal Inversions 
properties (Section 3.4). 

2.4. Aerosol Robotic network 

The Aerosol Robotic Network (AERONET) is a network dedicated to 
terrestrial monitoring and characterization of aerosols at a regional and 
global level. (Holben et al., 1998). In this paper the values of Aerosol 
Optical Depth (AOD), Ångström Exponent (AE), Lidar Ratio (LR) and 
Angström Exponent of Scattering and Absorption were obtained from 
AERONET São Paulo Station (23◦ 33′ S, 46◦ 38’ W) (Fig. 1c – red star). In 
this paper the AERONET data were collected from January 2013 to 
December 2019. 

2.5. Surface wind speed 

The hourly horizontal wind speed (HWS [ms− 1]) were obtained from 
the CETESB Pinheiros station (Fig. 1c – yellow circle), from January 
2013 to December 2019. 

2.6. PM2.5 hourly concentration 

Hourly records of fine particulate matter (PM2.5 [μgm− 3]) were 
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collected from all CETESB stations located in São Paulo Municipality 
where such a pollutant is measured (colored circles in Fig. 1c). In order 
to be more representative and addressing the different characteristics of 
each São Paulo municipality region, the PM2.5 hourly concentration 
values presented in this paper correspond to average value of all sta
tions. These data were collected from January 2013 to December 2019. 

3. Methods 

3.1. PBLH detection 

3.1.1. Lidar 
The lidar signal was pre-processed by the three-step correction 

(D’Amico et al., 2016). Firstly, to reduce the influence of the electrical 
noise, the dark current signal (DC(z)) is subtracted from the raw signal 
(P(z)). In the second step the background radiation signal (BG) is 
removed to attenuate the influence of external sources. Then, the value 
obtained from the two previous steps is multiplied by the square of the 
corresponding height (z), due to attenuation of signal with the height. 
Finally, is obtained the Range Corrected Signal (RCS): 

RCS(z)= (P(z) − DC(z) − BG) ∗ z2 (1) 

After this correction, the PBLH is estimated from the Wavelet 
Covariance Transform Method (WCT) (Baars et al., 2008). In this 
method, a covariance (W) is performed between the average RCS ob
tained during 1 h (RCS(z)) and a mother-wavelet, which in this case is 
the Haar function (h(a,b)). 

W(a, b)=
1
a

∫b

a

RCS(z)hdz (2)  

where a and b are respectively the values of dilatation and transition- 
related to the mother-wavelet, b is the height above the ground, and zi 

and zf are the respective lower and upper limit of the RCS (z). The height 
with maximum in W(z) corresponds to sharpest drop in the RCS (z), 
therefore is a height characterized by high reduction in the aerosol 
concentration, or in other words, is the transition between the PBL and 
the Free Troposphere (Baars et al., 2008). The values of a and b applied 
in this paper are respectively 200 and 40 m. Such values were obtained 
by Moreira et al. (2022) during two comparison campaigns between the 

PBLH obtained from radiosounding and elastic lidar data in São Paulo. 

3.1.2. Radiossounding 
The PBLH obtained from radiossounding data was estimated from 

the Parcel Method (Holzworth, 1964). Such a method considers the 
PBLH as the altitude whose an air parcel with an ambient temperature T 
can adiabatically rise from the ground by convection. Therefore, from 
the vertical potential temperature profile (θ(z)), the PBLH is the first 
height z endowed of θ(z) equal to potential temperature at surface level 
(θ(z0)). 

In order to observe a longer period of PBL evolution, and considering 
the results of previous works in which the PBLH estimated by lidar and 
radiosoundings were compared and shown to be equivalent (Moreira 
et al., 2014, 2022; Marques et al., 2018), the results of lidar and 
radiosonde were combined, so that in time series presented in the next 
sections, the PBLH value at 12 UTC was estimated from radiosonde data, 
while for the other times (13–21 UTC) the results were estimated from 
lidar data. 

3.2. PBLH long term analysis 

The PBLH long term analysis is presented in section 4 and it includes 
the seasonal hourly distribution, as well as, the mean and maximum 
(PBLHMax) values. In addition, the PBLH Growth Rate (PBLHGR) was 
estimated. Such a variable is calculated from the slope of a linear fit 
between the first PBLH, estimated for the day, and the last point to reach 
90% of the daily PBLH maximum (Moreira et al., 2020). In addition, it 
will be performed a trend analysis of the daily PBLHMax based on Sen’s 
estimator (Sen, 1986), from which will be possible to estimate the Sen’s 
slope and consequently identify a non trend, an upward trend or 
downward trend. 

3.3. Ventilation coefficient 

The ventilation coefficient (VC) is the product between the PBLH (m) 
and the HWS (ms− 1) near the surface, as indicated by the following 
equation: 

VC=PBLH ∗ HWS (3) 

The VC indicates the efficiency of pollutant dispersion; therefore, it 
plays an important role in air quality studies (Nair et al., 2007; Lu et al., 

Fig. 1. (a) São Paulo state and São Paulo city location (yellow square). (b) São Paulo city in detail and region where the data were collected (red square). (c) The red, 
violet and orange stars represent the AERONET São Paulo Station, Center of Laser and Applications (CELAP), and the Campo de Marte Airport, respectvely. The green 
balloons represent the São Paulo Environmental Company (CETESB) stations located in São Paulo city and some neighboring municipalities. The colored circles 
represent all CETESB stations located in São Paulo municipality where PM2.5 is measured. 
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2012). Higher values of VC indicate favorable conditions to the disper
sion of pollutants, while lower ones can result in higher pollutant con
centrations. The hourly values of PBLH, estimated from lidar 
measurements (section 3.1.1), and surface horizontal wind speed, ob
tained at Pinheiros station (section 2.4), were used to calculate VC 
values. 

3.4. Thermal inversions 

The Thermal Inversions (TI) occurs when a layer of cool air is 
overlain by a layer of warmer air, contrary to the traditional process, in 
which the temperature is reduced as the height increases (Stull, 1988). 
Such phenomena were estimated from the vertical temperature profile 
(T(z)) of radiosoundings launched at 12 UTC (09 local time). All TI were 
classified in Surface Based Inversion (SBI) (when the base of inversion is 
located at the surface) or Elevated Inversion (EI), which occurs when the 
base of inversion is above the surface, using the methodology described 
in Abdul-Wahab et al. (2004).From this classification the following pa
rameters were calculated: SBI/EI Depth [SBI/EIDepth] (the deep/height of 
the SBI/EI), SBI/EI Intensity [SBI/EIInt] and SBI/EI occurrence 
[SBI/EIOccur] (the percentage of days where at least one SBI/ EI case is 
identified considering only the days where radiosounding was 
launched). In addition, it was performed a statistical analysis (section 
4.2) 

3.5. Aerosol classification by AERODOG 

The AERONET Data Organization & Graphics (AERODOG) algo
rithm, developed by Lopes (Lopes, 2021), utilizes AERONET data and 
the optical properties of aerosols, such as AOD, A), and LR, to provide an 
atmospheric aerosol classification based on results obtained in previous 
works such as Cazorla et al. (2013) and Romano et al. (2019). The al
gorithm includes a python script available in the GitHub repository, 
which can organize AERONET directsun and inversion data using level 
1.5 or 2.0. The algorithm is licensed under the Creative Commons Li
cense, and more details can be found in Lopes (2021). 

4. Results and discussion 

4.1. PBLH evolution in São Paulo city 

Fig. 2 displays the diurnal variation of the PBLH in São Paulo city 
from 12 to 21 UTC. Despite the hourly values exhibiting high variability, 

the mean values exhibit a well-defined daily cycle, characterized by a 
sharp increase between 12 and 17 UTC, culminating in the maximum 
average value of [1416 ± 429] m at 18 UTC. Subsequently, the PBLH 
mean value remains relatively constant until 21 UTC. 

Fig. 3 presents the seasonal PBLH behavior, wherein summer 
(Fig. 3d) exhibits the lowest number of measurement hours (n = 219) 
due to the high rainfall rate characteristic of the humid subtropical 
climate, which renders lidar measurements unfeasible. Conversely, 
winter (Fig, 3b), the dry season, has the highest number of measure
ments (1122 h). 

Considering the average values, the higher hourly values are 
observed during summer (Fig. 3d) while the lower ones occur during 
winter (Fig. 3b). Similar findings also have been reported in cities with 
different latitudes like as: Leipzig (Baars et al., 2008), Jülich (Schween 
et al., 2014), Palaiseau (Pal and Haeffelin, 2015), and Granada (Moreira 
et al., 2020). 

In autumn (Fig. 3a), the PBLH increases continuously from 12 until 
18 UTC, when the maximum average value of [1540 ± 330] m is 
reached. Then PBLH remains quite constant until 20 UTC and presents 
an apparent decrease at 21 UTC (~203 m), which is caused by the in
fluence of the sea breeze. According to Oliveira et al. (2003), the sea 
breeze affects the plateau "Paulista" more than 50% of all days in a year, 
causing an intense decrease in air temperature and an increase in rela
tive humidity and wind speed, as well as, a shift in wind direction from 
northeast to southeast bringing colder and moist air from the coast to the 
continent, and causing a reduction in aerosol concentration at specific 
heights. As a result, it is generated a sharp drop in the RCS profile, as can 
be observed in Fig. 4 from 19 Local Time, resulting in the PBLH un
derestimation by WCT (Moreira et al., 2022). This variation in PBLH 
during the late afternoon in São Paulo city was also observed by Ribeiro 
et al. 2018 and Sánchez et al. (2020) using radiosonde data. In addition, 
during the autumn the PBLHGr is [100 ± 80] mh− 1. 

During winter, the PBLH growths continuously from 12 until 19 UTC, 
when it reaches the maximum average value of [1400 ± 442] m 
(Fig. 3b). After this period, the PBLH remains relatively constant ([1410 

± 430] m) until 21 UTC. The PBLHGr during this season is the lower one 
observed, [70 ± 50] mh− 1. 

In spring (Fig. 3c), the PBLH has an intense growth from 12 until 17 
UTC, reaching its maximum value ([1490 ± 430] m). Then, it remains 
constant until 18 UTC, and shows a slight decrease (105 m) until 21 
UTC. This apparent decrease in PBLH can be attributed to the sea breeze 
effect, which, as mentioned before, causes the WCT underestimate the 
PBLH, due to the sharp drop in the vertical aerosol profile. During this 
season the PBLHGr is [100 ± 90] mh− 1, quite similar to value observed 
during Autumn. 

Compared to other seasons, Summer (Fig. 3d) has the more intense 
PBLHGr ([110 ± 90] mh− 1). During this season the PBLH growths quite 
constantly from 12 until 19 UTC, has a small apparent reduction at 20 
UTC and increases again at 21 UTC, where the maximum average value 
([1600 ± 500] m) is observed. 

Fig. 5 illustrates the trend analysis to daily PBLHMax. Summer 
(Fig. 5a) and autumn ((Fig. 5b) no have a significative trend, what 
means that throughout the period analyzed there was no tendency for 
the value of PBLHMax to increase or decrease over the years. On the other 
hand, winter (Fig. 5c) and spring (Fig. 5d) have a positive value for the 
Sen Slope (0.29 myr− 1 and 0.20 myr− 1, respectively) indicating that 
throughout the analyzed period there was a tendency for an increase in 
the PBLHMax value of 0.29 m per year in winter and 0.20 m per year in 
spring. However, other meteorological variables, not addressed in this 
study, need to be analyzed to justify such behaviors. 

4.2. Thermal inversions Statistics 

Table 1 presents a heatmap with the SBI and EI seasonal description 
to São Paulo municipality. The SBIs are endowed of seasonality being 

Fig. 2. Diurnal variation of PBLH (m) for the whole period (March 2013 to 
November 2019) estimated from radiosounding (12 UTC) and lidar (13–21 
UTC) data (grey boxes and black dots). The boxes show the 1st (lower edge), 
2nd (inside line), and 3rd (upper edge) quartiles of the distribution, and 
whiskers indicate the minimum and maximum values, disregarding those 
beyond the inner fences (not shown in the graph). Black circles indicate mean 
values, and n (lower right corner) is the number of valid hours for the period. 
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more recurrent in winter (34.9% of days) and with low occurrence in 
summer (8.9 % of days). Similar results were observed in Oman 
(Abdul-Wahab et al., 2004). All seasons have similar TI intensities with 
[2.73 ± 0.01] ◦C in autumn and winter, and [2.72 ± 0.01] ◦C in summer 
and spring. Regarding the Deep, summer has the deepest SBI (373 ±

197) m, while the winter has the shallowest SBI (285 ± 110) m. 
In the same way as SBIs, the EIs have a seasonal behaviour with 

higher occurrence in winter (57.8% of days) and lower one in summer 
(47.4% of days). Considering that at 12 UTC (09 a.m. Local Time) all 
seasons have an average PBLH value lower than 1 km, Table 1 presents 

Fig. 3. Diurnal variation of PBLH (m) for the whole period (March 2013 to November 2019) estimated from radiosounding (12 UTC) and lidar (13–21 UTC) data 
(grey boxes and black dots). The grey boxes show the 1st (lower edge), 2nd (inside line), and 3rd (upper edge) quartiles of the distribution, and whiskers indicate the 
minimum and maximum values, disregarding those beyond the inner fences (not shown in the graph). Black circles indicate mean values, and n (lower right corner) is 
the number of valid hours of lidar measurements for each season. During the summer there are no PBLH values for midday local time (15 UTC) because of high 
incidence of sunlight in the lidar system. 

Fig. 4. Example of Sea-Breeze effect on lidar signal. São Paulo February 23, 2013. This case is deeply analyzed in Moreira et al. (2022); Sánchez et al. (2020).  
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the occurrence of EI with base situated below 1 km (therefore inside the 
CBL) between 1 and 2 km, and above 2 km. Spring and winter are the 
seasons with more (37.5 %) and less (31.8 %) EI with base in the CBL 
region, respectively. On the other hand, Summer and winter are the 
seasons with less (8.0 %) and more (21.7 %) EI base situated between 1 

and 2 km. Finally, the EI with base above 2 km, which tend to have less 
influence on the development of PBLH, are predominant in summer 
(59.2 %). Therefore, winter is the season with the highest occurrence of 
inversions, and it is possible to state that most of them occur either 
within the CBL or close to its top. Such an event tends to attenuate the 

Fig. 5. Trend analyzes of the daily PBLHMax for the whole period (March 2013 to November 2019).  

Table 1 
TI seasonal description to São Paulo city. The color scale varies linearly from dark green to red, which represent the lowest and highest values, 
respectively. 
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growth of CBL, disadvantaging pollutant dispersion processes. In addi
tion, winter is the season with the deeper EI ([261 ± 89] m). Regarding 
the intensity, all seasons have the same average value (2.74 ◦C). 

4.3. Characterization of aerosol composition from AERONET data 

Fig. 6 provides a comprehensive analysis of the seasonal aerosol 
composition in São Paulo city. In all seasons, small particles with low 
absorption dominate, while black carbon (BC), which is characterized 
by high absorption is present throughout. Autumn (Fig. 6a) is charac
terized by a combination or a mix of dust, BC and brown carbon (BrC) 
pollutants. The Spring season (Fig. 6c) exhibits a mix of large particles 
and other pollutants, including a combination of BrC and BC. Summer 
(Fig. 6d) is similar to spring in terms of aerosol composition, except for 
the detection of large particles (negative Single Scattering Albedo [SSA]) 
of the mix Dust, BC and BrC. Winter (Fig. 6b) features a range of aerosol 
types observed in other seasons, with a predominance of fine particles 
(positive SSA). 

4.3.1. PBLH and AOD 
Although the PBL can exhibit various heights at different AOD values 

(Fig. 7), the mean values suggest a negative correlation between PBLH 
and AOD. In other words, as the PBLH decreases, the AOD increases. 
Similar findings have also been reported by Chen et al. (2022). 

The seasonal characterization of PBLH and aerosols presented in 
sections 4.1 and 4.2, respectively, indicates that lower PBLH are 

observed during winter, which is characterized by the presence of BC 
aerosol type and other fine particles. Therefore, it is reasonable to as
sume that there is a relation between PBLH, aerosol loading, and AOD, so 
higher AOD values represent higher aerosol concentrations (in the case 
of São Paulo, the absorption aerosol is BC). 

4.4. Influence of PBLH, VC and TI in the PM2.5 concentration 

The PM2.5 concentration, PBLH and VC daily cycles to São Paulo city 
are presented in Fig. 8. VC has a daily cycle similar to PBLH, with lower 
values at early morning, maximum values during the center of the day, 
however while PBLH tends to maintain a constant value after reaching 
the daily maximum value, the VC decreases due to variation in the HWS. 
Although between 12 and 14 UTC PM2.5 is anti-correlated with PBLH 
and VC (probably due to high growth rate of both variables, which fa
vors the pollutant dispersion), from 15 to 18 UTC the variation of these 
three variables has the same positive signal, what probably is caused by 
the intense vehicular traffic during this period (São Paulo Municipality, 
2021), which results in such a high emission level that even with 
favorable dispersion conditions, the concentration of pollutants con
tinues to increase. At 19 UTC when the VC decreases and PBLH stays 
quite constant, the dispersion capacity of low troposphere reduces 
significantly. These factors combined with the begin of rush hour (São 
Paulo Municipality, 2021) result in an increase of PM2.5 concentration. 

Fig. 9 demonstrates the seasonal behavior of the PM2.5 daily cycle 
and how it is influenced by PBLH and VC. PM2.5 has a seasonal behavior 

Fig. 6. Aerosol classification to São Paulo city during the (a) autumn, (b) winter, (c) spring and (d) summer obtained from AERONET data collected from 2012 to 
2019 provided by the AERODOG script. 
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with the higher average values in winter (Fig. 9b) and lower ones in 
summer (Fig. 9d). One of the main factors that result in high PM2.5 
concentration observed during winter, in comparison with other sea
sons, are the several biomass-burning episodes that occur in Brazilian 
central-west and Amazon region and affects São Paulo city (Moreira 
et al., 2021). Such factor combined with the reduced dispersions capa
bility (due to lower PBLH and VC in comparison with other seasons) can 
elevate significantly the PM2.5 levels. In addition, the high concentration 
of aerosols during the winter can influence the values of VC since 
aerosols weaken the surface winds, which consequently reduces the VC 
and the capability of pollutant dispersion in that region. 

Excepting for winter, where an anti-correlation can be clearly 
observed, VC and PM2.5 do not present a uniform relationship, so they 
are anti-correlated during the period of intense VC growing and posi
tively correlated during the rest of the day. During the autumn (Fig. 9a) 
and spring (Fig. 9c), the correlation between PM2.5 and PBLH is similar 
to that observed with VC. It is essential to highlight that the apparent 
reduction of the PBLH is caused by the presence of the sea breeze, which 
affects the detection of PBLH by lidar systems due to the decrease in the 
concentration of aerosols. Consequently, this phenomenon also affects 
the PM2.5 concentration resulting in the reductions observed at the end 
of the day. Winter (Fig. 9b) and summer (Fig. 9d) present an anti- 
correlation between PM2.5 and PBLH, when the highest PBLHGr are 
observed, however when the daily PBLHMax is reached and the PBLH 
presents a small variation, the PM2.5 concentration continues to increase 
(winter) or remains practically constant (summer). 

Excepting autumn, in all seasons the PM2.5 concentration begins to 
increase or stop to decrease at 16 UTC (in autumn at 15 UTC), although 
the VC continues increasing. This phenomenon may be associated with 
photochemistry activity, which leads to a higher secondary aerosol 
formation, mainly during the central part of the day (Seinfield and 
Pandis, 2016; Pan et al., 2019). 

Fig. 10 presents the trend analyzes of the daily maximum value of 
PM2.5. All seasons have a significative negative Sen Slope, what indicates 
that throughout the analyzed period there was a tendency for a reduc
tion in the maximum daily value of PM2.5. Summer and Spring are the 
seasons with lower (− 0.003 μg m− 3.yr− 1) and higher (− 0.006 μg m− 3. 
yr− 1) PM2.5 decrease rate. It is important to highlight that winter and 
spring are the unique seasons with a tendency for an increase in the 
PBLHMax value, are the seasons with the more intense PM2.5 maximum 
daily value decrease. Similar results, associated with a tendency to 
reduce PM2.5 concentration, results also were observed in China (Bai 
et al., 2019; Li et al., 2023), Eastern and Western Europe (Li et al., 2019). 

Table 2 presents the seasonal average values of the minimum 
(PMMin

2.5 ), mean (PMMean
2.5 ) and maximum (PMMax

2.5 ) daily PM2.5 concentra
tions in the presence or absence of TI. Excepting autumn, all seasons 
have a higher PM2.5 concentration when a TI was registered, so that the 
higher difference occur with PMMax

2.5 in winter, when the value registered 
during the days endowed of TI is around 30% higher than when no TI is 
observed. Such result is directly associated with the influence of TI in the 
PBLH, which can attenuate the growth rate resulting in reduction of 
dispersion capability. 

4.5. Combining multiple variables to understand the variations in PM2.5 
concentrations 

In order to try to estimate a direct correlation between meteorolog
ical variables and the concentration of PM2.5, the correlation of the 
average daily concentrations of this pollutant with the average daily 
values of PBLH and VC was initially analyzed. Table 3 presents the 
seasonal Pearson’s correlation to PM2.5 - VC and PM2.5 – PBLH. The PBLH 
presents a small correlation with PM2.5 concentration, so that the highest 
significative absolute value is observed during the autumn (− 0.14), and 
the lower one during the winter (− 0.05). The correlation during the 
summer is 0.01, however it does not present a significative p-value. Luan 
et al. (2018) observed that the correlation between PBLH and PM2.5 
concentration becomes higher as PM2.5 mass increases (mainly in con
centrations higher than 150 μgm− 3). Xiang et al. (2019) observed that 
PBLH and PM2.5 concentration does not present a significant correlation 
under low PM2.5 conditions, so that significant concentrations only 

Fig. 7. Variation of AOD and PBLH for the whole period (March 2013 to November 2019) estimated from lidar data (grey boxes and black dots). The boxes show the 
1st (lower edge), 2nd (inside line), and 3rd (upper edge) quartiles of the distribution, and whiskers indicate the minimum and maximum values, disregarding those 
beyond the inner fences (not shown in the graph). White circles indicate mean values, and n (lower right corner) is the number of valid hours for the period. 

Fig. 8. Diurnal variation (14:00–21:00 UTC) for the whole period (March 2013 
to November 2019) of PBLH (blue), VC (green) and PM2.5 concentration (or
ange). Shaded regions show 95% confidence intervals. 
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could be observed when the PM2.5 concentration was greater than 70 
μgm− 3. Miao and Liu (2019), when analyzing the relationship between 
PBLH and PM2.5 in China identified that during heavily polluted winters 
these variables had a correlation higher than 0.80, however when the 
PM2.5 is lower than 50 μgm− 3 small correlations were observed. 
Therefore, based on the studies presented above, it is possible to 
conclude that PBLH and PM2.5 are well correlated only in the cases 
where the pollutant presents a high concentration, what justifies the low 
values observed in São Paulo city, because the average concentrations of 
PM2.5 did not exceed 22 μgm− 3 over the period analyzed. 

On the other hand, VC presents a higher significative correlation 
where the higher value is observed in winter (− 0.32) and lowest one in 
summer (− 0.08). Su et al. (2018) observed a significative correlation 
between HWS and PM2.5, then as VC is the combination of PBLH and 
HWS, such a variable tends to have a correlation higher than PBLH. 

In an attempt to improve this correlation, and based on the rela
tionship between PBLH, VC, TI, AOD and PM2.5 demonstrated in previ
ous sections, a Generalized Linear Model [GLM] (Nelder and 
Wedderburn, 1972) was created taking as input values the minimum, 
average and maximum daily values of all variables presented in this 
work. The dataset was split in two parts, so that the first 5 years 
(2013–2017) were applied to create the model and the last 2 years 
(2018–2019) were used to validate it. After creating an initial baseline 
model, variables with a low level of significance (p-value >0.05) were 
discarded. Such a GLM was adjusted with Poisson distribution and log
arithmic link function (Dalgaard, 2008). Finally, the model had the 
following configuration: 

PMMean
2.5 =3.45 + 0.55AOD + 0.06SBIInt − 0.82VCMean + 0.01EIBase (4)  

where: PMMean
2.5 and AOD corresponds to mean daily value of PM2.5 and 

AOD, respectively, SBIInt is the intensity of SBI, EIBase is the height of EI 
base, and VCMean is the mean daily VC. 

Fig. 11 presents a comparison between the PM2.5 mean daily value 

measured and provided by the GLM model. were adjusted to Generalized 
Linear Models (GLMs) with Poisson distribution and logarithmic link 
function (Dalgaard, 2008). The model has a R2 = 0.93 and a deviance 
[D2] (how much of the variability of the variable is explained by the 
model) of 0.60. Liang et al. (2017), only combining atmospheric pa
rameters, created a GLM that reached R2 = 0.81. Liu et al. (2007), using 
MODIS data, created a GLM with R2 = 0.51. On the other hand, Raman 
and Kumar (2016) combining meteorological parameters and some at
mospheric optical properties developed a GLM that provide R2 = 0.88. 
When comparing the model inputs, the need to insert information 
related to the optical properties of the atmosphere (e.g. AOD), thermal 
inversions (e.g., EIBase and SBIInt) and low troposphere dynamics (e.g., 
VC) becomes evident. 

5. Conclusions 

Air quality is a global issue that has a significant impact on major 
urban centers worldwide. It is crucial to comprehend the distinct attri
butes of each region and determine the factors that contribute to pol
lutants dispersion. In this scenario, the present study investigates as the 
seasonal variation of the PBLH, VC, TI occurrence, and AOD can influ
ence the PM2.5 concentration in São Paulo city during the convective 
period. 

The PBLH observed in São Paulo city presents the maximum average 
values in summer and lower ones in winter. The seasonal average values 
of PBLH do not exhibit much variation as those seen in high latitude 
regions. Moreover, the sea breeze has a notable impact during the late 
afternoon, causing a reduction in aerosol concentration and an apparent 
decrease in PBLH estimated from lidar data. In addition, from a trend 
analysis it was possible to observe a tendency for increase in the 
PBLHMax during winter and autumn. 

Regarding the TI, EI are more frequent than SBI, what is expected 
because he radiosounding were launched at 09 AM (Local Time). Winter 

Fig. 9. Diurnal variation (14:00–21:00 UTC) for each season (a-Summer, b-Autumn, c-Winter, d-Spring) from March 2013 to November 2019 of PBLH (blue), VC 
(green) and PM2.5 concentration (orange). Shaded regions show 95% confidence intervals. 
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is the season with the deepest and most intense EI and, as they occur 
predominantly in the PBL region, they affect the PBLH growth rate and 
consequently the pollutant dispersion. Similarly to PBLH, the VC ex

hibits seasonal behavior, with higher average values during summer and 
lower ones during winter. 

Based on the aerosol characterization using AERONET data, it was 
found that although each season has some distinct features regarding 
aerosol composition (e.g., winter is strongly impacted by biomass 
burning events in central-west and Amazonian Brazilian regions), small 
particles with low absorption and BC aerosol predominate throughout 
the year. Additionally, a negative correlation between AOD and PBLH 
was observed. 

PM2.5 also presents a seasonal behavior, with higher concentrations 
during the winter and lower ones in summer. In addition, from the trend 
analysis was possible to observe a tendency in reduction of the 
maximum PM2.5 daily value concentration in all seasons. In general, 

Fig. 10. Trend analyzes of the daily maximum value of PM2.5 for the whole period (March 2013 to November 2019).  

Table 2 
Effect of TI in PM2.5 concentration. 

Table 3 
Pearson’s correlation between PM2.5 concentration, VC and PBLH. ** indicates a 
p-value lower than 0.05. * indicates a p-value lower than 0.1  

Season VC PBLH 

Winter − 0.32** − 0.05* 
Autumn − 0.16** − 0.14* 
Summer − 0.08** − 0.01 
Spring − 0.20** − 0.11*  
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PM2.5 presented a low correlation with PBLH, demonstrating a small 
increase when the highest concentrations of PM2.5 were observed. Ac
cording to studies carried out in other locations (e.g., Beijing and She
nyang), similar results were found, so that high correlations (above 
0.80) only were observed when PM2.5 concentrations are higher than 50 
μgm− 3. In São Paulo city the highest values observed to PM2.5 concen
tration was 22 μgm− 3, what justifies the lower correlations observed. 
Although the correlations values between VC and PM2.5 are better than 
those of the PBLH and PM2.5, they are relatively low, and also rise ac
cording to increase of the PM2.5 concentration. 

The GLM proposed, combining information about VC [PBLH plus 
HWS], TI [SBIInt and EIBase] and optical properties [AOD], provided 
reasonable results [R2 = 0.93 and D2 = 0.60] in cases of intense and low 
PM2.5 concentration, demonstrating the importance of combining these 
three categories of data to better understand the dynamics of PM2.5 
dispersion. 

This paper reinforced the importance of combining remote sensing 
and surface equipment to understand the PM2.5 behavior, and although 
the variables when analyzed independently present a low degree of 
correlation with PM2.5, when combined, significantly higher correla
tions levels could be achieved. 
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Marques, Márcia T.A., Moreira, Gregori De A., Pinero, Maciel, Oliveira, Amauri P., 
Landulfo, Eduardo, 2018. Estimating the planetary boundary layer height from 
radiosonde and Doppler lidar measurements in the city of São Paulo - Brazil. EPJ 
Web Conf. 176, 06015 https://doi.org/10.1051/epjconf/201817606015. 

Miao, Y., Liu, S., 2019. Linkages between aerosol pollution and planetary boundary layer 
structure in China. Sci. Total Environ. 650, 288–296. https://doi.org/10.1016/j. 
scitotenv.2018.09.032. 

Moreira, G.A., Lopes, F.J. da S., Guerrero-Rascado, J.L., Granados-Muñoz, M.J., 
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