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A B S T R A C T   

This paper investigates the performance of seven methods of retrieving the planetary boundary layer height 
(PBLH) from lidar measurements carried out in the Metropolitan Region of São Paulo (MRSP) during two MCITY- 
BRAZIL field campaigns of 2013. The performance is objectively assessed considering as reference the PBLH 
retrieved from rawinsonde carried out every 3 h during these campaigns. The role of clouds and aerosol load in 
the performance of the seven methods is analysed considering three case study scenarios representative of typical 
atmospheric conditions in the MRSP: (a) winter clean atmosphere, (b) summer low clouds and aerosol multi
layers, (c) summer sea-breeze intrusion. Corroborating the case study results, the objective analysis indicated 
that most of the lidar methods retrieved PBLH closer to the top of the entrainment zone than the mixed layer, 
contradicting their definition. During daytime, the Wavelet Covariance Transform Method performs better than 
all the other six methods. The Inflexion Point Method performed better to estimate the Residual Layer height 
during night-time. In average, the diurnal evolution of the PBLH and its local rate of change based on lidar and 
rawinsonde measurements are in agreement.   

1. Introduction 

Basic properties of the Urban Boundary Layer (UBL) over tropical 
cities are not very well documented (Sánchez et al., 2020). In tropical 
regions, most of the local networks of upper-air monitoring stations are 
sparse, rawinsonde data have low vertical (~300 m) and temporal (~12 
h) resolutions. In general, sounding releases twice-a-day at fixed uni
versal times, yielding a fragmented description of the UBL properties. 
This is particularly problematic in places like Brazil where soundings are 
performed at 0900 and 2100 Local Time (LT), when the convective and 
stable turbulent regime are still incipient (Sánchez et al., 2020). 

In the last two decades remote sensing systems have been widely 
applied in Planetary Boundary Layer (PBL) studies. Although the com
bination of equipment and algorithms have been applied in this kind of 
study (Bianco and Wilczak, 2002; Tucker et al., 2009; Bonin et al., 

2018), there are still uncertainties associated with equipment (e.g., 
signal-to-noise ratio (Kotthaus et al., 2016; Kotthaus et al., 2020)) and 
retrieving techniques limitations (e.g., rainy, cloudy, or Sahara dust 
outbreak situations (Bravo-Aranda et al., 2017; Cazorla et al., 2017; 
Kotthaus et al., 2020)) that need to be identified facing the great di
versity of atmospheric conditions resulting from its popularization 
(Bonin et al., 2018). Considering the remote sensing instruments, the 
elastic lidar is one of the most used to retrieve properties of the PBL, due 
to reliability and a wide range of approaches to its results (Davis et al., 
2000; Brooks, 2003; Morille et al., 2007; Baars et al., 2008; Pal et al., 
2010; De Tomasi et al., 2011; Granados-Muñoz et al., 2012; Wang et al., 
2012; Lange et al., 2014; Banks et al., 2016; Bravo-Aranda et al., 2017; 
Lopes et al., 2014; Moreira et al., 2018; Liu et al., 2019; Cimini et al., 
2020; Moreira et al., 2019; Vishnu et al., 2021; Moreira et al., 2022). 
They use aerosols as tracers to estimate the PBL Height (PBLH) as the 
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midpoint between transition layers of high and low backscattering in
tensity. Under ideal conditions (undisturbed synoptic conditions, clear 
skies, flat topography and homogeneous land use) and during daytime 
this transition is within the Entrainment Zone (EZ) (a stable layer at the 
top of Mixed Layer (ML) and below Free Atmosphere (FA) (Stull, 1988; 
Wyngaard, 2010)). During night-time the transition is within the former 
Capping Inversion, which is situated above the Residual Layer (RL) 
(Stull, 1988; Wyngaard, 2010). Under more realistic conditions, finding 

this midpoint in a lidar signal is not an easy task because the vertical 
distribution of aerosol in the lower atmosphere is strongly dependent of 
local meteorological conditions and may display a complex behaviour 
(Kovalev and Eichinger, 2004). Consequently, several methods have 
been developed to estimate the PBLH based on different strategies to 
reduce ambiguities of complex situations such as aerosol multilayers, 
clouds, etc. (Kovalev and Eichinger, 2004). 

In this work, seven PBLH detection methods are applied to estimate 

Fig. 1. (a) MRSP Map. (b) Geographic position of lidar (IPEN, red star) and rawinsonde (Campo de Marte Airport, cyan star) sites with respect to land. (c) Elevation 
profile (yellow dotted lines in (a), (b) and (d). (d) RMSP topography. The white lines in (a) and (b) indicate the trajectory of each rawinsonde. The pink balloons in (b) 
represent the horizontal position where rawinsondes reached the height of 4000 m. The yellow dotted (radius = 7 km) circle in (b) indicates the area covered by 
rawinsondes until they reach 4000 m. Topography in (d) is based on the highest-resolution topographic data (3-arc-second Resolution - 90 m) generated from NASA’s 
Shuttle Radar Topography Mission (SRTM), available at https://www2.jpl.nasa.gov/srtm/. The geographic limits of São Paulo City are indicated by red in (d). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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daytime evolution of UBL, for the first time, in the Metropolitan Region 
of São Paulo (MRSP) using a mobile Raman lidar measurements carried 
out during two field campaigns of the MCITY (MegaCITY) BRAZIL 
Project in 2013 (Oliveira et al., 2020). These methods are: (1) Variance 
(Emeis, 2011), (2) Gradient (Flamant et al., 1997), (3) Logarithmic 
Gradient (Senff et al., 1996), (4) Inflexion Point (Menut et al., 1999), (5) 
Threshold (Melfi et al., 1985), (6) Ideal Curve-Fitting (Steyn et al., 
1999), and (7) Wavelet Covariance Transform (Baars et al., 2008). The 
performance of these methods is assessed objectively using as reference 
the height of the ML (MLH), EZ (EZH), and RL (RLH), estimated previ
ously from fine resolution rawinsonde by Sánchez et al. (2020). Exper
imental site and measurements are described in Section 2, the 
methodology in Section 3, results are discussed in Section 4 and con
clusions are given in Section 5. 

2. Experimental site and measurements 

Observations used in this work are based on lidar and rawinsonde 
measurements carried out in the MRSP during two field campaigns of the 
MCITY-BRAZIL project in 2013. This project started in 2013 with the 
implementation of a network of three micrometeorological towers in 
sites representative of urban, suburban, and rural land use of the MRSP, 
where surface energy and radiation budget components are measured 
since 2013 (Oliveira et al., 2020). 

The MRSP consists of an urban area of 7947 km2 (Fig. 1a), occupied 
by approximately 21.3 million inhabitants. It is composed of thirty-nine 
cities, most of them located in the Paulista Plateau at 700 m above sea 
level (asl) and about 60 km from the Atlantic Ocean. The entire urban 
portion of the MRSP is in the Paulista Plateau, limited at the north and 
northwest by a chain of ridges of up to 700 m. The MRSP is characterized 
by three major valleys: the Tiete River, oriented in the east-west direc
tion; Tamanduatei River, oriented in the northwest-southeast direction, 
and Pinheiros River, oriented in the northeast-southwest direction 
(Fig. 1d). The São Paulo City is the core city of the MRSP (Fig. 1d), it 
comprises 1507 km2 of land with approximately 11.9 million inhabitants 
and population density of 7900 people per square kilometres (Oliveira 
et al., 2020). The climate of São Paulo is classified as high elevation 
subtropical humid (Cwb), with dry and mildly cold winters (June–Au
gust), and wet and warm summers (December–February). 

Each field campaign lasted 10 days and consisted of launching 
rawinsonde every 3 h, from the “Campo de Marte” Airport (23◦30′32“ S, 
46◦38’04” W, 722 m asl) at northern São Paulo City. Two sets of 80 
soundings each were performed during summer (February 19 to 28, 
2013) and during winter (August 6 to 15, 2013), respectively. In Section 
3 is presented an analysis about the ML and EZ behaviour considering all 
139 valid rawinsondes. On the other hand, in Section 4 is presented a 
comparison between lidar data and 29 rawinsondes, corresponding to a 
total of 11 days (8 in winter [August 8 to 15] and 3 in summer [February 
20 to 22] field campaigns) when the Metropolitan São Paulo (MSP) Lidar 
2 was in operation. 

2.1. Lidar 

The MSP Lidar 2, is a mobile biaxial ground-based multiwavelength 
Raman lidar system. It operates with a pulsed Nd:YAG laser in one elastic 
channel (532 nm) and one Raman-shifted channel (607 nm – from Ni
trogen), that reaches full overlap around 180 m above ground level. In 
both field campaigns, MSP Lidar 2 system operated, from 1000 LT to 
2100 LT, retrieving vertical profiles of the backscatter raw signal (P) 
every 50 s with a spatial resolution of 7.5 m from the level of 180 m (full 
overlap) and composed by 1000 laser shots sampled at a rate of 20 Hz. 
This system belongs to Laser Environmental Applications Laboratory 
which is part of Latin America Lidar Network – LALINET (Guerrero- 
Rascado et al., 2016; Antuña-Marrero et al., 2017). This Lidar was in 
operation in the Institute of Research and Nuclear Energy (IPEN) located 
in the University of São Paulo campus, west São Paulo City (23◦33′38” S, 

46◦44′21” W, 757 m asl), approximately 12.1 km far from the “Campo de 
Marte” Airport where the rawinsondes were released (Fig. 1). 

2.2. Rawinsonde 

Rawinsonde performed at the “Campo de Marte” Airport uses an 
upper air rawinsonde system manufactured by Vaisala Inc. It is 
composed by a DIGICORA III data acquisition system set up with a 
sampling frequency of 0.1 Hz and the rawinsonde model RS92-GSP. 
Ground-checking procedure was carried out using a surface meteoro
logical station from the “Campo de Marte” Airport as the ground refer
ence. The initial ascend velocity of rawinsonde was about 5.5 m s− 1 and 
the vertical resolution prevailed between 60 and 70 m (Sánchez et al., 
2020). 

A trajectory analyses of all rawinsonde released during both field 
campaigns indicate that up to 4000 m they were within the urban limits 
of MRSP, sampling thermodynamic and dynamic properties of the at
mosphere in a 4000 m column with circular area of radius varying from 
7 to 14 km (Sánchez et al., 2020). This indicates that the properties 
described by these rawinsondes can be assumed as representative of the 
UBL in MRSP. Even though Lidar measurements are performed at 12.1 
km far from the rawinsonde launching site (Fig. 1b), both experimental 
sites are inside the urban region of the MRSP with similar land use, far 
from urban borders and chain of ridges at north (Fig. 1a) and separated 
by small hills and valleys (~ 100 m) (Fig. 1c). Besides, Lidar measure
ments was located either very close or inside the circular area (radius =
7 km) sampled by the rawinsondes. Therefore, it is plausible to assume 
that any difference between the UBL (and RL) height retrieved from lidar 
and rawinsonde measurements are not due to land use and topographic 
effects, nor to the lack of spatial representativeness of rawinsonde 
measurements. As consequence, any significant difference between the 
UBL and RL heights estimated from lidar and rawinsonde will be asso
ciated exclusively to limitations of the lidar methods in to cope with 
local atmospheric effects on the PBL structure induced by the presence of 
low clouds, aerosol multilayers and sea-breeze intrusion in the MRSP. 

3. Methodology 

3.1. Lidar methods 

The raw lidar signal P(z) is given by the following equation: 

P(z) = P0
ctd

2
AO(z)

β(z)
z2 exp

[

− 2
∫ z

0
α(z′

)dz
′

]

(1)  

where P0 is the power of emitted laser pulse, c is the light speed (m s− 1), 
td is the duration of laser pulse (ns), A is the area (m2) of telescope cross 
section, O(z) is the overlap function, β(z) is the total backscatter coef
ficient [(km sr)− 1] at distance z and α(z) the total extinction coefficient 
(km− 1) at distance z. 

Lidar methods of retrieving PBLH are based on the variation of RCS 
(Range Corrected Signal) profiles (Kovalev and Eichinger, 2004), which 
are obtained from the following equation: 

RCS(z) = (P(z) − DC(z) − BG ) z2 (2) 

The dark current signal (DC(z)) and background radiation signal 
(BG) are subtracted of (P(z)) to reduce the influence of electrical noise 
and to attenuate the influence of external sources, respectively. Then, 
due to attenuation of the lidar signal with the height, the result of 
subtractions is multiplied by the square of the corresponding height (z) 
(D’Amico et al., 2016). The RCS is represented by Arbitrary Units (au). 

In the absence of clouds, Kovalev and Eichinger (2004) combined Eq. 
(1) and Eq. (2) to demonstrate that a drop in the aerosol concentration 
(ΔC) along the EZ is proportional to a drop in the RCS profile (ΔRCS), 
caused by variation in the total backscatter (Δβ) and extinction (Δα) 
coefficients as indicated by: 
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ΔC ∼ ΔRCS ∼ fa[β, α] (3)  

where fa is an empirical function. 
Due to the spatial and temporal variability of the aerosol concen

tration along the PBL to identify the PBLH based on RCS profile is not an 
easy task, demanding special mathematical techniques to cope with 
complex situations. 

In this section, seven methods of estimating PBLH from RCS profiles 
are summarized. These methods are applied to vertical profiles of mean 
(RCS) and variance σRCS

2 (z) of RCS, both composed of 12 consecutive 
profiles of RCS observed at 10-min intervals. This procedure was defined 
empirically to mitigate the influence of instrumental noise and provide a 
more reliable estimate of PBLH without losing the high temporal reso
lution of lidar systems. As it will be discussed in this section, all seven 
methods present some difficulties to estimate the PBLH in situations 
associated with the presence of clouds, and aerosol multilayers. 

3.1.1. Variance method (VM) 
In this method the PBLHVM is identified as the height of the 

maximum in the variance profiles of RCS observed during 10-min in
tervals. In this case the variance is given by: 

σ2
RCS(z) =

1
n

∑n

i=1
[RCSi(z) − RCS(z) ]2 (4)  

where n (=12) is the number of the RCS profiles observed during 10-min 
intervals. 

For clear sky and convective conditions, this maximum occurs at ML 
top, due to the entrainment of clean air from FA. The presence of cloud- 
base and aerosol multilayers above (or below) the top of the ML gen
erates peaks in the variance profiles, which are not associated with the 
process mentioned above, causing incorrect estimation of PBLH (Emeis, 
2011). In these cases, the PBLH is unrealistic high (or low), because it 
estimates the cloud-base or aerosol multilayer-top height. 

3.1.2. Gradient-based methods 
These methods estimate PBLH as the height where occurs a signifi

cant reduction in the aerosol concentration between ML top and FA. This 
reduction is identified using gradient properties of RCS profiles. The 
most applied gradient methods are described hereafter. 

3.1.2.1. Gradient method (GM). The PBLHGM corresponds to the height 
of the first local minimum in the RCS(z) profile indicated by: 

PBLHGM = Min
[

dRCS(z)
dz

]

(5) 

According to Flamant et al. (1997), PBLHGM corresponds to MLH. 

3.1.2.2. Logarithmic gradient method (LGM). The PBLHLGM corresponds 
to the height of the first local minimum in the natural logarithm of 
RCS(z) profile given by: 

PBLHLGM = Min
[

dln(RCS(z) )
dz

]

(6) 

This method causes a linearization in the extinction coefficient (α) in 
the Eq. (2), increasing the difference between maximum and minimum 
values in the gradient the RCS(z) profile (Martucci et al., 2007). Ac
cording to Senff et al. (1996), the local minimum in the natural loga
rithm of RCS(z) profile corresponds to the height of the ML top. 
Therefore, PBLHLGM is a considered a good estimator for MLH. 

3.1.2.3. Inflexion point method (IPM). The PBLHIPM is the height of the 
inflexion point of RCS(z) profile. It corresponds to the first minimum of 
the second derivative of RCS(z): 

PBLHIPM = Min
[

d2RCS(z)
dz2

]

(7) 

According to Menut et al. (1999), the first minimum of the second 
derivative of RCS(z) corresponds to the middle of EZ. Therefore, it is 
reasonable to assume that MLH < PBLHIPM < height of the EZ top (EZH). 

3.1.3. Threshold method (TM) 
This method estimates PBLHTM as the height where RCS(z) becomes 

lower than a predetermined threshold (Melfi et al., 1985). There is not a 
standard value for this threshold varying in accordance with each region 
and/or instrument. While Boers et al. (1988) used 25% of the maximum 
RCS value, Frioud et al. (2003) applied 4.10− 4 m− 1. In this work it will 
be considered a threshold equal to 80% of the maximum of RCS profile, 
estimated by trial-and-error (Moreira et al., 2013), PBLHTM can be 
expressed as: 

PBLHTM = z,where RCS(z) < Max(RCS)*0.8 (8) 

The reduction in the RCS is due to decrease of aerosol concentration 
in the transition between ML and FA. Therefore, it is also reasonable to 
assume that MLH < PBLHTM < EZH. 

Although easy to apply, the TM may retrieve unrealistic PBLHTM 
values due to the threshold inherent randomness existing in the trial- 
and-error selection procedure caused, mainly, through natural vari
ability of the atmosphere (Kovalev and Eichinger, 2004). 

3.1.4. Ideal curve-fitting method (ICM) 
In this method the PBLHICM is estimated as the height of the inflexion 

point of an ideal RCS profile: 

RCS(z) =
RCSm + RCSu

2
−

RCSm − RCSu

2
erf

(
z − h
Δh

)

(9)  

fitted through observed RCS profile, where RCSm is the mean value of 
the RCS in the ML, RCSu is the mean RCS value in the region above the 
ML, z represents heights, h is the top of ML, and Δh is the thickness of the 
EZ (Steyn et al., 1999). 

All these unknow parameters (RCSm, RCSu, Δh, h) are obtained using 
an iterative selection procedure based on multidimensional minimiza
tion technique proposed by Steyn et al. (1999). In this method PBLHICM 
corresponds to the middle of EZ (MLH < PBLHICM < EZH). 

3.1.5. Wavelet covariance transform (WCT) 
The PBLHWCT is detected by the maximum in function W(a,b): 

W(a, b) =
1
a

∫ zf

zi

RCS(z)h
(

z − b
a

)

dz (10)  

where zi and zf are the lower and upper limits of the RCS(z), h
( z− b

a
)

- the 
Haar function - is the mother wavelet, and a is the dilation and b the 
transition. 

The function W(a,b) is the covariance between the normalized RCS 
and the mother wavelet. The W(a,b) maximum correspond to the 
sharpest drop in the RCS profile, which represents the top of ML (Baars 
et al., 2008). Therefore, the PBLHWCT correspond to MLH. The selection 
of a and b represents a significant challenge in the application of the 
WCT method. These parameters are linked to the vertical distribution of 
RCS, that varies with the aerosol load and atmospheric conditions. Based 
on a previous study of Moreira et al. (2014) the parameters a and b 
received the values 200 and 40 m, respectively. 

3.2. Rawinsonde method 

In this work, the UBL properties such as MLH, EZH, and RLH were 
estimated previously by Sánchez et al. (2020) applying visual inspection 
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method to rawinsonde carried out during the MCITY-BRAZIL project in 
February 19–28 (Summer) and August 6–15 (Winter) in the MRSP. This 
method consists of visually comparing observed and expected struc
tures, using as the reference of expected structure profiles of potential 
temperature and specific humidity observed under undisturbed condi
tions (Fig. 2). As indicated in this figure, during daytime the expected 
structure consists of three adjacent layers: the surface layer (SL), a 
shallow layer adjacent to the surface where the potential temperature 
and specific humidity decrease with height; the ML, where these prop
erties are constant; and the EZ, where potential temperature increases, 
and specific humidity decreases with height at a rate larger than in the 
FA immediately above. During night-time the expected structure consist 
of two layers: the Surface Inversion (SI) layer adjacent to the surface, 
where the potential temperature increases and specific humidity 
(excepted by a thin saturated layer beneath) decreases with height; the 
RL immediately above the SI layer, remaining of the daytime ML. In the 
case of the RMSP, due to the strong thermal stratification of the SI layer, 
the Stable Boundary Layer height (SBLH) was systematically lower than 
the SIH during the field campaigns of 2013 (Section 4.1). The SBLH was 
not indicated in Fig. 2, nor identified by Sánchez et al. (2020), because 
the effect of turbulence in the vertical distribution of potential temper
ature and specific humidity could not be clearly identified using ra
winsondes with vertical resolution of 62 m. According to the reference 
structure used by Sánchez et al. (2020), during daytime the top of the 
UBL(PBLH) corresponds to EZH (Fig. 2). 

The performance of the visual method was investigated by Sánchez 
et al. (2020) using PBLH retrieved by three objective methods as refer
ence: Richardson Number (Zhang et al., 2013), Gradient (Moreira et al., 
2020) and Air Parcel (Holzworth, 1964). They found a Willmott index of 

agreement (defined in Section 4) equal to 0.83 for Richardson Number 
method; 0.85 for Gradient method; and 0.88 for Air Parcel method. 
These results indicate that there is a good agreement between PBLH 
retrieved visually and by objective methods. Therefore, it seems 
reasonable to assume that the other UBL (MLH) and RL (RLH) properties 
obtained by Sánchez et al. (2020), and used here as reference, have an 
equivalent accuracy. 

3.3. Comparison among rawinsonde and lidar methods 

In this section the performance of the seven lidar methods are 
assessed using as reference rawinsonde estimates of MLH, EZH and RLH. 
This assessment is based on the difference among PBLHs and RLH 
retrieved by all seven lidar methods and rawinsonde data as indicated 
below: 

Difference = ΔX

{
PBLHY –Z

RLHY –RLHrawinsonde
(11) 

Where X indicates ML, EZ, or RL, Z indicates the MLH or the EZH 
obtained from rawinsonde, and Y indicates the seven lidar methods: VM 
(Variance), ICM (Ideal Curve-Fitting), IPM (Inflexion Point), LGM 
(Logarithmic Gradient), GM (Gradient), TM (Threshold), and WCT 
(Wavelet Covariance Transform). This analysis is based on 29 rawin
sondes, launched during the 11 days of valid lidar measurements, at 
three distinct moments representative of different stages in the diurnal 
evolution of the UBL in the MRSP: fast-growing at 1200 LT, mature at 
1500 LT, convective-stable transition at 1800 LT. The analysis includes 
rawinsonde released at 2100 LT to assess the performance of the lidar 
methods to retrieved RLH. The rawinsondes launched at 0900 LT were 

Fig. 2. Vertical profiles of (a)-(c) Potential temperature and (b)-(d) Specific humidity indicating the structures used as reference during day (EZH, MLH) and night 
(RLH) by Sánchez et al. (2020). They are based on rawinsonde carried out on (a)-(b) February 20, 2013, at 1500 LT, (c)-(d) August 9, 2013, at 2100 LT in the MRSP. 
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Fig. 3. (a) summer and (b) winter diurnal evolution of the boxplot-statistics of MLH (blue), PBLHEZ (orange), RLH (green), and mean and standard deviation of the 
difference PBLHEZ - MLH, indicated by Δh. The light blue, orange and green dots represent the values of MLH, EZH, and RLH, respectively. They are based on 
rawinsonde carried out every three hours during summer and winter field campaigns of the MCITY-BRAZIL project in MRSP. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. (a) RCS-Intensity contour plot on August 11, 2013 (Case I – Winter clean atmosphere). The solid-star dashed-lines in (a) indicate the PBLHs obtained from lidar 
methods, and solid circles indicate MLH (light green, ML) and EZH (pink, EZ) obtained from rawinsonde data. Vertical profiles of RCS-Intensity (blue line), potential 
temperature (magenta line) and specific humidity (grey line) in (b)-(d) correspond, respectively, to measurements at 1200, 1500, and 1800 LT. The solid stars in the 
RCS-Intensity profiles indicate the PBLHs obtained from lidar methods, and horizontal lines indicate MLH (green, ML) and EZH (pink, EZ) obtained from rawinsonde 
data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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not used in this analysis because, as mentioned previously, in both 
campaigns (summer and winter) the MSP lidar 2 was operated from 
1000 LT. 

4. Results and discussion 

4.1. UBL properties based on rawinsonde measurements 

Fig. 3 displays the seasonal variation of the statistical properties of 
MLH and EZH values estimated previously by Sánchez et al. (2020) from 
all 139 rawinsonde launching during the summer (February 19–28) and 
winter (August 6–15) field campaigns of 2013 in the MRSP. The mean 
and respective standard deviation of EZ thickness (Δh), obtained from 
the difference between EZH and MLH, are also indicated. 

During summer campaign, the mean values vary from a minimum of 
MLH = 347 ± 160 m and EZH = 487 ± 171 m at 0900 LT to a maximum 
of MLH = 1349 ± 443 m and EZH = 1552 ± 487 m at 1500 LT. During 
winter campaign, the mean values of EZH and MLH get smaller than 
summer campaign, varying from a minimum of MLH = 283 ± 142 m and 
EZH = 404 ± 179 m at 0900 LT to a maximum of MLH = 1038 ± 540 m 
and EZH = 1240 ± 580 m at 1500 LT. The time evolution of Δh displays 
a similar diurnal and seasonal patterns, during summer (winter) the 
mean values of Δh vary from a minimum of 120 ± 90 m (99 ± 43 m) at 
0900 LT to a maximum of 174 ± 134 m (128 ± 100 m) at 1800 LT (1500 
LT). 

In summer the mean values of EZH and MLH at 1800 LT (1446 ± 693 
and 1111 ± 649 m, respectively) are smaller than at 1500 LT. This un
expected behaviour is caused by sea breeze, that penetrates systemati
cally during the afternoon, disrupting the normal course of UBL in the 
MRSP (Ribeiro et al., 2018; Sánchez et al., 2020). Besides, quite often the 
convective activity produces precipitation in the second half of the af
ternoon, that disrupts, mainly in summer, normal course of UBL evo
lution in the MRSP. 

As expected, the mean values of RLH at 2100 LT vary from 1968 ±
253 m during summer to 1651 ± 335 m in winter campaign, following 
seasonal variation of the daytime evolution of UBL properties. Although 
the amplitude of the data distribution is smaller, RLH distributions 
around mean values are much more asymmetric than for EZH and MLH. 
This asymmetry is related to the fact that number of rawinsonde used to 
estimate RLH at 2100 LT (3 in each field campaign) is smaller than the 
number used to estimate EZH and MLH at 0900 LT (16 in summer and 15 
in winter campaigns), and at 1200 LT, 1500 LT and 1800 LT (17 in each 
field campaigns). 

4.2. Case studies 

To illustrate how typical features of the MRSP local climate affect the 
performance of lidar methods, three case studies are analysed in detail: 
Case I: Winter clean atmosphere, Case II: Summer low clouds and 
aerosol multilayers, Case III: Summer sea-breeze intrusion. 

After the case studies analysis, the performance of the seven lidar 
methods are objectively evaluated considering as reference EZH or MLH. 
The PBLH with the smallest average value of ΔX is selected as reference. 
The performance is analysed using four metrics: p-value (p), p < 0.05 
indicates the null hypothesis (the mean PBLH values retrieved from lidar 
and rawinsonde measurements are equal) is true to the significance level of 
5%; Coefficient of determination (R2), varies from 0 to 1 and indicates 
the fraction of the variance of the PBLH estimated by lidar that can be 
explained by the PBLH obtained by rawinsonde; Willmott index of 
agreement (D) (Willmott, 1981), varies also from 0 to 1 and indicates 
how lidar estimates of the PBLH are close to the rawinsonde ones; Root 
Mean Square Error (RMSE) measures the average deviation between 
PBLH estimates from lidar and rawinsonde. The best combination of 
these metrics, that will be used here to indicate the level of acceptability 
of a given lidar method, is p < 0.05, R2 and D close to 1, and RMSE 

represents at most 10% of the reference PBLH. 
Finally, the diurnal evolution of the UBL height and its local time rate 

of change estimated from the best lidar method are compared with 
rawinsonde estimates. 

4.2.1. Case I – Winter clean atmosphere 
On August 11, 2013, the passage of a cold front by the Brazilian shore 

affected the synoptic conditions in the MRSP. (Sánchez et al., 2020). 
Despite of the cold front, a well-defined UBL is identified by RCS con
tours map displayed in Fig. 4a. As expected for winter conditions in São 
Paulo (Section 4.1), the UBL presented a moderate growth reaching 
approximately 1200 m at 1500 LT. 

From 1000 to 1600 LT, all seven lidar methods yielded similar values 
of PBLH (Fig. 4b) and close to the rawinsonde estimates (Fig. 4c). The 
homogeneity of RCS in the UBL region, as well as the absence of clouds 
and aerosol multilayers, facilitate the detection of the transition be
tween UBL and FA (identified by strong reduction of the RCS). Similar 
results were observed by Zhong et al. (2020) in the presence of aerosol 
multilayers. The differences observed among lidar methods reflect their 
own definitions (Section 3.1) and do not exceed 150 m. 

The discrepancy increases at 1700 LT, when aerosol multilayers 
appear. At 1800 LT the WCT indicates PBLH is above these layers, while 
the VM detected it close to the layer base located above the EZH 
(Fig. 4d). All the other methods estimate PBLH within the EZ. In the case 
of WCT, the distance between the top of EZ and the aerosol multilayers 
above (~70 m) is smaller than the Haar-function dilatation parameter 
(200 m). Consequently, WCT cannot differentiate these two regions 
because the vertical gradient does not appear in the covariance between 
the RCS profile and the Haar function. In the presence of aerosol mul
tilayers above the PBL, Zhong et al. (2020) observed that WCT applied to 
lidar measurements, yields PBLH higher than estimated from rawin
sonde data in Madison (USA), Southern Great Plains (USA), and Seoul 

Fig. 5. Difference between PBLH estimated from lidar methods and rawinsonde 
at (a) 1200, (b) 1500 and (c) 1800 LT on August 11, 2013 (Case I – Winter clean 
atmosphere). The blue and orange bars indicate respectively ΔML and ΔEZ. (For 
interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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Fig. 6. (a) RCS-Intensity contour plot on February 21, 2013 (Case II - Summer low clouds and aerosol multilayers). The solid-star dashed-lines in (a) indicate PBLHs 
obtained from lidar methods, and solid circles indicate MLH (light green, ML), EZH (pink, EZ), and RLH (violet, RL) obtained from rawinsonde data. Vertical profiles 
of RCS-Intensity (blue line), potential temperature (magenta line) and specific humidity (grey line) in (b)- (e) correspond, respectively, to measurements at 1200, 
1500, 1800 and 2100 LT. The solid stars in the RCS-Intensity profiles indicate PBLHs obtained from lidar methods, and horizontal lines indicate MLH (green, ML), EZH 
(pink, EZ) and RLH (violet, RL) obtained from rawinsonde data. The horizontal cyan line in (c) corresponds to LCL (Sánchez et al., 2020) (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Korea). In the case of VM, PBLH is overestimated because the aerosol 
multilayers above cause a local maximum in the variance profile of RCS. 

The time evolution of differences among PBLH retrieved from the 
seven lidar methods and rawinsonde are showed in Fig. 5. At 1200 LT 
(Fig. 5a), when the UBL has a fast-growing rate, these differences reach a 
maximum positive for all lidar methods, indicating that lidar over
estimate systematically both MLH and EZH. At 1500 LT (Fig. 5b), after 
reaching the mature stage, the differences get smaller alternating 
negative and positive values. This is the expected behaviour since tur
bulent mixing homogenizes aerosol concentration reducing vertical 
gradients of RCS in the UBL (Fig. 5c). In accordance with their defini
tions, ICM and IPM retrieve PBLH within the EZ. GM also estimates the 
PBLH within the EZ, however, such a result is contrary to its definition 
which indicates PBLHGM in the MLH. The other four methods (LGM, TM, 
VM, and WCT) estimate PBLH above the EZH, disagreeing with their 
definitions. At 1800 LT, ICM, IPM, GM and LGM yield PBLH within the 
EZ (Fig. 5c). Again, only ICM and IPM are in accordance with their 
definition. TM, VM, and WCT estimate PBLH above the EZH, disagreeing 
with their definition. 

4.2.2. Case II – Summer low clouds and aerosol multilayers 
On February 21, 2013, prevailed in the MRSP synoptic conditions 

determined by the influence of an upper tropospheric cyclonic vortex 

positioned north-east of the MRSP (Sánchez et al., 2020). During sum
mer, this synoptic system induces subsidence, favouring clear sky and 
strong solar heating of the surface. Combined with high moisture con
tent of the atmosphere, this surface heating triggers convective activity 
increasing the presence of clouds in the MRSP, as observed during the 
afternoon on this day. These clouds are sparse and shallow, but their 
presence significantly increased the intensity of the signal received by 
the lidar system so that during cloud events RCS intensity is of the order 
of 107 au, at least one order of magnitude larger than clear sky condi
tions (Van Pul et al., 1994; Hennemuth and Lammert, 2006; Zhong et al., 
2020). In this case (Fig. 6a), detecting the UBL structure is more complex 
than the previous case (Fig. 4a), mainly between 1230 and 1600 LT 
(Fig. 6a). Apart from this period, the PBLH retrieved by all lidar methods 
follow a similar pattern with standard deviation of 200 m. 

During cloud activity periods, both VM (light grey solid-star dashed 
line in Fig. 6a) and WCT (black solid-star dashed line in Fig. 6a) yield 
PBLH values higher than all the other five lidar methods. These rather 
unrealistic high PBLH values occurred between 1230 and 1600 LT 
because VM and WCT are detecting the cloud base instead of the PBLH 
(Figs. 6c). For instance, at 1500 LT, the lifting condensation level (LCL) 
was 1797 m, while PBLHWCT was 2390 m (Fig. 6c). Similar difficulties in 
estimating the PBLH from lidar data in presence of clouds were 
described by Hennemuth and Lammert (2006), Toledo et al. (2017), 
Dang et al. (2019) and Zhong et al. (2020). 

The time evolution of differences between PBLH retrieved from 
seven lidar methods and rawinsonde are showed in Fig. 7. At 1200 LT 
(Fig. 7a), all lidar methods estimate the PBLH within the EZ. In this 
layer, large vertical gradients in the aerosol load cause a sharp drop in 
the RCS profiles that seems to be equally detected by these seven 
methods. At 1500 LT (Fig. 7b), GM (ΔEZ = 61 m, ΔML = 300 m), LGM (ΔEZ 

= 51 m, ΔML = 290 m), and WCT (ΔEZ = 475 m, ΔML = 804 m) over
estimate EZH and MLH. The presence of low clouds causes multiple 
peaks in the RCS profile (Fig. 6c), making these three algorithms 
mislocate the PBLH, mainly gradient-based methods GM and LGM. The 
other four methods estimate the PBLH within EZ. At 1800 LT (Fig. 6c) all 
seven methods underestimate EZH (− 596 ≤ ΔEZ ≤ − 340 m) and yield 
PBLH closer MLH (− 96 ≤ ΔML ≤ 170 m). This behaviour is due to the 
presence of a large gradient in the RCS profile between 1700 and 1850 
m. 

Night-time lidar measurements are used here to determine the per
formance of the seven lidar methods in retrieving the top of the RL, using 
as reference rawinsonde estimates (RLH). At 2100 LT (Fig. 7d), VM (ΔRL 
= − 200 m), TM (ΔRL = − 180 m), ICM (ΔRL = − 150 m), GM (ΔRL = − 100 
m), and IPM (ΔRL = − 50 m), underestimate RLH, while WCT (ΔRL = 120 
m) and LGM (ΔRL = 60 m) overestimate RLH. These discrepancies can be 
attributed to the presence of aerosol multilayers. They cause peaks in the 
RCS profiles (Fig. 6e) that are interpreted differently by the each 
retrieving methods. In this case, gradient-based methods (GM, LGM, and 
IPM) provided the best estimations of RLH. They detect more easily the 
region with high reduction in the RCS intensity (Fig. 6e). 

4.2.3. Case III – Summer sea-breeze intrusion 
On February 20, 2013, prevailed synoptic undisturbed conditions 

with clear sky associated to the subsidence induced by an upper tropo
spheric cyclonic vortex positioned north-east of the MRSP (Sánchez 
et al., 2020). The increment of cloudiness and aerosol concentration 
during the afternoon are associated with sea-breeze intrusions in the 
MRSP. Satellite and surface stations measurements (not displayed here) 
indicate that sea-breeze circulation was present in the MRSP during the 
afternoon and cloud cover was homogeneously distributed over the 
entire metropolitan region during this period. 

Fig. 8a shows a well-defined UBL with a presence of clouds between 
1400 and 1800 LT. From the beginning of measurements (1000 LT) until 
around 1430 LT the UBL exhibits a large growth rate, responding to the 
intense solar heating of surface during summer and under undisturbed 
conditions in the MRSP. Scattered clouds appear around 1400 LT and 

Fig. 7. Difference between PBLH estimated from lidar methods and rawinsonde 
at (a) 1200, (b) 1500, (c) 1800 and (d) 2100 LT on February 21, 2013 (Case II - 
Summer low clouds and aerosol multilayers). The blue, orange, and green 
columns indicate ΔML, ΔEZ and ΔRL, respectively 
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Fig. 8. (a) RCS-Intensity contour plot on February 20, 2013 (Case III – Summer sea-breeze intrusion). The solid-star dashed-lines in (a) indicate PBLHs obtained from 
lidar methods, and solid circles indicate MLH (light green, ML), EZH (pink, EZ), and RLH (violet, RL) obtained from rawinsonde data. Vertical profiles of RCS-Intensity 
(blue line), potential temperature (magenta line) and specific humidity (grey line) in (b)-(e) correspond, respectively, to measurements at 1200, 1500, 1800 and 2100 
LT. The solid stars in the RCS-Intensity profiles indicate PBLHs obtained from lidar methods, and horizontal lines indicate MLH (green, ML), EZH (pink, EZ) and RLH 
(violet, RL) obtained from rawinsonde data. The horizontal cyan line in (c) corresponds to LCL (Sánchez et al., 2020) (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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increases significantly from 1600 LT on. There are indications that the 
UBL top surpasses cloud base height during this period. For instance, the 
LCL = 2017 m and EZH = 2219 m indicate the UBL top is about 200 m 
above the cloud base at 1500 LT (Fig. 8c). Differently from the previous 
case, the lidar measurements detected a very distinct aerosol layer in the 
first 700 m of the atmosphere from 1900 LT to 2100 LT. 

During the period of fast UBL growth (1000 and 1400 LT), the 
transition between UBL and FA can be clearly seen in the RCS profiles 
(Fig. 8b), as consequence all lidar methods yield similar PBLH values. 
The only exception occurs around 1400 LT when a malfunction of the 
laser (unfortunately the laser reached the limit of useful life during this 
field campaign) makes the difference between the RCS in the UBL and FA 
region practically imperceptible (Fig. 8a). Between 1400 and 1700 LT, 
the differences among the methods increase because the UBL structure 
becomes more complex with the presence of clouds (Fig. 8c) within the 
UBL (Fig. 8d). As in the previous case studies, the presence of low clouds 
in the UBL is interpreted differently by each of the seven methods. 

At 1800 LT, the presence of aerosol multilayers (900–1700 m) and a 
single cloud (2000–3000 m) cause multiple peaks in the RCS profile 
(Fig. 8d) leading all lidar methods retrieving divergent PBLH values 
(Fig. 8a). The progressive increase in the aerosol load below 700 m 

intensifies the contrast between high and low aerosol concentrations, 
improving the performance of all lidar methods after 1900 LT (Fig. 8a). 

Fig. 9 shows the comparison among the PBLH obtained from lidar 
and rawinsonde data. At 1200 LT, ICM underestimated EZH and MLH 
(ΔEZ = − 390 m, ΔML = − 150 m) due to the difficult of the algorithm in to 
find the inflexion point in the RCS profile. On the other hand, all the 
other six methods overestimate EZH (20 m ≥ ΔEZ ≥ 45 m) (Fig. 9a). Such 
overestimation is due to a large reduction in the RCS profile above the 
EZ. At 1500 LT, the presence of clouds increases the difference among 
lidar methods and EZH (Fig. 9b). Low values of RCS are the main reason 
for ICM to underestimate the EZH (ΔEZ = − 450 m) and MLH (ΔML = − 50 
m). The VM displays that largest difference, overestimating both EZH 
and MLH (ΔEZ = 300 m, ΔML = 700 m). In this case VM is estimating the 
height of the cloud base. The other five methods retrieve the PBLH 
within the EZ, with GM (ΔEZ = − 20 m, ΔML = 380 m), IPM (ΔEZ = − 35 m, 
ΔML = 365 m) and WCT (ΔEZ = − 10 m, ΔML = 390 m) closer to EZH. LGM 
(ΔEZ = − 340 m, ΔML = 60 m) and TM (ΔEZ = − 330 m, ΔML = 70 m) yield 
PBLH closer to MLH. At 1800 LT, except for GM which estimate the PBLH 
in the base of the cloud (~ 2500 m), the other six methods underestimate 
the EZH. This behaviour is due to the presence of aerosol multilayers, 
which cause spikes in the RCS profiles masquerading the transition be
tween PBL and FA. 

As in the previous case study, night-time lidar measurements are 
used to assess the performance of all seven methods to retrieve RLH. At 
2100 LT (Fig. 9d), all seven methods underestimated RLH by a larger 
difference (− 980 m ≥ ΔRL ≥ − 1200 m). However, differently from the 
previous case (Fig. 6a and e), on February 20 the MRSP was affected by 
the sea-breeze circulation, which brought maritime aerosol and mois
ture from Atlantic Ocean, affecting the lowest portion of the UBL during 
the afternoon (Sánchez et al., 2020). Therefore, instead of detecting the 
reduction in the RCS profile at the top of the RL, the contrast caused by a 
single aerosol layer (below 700 m), which was spawned by the sea- 
breeze intrusion (Fig. 8a and e). This result indicates that there are 
cases in the MRSP, mainly in the presence of sea-breeze circulation, 
when lidar measurements cannot be used to estimate the RLH, although 
all seven methods performed equally well in detecting the region of 
sharp decrease in the RCS profile. 

4.3. Assessing the best method for retrieving UBL height 

Although lidar methods are designed to detect MLH as a sharp drop 
in the RCS profile, this sharp drop is not always present and, as 
demonstrated in the previous sections, quite often is weakened, or even 
hidden by clouds and aerosol multilayers inside and above the UBL in 
the MRSP. In these cases, the PBLH is better identified by methods that 
explored other properties of the RCS profile. In this section the perfor
mance of seven lidar methods is assessed objectively using four metrics: 
p, R2, D, and RMSE. 

Table 1 displays a statistical analysis of summer and winter cam
paigns. At 1200 LT all methods have the average ΔEZ values lower than 
the average ΔML values. GM has the best result (6.9 ± 3.2 m), while LGM 
has the worst (36.1 ± 17.1 m). At 1500 LT TM and ICM are closer to 
MLH, while in the other methods they are near to EZH. GM (− 10.0 ± 3.2 
m) and WCT (166.5 ± 43.2 m) have the best and worst results, respec
tively. At 1800 LT GM, LGM and ICM are close to the EZH, while in the 
others they are near to MLH. IPM has the best result (11.7 ± 4.1 m) and 
VM (246.9 ± 192.1 m) has the worst one. 

For the three summer days (Table 2), at 1200 LT all methods are 
close to EZH, so that GM has the best estimative (10.2 ± 3.7 m) while 
LGM has the worst (42.0 ± 11.2 m). At 1500 LT, TM and ICM are close to 
MLH while in the others they are close to EZH. GM has the best result 
(− 9.2 ± 2.3 m) and WCT (176.2 ± 55.2 m) has the worst. At 1800 LT, 
GM, LGM and, ICM are close to EZH, while in the others they are near to 
MLH. The best and worst results are provided by WCT (11.1 ± 3.7 m) 
and VM (143.2 ± 42.7 m), respectively. 

For the eight winter days (Table 3), at 1200 LT all methods retrieved 

Fig. 9. Difference between PBLH retrieved from lidar methods and rawinsonde 
at (a) 1200, (b) 1500, (c) 1800 and (d) 2100 LT on February 21, 2013 (Case III – 
Summer sea-breeze intrusion). The blue and orange bars in (a)-(c) represent the 
difference between MLH (ΔML) and EZH (ΔEZ) estimates. The green bars in (d) 
represent the difference between RLH (ΔRL) retrieved from lidar methods and 
rawinsonde at (a) 2100 LT (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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PBLH close to EZH, so that the best and worst results are provided by GM 
(3.6 ± 0.7 m) and ICM (− 36.7 ± 13.5 m), respectively. At 1500 LT TM 
and ICM are close to MLH, while in the others they are close to EZH. In 
this period GM has the best result (− 10.8 ± 3.2 m) and TM (176.2 ±
62.3 m) the worst. At 1800 LT GM, LGM and ICM are close to EZH, while 
in the others they are close to MLH. IPM has the best (13.5 ± 4.7 m) 
while VM has the worst (370.6 ± 232.3 m). 

Table 4 presents a summary of which region is best identified by the 
lidar methods in each one of the three analysed hours. 

The performances of the seven lidar methods are indicated in Fig. 10. 
They are based on lidar and corresponding best rawinsonde estimates of 
PBLH (Table 4). The soundings which PBLH estimated are outliers in the 
boxplot diagram of Fig. 3 were removed from the performance analysis. 

At 1200 LT, the UBL is in the growth stage. GM, IPM, LGM, and VM 
reject the null hypothesis (p-value ≥ 0.55) and have values of R2 ≤ 0.6, 
and D between 0.78 and 0.87. On the other hand, ICM, TM, and WCT 

present the best results (p-value < 0.05, R2 ≥ 0.81, RMSE < 266.70 m, 
and D ≥ 0.9). 

At 1500 LT, the UBL is fully developed. However, in the most of cases 
the vertical distribution of aerosol is complex due to presence of clouds. 
Except for LGM and WCT, which display an increase, all the other 
methods show a reduction in R2. It occurs due to the presence of clouds 
and aerosol multilayers, which cause secondary peaks in the RCS profile 
confusing most of the PBLH-retrieving methods, so that only LGM, TM 
and WCT do not indicate the null hypothesis rejection. Similar problems 
were also observed in rural regions by Toledo et al. (2017) in Doñana 
National Park (Spain) and Dang et al. (2019) in Tsuiying Mountain in the 
Yuzhong campus of Lanzhou University (People’s Republic of China). 
Consequently, there is an increase in the values of RMSE (mainly the 
ICM) and reduction of D. Although the increase in the values of RMSE 
also occurred with LGM and WCT, such methods provide better results, 
which can be verified by the values of R2 = 0.76 (LGM) and 0.85 (WCT), 

Table 1 
Mean and respective standard deviation of ΔEZ and ΔML Lidar and rawinsonde measurements carried during 
summer (3 days) and winter (8 days) field campaigns of 2013 in the MRSP. The number of values is 
indicated by n. The green boxes represent best estimates of ΔEZ and ΔML. 

Table 2 
Mean and respective standard deviation of ΔEZ and ΔML Lidar and rawinsonde measurements carried 
during summer (3 days) field campaigns of 2013 in the MRSP. The number of values is indicated by n. The 
green boxes represent best estimates of ΔEZ and ΔML. 
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and D = 0.94 (for both methods). 
At 1800 LT frequently occurs the transition from convective to stable 

regime in the MRSP (Sánchez et al., 2020). Excepting the LGM and VM, 
the other five lidar methods provide reliable results, so that the null 
hypothesis is not rejected. LGM and VM have the lower values of R2 

(lower than 0.6) and the higher RMSE, resulting in low reliability (D <
0.77). On the other hand, the WCT provides the best combination of 
results (high values of D and R2, and low RMSE). 

Based on the results described above, only TM and WCT results do 
not indicate the rejection of the null hypothesis in all periods evaluated 
(1200, 1500 and, 1800 LT). Therefore, they can be classified as the most 
reliable among the seven methods analysed here. Comparing the general 
performance of WCT and TM in terms of R2, D, and RMSE, WCT (R2 =

0.86, D = 0.95, RMSE = 325.00 m) provides the best results in com
parison to TM (R2 = 0.77, D = 0.92, RMSE = 325.70 m). Therefore, the 
method WCT can be selected as the reference lidar method that best 
retrieved the PBLH in the case of the MRSP and for an aerosol-lidar. 

4.4. UBL properties based on lidar measurements 

The diurnal evolution PBLH and its local time rate of change, based 
on lidar measurements carried out in the MRSP and retrieved by WCT 
method, are displayed in Fig. 11. They correspond to hourly values of 
PBLH averaged during 8 days in February and 3 days in August of 2013, 
respectively summer and winter field campaigns of MCITY-BRAZIL 
Project. By way of comparison, diurnal evolution of PBLH and its local 
rate of change are estimated using PBLH retrieved from rawinsonde 
carried out every three hours during the same 11 days by Sánchez et al. 
(2020). The region of the acceptable values delimited by the standard 
deviation of lidar estimates of PBLH (red and blue shadow in summer 
and winter, respectively) overlaps the region delimited by standard 
deviation (black and yellow vertical bars) of the hourly values of 
rawinsonde estimates of PBLH, reinforcing the agreement between them 
demonstrated in the previous section, once PBLH from rawinsonde 
correspond to EZH. 

Even though these estimates are based on a reduced number of days 
(11) for any conclusive climatological analysis, they represent a 

Table 3 
Mean and respective standard deviation of ΔEZ and ΔML Lidar and rawinsonde measurements carried during 
winter (8 days) field campaigns of 2013 in the MRSP. The number of values is indicated by n. The green boxes 
represent best estimates of ΔEZ and ΔML. 

Table 4 
The actual outcome of the PBLH-retrieving lidar methods. Discrepant outcomes are indicated by red. 

Method Indicated for 
Actual outcome 

1200 LT 1500 LT 1800 LT 

VM MLH EZH EZH MLH 

GM MLH EZH EZH EZH 

LGM MLH EZH EZH EZH 

IPM MLH - EZH MLH - EZH MLH - EZH MLH - EZH 

TM MLH - EZH MLH - EZH MLH - EZH MLH - EZH 

ICM MLH EZH EZH EZH 

WTC MLH EZH EZH MLH 
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significant number of soundings (47 rawinsondes, 169 10-min average 
RCS profiles), so that the agreement displayed by the average hourly 
values of PBLH retrieved from lidar and rawinsonde in both February 
(black triangles) and August (orange triangles) is desirable and, ac
cording to the hypothesis test performed in the previous section, sig
nificant. Both estimates of PBLH also showed the expected seasonal 
variation for MRSP, with the daytime evolution of PBLH during February 
(summer) systematically higher than in August (winter), a consequence 
of the seasonal variation of the surface heat flux and thermal stratifi
cation of the FA (Sánchez et al., 2020; Oliveira et al., 2020). This feature 
is particularly clear after noon time when the summer-winter difference 
varies from 600 m at 1200 LT to 850 m at 1800 LT (Fig. 11a). Marley 
et al. (2021), in Auckland (New Zealand), and Cimini et al. (2020), in 
Paris (France), also observed in urban regions higher values of PBLH, 
obtained from lidar data, in summer than winter. 

The seasonal variation of local time rate of change of the PBLH 
retrieved by lidar is consistent with the one obtained from rawinsonde 
(Fig. 11b). During February, the lidar estimates varies from 132 to 344 
m h− 1 between 1030 and 1230 LT. After this period, the local time rate of 
change begins to decrease, reaching the minimum value of 2 m h− 1 at 
1800 LT. During August, the amplitude of the local time rate of change is 
smaller than during February, increasing from 20 to 86 m h− 1 between 
1030 and 1430 LT. After this period, the local time rate of change 

decreases reaching 1 m h− 1 at 1630 LT and − 69 m h− 1 at 1730 LT. The 
negative values appear due to the influence of the sea breeze, which 
affects the city of São Paulo in >50% of the days of the year (Oliveira 
et al., 2003). Such a phenomenon confines the aerosols in a single layer 
(with around 700 m) at the bottom of the PBL, so WCT method indicates 
a false reduction in the PBLH. 

Despite the good agreement between lidar and rawinsonde estimates 
of PBLH (Fig. 11a), the diurnal evolution of the local time rate of change 
of PBLH has some significant differences in MRSP (Fig. 11b). During 
summer, the lidar and rawinsonde display a good agreement in both 
fast-growing and mature stages of the UBL development. However, 
during winter, local time rate of change of PBLH retrieved from lidar and 
rawinsonde agrees only during the mature stage of the UBL. During the 
fast-growing stage the local time rate of change of PBLH provided by 
rawinsonde is higher than lidar ones. The major reason for this 
discrepancy is the difference in temporal resolution of rawinsonde (3 h) 
and lidar (1 h), so that some variations registered by lidar systems 
cannot be properly detected by rawinsondes. 

5. Conclusions 

This paper describes a performance analysis of seven PBLH-detection 
lidar methods: Variance (VM), Gradient (GM), Logarithmic Gradient 
(LGM), Inflexion Point (IPM), Threshold (TM), (6) Ideal Curve-Fitting 
(ICM), and Wavelet Covariance Transform (WTC). The analysis used 
as reference MLH, EZH and RLH obtained previously by Sánchez et al. 
(2020) from rawinsonde data and PBLH retrieved from a mobile Raman 
lidar measurements carried out in the MRSP during two field campaigns 
of the MCITY BRAZIL Project in 2013 (Oliveira et al., 2020). It was 
assumed, based on the literature, that lidar methods VM, GM, LGM, ICM, 
WCT retrieve PBLH as the MLH, while IPM and TM retrieve as the centre 

Fig. 10. Heat map of (a) p-value, (b) Coefficient of determination R2, (c) 
Willmott index of agreement (D) and (d) Root mean square error (RMSE) for all 
lidar methods. The statistics displayed in each box is based on 11 PBLH values 

Fig. 11. Daytime evolution of hourly average values of (a) PBLH and (b) local 
rate of change of PBLH using lidar and rawinsonde measurements in the MRSP. 
Summer (red circle, black triangle) and Winter (blue circle, yellow triangle) 
values correspond to 3 and 8 days, respectively. Vertical bars and shadows 
indicated standard deviation of PBLH (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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of EZ layer. It was assumed also that all seven methods are equally 
capable to retrieve RLH because no information was available in the 
literature. 

Analysis of the three selected cases demonstrated how PBL heights 
retrieved from lidar data respond to typical meteorological scenarios 
observed in the MRSP during field campaigns of 2013. 

Under undisturbed conditions observed during winter (case I), all 
methods retrieved PBL heights in agreeing to their definition during 
daytime. Similar results were observed by Zhong et al. (2020) in the 
presence of aerosol multilayers. The differences observed among lidar 
methods reflect their own definitions (Section 3.1) and do not exceed 
150 m. Therefore, good matching between UBL properties retrieved by 
lidar and rawinsonde measurements indicate that undisturbed condi
tions visual inspection and all seven lidar methods have similar 
accuracy. 

During daytime and under more disturbed synoptic conditions (cases 
II and II) the PBL height retrieved by lidar methods are mostly close to 
EZH, disagreeing of the PBLH definition adopted by these lidar methods. 
This occurs because the expected gradual above-ML reduction in the 
aerosol concentration happens more sharply above the EZ in the MRSP, 
resulting in a sharp drop in the RCS profile in this region. 

During night-time and in the absence of sea-breeze intrusions (case 
II), the RL heights obtained by all lidar methods agree with RLH. On the 
hand, the sea-breeze intrusion (case III) increases aerosol concentration 
in lower portion of the atmosphere, causing a sharp drop in the RCS 
profile below the SIH and all lidar methods grossly underestimate RLH. 
Due to the 180-m overlap of MSP-2, lidar measurements during night- 
time could not be used to estimate the SBLH, because maximum SBLH 
reached, on average, 126 ± 13 m in February and 122 ± 10 m in August 
field campaigns (Sánchez et al., 2020). Even though the maximum SIH 
varied, on average, from 322 ± 80 m in February to 326 ± 74 m in 
August field campaigns (Sánchez et al., 2020), all attempts to estimate 
SIH in the RMSP using lidar measurements failed because, during the 
2013 field campaigns, the vertical aerosol distribution showed no 
detectable variation along the transition between of the SI layer top and 
RL bottom. 

From statistical analysis, during the fast-growing stage (1200 LT), 
the algorithms WCT, ICM and TM provide very reliable results (p-value 
< 0.05, R2 ≥ 0.81, RMSE < 267.00 m and D ≥ 0.90). When the UBL 
reaches the mature stage (1500 LT), the cases without clouds charac
terize the simplest situation, so that LGM, TM and WCT provide the more 
accurate results (p-value < 0.05, R2 ≥ 0.72, RMSE ≤ 380.00 m and D ≥
0.92). During the convective-stable transition stage (1800 LT), the best 
results are provided by WCT (p-value < 0.05, R2 = 0.90, RMSE = 290.70 
m, and D = 0.94). On the other hand, The IPM method provides the best 
results of RL height during a typical summer night in the MRSP. 

The highest performance of WCT, indicated by p-value < 0.05, R2 and 
D close to 1, and RMSE lower than 10%, indicate that comparatively to 
all the other six lidar methods, WCT method is the most recommend 
lidar method for estimating UBL height in the MRSP. 

The analysis performed in this work corroborate that lidar mea
surements has a positive impact on improving the ability to describe the 
diurnal evolution of the UBL growth rate, increasing the temporal and 
spatial resolution of the rawinsonde base estimates. However, as 
demonstrated also, any objective interpretation of lidar measurements 
requires a validation of the retrieving method to the local climate con
ditions. In regions with climate like the MRSP it is necessary to take int 
consideration the combined effects of low clouds and sea-breeze circu
lation on the vertical distribution aerosol within and above the UBL. It 
was demonstrated here, even when a second independent estimate of the 
PBL height is available (like rawinsonde) the strategy to avoid the 
misinterpretation of lidar results are extremely dependent on the pre
viously knowledge of the local pattens of aerosol distribution what is 
rarely available in most of the places. 
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