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Abstract The main features of the urban boundary layer in the metropolitan region of Sao Paulo are
estimated based on rawinsondes carried out (a) every 3 hr in two 10-day field campaigns of the MCITY
BRAZIL Project during the summer and winter of 2013 and (b) regularly once per day and continuously for 4
years from 2009 to 2013. On average, the boundary layer height showed a daytime maximum of 1476 + 149 m
in summer and 1122 + 168 m in winter campaigns. The differences are related to seasonal variations

in the (a) buoyancy flux at the surface, which was 30% larger in summer (4.7 + 0.6 MJ m~2 day ), and the
(b) static stability of the free atmosphere, which was 15% smaller in summer (3.3 + 0.1 K km™"). The average
nighttime boundary layer height, estimated from equilibrium empirical expression, indicated maximum

of 126 + 13 m in summer and 122 + 10 m in winter campaigns. The presence of a low-level jet was identified
in 80% of the field campaign nights, with intensity varying from 2.7 to 14 m s~ and height ranging from
95 to 962 m. The nighttime residual-mixing layer is well estimated using the air temperature gradient method
and is a good indication of the maximum vertical evolution of the previous daytime boundary layer. The
monthly average maximum boundary layer height varied from a minimum of 1,061 + 77 m in September to
maximum of 1,632 + 96 m in May.

1. Introduction

Planetary boundary layer (PBL) properties over urban areas have received much attention from the research
community lately in view of the fact that the worldwide urbanization process has increased the demand for
resources to mitigate adverse effects on urban climate (Huang et al., 2017; Seidel et al., 2010; Zhang et al.,
2014). Identified as the turbulent atmospheric layer adjacent to the surface, the PBL responds to surface var-
iations within time scales smaller or equal to one hour (Stull, 1988; Wyngaard, 2010). As a consequence, the
PBL properties vary in time and space in a very complex way. For undisturbed conditions and over horizon-
tally homogeneous, flat, and continental regions, the PBL depth varies from hundreds of meters (typically
from 50 to 300 m) during nighttime to a few kilometers (typically from 1 to 2 km) during daytime (Guo
et al., 2016; Oke, 1987; Quan et al., 2013; Stull, 1988; Wyngaard, 2010).

Over an urban region, as the case of the Metropolitan Region of Sdo Paulo (MRSP), the vertical structure of
the PBL is modified by the presence of the urban canopy (Barlow, 2014; Bornstein, 1987). In general, urban
land use intensifies turbulence and heat inputs to the atmosphere. As consequence, the so-called urban
boundary layer (UBL) is deeper and warmer than the PBL over adjacent rural areas (Barlow, 2014; Barlow
etal.,2015; Pal et al., 2012). Urban land use increases surface aerodynamic roughness, thus reducing horizon-
tal wind speed. It also alters significantly surface energy and moisture budgets, producing energy surpluses
and moisture deficits that induce positive anomalies of temperature (urban heat island) and negative anoma-
lies of specific humidity (urban dry island). These surface modifications propagate upward as the UBL inter-
acts with the surface, generating a very complex turbulence structure that reflects the overlapping of several
internal boundary layers (Barlow, 2014; Bornstein, 1987; Oke, 1987). In addition to its scientific relevancy,
knowing the behavior of the UBL has important practical applications in improving the performance of
operational weather and climate models at regional scales and their applications to thermal comfort and
air pollution assessments in urban areas (Garratt, 1994; Guo et al., 2016; LeMone et al., 2012; Liu & Liang,
2010; Seibert et al., 2000; Wang & Wang, 2016; Zhang et al., 2014).
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The UBL properties of cities located in tropical and subtropical areas are less known than in higher lati-
tudes. This is a critical issue for Brazil because the urban fraction of its population is expected to grow from
the current 85% to over 90% by 2050 (UNESCO, 2017). To aggravate this problem, very little is known
about the UBL properties of Brazilian cities. There are only two observational works available in the litera-
ture regarding the PBL in the MRSP (Landulfo et al., 2010; Nair et al., 2004). Observations carried out by
Nair et al. (2004) using a Doppler sodar on 27 July 1999 indicated that during nighttime the surface-
inversion (SI) layer reached 270 m and the low-level jet (LLJ) occurred at 1,300 m with a maximum wind
speed of 21 m s~! from the northeast. During daytime, the PBL height reached 1,600 m, and as the cold
front moved in, it was substituted by a SI layer of 200 m. The observations using lidar by Landulfo et al.
(2010), between July and September of 2007, indicated daytime maximum PBL height in Sdo Paulo vary
between 1,000 and 3,500 m.

The most common way to estimate the height of the PBL, which will be pursued in this work, is by
visual inspection of vertical profiles of potential temperature, specific humidity, wind speed, and direc-
tion, which are generally provided by rawinsondes (Seibert et al., 2000; Seidel et al., 2010; Wang &
Wang, 2016). Hereafter called the subjective method, it consists of visually comparing the observed
structure with the expected behavior, using as a reference the vertical structure observed under undis-
turbed conditions as observed during a cloudless day over horizontally homogeneous land surface and
flat topography. For this situation, under convective conditions, the PBL height is estimated as the level
where the vertical gradient of potential temperature reaches the first relative maximum (Feng et al.,
2015; Garratt, 1994; Hennemuth & Lammert, 2006; Oke, 1987; Seidel et al., 2010; Sorbjan, 1989; Stull,
1988). Alternatively and complementarily, the PBL height can also be estimated as the level where
the vertical gradient of specific humidity (relative humidity and refractivity) reaches a relative minimum
(Basha & Ratnam, 2009; Hennemuth & Lammert, 2006; Seidel et al., 2010; Wang & Wang, 2016). It is
important to emphasize that besides PBL height, visual inspection of vertical profiles allows one to iden-
tify several other PBL properties, including the depths of surface layer (SL), mixing layer (ML), entrain-
ment layer, and residual-mixing layer (RML).

Under stable and undisturbed conditions, the PBL height can be estimated by subjective method as the top of
the SI layer (Coulter, 1990; Pournazeri et al., 2012; Seidel et al., 2010; Wang & Wang, 2016; Yu, 1978).
Alternatively, the PBL height during nighttime can also be identified as the height of the nocturnal LLJ
(Melgarejo & Deardorff, 1974; Oliveira et al., 1998; Zhang et al., 2014). In both cases, it is necessary to have
vertical profiles of temperature and wind speed with high vertical resolution (almost equal to a few tens of
meters), which is not the case for most of rawinsondes carried out regularly at upper air station networks
worldwide. Another possibility, when vertical profiles of temperature and wind speed are not available or
available with too-coarse resolution, which will also be pursued in this work is using turbulence measure-
ments at the surface to estimate characteristic scales of SL turbulence, mainly friction velocity and
Obukhov length scales, to estimate the PBL height employing empirical expressions. These empirical expres-
sions based on the combination of characteristic scales of turbulence have been applied by different authors
with relative success to estimate the height of the PBL during nighttime (Koracin & Berkowicz, 1988; Mahrt
et al., 1982; Nieuwstadt, 1981; Seibert et al., 2000; Zilitinkevich, 1972; Zilitinkevich et al., 2007). The problem
with these expressions is that they are valid for equilibrium conditions and require previous validation.
Moreover, the characteristics scales of turbulence are very difficult to estimate, especially in areas with com-
plex topography and heterogeneous land use.

The height of the PBL can also be estimated by remote sensing systems, such as sodars (Beyrich, 1997,
Seibert et al., 2000), lidars (Banks et al., 2015; Compton et al., 2013; Dang et al., 2019; Hennemuth &
Lammert, 2006; Hicks et al., 2015; Huang et al., 2017; Landulfo et al., 2003; Liu et al., 2018; Sawyer & Li,
2013), wind profiler radars (Liu et al., 2019; Quan et al., 2013; Wyngaard, 1990), and ceilometers (Emeis
et al., 2004; Lotteraner & Piringer, 2016). Even though remote sensing systems yield a continuous description
of the PBL height, comparatively to rawinsonde is limited to much more restricted geographical coverage.
Therefore, it will take considerable time and resources to reach a similar worldwide coverage, mainly in
developing countries like Brazil. Besides, in the case of lidar system the accuracy of the algorithms deployed
to retrieve PBL properties are limited to the daytime convective boundary layer (CBL) height because detec-
tion systems are highly sensitive to thermal stability. Most systems yield good results only for strong thermal
convection conditions. When turbulence is not so strong the heterogeneity in the vertical distribution of
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Figure 1. (a) Geographic features of the MRSP. (b) The city of Sao Paulo is indicated by red borders. All the remaining 38 cities are also indicated. The observation
sites are indicated by IAG (Institute of Astronomy, Geophysics and Atmospheric Science), ACM (“Campo de Marte” Airport), PEFI (“Parque Estadual Fontes do
Ipiranga”), and MIRANTE (“Mirante de Santana”). Topography is based on the highest-resolution topographic data (3-arc-second resolution—90 m) generated
from NASA's Shuttle Radar Topography Mission (SRTM), available online (https://www2.jpl.nasa.gov/srtm/).

aerosol concentration and the presence of multilayer of aerosols reduce considerable the performance of
these algorithms (Liu et al., 2018). In addition, lidar retrieving of the stable boundary layer (SBL) height is
greatly hampered by the blind zone near the surface induced by the overlap errors (Dang et al., 2019).

The main objective of this work is to characterize the vertical structure of the UBL in the MRSP using raw-
insondes carried out every three hours for two 10-day field campaigns of the MCITY BRAZIL Project. This
characterization is complemented using rawinsondes carried out regularly twice a day over four years at the
“Campo de Marte” Airport (ACM) of Sdo Paulo City. The MCITY (MegaCITY) BRAZIL Project was designed
to fill observational gap by assessing the urban effects on the climates of the major Brazilian cities (Oliveira
et al., 2019). The materials and data set are presented in section 2. Methods used to estimate the UBL proper-
ties are described in section 3. UBL properties are discussed in section 4. The results are summarized in
the conclusion.

2. Materials and Data
2.1. Experimental Area

The MRSP is located close to the Tropic of Capricorn in the “Paulista” plateau at 722 m above sea level (asl)
and 65 km from the Atlantic Ocean (Figure 1). It is a conurbation of 39 cities (Figure 1a) with a population of
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21.7 million habitants and 13.2 million vehicles (IBGE, 2019). Sao Paulo City occupies the core region of the
MRSP and, with a population of 12.2 million habitants, is Brazil's largest city. It became a megacity in the
early 1990s. The topography of the MRSP is complex (Figure 1b), which makes very difficult to isolate its
effects on the surface circulation from the ones induced by the land use (Oliveira et al., 2003). The entire
urban portion of the MRSP is located in the “Paulista” plateau, limited at the north and northwest by a chain
of ridges varying from 300 to 700 m high. The MRSP is characterized by three major river valleys: the “Tiete”
River valley, oriented in the east-west direction; the “Tamanduatei” River valley, oriented in the northwest
to southeast direction; and the “Pinheiros” River valley, oriented in the northeast to southwest direction. In
the south, there are large bodies of water composing the Billings Dam system, which occupies 582.8 km?.

2.2. Climate

In general, the climate characterizations of the MRSP cities are based on meteorological surface stations
located in the south (PEFI: 23°39'04"”S, 46°37°20”W, 799 m asl) and north (MIRANTE: 23°29'47"S, 46°37'
11"W, 792 m asl) portions of Sao Paulo City (Figure 1). Alvares et al. (2014) has analyzed all the data available
in the MRSP area, including those of PEFT and MIRANTE, and concluded that according to the Koppen clas-
sification, the climate of Sdo Paulo City can be classified as high elevation subtropical humid (Cwb). Indeed,
considering the PEFI and MIRANTE data set (Figure 2), the Sao Paulo climate is characterized by a dry mild
cold winter with monthly mean temperatures varying from minima of 15.3 °C (PEFI) and 15.8 °C
(MIRANTE) in July, and a wet and warm summer with maxima of 22 °C (PEFI) and 22.4 °C (MIRANTE)
in February (Figure 2a). During winter the minimum specific humidity is 9.1 g kg™" in July and during sum-
mer the maximum is 14.6 g kg~' in February in both PEFI and MIRANTE (Figure 2b). During winter the
minimum precipitation occurs in August and varies from 40.5 mm (PEFI) to 39.6 mm (MIRANTE).
During summer the maximum precipitation occurs in January and varies from 223 mm (PEFI) to 237 mm
(MIRANTE) (Figure 2c).

The MRSP is characterized by weak surface winds throughout the year, with speeds varying from minima of
1.7ms~ " (PEFI) and 2.3 m s~* (MIRANTE) in May, to maxima of 2.3 m s~ " (PEFI) in December and 3.1 m s~
(MIRANTE) in November (Figure 2d). These seasonal variations are controlled by the position of the semimi-
gratory South Atlantic subtropical high and by the influence of South America continental low-pressure sys-
tems. The seasonal variations in the positions and intensities of these large-scale systems induce north to
northeast winds during the summer and northeast to east winds in winter in Sao Paulo. These patterns are
often affected by the passage of cold fronts, which penetrate the MRSP more frequently in association with
strong to moderate prefrontal northwest winds and moderate to light postfrontal southeast winds (Garreaud
& Wallace, 1998; Oliveira et al., 2003). The MRSP is also affected by mesoscale circulations such as sea breeze
and local-scale circulations associated with topographic (mountain-valley and channeling) and land use
(urban heat island and spatial variations in surface roughness) effects (Oliveira et al., 2003).

Considering air temperature and specific humidity from 1997 to 2018, precipitation from 1999 to 2018 and
wind speed from 2010 to 2018 measured at IAG (details in section 2.3.2), it is possible to infer that local cli-
matic features of IAG do not differ much from the climate characterized by PEFI and MIRANTE
(Figure 2). Based on this similarity, it is assumed that turbulent fluxes (mainly buoyancy and momentum)
measured at IAG can be used as representative of Sao Paulo City. This will allow us to use turbulence mea-
surements at IAG to explain the behavior of the diurnal evolution of UBL (see section 4.3.3) and to estimate
the UBL height during the stable regime (see section 3.3).

The analysis of rawinsonde data obtained during the field campaigns of February and August of 2013 pro-
vides information about the behavior of UBL representative of summer and winter conditions in the
MRSP (Figure 2). The mean air temperature at IAG during both field campaigns in 2013 did not differ much
of the normal values for the MRSP (Figure 2a). The specific humidity and wind speed were respectively
slightly lower and higher (Figures 2b and 2d). Similar pattern was observed for the period of the regular raw-
insonde data (2009-2013). During this period the accumulated rain was higher than normal on April and
June and lower in May and August (Figure 2c).

2.3. Observations

The data used in this work are composed of two sets of vertical profiles of temperature, relative humidity,
wind speed, and direction obtained from
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Figure 2. Seasonal variations in (a) air temperature, (b) specific humidity, (c) rain, and (d) wind speed observed at the meteorological surface station PEFI,
MIRANTE, and IAG. Field campaigns values (blue horizontal bar) correspond to 10-day average (a, b, and d) and accumulate (c) during February and August
2013 at IAG and PEFL. The 2009-2013 mean values (red solid circle continuous lines) correspond to observations at IAG during the period of regular rawinsonde at
ACM. Observation periods in IAG started in 1999 for rain (c) and in 2010 for wind speed (d).

a 160 rawinsondes carried out from 19 to 28 February and from 6 to 15 August every 3 hr and starting at
2100 LT (0000 GMT) as part of the 2013 summer and winter field campaigns of the MCITY BRAZIL
Project (Oliveira et al., 2019); and

b 1,300 rawinsondes performed daily at 2100 LT for four years from 1 September 2009, to 16 August 2013.

This analysis is complemented by hourly values of turbulent buoyancy flux and friction velocity and
Obukhov length estimated using the eddy covariance method based on observations of the wind speed com-
ponents, air temperature, and water vapor density measured with a sampling rate of 10 Hz, 25.4 m above the
surface from 19 to 28 February and from 6 to 15 August.

2.3.1. Soundings

All the soundings described above were performed at the ACM (23°30'32"S, 46°38'04”W, 722 m) using an
upper air rawinsonde system manufactured by Vaisala, Inc. This system is comprised of a DIGICORA III
data acquisition system and radiosonde model RS92-GSP, manufactured by Vaisala Inc., Finland, which
were set up to perform soundings with sample frequency of 0.1 Hz during the MCITY BRAZIL Project field
campaigns. Before 2012, all soundings performed daily used a DIGICORA II data acquisition system and
model RS92 radiosonde. According to the manufacturer, the RS92 family radiosonde accuracy is 0.5 °C for
air temperature, 5% for relative humidity and 1 hPa for pressure. The uncertainty in wind velocity is 0.15
m s~ and that for wind direction is 2°. A ground-check procedure was carried out using a surface meteor-
ological station from the ACM as the ground reference. All soundings used a 30-g balloon that was inflated to
offset the payload of 150 g (radiosonde and parachute) to sustain an initial ascent speed of 5.5 m s™.
Variation in the drag force caused by turbulent motions in the PBL and balloon expansion alters the ascent
speed (Johansson & Bergstrom, 2005). Taking into consideration these effects the actual error for wind speed
and direction becomes 1 m s™* and 5°, respectively (WMO, 2006).

PINERO SANCHEZ ET AL.

50f23



'AND SPACESCIENCE

Earth and Space Science 10.1029/2019EA000781

The vertical resolution of the soundings carried out at ACM, which was estimated as the vertical distance
between two consecutive measurements points from surface to 4,000 m, are indicated in Figures 3a and
3b. It is noticeable that the resolution of the soundings launched during the field campaigns in 2013
(Figure 3a) were finer than the soundings launched regularly from 2009 to 2013 (Figure 3b). During the field
campaigns, the most frequent resolution was 61-70 m for both daytime and nighttime soundings (corre-
sponding to 51% and 59% of the cases, respectively). For the regular soundings, the most frequent resolution
was 301-350 m (corresponding to 53% of the cases).

The spatial representativeness of the soundings can be accessed from the trajectories of the balloons in the
first 4,000 m after release. The trajectories of all rawinsondes during both field campaigns in 2013 are indi-
cated in Figures 3c and 3d. The positions of the balloons at 4,000 m, which are indicated by solid red circles,
show that all the soundings were located within the urban limits. This indicates that the PBL properties
described in this work from these rawinsondes are representative of the UBL of the MRSP as long as balloons
and air mass trajectories coincide. This hypothesis is not totally satisfied near to the surface, where topogra-
phy and land use are likely to cause significant changes in the wind field. This effect can be more pro-
nounced near to the urban boundaries. However, in the case of a very large urban area like the MRSP, it
seems plausible to assume that most of rawinsondes are sampling urban air because the launching point
(ACM)is located in the urban area at approximately 7 km far from the urban border (estimated as the radius
of the white circle in Figure 3c). Besides, all balloon trajectories are located way from the urban border as
indicated by white circles in Figures 3¢ and 3d. One way to check these assumptions is performing a foot-
print assessment similar to the ones carried out for sensors fixed at the surface (Leclerc & Foken, 2014).
2.3.2. Turbulence and Conventional Meteorological Variable

The turbulence measurements, corresponding to three wind components (u, v, and w), sonic temperature
(Ts), and water vapor density (og20) were carried at the IAG micrometeorological platform (IAG) using a
3-D sonic anemometer coupled to a gas analyzer, model IRGASON, manufactured by Campbell Scientific
Inc., USA. This sensor was installed at 8.4 m on a 10-m tower located at the center of concrete platform at
the top of a four-story building at 17 m above the surface, achieving a total height of 25.4 m above the ground
level (agl). The IAG building is located on the University of Sdo Paulo campus (23°33'34"S, 46°44'01"W, 744
m asl) on a relatively flat area characterized by suburban land use located in the west portion of Sdo Paulo
City (Figure 1). A more complete description of the methodology used to estimate vertical turbulent fluxes
can be found in Oliveira et al. (2019). The quality control procedures adopted is based on Vickers and
Mahrt (1997) and Aubinet et al. (2012), and only 60% of the original series were considered valid. It includes
also a technique to detect and remove building distortion in the flow (Fortuniak et al., 2013). The mean
building height in the circular area of 500-m radius (centered at IAG) is 7.0 m, indicating that turbulence
measurements performed at IAG (25.4 m agl) are likely to be sampling turbulence in the inertial layer.

Conventional meteorological variables used in this work were also measured at IAG. They correspond to 5-
min average air temperature and relative humidity, measured from 1997 to 2018, horizontal wind speed
from 2010 to 2018, and precipitation from 1999 to 2018. These variables were continuously measured with
sample frequency of 0.5 Hz in the micrometeorological platform of IAG simultaneously at 18.7 m agl (air
temperature, relative humidity, and precipitation) and at 26.5 m agl (wind speed). It was used temperature
and relative humidity sensors manufactured by Vaisala, models HPM35A (1996-2008), HPM35C (2009) and
manufactured by Campbell Scientific Inc. model CS215 (2010-2018); Tipping bucket rain gauges manufac-
tured by Campbell Scientific Inc., models TE525 (1997-2012) and TB4 385 (2013-2018), and a cup anem-
ometer and vane manufactured by MetOne Instruments Inc., model 034B (2010-2018). Quality control
procedure was applied to these measurements so that glitches and other problems were removed using a fil-
tering algorithm based on running median (Velleman & Hoaglin, 1981). Discontinuities in the time series of
these meteorological variables caused by sensor substitutions were detected and removed using as reference
offsets estimated by running side by side the sensors involved in the change.

3. Methodology

In this work, three methods are used: the subjective method, objective method and empirical method. To
characterize the vertical structure of the UBL in the MRSP, it was used a subjective method based on visual
inspection of vertical profiles of potential temperature, specific humidity, wind speed, and direction from
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Figure 3. Frequency distribution of vertical resolution in the first 4,000 m for the (a) 160 rawinsondes carried out in
February and August of 2013 and the (b) 1,300 rawinsondes carried out between September 2009 and August 2013.

The trajectories (yellow lines) describe the rawinsondes during the field campaigns for (c) 19-28 February 2013 and

(d) 6-15 August 2013, at the ACM, Sao Paulo. The white circles indicate the farthest positions in the X-Y plane by

the balloon upon reaching 4000 m above the surface (red dots) (Google Earth). In (c) and (d) white circles radius are 7 and
14 km. Vertical resolution of the sounding in (a) and (b) corresponds to the vertical distance between two consecutive
measurements points.
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fine-resolution rawinsondes carried out every three hours during two 10-day field campaigns of the MCITY
BRAZIL Project in February (summer) and August (winter) of 2013. This characterization was complemen-
ted by describing the seasonal variation of the maximum daytime UBL height estimated from coarse-
resolution rawinsondes carried out regularly twice a day over 4 years, from 1 September 2009 to 16
August 2013 using objective method. The empirical method was used to estimate the nighttime UBL height
during the field campaigns of the MCITY BRAZIL Project.

3.1. Subjective Method

The subjective method can generally be defined as the visual comparison of observed vertical profiles of
potential temperature, specific humidity, wind speed, and direction provided by rawinsondes of the atmo-
sphere with expected or idealized behavior (Sanchez, 2017; Seibert et al., 2000; Seidel et al., 2010; Wang &
Wang, 2016). In this work the thermodynamic and dynamic structures observed during daytime convective
and nighttime stable regimes on 8-9 August 2013 were chosen as a reference to apply the subjective method
in the MRSP (Figure 4). During that day, undisturbed synoptic conditions characterized by cloudless skies
prevailed in the MRSP.

During daytime, the thermodynamic properties of the CBL were identified in this work using the vertical
profiles of potential temperature and wind speed observed at 1500 LT on 8 August as a reference
(Figures 4a and 4b). In the vertical profile of potential temperature (Figure 4a), three adjacent layers can
be identified: the SL as the shallow layer adjacent to the surface where the potential temperature decreases
(superadiabatic layer), the ML where potential temperature is constant, and the entrainment layer where
potential temperature increases with height at a rate larger than in the free atmosphere immediately above.
The entrainment layer coincides with the upper inversion layer. Based on this vertical structure, we identify
the height of the SL by Zs and the thickness of the ML and entrainment layer by h and h, respectively. The
height of the CBL is indicated by Z-p; and corresponds to the bottom of the entrainment layer and includes
the SL and ML such that Zcg;, = Zg + h. The bottom, top, and inversion strength of the entrainment layer are
indicated by Z;, Zr, and 6/h, where 6 = 6 (Z1) — 6 (Z;). The vertical gradient of potential temperature in the
free atmosphere is indicated by y,. Potential temperatures at the surface and in the ML are indicated by 6,
and 6y, respectively. The turbulent vertical mixing on that day was strong enough to homogenize wind
speed (Figure 4b) and maintain a three-layer pattern similar to the potential temperature (Figure 4a) and
mixing ratio (not shown).

During nighttime, the thermodynamic and dynamic properties of the SBL and the RML were estimated con-
sidering the vertical profiles of potential temperature and wind speed observed at 2100 LT on 9 August as a
reference (Figures 4c and 4d). The SI layer can be identified in the potential temperature profile (Figure 4c).
The height of the SI layer top is identified by Zg;. The SI layer strength is estimated by 8s;/Zs;, where 85 =6
(Zsp) — 6. The heights of the bottom (Zg;) and top (Zgas) of the RML, which corresponds to what remains of
the daytime ML, can be identified visually for the nighttime period (Figure 4c). During nighttime, the pre-
sence of LLJ was determined considering the typical dynamic structure indicated in the Figure 4d as a refer-
ence. The wind speed and direction of the LLJ are indicated by V1 and Dy, respectively. The height of the
LLJ is indicated by Z; ;. In this study a LLJ event occurs when the maximum wind speed >2.0 m s ' is
located in the first 1,000 m and is 25% faster than next minimum. As an extra criterion, we only considered
LLJ event when the above criteria are satisfied in at least two consecutive soundings. These criteria were
adapted from ones used to identify LLJ in Cabauw, Netherland, by Baas et al. (2009). This choice was based
on the fact that LLJs in Cabauw and MRSP have similar depth and intensity. Soundings carried out during
disturbed conditions that did not yield any resemblance with the thermodynamic structure used as reference
were removed from the analysis. From 160 soundings, three were removed from daytime (21, 25, and 26
February) and five from nighttime (27 and 28 February and 11, 14, and 15 August) periods. During daytime
the structure of lower atmosphere diverged from reference due to the rain associated synoptic-scale distur-
bance in the afternoon or the presence of very intense thermal inversion early in the morning. During night-
time, sea breeze early in the evening and cold fronts inhibited the formation of SI layer (see Figure 7 in
section 4.1).

3.1.1. Performance Assessment of the Subjective Method

Objectively, the subjective method performance depends, to a large extent on how much the analyzed pro-
files differ from the reference ones, which in turn depends on how much the atmospheric conditions are
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Figure 4. Soundings carried ou

t on 8 and 9 August 2013, at (a, b) 1500 LT and (c, d) 2100 LT used as a reference of daytime and nighttime thermodynamic and

dynamic PBL structures in the subjective method.

disturbed. Subjectively, the performance also relies on how familiar the person applying this method is with
the local features of the climate. For these reasons, the subjective method is time consuming, difficult to
apply to a large data set and suffer from two chronic problems: hard to reproduce and lack of traceability.
One way to overcome these problems is to apply an objective method (Huang et al., 2017; Lee & De
Wekker, 2016; Seidel et al., 2010; Zhang et al., 2014). Unfortunately, there is no objective method that
yields all thermodynamic and dynamic PBL features detected by subjective method (Figure 4). Even if
there was such method, it would be still facing a traceability problem due to the lack of a reference for
performance testing. This later issue can only be answered from the observational point of view by
combining traditional rawinsonde and remote sensing techniques. From the numerical modeling point
view only high-resolution simulations of turbulence for both stable and convective regimes can provide
the necessary reference data for a variety land cover and topography conditions.

A practical way to address this issue is comparing PBL properties that could be estimated by both objective
and subjective methods. Daytime PBL heights estimated by the subjective method used here were compared
to estimated values by three intensively used objective methods: air temperature gradient, air parcel and
bulk-Richardson number (Rig) (Seibert et al., 2000; Zhang & Li, 2019). The PBL height in the air gradient
method is estimated as the level where the vertical gradient of temperature becomes positive or equals 0
(8T/9z > 0). In the air parcel method, the PBL height is given by the level where an air parcel, raised adia-
batically from the surface, crosses the potential-temperature vertical profile. In the Riz method, the PBL
height is estimated as the level where the Rig reaches its critical value for the first time. In this study we used
a critical value of 0.17 estimated according to the methodology described by Sorensen et al. (1996). It
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corresponds to the minimum value of root-mean-square error (RMSE) of the UBL observed and estimated
heights using different critical values of the Rip.

To objectively compare all methods, it was applied the following statistical parameters: mean bias error
(MBE), RMSE, and the index of agreement (d). Positive MBE values indicate that subjective method under-
estimate objective method results and vice versa. The index of agreement, d, varies between 0 and 1 and indi-
cates the level of fitness between “estimates” (subjective method) and “measurements” (objective method)
(Willmott, 1981). Values of d close to 1 indicate a perfect performance of the estimates with respect to the
measurements. As it can see in the Figure 5, the subjective method performs well, retrieving most of the
PBL heights obtained by the objective methods. The best performance is presented when compared with
Rig method, with MBE = 144 m, RMSE = 375 m, and d = 0.88. With MBE = 246 m, RMSE = 498 m, and
d = 0.83 the subjective method does not perform so well when compared with gradient method. The subjec-
tive method performance can be categorized as intermediate with MBE = 30 m, RMSE =415 m, and d = 0.85
when compared with air parcel method.

Taking into consideration the excellent performance displayed by subjective method with respect to these
three objective methods it is plausible to assume that subjective method used here (section 3.1) yields com-
parable results for PBL height during daytime, indicating that this specific PBL property can be reproduced
by the subjective method to an acceptable level of traceability given by the statistical parameters used here.

3.2. Objective Method

To estimate the top of the UBL based on regular soundings (twice a day), we will demonstrate the RML top
height is a good indication of the CBL maximum daytime evolution (Figure 6a). This is necessary because in
the case of Sao Paulo, as in most of the upper air stations in Brazil, rawinsondes are carried out at 0900 LT
(1200 UTC) and 2100 LT (0000 UTC). At 0900 LT, the CBL is too shallow to be detected by the soundings
with coarse resolution (data spacing 300 m) and in many days nonexistent. At 2100 LT, the SBL is also
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Figure 6. (a) Schematic representation of the maximum CBL height and mean RML top height. Dispersion diagrams of RML heights estimated by subjective and
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February and August in 2013. In (d), the vertical bars indicate statistical errors.

too shallow to be detected by the regular soundings (Figure 3b). Therefore, the only clear PBL feature that
can be estimated from these coarse resolution soundings is the RML top.

To estimate the top of the RML, the objective method of the air temperature gradient (Seidel et al., 2010) was
chosen. The performance of the air temperature gradient method was evaluated by comparing it with the
subjective method in Figures 6b and 6c. Good agreement was obtained for the fine-resolution rawinsondes
carried out during the two MCITY field campaigns in 2013 (Figure 6b). In this case, the MBE, RMSE, and d
are —51 m, 100 m, and 0.99, respectively. A similar performance was obtained by regular coarse-resolution
rawinsondes (Figure 6¢). In this case the RML heights was also obtained by the subjective method using raw-
insondes carried out at 2100 LT between June and August of 2012 by Valenca (2013). The MBE, RMSE, and d
are 59 m, 197 m, and 0.98, respectively.

To demonstrate that the RML top height can be used as an indication of the maximum daytime UBL height
(as indicated in Figure 6a), we compared the maximum CBL height (Zcpravax) With the mean nighttime
RML height ([Zgp]), both obtained by the air temperature gradient method using rawinsondes carried
out during the MCITY BRAZIL field campaigns in 2013. Figure 6d indicates that there is good agreement
between Zcpr-max and [Zga]. The MBE, RMSE and d for these estimates are —195 m, 222 m, and 0.89,
respectively, corroborating that RML top height can be used as a good indication of the UBL maximum day-
time evolution. It is important to emphasize that small variation presented by the RML top height, as indi-
cated by the small error bars displayed in five data points in Figure 6d (but visible only in two), does also
contribute to make them a very good surrogate to UBL maximum daytime evolution, mainly when only
one rawinsonde is available during nighttime as in the case of Brazil.

Taking into consideration the good performance of the air temperature gradient method, it was applied to
the entire data set consisting of four years of data from September 2009 to August 2013. As an extra
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Tropospheric Cyclonic Vortex (UTCV), Sea Breeze (SB), South Atlantic Subtropical High (SASH), and Post-Frontal High Pressure System (HPS).

condition, the RML top height was considered valid only when it was within 500 and 3,500 m. This condition
was necessary to remove any misdetection caused by the SI layer. A total of 671 rawinsondes from 1,300
(51%) indicated a RML presence. This result will be discussed in the next section.

3.3. Empirical Method

In this work, the height of the SBL was estimated using an equilibrium expression derived by Zilitinkevich
(1972). This expression was developed by the combination of parameters of the SI layer and is defined as

Zspr = 7e(uoL/If)"?, @

where u-, is the friction velocity at the surface, L is the Obukhov length, f is the Coriolis parameter (f =
0.000058 s~ ! for the latitude of Sdo Paulo) and y, is the nondimensional parameter. In the literature, the
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value of this empirical constant varies between 0.1 and 1 (Arya, 1981; Brost & Wyngaard, 1978; Garratt, 1982;
Mahrt et al., 1982; Zilitinkevich, 1972). The present study uses y. = 0.5. This value was validated with high-
resolution data from tethered balloon soundings carried out at a rural area located approximately 80 km west
of the MRSP (Oliveira et al., 1998). The parameters u+, and L were obtained from measurements made at
TAG (Figure 1) (section 2.3.2).

It should be emphasized that expression (1) is widely used for practical applications (Seibert et al., 2000).
Besides, there are evidences based on several different data sets (CASES99, Sodankyld, Cabauw, and
SHEBA) and numerical results using LES modeling supporting the use of simple empirical expressions,
similar to (1), to estimate SBL height (Steeneveld et al., 2007). Moreover, expression (1) was previously vali-
dated using fine resolution tethersonde data (5 m) gathered in industrial installation located at similar lati-
tude, altitude, and climate conditions to the MRSP (Oliveira et al., 1998).

Friction velocity, vertical flux of buoyancy, (6y'w’),, and Obukhov length are estimated using eddy covar-
iance method as

Usg = [(ulwl)é + (V’W’)é :|1/4 (2)
L—u? %W} ?3)
©r'w)y = (@W')y +0.61 (6 /p) (0" ma0W'), @

where p is air density, g is the acceleration due to gravity (9.81 m s2), 8 is the potential temperature, and 6, is

the virtual potential temperature, () indicates 30-min mean and (") respective statistical fluctuation given by
X =X-X,forX=u, v, w, 8, pro-

4. UBL Properties

In this section, the main thermodynamic and dynamic characteristics of the UBL in the MRSP are described,
considering vertical profiles of potential temperature, specific humidity, wind speed, and direction in the
first 4,000 m of height of the soundings carried out in the ACM during 10 days in February representing a
summer condition and 10 days in August of 2013 representing a winter condition (MCITY BRAZIL
field campaigns).

4.1. Synoptic and Mesoscale Effects

Weather conditions have a significant effect on the development of the PBL (Guo et al., 2016; Quan et al.,
2013). The time evolution of the UBL in the MRSP during the summer and winter campaigns of the
MCITY BRAZIL Project are indicated in Figure 7. In these two periods the UBL evolution respond to
the cloudiness pattern associated to the following synoptic and mesoscale systems: (a) Upper Air
Trough, (b) Cold Front (de Jesus et al., 2016; Foss et al., 2017), (c) Bolivia High (Lenters & Cook, 1997),
(d) Upper Tropospheric Cyclonic Vortex (Kousky & Gan, 1981; Mishra et al., 2001; Mishra et al., 2007),
(e) Sea Breeze (Freitas et al., 2007; Oliveira et al., 2003; Ribeiro et al., 2018; Vemado & Pereira Filho,
2016), (f) Post-Frontal High-Pressure System (de Jesus et al., 2016; Foss et al., 2017), and (g) South
Atlantic Subtropical High (Sun et al., 2017).

During the summer field campaign of February, cloudy conditions and rain accumulations are frequently
associated with shortwave upper air trough west of Sao Paulo. As this shortwave moves east, the vorticity
conservation requires horizontal divergence at high levels inducing upward movement and favoring cloud
formation. This synoptic pattern was observed on 22 and 23 February, when the maximum UBL heights dur-
ing daytime (1,419 and 975 m, respectively) were significantly lower than average ([Zcpr max], Figure 7a).
On 26-28 February the daytime UBL evolution (789, 1,022, and 1,070 m, respectively) was also inhibited
by the presence of cloudiness. In these cases, cloudiness was induced by high-level horizontal divergence
produced by a combination of Bolivia high and upper tropospheric cyclonic vortex. On the other hand, dur-
ing the summer field campaign clear sky conditions in the MRSP were associated to subsidence induced by
an upper tropospheric cyclonic vortex. On 19-21, 24, and 25 February (Figure 7a), this vortex was positioned
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north-east of the MRSP, inducing subsidence and favoring clear sky conditions. During these days, a more
intense vertical development was observed in the UBL with maximum heights varying from 1,600 to 2,000
m (Figure 7a). This behavior indicates that the positive impact in the UBL growth caused by clear skies con-
ditions overcompensates for the negative impact caused by subsidence in Sao Paulo during these days.

During the winter field campaign of August, the MRSP was dominated by a surface anticyclonic circulation
associated with postfrontal high-pressure systems moving northeast and merging, progressively, with the
semistationary South Atlantic subtropical high. Considered as a typical undisturbed condition, this synoptic
pattern inhibits cloud formation in the MRSP resulting in the clear sky days observed on 8-10 and 12 August
when the UBL height exceeded 1,500 m (Figure 7b). This pattern was momentarily disrupted by a cold front
passage on 11 and 14 August (Figure 7b). In these cases, the maximum UBL depths (1,100 and 1,081 m,
respectively) were smaller than the average ([Zcpr max], Figure 7b).

Sea breeze penetration in the MRSP occurs in the beginning of the afternoon and is characterized by a sharp
decrease in air temperature and an increase in wind speed, cloudiness and relative humidity, and a shift in
wind direction from northeast to southeast (Oliveira et al., 2003). According to Ribeiro et al. (2018), the sea
breeze brings colder and moister air from the Atlantic Ocean, generating an internal boundary layer that dis-
rupts the convective grown reducing the UBL height in Sdo Paulo in most of the cases (19, 24, 27, and 28
February in Figure 7a and 6 August in Figure 7b). The apparent undisturbed UBL evolution observed on
20 February (Figure 7a) occurred because the sea breeze circulation was not strong enough.

During undisturbed nights in the summer (19-21, 24, and 25 February, Figure 7a) and winter (6-9 and 12
August, Figure 7b) of field campaigns the mean SI layer height was 376 + 30 m, mean SBL height 74 + 7
m, and mean RML height 1839 + 55 m. During disturbed nights in both field campaign periods, the mean
SI layer height was 79 + 9 m, mean SBL height 83 + 9 m, and RML was not present. Comparatively, undis-
turbed conditions (clear sky) are associated to strong surface cooling and light winds, as consequence the
SBL are small and some cases inexistent, SI layer are deeper than SBL and the RML occurred in 60% of
the nights. Disturbed conditions (cloudy) are associated to weak surface cooling and stronger winds, as con-
sequence the SBL coincides with smaller SI layer. During both field campaigns a RML was observed in only
one sounding (at 2100 LT on 26 February, Figure 7a). The deeper SI layer observed under undisturbed con-
ditions occurs because the winds are lighter and radiative cooling is more important than turbulent cooling
of the atmosphere near the surface.

4.2. Typical Undisturbed UBL

Figure 8 displays the time evolution of vertical profiles of potential temperature and wind speed in the first
3,000 m in summer and winter based on soundings carried out during daytime (0600 to 1800 LT) on 20
February and nighttime (1800 LT to 0600 LT) on 8 and 9 August 2013. They exemplified the UBL and LLJ
characteristics estimated by the subjective method.

During daytime, the UBL in the MRSP is characterized by a ML in both summer and winter field campaigns.
As indicated in Figure 8a, in the summer (20 February 2013) campaign, the turbulent mixing was strong
enough to vertically homogenize the atmosphere. The 0600 LT profile (Figure 8a) shows that a SI layer
formed during the previous night (9 to 20 February) that reached a maximum height of 623 m. At 0900
LT, the lower portion of the SI layer was completely replaced by a CBL of 176 m. The UBL reached 2,166
m on 20 February at 1800 LT.

During nighttime, the SI layer is indicated in the winter soundings carried out from 8 August at 1800 LT to 9
August at 0600 LT (Figure 8c). There, the SI layer depth grew from 115 m with 6¢;/Z¢; = 7.8 K km™* at 1800
LT to 652 m with 85;/Zs; = 20 K km ™ at 0600 LT. The UBL height given by the empirical expression (1) var-
ied from 75 m at 1800 LT to 44 m at 0600 LT. In that case, the SI layer cannot be used as an indication of the
UBL height. Above the SI layer, a RML was observed at heights between 1,400 and 1,800 m (within the par-
allel dashed red lines in Figure 8c).

An LLJ with an intensity of 5.8 m s~ and direction from the north was present at 240 m in the MRSP during
the night of 8 and 9 August 2013 (Figure 8d). This LLJ was present in the sounding of 0000 LT and reached a
maximum intensity of 11 m s" and height of 414 m at 0600 LT (Figure 8d). At the maximum intensity core,
the wind direction was from the north.
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Figure 8. Vertical profiles of potential temperature and wind speed observed during daytime (0600-1800 LT) on (a, b) 20 February 2013 (summer) and during
nighttime (1800-0600 LT) on (c, d) 8-9 August 2013 (winter) in the MRSP. The top of the convective UBL height is indicated by the heavy dark horizontal lines
in (a). The top of the SI layer height is indicated by heavy blue horizontal lines in (c). The dashed red horizontal lines indicate the upper air temperature inversion
and the top of the RML in (c). The LLJ height is indicated by horizontal heavy red line in (b) and (d).

4.3. Seasonal Variation

4.3.1. Daytime Features

The SL thickness corresponds to 10% and 12% of the UBL height during the summer and winter field cam-
paigns, respectively, varying from 33 to 152 m in February and from 27 to 126 m in August (Figure 9a). A
ML is present in most of the soundings carried out at 0900 LT, indicating that the SI layer formed during
the previous night is completely destroyed by thermal convection in the MRSP before 0900 LT. It is also
observed that the ML grows systematically until the end of the day, which is in general at approximately
1800 LT. The thickness of the ML varies from 110 m to 2,097 m in the field campaign of February and from
109 to 1,694 m in the field campaign of August, corresponding to 90% and 88% of the UBL height,
respectively (Figure 9b).

The entrainment layer varies between 47 and 352 m in the field campaign of February and between 23 and
385 m in August and corresponds to 16% and 17% of the UBL height, respectively (Figure 9¢c). The thermal
inversion strength in the entrainment layer varies from 2.7 to 41.4 K km™" in the field campaign of February
and from 3.4 to 56.4 K km ™ in the field campaign of August, indicating that entrainment layer is less stable
during summer than during winter (Figure 9d).

The stability of the free atmosphere immediately above the UBL varies from 2.1 to 5.5 K km ™" during the
February campaign and 1.5 to 8 K km™ in the August campaign. The free atmosphere immediately above
the UBL is frequently less stable during summer compared to winter, with mean values of 3.3 + 0.1 K
km™' in February and 3.9 + 0.2 K km™" in August (Figure 9e).

4.3.2. Nighttime Features

During nighttime, the maximum height of the SI layer varied, ranging on average from 322 + 80 m in
February to 326 + 74 m in the August campaign. In many studies, the top of the UBL during nighttime
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was indicated by SI layer top (Coulter, 1990; Pournazeri et al., 2012; Seidel et al., 2010; Wang & Wang, 2016;
Yu, 1978). For Sao Paulo, sea breeze circulation significantly alters the daytime evolution of the UBL. The
sea breeze fronts propagate from southeast to northwest, generating abrupt drops in temperature followed
by abrupt increases in humidity (Oliveira et al., 2003). These changes occur during the afternoon, and in
many cases, the associated surface cooling generated a SI layer extending to the top of the sea breeze
layer, a condition that persists through the night (Ribeiro et al., 2018). The changes caused by sea breeze
mask the nocturnal evolution of the SI layer associated with turbulence, making it difficult to estimate the
UBL from rawinsondes during the night in Sdo Paulo.

Figure 10 shows the frequency distribution of the SI layer height estimated by the subjective method
(section 3.1) and the SBL estimated by the empirical method (section 3.3). The height of the SBL
remained on average 180 m below the height of the SI layer in February and 174 m in August. These dif-
ferences may occur because the SBL depth decreases as the turbulence intensity decreases due to the
intensification of thermal stability caused by surface radiative cooling (Garratt, 1994).

A very well defined RML was observed during nighttime soundings, generally after 1800 LT, on approxi-
mately 35% of the nights with soundings and RML top height varied from 800 m to 2,300 m in the
February campaign and between 1,400 and 2,700 m in August (Figure 10g).

The LLJ was observed in 80% of the nights with soundings (16 nights, 9 in summer, and 7 in winter), was
located between 95 and 962 m (Figure 10c), and had a speed varying from 2.7 to 14 m st (Figure 10d).
The north, northeast, east and southeast wind direction components prevailed in most of the observed
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Figure 10. Nighttime properties of the UBL in the MRSP during the summer and winter campaigns based on the subjective and empirical methods. Histograms of
(a) SI Layer height, (b) strength of the SI layer, (c) LLJ height, (d) LLJ wind speed, (e) LLJ wind direction, (f) SBL height, and (g) RML height. Number of cases
corresponds to number of soundings.

LLJ (Figure 10e). Although there is evidence that wind speed during nighttime oscillates inertially in the
presence of LLJ, the origins of this phenomena in the MRSP remain unclear and will be addressed in
future work.

4.3.3. Mean Diurnal Evolution

Figure 11 displays the diurnal evolution of the averaged UBL and SI layer heights during the summer and
winter field campaigns of 2013 in the MRSP and the buoyancy flux estimated in the IAG by expression
(4). The UBL height in summer was larger than in winter because the daily values of mean buoyancy flux
(Figures 11c and 11d) in the summer (4.7 + 0.6 MJ m~2 day ™) was 30% larger than in the winter (3.3 +
0.5 MJ m~2 day ™), and as a consequence, the thermal production of turbulent kinetic energy (TKE).
Another important factor that contributed to the observed pattern is that the thermal stratification in the free
atmosphere immediately above the top of the UBL was weaker during summer (Figure 9e).

In both periods investigated here, the maximum top of the UBL was observed at 1800 LT. On average, the
maximum UBL height was 1476 + 149 m in the February campaign and 1122 + 168 m in the August cam-
paign (Figures 11a and 11b). The SI layer showed a similar but less pronounced seasonal variation that
reached a maximum height (and strength) of 322 + 80 m (18 + 3 K km™") in February and 326 + 74 m
(22+4Kkm Y in August (Figures 11a and 11b). The SBL showed a similar behavior in both experiments,
reaching a maximum height between 1800 and 2100 LT, on average, from 126 + 13 m in February and 122 +
10 m in August. This was due to a higher mechanical production of TKE in the early evening associated with
the passage of the sea breeze on many occasions (Figures 11a and 11b).
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Figure 11. Diurnal evolution of the UBL and SI layer heights and buoyancy flux averages during 10 days in the (a—c) summer and (b-d) winter field campaigns. The
vertical bars indicate statistical error. The black, blue and dashed red lines in (a) and (b) indicate the heights of the UBL, SI layer, and RML, respectively. The black
solid circles in (c) and (d) indicate hourly values of buoyancy flux.

On average, the RML top height (indicated by the red dashed lines in Figures 11a and 11b) shows a seasonal
pattern consistent with UBL ones, with values varying between 800 and 2,300 m in February and 1,400 and
2,700 m in August. Due to the number of nights with RML in both periods (7 of 20 nights), on average, the
RML top height was systematically higher than the UBL height, mainly during the winter campaign. In
addition to the spatial representativeness factor, the differences in the UBL and RML top heights may have
been related to the variations in the trajectories described by the soundings.

Observations carried out by Nair et al. (2004) using a Doppler sodar on 27 July 1999, indicated that during
nighttime the SI layer oscillate around 233 m between 0000 and 0800 LT and around 366 m between 1800
and 2400 LT. These are comparable with values obtained in August campaign (274 + 42 m between 0000
and 0600 LT and 198 + 36 m between 1800 and 2400 LT). During daytime on 27 July, the PBL height reached
1600 m at 1100 LT. This value is larger than 695 + 103 m observed at 1200 LT in August campaign. The
observations using lidar by Landulfo et al. (2010) in August of 2007 indicated daytime maximum heights
varying between 1,100 and 2,800 m and mean value around 1,700 m, what is larger than mean maximum
heights of 1122 + 168 m observed in the August campaign.

4.3.4. Monthly and Interannual Variation

In this section, a climatological characterization of the maximum UBL top height in the MRSP is performed
based on rawinsondes carried out daily at 2100 LT, from September 2009 to August 2013 and the air tempera-
ture gradient method described in section 3.2. As demonstrated in the previous section 3.2 the RML top
height is a good indication (d = 0.89) of the CBL maximum daytime evolution (see Figure 6a).

Figure 12a shows the seasonal variations in the monthly average UBL height in the MRSP. The UBL height
varied between 1,000 and 1,700 m. The largest value was observed in May (1632 + 96 m), and the smallest was
observed in September (1061 + 77 m). During summer months (December-February) the number of RML
detection was small because the local atmosphere was more disturbed as consequence of convective activity
in the MRSP. The UBLs detected during the MCITY field campaigns in 2013 were systematically deeper than
those detected by the regular soundings. A reduction in the cloudiness may explain this behavior since during
the field campaign periods the MRSP was drier than normal (Figure 3b). During spring months the intensi-
fication of sea breeze circulation reduces the UBL height in the MRSP. This effect was observed also during
the field campaigns (section 4.1). The passage of sea breeze front disrupts the UBL evolution in the afternoon
(Ribeiro et al., 2018). This effect is stronger in the spring because during this period of the year the ocean-land
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Figure 12. Seasonal and interannual variations in the monthly averaged UBL height in the MRSP. The statistical errors
are indicated by the vertical bars. The numbers indicate the total number of days with RML.

thermal contrast is larger as consequence of the oceanic thermal inertial. Similar sea breeze effect has been
found in the annual variability of PBL height estimated using wind profiler measurements carried out
during one year (2008) in the California's Central Valley Observations (35-39°N) by Bianco et al. (2011).

The interannual variations between 2009 and 2013 did not show a clear pattern; the smallest UBL occurred
in 2009 (999 + 70 m), and the largest occurred in 2013 (1,478 + 72 m) (Figure 12b). Since the UBL height is
smaller during spring and beginning of summer months, the minimum UBL height observed in 2009 is
because rawinsondes were available only from September 2009. A similar effect may explain the maximum
UBL height observed in 2013. The rawinsondes data used in this year were carried only until 16 August, cor-
responding to the period when UBL is higher (January-August). Therefore, taking into consideration the
representativeness problem one may conclude that between 2009 and 2013 there was not significant inter-
annual variability in the UBL maximum daytime height in the MRSP.

5. Summary and Concluding Remarks

The vertical structure of the UBL in the MRSP was investigated in this work using rawinsondes carried out
every three hours for two 10-day field campaigns of the MCITY BRAZIL Project in February and August
2013. This characterization was complemented using rawinsondes carried out regularly twice a day during
four years, from 1 September 2009 to 16 August 2013.
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The time evolution of the UBL in the MRSP during the summer and winter field campaigns responded to the
cloudiness pattern associated to disturbances caused by synoptic and mesoscale systems. In general, these
disturbances increase cloudiness, reducing surface solar heating and thermal production of TKE. Under
these conditions, the daytime UBL is partially or totally maintained by mechanical production of TKE,
and its depth is smaller than in clear-sky days. During nighttime, clouds reduce the surface cooling and
the intensity of SI layer. The small thermal stratification combined with more strong winds favors the forma-
tion of deeper SBL.

During daytime, the UBL showed a maximum height reaching 1476 + 149 m in the summer campaign of
February and 1122 + 168 m in the winter campaign of August of 2013. Those differences were related to
seasonal variations in the (a) surface buoyancy flux, which was 30% larger in the summer (4.7 + 0.6 MJ
m~2 day™ ) and (b) thermal stratification of the free atmosphere, which was 15% smaller in the summer
(3.3 + 0.1 K km™"). In both seasons water vapor flux did not contribute significantly to buoyancy flux and
consequently to the UBL evolution in the MRSP as expected for urban areas. During nighttime, the max-
imum top height of the SI layer varied, on average, from 322 + 80 m in February to 326 + 74 m in August.
In both experiments, the maximum height of the SBL reached 126 + 13 m in February and 122 + 10 m
in August.

During daytime, a SL was observed in 82 % of the rawinsondes, with heights varying between 33 and 152 m
in February and between 27 and 126 m in August that corresponded to 10% and 12% of the height of the con-
vective UBL in both periods. The ML depth varied between 110 and 2,097 m in the field campaign of
February and between 109 and 1,694 m in the field campaign of August. The entrainment layer, varied
between 47 and 352 m in the field campaign of February and between 23 and 385 m in August.

During the night, the SI layer top height varied from 42 to 784 m in February and from 45 to 652 m in the
August field campaign. It was systematically deeper than the SBL, which varied from 20 to 171 m in
February and from 11 to 173 m in the August field campaign. A very well defined RML was observed gen-
erally after 1800 LT on approximately 35% of the nights in both field campaigns, varying from 800 to
2,300 m in the February campaign and from 1,400 to 2,700 m in August. The LLJ was observed in 80% of
the field campaign nights, with intensities varying from 2.7 to 14 m s™' and heights between 95 and 962
m. Although there is evidence of counterclockwise inertial oscillation in the LLJ observed in the MRSP,
the origin of this phenomenon remains unclear and will be addressed in future work.

A comparative analysis between rawinsondes carried out at nighttime in the field campaigns in 2013 and at
2100 LT regularly from June to August of 2012 indicates that the air temperature gradient method is well
suited to estimate the RML top height and that RML height is a good surrogate for the maximum daytime
value of the UBL height in previous day. The seasonal variations in the monthly average maximum UBL
height, based on application of the air temperature gradient method for rawinsondes carried out regularly
in Sao Paulo at 2100 LT from September 2009 to August 2013, indicated a maximum of 1632 + 96 m in
May and a minimum of 1,061 + 77 m in September. The seasonal variation of UBL, summer maximum
and winter minimum, yielded from finer temporal and vertical resolution carried out during the MCITY
BRAZIL Project in 2013 was not confirmed by the 4-year coarser resolution rawinsonde. Intensification of
sea breeze circulation during spring is a plausible explanation for the observed minimum in the monthly
averaged UBL height in September. No tendency was identified in the UBL height during 4 years (2009-
2013) analyzed in this work, indicating that UBL in Sao Paulo does not seems to respond, as observed in
other higher latitudes regions, to the current positive trend attributed to global climate changes.

The impact of climate change effects predicted by the Intergovernmental Panel on Climate Change scenarios
indicated that Brazilian urban populations are likely to become more exposed to the adverse urban effects
such as significant reduction on precipitation and augment in temperature (Batista et al., 2016; Lyra et al.,
2018). On the other hand, long-term variation of PBL height carried out in Europe, China, and Japan
(Guo et al., 2019; Zhang et al., 2013; Zhang & Li, 2019) indicated that there is an overall tendency to increase
the PBL height as a response to the global warming, mainly increase in the surface temperature and reduc-
tion in the relative humidity. However, it is still not possible to infer what would be the impact of the
Intergovernmental Panel on Climate Change scenarios on the PBL heights over urban areas. In this sense,
the observational characterization of the UBL in Sdo Paulo, even using only 4-year-long climatology, is
the first one based on observational results about UBL in the subtropical region.
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It is important to emphasize the results displayed here are the first analysis based on rawinsondes carried out
in the MRSP. Since we demonstrated that the RML height, estimated by the air temperature gradient method
using rawinsondes carried out regularly, is a good surrogate for the maximum daytime value of the UBL
height, this objective method can be applied to estimate the PBL height for soundings carried out at 2100
LT in the entire network, allowing a long term spatial characterization of the PBL in Brazil.

Finally, despite the recent progress in the application of remote sensing systems to characterize PBL proper-
ties, it will take time and resources to disseminate them worldwide as rawinsonde network. Therefore, the
use of rawinsonde data to estimate PBL properties will continue to be an important issue requiring attention
for the research community, mainly to develop objective methods to detect a more complete set of PBL prop-
erties. The performance analyses carried out here indicated the subjective method yields comparable results
for PBL height during daytime to an acceptable level of traceability. This assumption cannot be extrapolated
for the other PBL properties because the lack of objective methods; however, it can be progressively assured
ever since other PBL properties are estimated by the subjective method are objectively tested as the height
of PBL.
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