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Abstract

In this work the main features and evolution of Low-Level Jets (LLJs) in the metropolitan
region of Sdo Paulo, Brazil, are investigated using two sets of radio soundings carried out: (a)
every three hours and during 10 consecutive days in the summer and winter field campaigns of
the MCITY BRAZIL Project and (b) regularly two per day between 2009 and 2013. Visual
inspections of wind speed and wind direction profiles indicate the presence of LLJs in 85 % of
days, predominantly at nighttime during undisturbed conditions, with mean intensity and height
of 8.4 = 032 m s and 541 + 26 m, respectively. The predominant wind directions at the
maximum wind speed level are from east, north and northeast during field campaigns of 2013.
Most of the LLJs observed during both field campaigns (76 %) are associated to the inertial
oscillation mechanism and modulated by the baroclinicity induced by mesoscale features of
topography and land-ocean thermal contrast. The remaining cases are associated to synoptic
disturbances baroclinicity. The monthly variations of LLJs properties between 2009 and 2013
were estimated using an objective method and the results showed that the LLJs are very
frequent throughout the year, exceeding 65 % of days in all months. The maximum LLJs
occurrence was observed in October (86 % of days) and the minimum frequency occurs in July
(69 % of days). The impact of LLJs in the intensity of urban heat island and surface inversion
layer was assessed during field campaign of August, 2013 and the results indicate that the shear
generated by the LLJs plays an important role in reducing the SI layer and urban heat island
intensity.

1. Introduction

During nighttime is common to observe a relative maximum in the vertical profile of wind
speed at the top of the Surface Inversion (SI) layer (Blackadar, 1957; Stull, 1988). Known as
Low-Level Jet (LLJ), it is defined as a relative maximum in the wind speed profile that occurs
with more frequency between 100 and 500 m (Stull, 1988; Baas et al., 2009). LLJs are
frequently observed during clear sky conditions and at nighttime over land characterized by
homogeneous land use and flat topography. Under these conditions the progressive radiational
cooling of the surface intensifies the SI, reducing friction and, as consequence, the flow above
of the SI layer speeds up as it decouples from the surface, generating a maximum relative in the
vertical profile of wind speed near to the surface (Stull, 1988; Baas et al., 2009; Van de Wiel et
al., 2010; Wei et al., 2013; Barlow, 2014). In this case the LLJ is produced by the inertial
oscillation and it can be identified by the counterclockwise rotation (Southern Hemisphere) of
the ageostrophic component of the horizontal wind with Coriolis frequency f (/=2Qsen¢, where
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Q is the Earth's rotation rate and ¢ is the local latitude). For the latitude of Sdo Paulo (23.5 °S)
the inertial frequency corresponds to a period of 30.5 hours.

The intensity and position of the LLJs are linked to the vertical distribution of the ageostrophic
wind component, which in turn may vary according to baroclinicity induced by soil moisture
distribution, land use and topographic effects, and to the turbulence intensity in the previous
daytime convective boundary layer (Stull, 1988; Karam, 2002; Klein et al., 2016). First
proposed by Blackadar (1957), the inertial oscillation has been used to explain LLJs by linking
its nocturnal evolution to the stable and convective boundary layer (Karam, 2002; Karipot et al.,
2009; Van de Wiel et al., 2010).

According to Lundquist (2003) and Kallistratova and Kouznetsov (2012), LLJs due to inertial
oscillation are not as frequent as though initially. Indeed, the observations indicate that LLJs are
more frequently associated to baroclinicity induced by: (a) land-ocean differential surface
heating in coastal regions (Parish, 2000; Kutsher et al., 2012; Wei et al., 2013); (b) synoptic
scale systems (cold fronts) (Whiteman et al., 1997); (c) differential heating in the presence of
sloping terrain (Holton, 1967; Whiteman et al., 1997). LLJs can also be caused by topographical
effects of mechanical origin, such as blockages of mountain barriers and channeling along
valleys ( Parish, 1982; Li and Chen, 1998).

The LLJs has been observed in different parts of the world, more frequently at Great Plains,
USA (Song et al. 2005; Wang et al. 2007; Du et al. 2014; Klein et al. 2016; Shapiro et al. 2016;
Parish, 2017); east and west of the Andes (Marengo et al., 2004; Jones, 2019; Montini et al.,
2019); east, south and southwestern of China (Wei et al., 2013; Du et al., 2014; Li et al., 2018;
Zhang et al., 2019); Central Western Mexico (Arfeuille et al., 2015); Cabauw, Netherlands
(Baas et al., 2009); Antarctica (King et al., 2008); Negev desert of Israel (Kutsher et al., 2012)
and southern Brazil (Karam, 2002; Montini et al., 2019). Knowing LLJ properties is important
for planning aviation safety procedure in airports, assessing potential of wind energy
production, predicting the transport of atmospheric pollutants and it can influence the
development and trajectory of convective systems. Understanding LLJs behavior is particularly
important over urban areas where they can increase the vertical transport of pollutants, mainly
O; (Hu et al. 2013b; Klein et al. 2014; Sullivan et al. 2017) and interact with Urban Heat Island
(UHI) (Kallistratova and Kouznetsov 2012; Hu et al. 2013a). Despite the increase in LLIJs
studies in recent years due to the development of ground-based remote sensing techniques, only
a few have been done on urban areas, such as, in Moscow, Russia (Kallistratova et al., 2009;
Kallistratova and Kouznetsov, 2012), Oklahoma City, USA (Wang et al. 2007; Hu et al. 2013a),
London, UK (Barlow et al., 2015) and Beijing and Guangzhou, China (Miao et al., 2018). These
studies concluded that LLJs over urban area are higher, weaker and occur less frequently than
over rural sites and attributes the differences to the higher roughness and different thermal
properties of the urban surface.

There are not observational studies of LLJs in the metropolitan region of Sdo Paulo (MRSP)
available in the literature. Some of the characteristics of these LLJs have already been
investigated by Karam (2002) using tethered balloon observations in Iper6, a countryside rural
area located 80 km west of the MRSP. According to Karam (2002), LLJs in this region has
intensity between 8 and 10 m s and height around 350 m above the surface during clear-sky
nights. Numerical results obtained by Karam (2002) indicate that the LLJs observed in Iper6 are
a result of the combination of four factors: the anabatic and katabatic circulation in the
“Paulista” sector of the “Parana” River Valley, the inertial oscillation and the sea-breeze
circulation. This hypothesis will be investigated as a possible explanation for the LLJs observed
in the MRSP.

The objective of this work is to investigate the main features of the LLJs observed in the MRSP,
such as frequency of occurrence, speed, height and direction. Diurnal and seasonal variation and
mechanisms of LLJ formation are also investigated. The analysis will be made from the radio
soundings carried out every 3-hour during the two 10-days field campaigns of the MCITY
BRAZIL Project in February and August of 2013 (Oliveira et al. 2019). This characterization is
complemented using radio soundings carried out regularly twice a day over four years at the
“Campo de Marte” Airport (ACM) of Sdo Paulo City.



2. Materials and methods

2.1.Region of study

The MRSP is located in the southeastern Brazil on the “Paulista” plateau at 722 m above sea
level (asl) and 65 km from the Atlantic Ocean. It is composed of 39 municipalities in the form
of conurbation (Fig. 1a), with a population of approximately 21.7 million habitants (IBGE,
2018). Figure 1b, ¢ shows the complex topography of the MRSP, which can be represented by a
cross dashed yellow line oriented from northwest to southeast direction. From Atlantic Ocean to
the continent, it is observed several elevations that form part of the “Serra do Mar” (200-750 m
asl), followed by the “Paulista” plateau. The urban area of the MRSP is located in the "Paulista”
plateau (Fig. 1c), limited at the north and northwest by a chain of three ridges (“Tiete”,
“Tamanduatei” and “Pinheiros”) varying from 300 to 700 m asl (Fig. 1b).

The climate characterization of MRSP is based on monthly mean values obtained between
1960-1990 on the meteorological surface station of MIRANTE (23°29'47"S, 46°37'11"W, 792
m asl) (Fig. 1a). According the Koppen classification of Alvares et al. (2014), the climate of
MRSP is typical of subtropical regions and can be classified as high elevation subtropical humid
(Cwb), with a dry and cold winter during June-August and a wet and warm summer during
December-March (Oliveira et al., 2003). The monthly mean minimum of air temperature and
specific humidity occur in July (15.8 °C and 9.1 g kg, respectively) and the minima of
precipitation occur in August (39.6 mm). The monthly mean maximum of air temperature and
specific humidity occur in February (22.4 °C and 14.6 g kg, respectively) and the maxima of
precipitation is observed in January (237 mm) (Sanchez et al., 2019).

Large-scale air circulation in the MRSP is controlled by the position and intensity of the semi-
permanent south Atlantic subtropical high and continental low-pressure systems, which induce
weak surface winds from north to northeast during the summer and from northeast to east in
winter (Oliveira et al., 2003). The minima wind intensity occurs in May (2.3 m s") and the
maxima in November (3.1 m s™) (Sanchez et al. 2019). The large-scale pattern is often disturbed
by the passage of cold fronts throughout the year, with a higher frequency in the winter. Cold
fronts induce pre-frontal northwest winds and post-frontal southeast winds. In addition to these
systems, the MRSP is influenced by three local circulations: the sea breeze, the mountain-valley
circulation and the UHI (Ribeiro et al., 2018). These thermally induced flows are the result of
the distance to the ocean, topographical configuration and the increase of urbanization.
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Fig. 1. Geographic features of the MRSP. The city of Sao Paulo is indicated by red borders. All the
remaining 38 cities are also indicated. The observation sites are indicated by SFZ (“Secretaria da
Fazenda”), ITU (“Itutinga”), ACM (“Campo de Marte” Airport) and MIRANTE (“Mirante de Santana”).
Topography is based on the highest-resolution topographic data (3-arc-second Resolution - 90 m),
available at https://www?2.jpl.nasa.gov/srtm/. The dashed yellow line indicates a cross section in the
northwest-southeast direction in (b), which is shown in (c).

2.2.Measurements and data

This work is based on 160 radio soundings carried out at the ACM (23°30'32" S, 46°38'04" W,
722 m, Fig. 1) as part of the field campaigns of the MCITY BRAZIL Project. The vertical
profiles of wind speed and direction, relative humidity and air temperature were obtained using
a DIGORA III data acquisition system and radiosonde model RS92-GSP, manufactured by
Vaisala, Inc. A description of the equipment characteristics and accuracy of measurements can
be found in Sanchez et al. (2019).

The radio soundings were released with a frequency of 3 hours during two periods of 10
consecutive days, in the summer (February 19 to March 1, 2013) and winter (August 6 to 16,
2013) field campaigns (Oliveira et al., 2019). The vertical resolution of radio soundings
(vertical distance between two consecutive points from surface to 4000 m) prevailed between
61-70 m and the measurements can be considered representative of the urban area of MRSP
because the balloons at first 4000 m were located within the urban limits (Sanchez et al. 2019).


https://www2.jpl.nasa.gov/srtm/

Radio soundings carried out regularly at ACM twice a day at 0900 LT (1200 GMT) and 2100
LT (0000 GMT) from September 1, 2009 to August 16, 2013 (four years) were used for to
describe the seasonal variation of the LLJs in the MRSP. During this period a total of 2600
radio soundings were launched providing vertical profiles of air temperature, relative humidity,
wind speed and direction with coarser resolution (301-350 m) that the soundings released during
field campaigns of 2013 (Sanchez et al. 2019).

UHI was estimated in the MRSP from near-surface air temperature differences between urban
(SFZ micrometeorological platform) and rural area (ITU micrometeorological platform) as:

AT = Turpan — Trural (1)

The SFZ micrometeorological platform (23°33'01" S; 46°37'49" W, 741 m asl) comprises a 10-
m tower set up in the center of a metallic platform on the top of a 18-story building, 77 m above
the ground level (agl) in Sdo Paulo City (Fig. 1a). The ITU micrometeorological platform
(23°49'32" S; 46°30'32" W, 760 m asl) consists of a 10-m tower set up at the surface level in a
vegetated area in “Itutinga Pildes” State Park located at south of the MRSP (Fig. 1a). Air
temperature observations in the SFZ and ITU micrometeorological platforms were continuously
carried out with sample frequency of 0.5 Hz at 78.6 m agl and at 1.6 m agl, respectively. A
complete description of the sensors and quality control procedure applied to temperature
measurements are described in Oliveira et al. (2019).

2.3.LLJ definition

In this study the main properties of the LLJs were estimated applying a subjective method based
on visual inspection of each vertical profile of wind speed and direction provided by radio
soundings carried out in field campaigns of February and August in 2013. This method consider
the following conditions: maximum wind speed at the jet nose in the lowest 1000 m above the
surface greater or equal to 2.0 m s™ and 25 % faster than next minimum. We only considered
LLJ event when this local maximum was observed in at least two consecutives soundings
(persistence criteria), as indicated in Fig. 2a for the LLJ observed in August 10, 2013 at 0000
LT and 0300 LT. The maximum wind speed (V;.,), wind direction (D;;;) and height (Z;.,) at the
LLJ core are estimated for each profile.

Taking into account the different structures that can be observed and the occurrence of multiple
maximum in the vertical profile of wind speed, the subjective method allows one to identify the
LLJ structure with greater accuracy compared to the different objective methods. Despite the
advantages of the subjective method, it is very difficult to apply this method to a very large set
of data. For these reasons, we developed an automatic objective method to identify LLJ
structures in the radio soundings carried out twice a day during four years between 2009 and
2013. This method considers the same criteria used in the subjective method to identify LLJ
during field campaigns of 2013, as indicated in Fig. 2b for sounding carried out in July 24, 2012
at 0900 LT. Due to the time frequency of the regular soundings, it was not possible to apply the
persistence criteria used to identify LLJs during field campaigns of 2013.
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Fig. 2. Vertical profiles of wind speed and criteria applied to identify LLJ structure during (a) August 10,
2013 at 0000 LT and 0300 LT (MCITY BRAZIL Project field campaigns) and (b) July 24, 2012 at 0900
LT (regular soundings).

The objective method was previously validated comparing it with the subjective method for two
sets of radio soundings with different resolution: field campaigns of February and August of
2013 (finer resolution) (Fig. 3a) and between June and August of 2012 (coarser resolution) (Fig.
3b). The comparison between these two methods was made following three statistical
parameters: Mean Bias Error (MBE), Root Mean Square Error (RMSE) and the Index of
Agreement (d). The objective method was able to capture the 89 % and 96 % of the LLJ
identified through the subjective method during field campaigns of 2013 and between June-
August of 2012, respectively. Good agreement was obtained between subjective and objective
methods for two set of data (finer and coarser resolution). MBE, RMSE and d are -25 m (-10 m),
149 m (87 m) and 0.89 (0.96) for field campaigns of February and August of 2013 (regular
soundings between June-August, 2012). This result indicates that the objective method can be
used with good accuracy to identify LLJ structures.
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Fig. 3. Dispersion diagrams of LLJ heights estimated by subjective and objective method for radio
soundings carried out (a) during MCITY BRAZIL Project field campaigns of February and August in
2013 and (b) June, July and August of 2012.

3. Results and discussions

3.1.Weather condition effects over the LLJ development
The diurnal evolution of wind speed during two field campaigns in the summer (From 0900 LT
on February 19 to 0900 LT on March 1) and in winter (From 0900 LT on August 6 to 0900 LT

on August 16) in the first 1500 m of height are indicated in Fig. 4. The dominant synoptic and
mesoscale systems on each of the days are represented by symbols in this figure. In general,



LLJs in the MRSP appears in clear-sky conditions with the presence of weak surface winds, as
normally occurs during undisturbed conditions and during the influence of high pressure
systems.

During the field campaigns of summer, on February 19, 20, 21, 24 and 25 the meteorological
patterns in the MRSP were dominated on high level by the influence of upper tropospheric
cyclonic vortex, which induced subsidence and favors clear-sky conditions. On the other hand,
cloudy conditions were associated with the high-level horizontal divergence due to the
combination of the Bolivia high and the upper tropospheric cyclonic vortex circulation
(February 26, 27 and 28). Cloudy conditions were also produced by the influence of shortwave
upper air troughs (February 22 and 23) and the sea-breeze passage (February 19, 20, 24, 27 and
28) during the afternoon. Sometimes, these systems destabilized the atmosphere and caused an
increase in cloudiness, surface winds speed and occurrence of precipitation. Despite the
influence of these disturbed systems in few days, the sky remained with little cloudiness for
much of the nighttime, which favored the development of the LLJs. These were observed in 9 of
10 nights with soundings (90 %) in summer field campaign. The core of maximum winds
associated with the LLJs oscillated between 300 and 900 m and reached the 10 m s™' in some
nights (Fig. 4a).

During the field campaigns of winter, LLJ events were observed in 8 of 10 nights with
soundings (80 %) and are associated with the influence of south Atlantic subtropical high and
the post-frontal high pressure systems. From August 6 to 10, prevailing conditions of low
cloudiness and weak winds near the surface from north to northeast, which was associated with
the major influence of the south Atlantic subtropical high, with its center located on the Atlantic
Ocean. These conditions favored the LLJs formation, with maximum intensities varying from 8
to 13 ms™ and located between 350 and 700 m (Fig. 4b). On August 10-14, the influence of two
cold fronts on the MRSP was observed, and as a consequence there was an increase in the wind
speed in the vertical direction and the formation of post-frontal LLJs, with intensity varying
from 10 tol5 m s™', between 600 and 1000 m (Fig. 4b). On August 16, the LLJ with maximum
intensity of 13 m s and height of 500 m was observed in the MRSP (Fig. 4b). In general, LLJs
associated with cold-fronts passage have a mean intensity and height that is 3 m s™ and 329 m
greater than LLJs under undisturbed conditions (8.4 + 0.5 m s and 436 + 31 m, respectively).
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Fig. 4. Time evolution of the wind speed up to 1500 m during the field campaigns of (a) February 19 to
March 1 and (b) August 6 to 16 in 2013. The symbols correspond to the following synoptic and
mesoscale systems: Bolivia High (BH), Upper Tropospheric Cyclonic Vortices (UTCV), Upper Air
Trough (UAT), Sea Breeze (SB), High Pressure System (HPS), South Atlantic Subtropical High (SASH)
and Cold Front (CF).



Despite the influence of different synoptic and mesoscale patterns on the development and
evolution of LLJs, inertial oscillation seems to be the main mechanism that originates LLJs in
the MRSP. Approximately 76 % of the LLJ events (8 in summer and 5 in winter field
campaigns) were associated to inertial oscillation (counter-clockwise in Southern Hemisphere).
Figure 5 presents the wind hodographs based on radio soundings data linearly interpolated at
200 and 600 m from 1800 LT to 1500 LT for four LLJ events, two in summer (February 23-24
and February 27-28) and two in winter (August 6-7 and August 14-15) in 2013, in which a clear
inertial oscillation is seen. At the height of 200 m, a counter-clockwise wind rotation related to
the inertial oscillation can be observed, which is best represented at 600 m. Similar results were
obtained by Barlow et al. (2015) in London, UK, using Lidar. According to Barlow et al.
(2015), in urban areas the inertial oscillation is most clear above the LLJ maximum and it can
be interrupted near the surface due to the increase of the roughness and the surface heating.
Results obtained by Baas et al. (2009) showed that inertial oscillation is also the main
mechanism of LLJs formation in Cabauw, Netherlands.

It is important to note that this idealized development of the LLJs due to the mechanism of
inertial oscillation is not always observed, since on occasions the decoupling of the air above
the SI layer is not strong enough to generate an inertial oscillation as observed in Fig. 5. In other
cases, the presence of mesoscale and synoptic disturbances plays an important role and this
idealized behavior will be disturbed.
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Fig. 5. Wind hodographs based on radio sounding data interpolated at 200 and 600 m from 1800 LT to
1500 LT in (a) February 23-24, (b) February 27-28, (c) August 6-7 and (d) August 14-15 in 2013.

3.2. LLJ properties

The LLJ structure was observed in 84 soundings during field campaigns in 2013 (47 in February
and 37 in August) and in 1652 sounding during 2009-2013. Figure 6 shows the frequency
distribution of occurrence, intensity, height, and wind direction associated with LLJs during two
fields campaigns of MCITY BRAZIL Project in 2013 (radio soundings with finer resolution)
and between 2009 and 2013 (regular radio soundings with coarse resolution) in the MRSP. The



LLJs occurs most frequently between 2100 LT and 0900 LT (80 % of LLJ soundings) and on
most night, LLJs event reaches the maximum intensity between 0300 LT and 0900 LT (82 % of
night), indicating that the LLJ in the MRSP can be considered as a nocturnal phenomenon
(Fig.6a). With respect to the regular soundings carried out between 2009 and 2013, the LLJ
frequency at 0900 LT and 2100 LT was similar (Fig. 6b).

According to the distribution of LLJ intensity, the majority of LLJ ranged between 4 and 12 m s~
"in two set of soundings analyzed (81 % and 84 % of LLJ soundings during field campaigns in
2013 and between 2009-2013, respectively) (Fig. 6¢, d), with an mean intensity of 8.4 + 0.32 m
s during the field campaigns in 2013 and of 7.8 £ 0.07 m s™ from 2009 to 2013.

The LLJ height distributions shows that the LLIJs varied from 95 m to 962 m during field
campaigns in 2013, with the largest number of LLJ cases in the height class of 500-600 m and
the mean LLJ height was 541 + 26 m (Fig. 6e). In the period of regular soundings between 2009
and 2013, the LLJ height showed a trimodal behavior, which is associated with the coarser
vertical resolution of the soundings (301-350 m). The most frequent height class was also 500-
600 m and mean LLJ height was 640 + 5 m (Fig. 6f). These results show that the LLJ in the
MRSP has similar properties (height and intensity) to the LLJ observed in other regions, such as
in North Florida, USA (Karipot et al., 2009); Central Western Mexico (Arfeuille et al., 2015);
Moscow, Russia (Kallistratova and Kouznetsov, 2012); Yangtze River Delta, China (Wei et al.,
2013) and Cabauw, Netherlands (Baas et al., 2009).

Figure 6g, h shows the wind direction in the core of the LLJ during field campaigns in 2013 and
during the period of regular soundings between 2009 and 2013, respectively. In both periods, the
predominant direction was from east (31 % and 26 % of LLJ soundings). Other predominant
LLJ directions during field campaigns were north (25 %), northeast (18 %), northwest (11 %)
and southeast (10 %). During the four years of regular soundings, southeast (20 %), north (13
%), northwest (12.5 %) and northeast (12 %) also predominated. The LLJs from south, west and
southwest directions had a lower occurrence in both periods of sondagens. This behavior
indicates that LLJ with east, northeast and north direction may be associated with a greater
influence of south Atlantic subtropical high and modulated by topography. South and southeast
LLJ can be generated under the influence of a synoptic pattern dominated by the post-frontal
high pressure system. The inspection of synoptic map (not shown) indicates that 24 % of LLJ
events are post-frontal. Some LLJ of east and southeast direction observed at 1500 LT and 1800
LT can be caused by the sea-breeze passage in the afternoon, which is generated by the
differential heating between the continent and the sea surface of the Atlantic Ocean and
intensified by the topography (“Serra do Mar”) and the interaction with the UHI circulation in
the urban area of the MRSP (Ribeiro et al., 2018).



30 (a) MCITY 60 (b) Regular
40

20
lllll-_ 0
00

Local tlme (hour}
30/(c) MCITY

: I
[ l.l_

18 21 00 03 068 09 12 15
Local time (hour)

30/(d) Regulap

. III
| [

10

Frequency of occurrence {%]
Frequency of occurrence (%)

o
Tl TS %\G Q'\'l '\‘?« f\h Ao AR ,& N %’-\0 0’-\1 \’l'\ & AB B
H.f(ms ) LLJ (ms )
30 (e) MCITY 30/(f) Regular
20 20 I
10 10
0_--Illlnll o Mm_ 1_In
0 oD 4B P P A0 o P PP $ A o H o o AP o P
@q&“@“u@@“@“'\ﬁ“@“@w“ «@ 0“@@@5@6@-\@%@@
Z,,,(m) Z,,(m)
(g) MCITY N (h) Regular N

D,_;_J (o) DLL.I (c)
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3.3. Interaction between LLJ, UHI and Sl layer

According Oliveira et al. (2019) the UHI intensity in MRSP is weak during daytime and reaches
a minimum between 0900 and 1300 LT, it increased considerably around the evening transition
and reached a maximum value at approximately midnight and depending on the months of the
year another maximum is observed during the afternoon.

The relationship between mean nocturnal UHI intensity, LLJ speed and SI layer strength in the
MRSP during August 6-16, 2013 is illustrated in Fig. 7. The SI layer strength was estimated
from radio soundings data by Afs/Zs;, where Afs; = 0(Zs;) — 6y, Zs; is the height of the SI layer
top and 6, is the potential temperatures at the surface. It is observed that LLJ speed and UHI
intensity are negatively correlated according Pearson correlation coefficient (» = -0.80), that is,
during the presence of strong LLJ, the UHI intensity was smaller and during episode of weak
LLJ, the mean nocturnal UHI intensity reached high values (Fig. 7a, b). A negative correlation
was also observed between mean values of LLJ speed and SI layer intensity (» = -0.75) (Fig. 7e,
f). It indicates that the LLJ generates a turbulent downward flow due to wind shear below the
LLJ core, which increases the vertical mixing and limits the development of thermal SI layer.
This process was schematically represented and verified by Kutscher et al. (2012) from a
comparison of the vertical profile of potential temperature and wind speed between cases with
and without LLJ during sounding campaign of summer 2005 in the Negev desert of Israel. On
the other hand, the LLJ transport the cold air from rural areas to the urban areas, which is mixed



with hot air when it reaches the city due to the vertical shear generates by the LLJ. It contributes
to decrease the UHI intensity. After LLJ passing through the city, the hot air transported by the
LLJ is mixed with the cold air of the adjacent rural area and as consequence the UHI effect is
horizontally expanded. This behavior suggests that LLJ played an important role in modulating
the UHI intensity in MRSP, as previously verified by Hu et al. (2013a) in Oklahoma, USA
during July 2003. It was also observed that in the presence of abundant cloud associated with
synoptic disturbances, such as cold-fronts passage on August 11 and 14 by the MRSP, the
development of LLJ and UHI were limited.

Figure 7c show the relationship between mean nocturnal UHI intensity and SI layer strength. It
is verified that during nighttime the UHI intensity reached mean nocturnal values higher than 8
°C in some days in which prevailed clear-sky conditions and LLJs weak, favoring the
development of the UHI and the SI layer (Fig. 7¢). The SI layer strength and UHI intensity are
positively correlated ( = 0.81) (Fig. 7d). This result implies that thermal SI strength can be used
as an indicator for to predict nocturnal UHI intensity, as suggested by Hu et al. (2013a) in
Oklahoma, USA.
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3.4.Seasonal variation of LLJ

Figure 8 presents the seasonal distribution of frequency of occurrence, wind direction and
monthly mean speed and height of LLJ estimated by the objective method at 0900 LT and 2100
LT during four years between 2009 and 2013. LLJ is very frequent throughout the year,
exceeding 65 % of days in all months. From January to April there is a slight increase in the
frequency of LLJ occurrence, which appears in more than 75 % of days per months. The
occurrence of LLJ decreases from May to cold months of June and July and increases again
from August to summer months. The greatest number of days with LLJ was observed in
October (86 %) and the least occurrence was observed in July (69 %) (Fig. 8a). According to the
frequency of occurrence, the LLJs in the MRSP are as frequent as that observed in Great Plains
(Song et al., 2005) and North Florida (Karipot et al., 2009), USA and in the Central Western
Mexico (Arfeuille et al., 2015) and is more frequent than the LLJ observed in Cabauw,



Netherlands (Baas et al., 2009) and in the urban areas of Beijing and Guangzhou, China (Miao
et al., 2018) and Moscow, Russia (Kallistratova and Kouznetsov, 2012).

Figure 8b, c displays the monthly mean LLJ speed and height, which shows a small seasonal
variation. From July to October the LLJ was slightly more intense than the others months, the
largest mean value was observed in October (8.6 + 0.3 m s™') and the smallest was observed in
February (7.1 0.2 m s™") (Fig. 8b). With respect to the LLJ height, during summer and autumn
months the LLJ occur at slightly higher heights than the ones associated winter and spring
months. The higher LLJs were observed in March (703 + 16 m) and the lower LLJs occurred in
June (577 + 20 m) (Fig. 8c).

The seasonal variation of wind direction at the core of LLJ indicates that from March to
September predominate LLJs from east direction (~35 % of LLJ soundings). Between October
and January an increase in LLIJs of south-east direction is observed and in February dominates
north LLJs (27 % LLJ soundings). Another important aspect is that between December and
February there is an increase in the occurrence of north and northwest LLJs. This behavior
seems to be linked with seasonal variation in the position of the south Atlantic subtropical high
and its circulation, the passage of cold front and the influence of local circulation through the
MRSP and its interaction with the topography.
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Fig. 8. Seasonal distribution of (a) frequency of occurrence, (b) mean wind speed, (¢) mean height and (d)
direction of LLJ events in the MRSP during September 2009-August 2013. The statistical errors are
indicated by the vertical bars.
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4. Conclusions

The radio soundings carried out during two 10-day field campaigns of the MCITY BRAZIL
Project in February and August of 2013 and regular soundings performed regularly at 0900 LT
and 2100 LT from September 1, 2009 to August 16, 2013 were used to describe the main
features and evolution of LLJs in the MRSP.

The analysis of the vertical profiles of wind speed and direction during field campaigns in 2013
indicated a presence of LLJs in 85 % of the days with soundings, predominantly at nighttime
during undisturbed conditions. Most of them were identified between 2100 LT and 0900 LT,
reaching maximum intensity at the end of the night and first hours of the morning. The LLIJs are
mostly in the range of 4 < V;;, <12 m s, 300 < Z;;; < 700 m and Dy, from east, north,
northeast, southeast and northwest. The hodographs at 200 m and 600 m of height shows that



the inertial oscillation is the main mechanism that originates LLJs in the MRSP. Despite the
evidence of the LLJ inertial oscillation, it is not possible to conclude that LLJs in the MRSP is
produced only by this mechanism. Baroclinicity induced by land-ocean thermal contrast,
topography, urban-rural contrast and synoptic scale disturbances are likely to contribute or even
determine this important phenomenon in Sdo Paulo City.

An automatic objective method was applied for to estimate LLJ properties and validated
comparing it with the subjective method during field campaigns of 2013 and during June-
August of 2012. The comparison indicated that the objective method is well suited to identify
LLJ structure and estimate its properties. The seasonal variations of LLJ based on application of
the objective method showed that the LLJs are very frequent throughout the year, exceeding 65
% of days in all months. The maximum LLJ occurrence was observed in October (86 % of
days) and the minimum frequency occurs in the cold month of July (69 % of days). The LLJ
speed and height show a small seasonal variation and prevailed mean intensities less than 10 m
s' and mean height between 550-750 m during all months. The predominant monthly wind
directions at the maximum wind speed level are east, southeast, north, northeast and northwest.
The interactions between LLJ speed, UHI intensity and SI layer strength was assessed during
field campaign of August, 2013. The analysis indicate that mechanical mixing associated with
LLJs reduces and even eliminates the nocturnal radiative cooling by mixing warmer air from
above with cooler air near the surface in the MRSP. The LLJ also plays an important role in
reducing the UHI intensity during nighttime in Sdo Paulo City due to the transport of cold air
from rural areas to the urban areas by the LLJ. The cold air is mixed with hot air when it reaches
the city due to the vertical shear generates by the LLJ, which contributes to decrease the UHI
intensity. After LLJ passing through the city, the hot air transported by the LLJ is mixed with
the cold air of the rural area and as consequence the UHI effect is horizontally expanded.
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