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The Metropolitan Area of Sao Paulo (MASP) is one of the most populated regions of the planet with one of the largest impervious
regions as well. This research work aims to characterize MASP heat island (HI) effect and its interaction with the local sea breeze
(SB) inflow in rainfall amounts and deep convection. The combined SB-HI produces direct circulation over the MASP and produces
severe weather and socioeconomic impacts. All SB-HI episodes between 2005 and 2008 are identified and analyzed with surface and
upper air measurements, weather radar, and satellite data. The current work indicates that intense SB-HI episodes are related to air
and dew point temperatures above 30°C and 20°C, respectively, right after the passage of the SB front over MASP. Results indicate
that the precipitation related to SB-HI episodes is up to 600 mm or about four times higher than that in rural or less urbanized
areas in its surroundings. Measurements indicate that 74% of SB-HI episodes are related to NW winds in earlier afternoon hours.
Moving cold fronts in southern Brazil tend to intensify the SB-HI circulation in MASP. A conceptual model of these patterns is

presented in this paper.

1. Introduction

The Metropolitan Area of Sdo Paulo has 39 municipal-
ities with Sdo Paulo city being the largest one with an
area of 8051km” with a 20 million population according
to Brazilian Geography Institute, 2010. Frequently, severe
weather systems cause major socioeconomic impacts in the
Séo Paulo megacity such as the ones related to cold fronts,
sea breeze circulation, mesoscale convective systems, and
isolated convection [1-3] with heavy rainfall, wind gusts,
hailstones, and lightning. SB circulation reaches MASP more
than half of the days throughout the year. Oliveira and Dias
[4] analyzed several instances of sea breeze (SB) and indicated
wind veering from NE to SE, backing from NW to SE,
and intensification of the SE wind. Pereira Filho et al. [5]
studied the SB and HI effects on rainfall accumulation in
the Metropolitan Area of Sdo Paulo (MASP) and found that
weak synoptic conditions, air temperature, and dew point
above 30°C, respectively, in the afternoon hours tended to
result in heavy precipitation. Oliveira and Dias [4] reported

many instances of summer convection in the MASP preceded
by changes in wind direction from NW to SE associated
with temperature drop and dew point temperature increase.
The SB intensifies as it moves across Serra do Mar ridge
and injects Atlantic Ocean moisture in the MASP. The SB
intensity and inland displacement are modulated by the HI
effect in the MASP [6, 7], and the distance propagated over
landmass [8], topography, and atmospheric stability [9]. The
differential heating in the Serra do Mar ridge induces vertical
motion along its steep scarp (Figure 1) and intensifies the SB
circulation along the mountain range [10, 11]. Pereira Filho
et al. [1] analyzed 18 episodes of floods in MASP associated
with SB (Figure 2). Vertical mixing of relative warmer and
drier urban boundary layer air with relatively cooler and
moister SB air at its frontal region turns the air unstable
and updrafts develop to deep convection driven by latent
heat release. The effect of large urban areas on rainfall is
an issue of several research works. Shepherd et al. [12] used
the Tropical Rainfall Measurement Mission (TRMM) satellite
to confirm the increase of rainfall downwind urban areas
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FIGURE 1: Topography of Eastern Sao Paulo State. Contours, geo-
graphic coordinates, and political boundaries are indicated. Color
bar indicates altitudes (m).
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FIGURE 2: Temporal evolution of air temperature (red), dew point
(pink), atmospheric pressure (orange), rainfall accumulated (blue),
wind direction (yellow), and wind intensity (green) of 18 floods
events. Font: Pereira Filho et al. [1].

of USA. Accumulated and rainfall rate increases with the
increase of the city area. Kusaka et al. [13] showed that
urbanization caused an increase in precipitation in Tokyo
metropolitan area and less precipitation in inland areas.

The SB circulation in Eastern Sdo Paulo State is so
regular that it can be clearly seen in the numerical modeling
climatology of hourly winds between 2005 and 2007 as an
inertial circulation (Figure 3). Surface winds back NW to
SE between 1500 UTC and 1600 UTC over MASP similar to
those observed by Oliveira and Dias [4].

This work analyzes all SB events between 2005 and 2008
associated with thunderstorms in MASP as well as synoptic
conditions that enhance local circulation and intensity of
thunderstorms. SB and synoptic scale timing for maximizing
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deep convection efficiency is also investigated in the present
work. Many studies have characterized the effect of urban
areas in precipitation and its spatial distribution but less
emphasize on temporal and spatial phase looking at different
systems scales. The results of this research can be a useful
nowcasting rule for MASP and other similar metropolitan
areas of the planet.

Urban Heat Island. The temperature gradient between urban
areas and their surrounding areas is called urban heat island
(UHI) [14]. The average annual temperature in the inner
city is higher than in the surroundings. In dry winter days,
the temperature gradient can reach 10°C or more in the
late afternoon and early evening [15, 16]. The temperature
difference between urban and rural New York City is 5°C
during nighttime in summer [17]. The UHI is characterized
by anthropic sources of heat within urban areas that absorbs
short wave irradiation and converts it into sensible heat
[18]. Under clear sky conditions and during the night, the
temperature is more dependent on microscale urban features
[19].

The UHI is a microclimate change of anthropic nature,
changing rural surfaces to urban ones altering energy fluxes
of latent heat (less) and sensible heat (more). The irradiance
is used for evapotranspiration in a rural area, but, in an urban
area, it is stored up and increases the sensible heat flux to the
atmospheric boundary layer [14, 20]. A thermal low forms
and induces convergence and vertical mixing of relatively
warmer and drier air near surface with cooler and drier air
aloft, so the boundary layer becomes deeper and even drier
as surface air temperature increases and dew point decreases
until the inflow of SB front. So, UHI environments are in
general warmer and drier in relation to rural ones [21].

The MASP topography is complex and varies from 650 m
to 1200 m. It is 50 km from the coast of Sdo Paulo State.
The SB circulation in MASP is intensified by the Serra do
Mar scarps resulting in higher precipitation over it. Since
MASP is at tropical latitudes, differential heating tends to
induce more intense and persistent direct circulations [22].
The MASP UHI becomes even more intense under weak syn-
optic conditions [23] and amplifies rural-urban temperature
gradients resulting in stronger and deeper thermal circulation
between morning and midafternoon when the advection of
moisture by the SB increases moist static instability and deep
convection develops with subsequent heavy rainfall [1, 2].
Moreover, Han et al. [24] showed that higher aerosol con-
centration in urban areas results in increased concentration
of smaller cloud drops and higher condensational heating
that yields stronger updrafts, larger liquid water content,
enhanced higher level riming and melting, and, consequently,
enhancement of precipitation downwind of the urban area.

Freitas et al. [25] suggested that UHI accelerates the SB
front thus yielding longer and intense updrafts. Farias et al.
[26] observed higher frequency of negative cloud-to-ground
(CQG) lightning flashes and lower for positive CG ones over
MASP. Their results are similar to other megacities where air
pollution and UHI are suggested as main factors [26].
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FIGURE 3: Hourly mean wind (ms™') climatology between January
geographic coordinates, and political boundaries are indicated.

Storms. Storms develop in response to the convective avail-
able potential energy (CAPE) in the atmosphere. The storms
have been linked to radiative, thermodynamic, and dynamic
processes that regularly produce atmospheric instability.
These physical processes trigger new dynamic and thermo-
dynamic conditions in a well-defined cycle of events [27].
Convection ceases when CAPE is dissipated or when heat and
moist fluxes are interrupted. Convective cells are produced
at the local scale under such thermodynamics conditions
and influenced by synoptic scale dynamics [28]. Convective
forecasting depends on complex thermodynamic, dynamic,
and microphysical processes at cloud scale. Thunderstorms
develop in a matter of minutes where near-the-surface warm

Wind (sfc) 14 UTC 2007-2009

el G Y S A A | gV n N 3
22.8°S ""\‘PKV////////KV./KMJhﬁj//\}t\u‘!’j Nu"l)"
R R N R S A
. R R L RV A e B
23Seﬂ_“uk,,,,,///,pé"k,/,A:He‘“,q
R Y N L R
230°§ {e e e s iy gy e ko ™ N ey
P A I R o I S o L L R I ]
R A " RN TA RN B S S0 L L B T
234°S J= v v e i v vy e e L e e Ty e e s
B B T A T TR r S T RN
S O B i1 G D DI
23.6'S 1+ A e R R AR
- R N O I A AL S NN S Fomoakor
oo Jo e cev oy P i Vel N
EERCINE MO S U ARSI S SV A e
LIt e e 1
° e Loy Cod ey v A—RFE ), ] P,
S L LI T T T e
P R Y }ffj‘?ff????17r4»4
24.2°S MVH”M““”.% IR AR A L ST ST S ST AN
LR T A A A e ek TP F7 2 tanwnnwn
° se R AT b ba e st PrRrtt sk xone
ISR

P I O I I S S 2V A (A B B S S S S
P RIEII I I I I A A I O I R S
24.6°S P SE ST O (I S S o G S S (O S S A
: T N B A vV A i B O BN S SO T
PN TR P S A o B B I B S S S S A
24.8°S 1w s LA AP PP APt b R v
N 5 A A I I B N Y S ; ,

zZ 2 g =2 2 2 2 2 Z

% ™~ w — ® in ~ kN ()

A ~ 3 ~ © © © w T

<t < <t < <t < <t <

— 3
Wind (sfc) 18 UTC 2007-2009

. TR T AT
22.8°S ,.‘,g&.,,....u..nv;;(<.‘ﬁ,‘:4xv;:~
***** T RN
23°S PREEE S B S TN
PR
° R T N U SN
23.2°S ey PR T RN K e sk
K tk\\*i\'\\tq%\r

° O L S S
23.4°S Ttikkx«x\ea_,\\k
N S {\Tkt\\’fki1.>k\’f
23.6°S 15 v vm e e S I T LS B U RPE L Yy
s:wxkcK»>,.‘(}A.rk\iéé\{g?t\'{{%\f{f&x\
JR R I .t ¥R SRS
238°S |e it s e sk ”kk’\\\’\\g'ﬁ\\b\\\\\x,f
R I e T SN

24°S xt'&h'{ktL&1‘:K’\Ekk\\\Tb\‘\\.i\\\ \\\'\i\'\_x‘
N L R Y A

[ “c\\’:\-\-\\\\\\\\:\\\\ \\\ NN

24.2°S ‘aa\*tt\\\ﬂx'x'\'\‘f\\)\;\\\ NN
tx\\\\‘\\\kx\x\\\\\\\\ RN

pe JuanSARIR A LA v A NN
24.4°S 17NN \\\\\ ’\\'\\\\'\'\«\\\\ SRR
R A AR R T RN SOTRRRIY
24.6°S e A, AR, RN
68 1i0s \\\\W\\\\\\\\\\\ A .-
A .

24.8°S 1= = = %N \.\\,.\ \\ \\\\\\ N, \\\ SO SN
NN NN NN TN ”\'\ LA e

z 2 2 z 2 2 F = Z

% N « — @ in « N 1)

A ~ ~ 3 S © ©° Tl )

< < < < <+ <+ < <

—> 3

2007 and December 2009 obtained with ARPS simulations. Contours,

and most air is underlying cold and dry air aloft in asso-
ciation with a lifting mechanism [29]. Atmospheric model
performance is limited by unknown triggering mechanisms
of convection [30].

Figure 4 shows convective events associated with SB.
Vicente et al. [31] indicate that 36% of storms in East Sdo
Paulo State between 1990 and 1995 occurred in the afternoon
hours. In general, model circulation and precipitation have
high and low performance, respectively [32]. Thunderstorms
simulated with the Advanced Regional Prediction System
(ARPS) [33-36] in MASP indicate that even little changes in
boundary and initial conditions can drastically displace the
convective cells. However, the ARPS system is able to simulate
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FIGURE 4: GOES-12 enhanced IR images of cloudiness associated with sea breeze related deep convection events. Contours, geographic
coordinates, and political boundaries are indicated. Colors indicated the brightness temperatures. Source: INPE.

the strength of convective cells as well as the interaction
between the SB and gust fronts [37, 38] where horizontal
vorticity resulting from the SB front and thunderstorm gust
fronts result in stronger upward motion [39].

2. Materials and Methods

A total of 125 SB events related to heavy rainfall were
selected in three and half years of observations. GOES-8 and
GOES-12 Satellites infrared images with 4-km resolution have
been used in association with weather station measurements,
upper air soundings, the Sdo Paulo weather radar (SPWR),
rainfall rate estimates at 3-km altitude, polarimetric variables
of the mobile X-POL weather [40], the Global Forecast

System (GFS) of National Centers for Environmental Pre-
diction (NCEP), and ARPS. These measurements are briefly
described below.

2.1. The Sdo Paulo Weather Radar. The Sdo Paulo S-band
weather radar is located at Ponte Nova City near a Serra
do Mar ridge at 916 m altitude. It has been operational
since 1988. Volume scans are obtained every 5 minutes to
estimate rainfall rates [41] at a constant altitude with 2-km
x 2-km horizontal resolution. Figure 5 shows an instance of
thunderstorms caused by the SB within the surveillance area
of the SPWR. Episodes with rainfall rates above 30 mmh™
that lasted for more than 10 minutes related to SB were
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FIGURE 5: SPRW rainfall rate CAPPI showing thunderstorms at
1746 UTC on February 18, 2007. Color bar indicates rainfall rates
(mmhr™).

FIGURE 6: GOES-12 IR image over Eastern Sdo Paulo State at
1800 UTC on January 11, 2010.

selected. Figure 6 shows the respective GOES-12 IR image of
the SB episode.

2.2. Satellite GOES-12. GOES-12 IR images provided by
CPTEC-INPE were analyzed at 30-minute time intervals.
Cloud brightness temperatures below —30°C were enhanced.
Figure 4 shows the inset of storms developed by the SB and
the UHI circulation.

2.3. Surface Measurement. Temperature (°C), relative humid-
ity (%), air pressure (hPa), wind speed (m s!) and direction
(°), precipitation (mm), and cloud cover fraction are regularly
measured at Congonhas and Campo de Marte Airports and

by the IAG-USP weather station. The datasets were used to
select SB episodes between January 2005 and April 2008,
using the identification method developed by Oliveira and
Dias [4]. These events were identified by changes in wind
direction and intensity, air temperature decrease, and dew
point temperature increase [4] for days with convective
activity in the MASP. Figure 5 shows the estimated rainfall
rate field by the SPWR at 1746 UTC February 18, 2007,
associated with NW winds that backed to SE after 1500 UTC
when the SB front moved into MASP (not shown). Constant
SSE winds after the SB front passage were used to select the
episodes. Satellite images were also used to verify cloudiness
and its depth along the coast of Sdo Paulo State.

2.4. MXPOL Weather Radar. The mobile weather radar X-
band Doppler termed MXPOL is a multifunctional system
that provides polarimetric data with high spatial resolution
[40]. It measures raw and adjusted reflectivity (Z), radial
velocity (V,), spectral width (W), differential reflectivity
(Zpr)> propagation differential phase (¢pp), specific differ-
ential phase (Kpp), and correlation coefficient lag zero of the
signal co-pol and cross-pol H 'V (pyiy)- Its software produces
constant elevation (PPI) and altitude (CAPPI) maps, vertical
cross-sections (RH), and echo tops (ECHOTOP) of the
above variables as well as fields of rainfall accumulation,
vertically integrated liquid water (VIL), and others. MXPOL
was positioned West of the MASP in Barueri City (Figure 7)
at 23° 29' 59.6"S and 46° 54' 18.6"W [40]. PPI products
at elevations 0.6° and 1.2° were used to identify moving
boundaries detected by targets such as shaft, insects, and
small cumulus droplets forming in the SB front. Figure 7
shows an episode of SB in late afternoon on January 11, 2010,
that produced deep thunderstorms with reflectivity above 55
dBZ (hail).

2.5. Soundings. Radiosounding measurements made at
Campo de Marte Airport at 0000 UTC and 1200 UTC were
used. The variables are air temperature ("C), dew point ("C),
wind speed (m s™1) and direction (°), air pressure (hPa),
geopotential height (m), water vapour mixing ratio (gkg '),
potential temperature (K), virtual potential temperature
(K) and equivalent potential temperature (K), convective
avajlable potential energy (CAPE) (J kgfl), convective
inhibition (CINT) (]kg_l), and precipitable water (mm).
The CAPE (1) and IL index (2) obtained with the soundings
were compared to the ones simulated with ARPS system
(Section 2.6):

NE 93 - eesu
CAPE=g J <&> dz, 6
NCL 0

esa

where NCL is lifting condensation level (m); NE is equilib-
rium level (m); 6, is equivalent potential temperature of an
air parcel (K); and 0,,, is saturated equivalent environment
potential temperature (K);

IL = Tsgo — Taoor )
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FIGURE 7: MXPOL PPI of reflectivities (dBZ) at 1800 UTC (a) and 2030 UTC (b) on January 11, 2010. Colors indicate reflectivities (dBZ).
Contours, geographic boundaries, radial and azimuthal distances, and political boundaries are indicated.

where T, is air temperature ("C) at 500 hPa and Ty, is air
temperature (°C) by lifting an air parcel with the mean mixing
ratio from 500 hPa.

2.6. The ARPS System. The ARPS system was described
by Xue et al. [35, 42]. It runs twice daily since 2005 at
the computing facility of Laboratério de Hidrometeorologia
(LABHIDRO) at IAG-USP. The domain has two nested grids
at 12km and 2km resolution. The latter is centered in the
MASP region but the former is used in the present work. The
boundary and initial conditions were provided by GFS model
outputs in the domain shown in Figure 10.

2.7. Global Forecast System (GFS). GEFS is a spectral weather
forecast model with 64 vertical levels running four times a
day by the National Centers for Environmental Prediction
(NCEP). It covers the whole globe at a 28-km horizon-
tal resolution. GFS results at 1° resolution were input as
boundary and initial conditions to ARPS runs at 12-km
spatial resolution. The GFS predicts weather up to 16 days
in advance. Its complete documentation can be found at
http://www.emc.ncep.noaa.gov/GFES.

3. Results

All SB and UHI heavy rainfall episodes measured with the
SPWR were analyzed between 2005 and 2008. The respective
synoptic features were obtained with the GFS and the local
circulation and instability indexes with the ARPS simulations
at 12-km grid resolution.

3.1. Characteristics of SB Episodes. 125SB episodes were
selected with deep thunderstorms in MASP. It was obtained
with weather stations that episodes of surface wind veering

from NW to SE made up 74% of all of them, 11% from NE
to SE, and 15% due to intensification of SE winds during the
day. The frequency of storms due to NW winds days agrees
with that obtained by Rodriguez et al. [43]. The average dew
point temperatures before and after the SB front inflow at
IAG’s weather station were 17.9°C and 20.7°C, respectively.
Similarly, average air temperatures before and after the SB
front inflow were 28.6°C and 24.9°C, respectively. At Campo
de Marte Airport average air temperatures were 29.7°C and
25.8°C. Noteworthily, the estimates were obtained with data
one hour before and one hour after the SB front passage at
both weather station locations.

The average SB front speed between both weather stations
was 9ms ™. There have been just four episodes where the
SB front did not reach Campo de Marte Airport. Winds
were from N to W between 2 and 3m s The maximum air
temperature was less than 27°C and temperature gradients
between MASP and Serra do Mar scarp seemed to be
considerably lower, consequently the SB dissipated before
moving across MASP.

Episodes with dew point temperature less than 15°C
before the SB front incoming yielded weak ordinary convec-
tive cells and friction quickly dissipates the SB front. However,
higher dew point temperatures yielded frequent deeper and
stronger convective cells. Downdrafts and gusts near the rear
flank induced its faster displacement by cooling downdrafts
resulting from higher temperature gradients near the surface
about the SB front. Under clear air condition and low dew
point, the UHI intensifies [19] and so to produce convective
cells over MASP the SB circulation needs to be deeper and
stronger.

Most episodes of heavy precipitation associated with
SB occur between October and April. Table1 shows our
results about the mean time of SB front passage at IAG’s
weather station estimated with Oliveira and Dias [4] method.
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TABLE 1: Mean time of SB incoming in each weather station. LT
indicates local time.

y Campg de Copgonhas IAG-USP
ear Marte airport airport (Cientec)
(SBMT) (SBSP)

2005 1936 UTC 1827 UTC 1817 UTC
(17:36 LT) (16:27 LT) (16:17 LT)

2006 1912 UTC 1815 UTC 1809 UTC
(17:12 LT) (16:15 LT) (16:09 LT)

2007 1918 UTC 1818 UTC 1814 UTC
(17:18 LT) (16:18 LT) (16:17 LT)

The average SB displacement time between IAG and Campo
de Marte Airport was 1 hour. In general, heavy precipitation
cells over MASP have been triggered at 1800 UTC. Note-
worthily, earlier or later times episodes were weaker, probably
due to near surface colder air temperatures and little or no
precipitation occurs [1].

The time of the SB front inset allows the nowcasting of
heavy rain. The SB front can be monitored by reflectivity
MXPOL measurements on clear air mode (Figure 7) together
with air and dew point temperatures at the weather stations
providing a good tool to predict storms over MASP.

3.2. Rainfall Analysis. Figure 8 shows the spatial distribution
of precipitation accumulation within the SPWR surveillance
area for all SB episodes. The maximum accumulation was
600 mm downstream from the maximum urbanization in
MASP. It agrees with previous studies [12, 24] that indicate
downstream sensible heat advection associated with the UHI.
Similar rainfall distribution was obtained for all episodes in
a given year between 2005 and 2008. A secondary maximum
has been observed in Vale do Paraiba (West of MASP) due to
valley-mountain differential heating [44].

Figure 9 shows the spatial distribution of the normal-
ized difference vegetation index (NDVI). Lower NDVIs are
associated with urban areas [45] and are close to maximum
precipitation region over MASP. The current study indicated
that 74% of all SB episodes were related to NW winds
early afternoon and the maximum rainfall accumulation was
downwind of urbanization with lower NDVIs or SE of MASP
due to prevailing winds from NW. Baik and Chun [46] and
Shepherd et al. [12] found similar results about the advection
of HI in other cities. Other rainfall maxima in Figure 8 are
related to topography effects.

3.3. Synoptic Patterns and Instability. Hourly mean fields
of wind, temperature, and relative humidity at 1000 hPa,
850 hPa, 500 hPa, and 200 hPa pressure levels have been
obtained from ARPS runs at 12km resolution for the 125
SB episodes. Figure 10 shows the 1000-hPa wind field. The
results of this research show that ARPS simulation of the time
in which the SB has reached IAG’s weather station perfectly
matches observations (1800 UTC). The wind field direction
is from N to NE in early morning and from N to NW in
early afternoon and then shifts to SE after 1800 UTC. Figure 11
shows the 1000-hPa mean divergence field with main positive

and negative lines of divergence along the coast of Sdo
Paulo associated with updrafts (sea breeze) and downdrafts
(land breeze), respectively. Figure 14 shows our estimated
conceptual model for synoptic conditions for a typical SB
episode over MASP. In general, a cold front is moving through
over South Brazil, which tends to intensify NW circulation
and convergence against the SB front midafternoon.

Vale do Ribeira region is to the SW of MASP about
50-km from the Coastline forming a valley with warmer
temperature that induces upward motion and the SB front
push earlier than in MASP region. Indeed, we noted that
CAPE is generally higher in Vale do Ribeira that accelerates
SB front (Figure 12). CAPE values simulated with the ARPS
model vary between 1750 J kg™' and 2000 J kg™ over MASP.
Results indicate that all SB episodes trigger thunderstorms
only under moist unstable environments over MASP. In
several SB episodes high CAPE with no CINI inhibit vig-
orous thunderstorms since CAPE is reduced by generalized
convection. Emanuel [47] suggested that under CINI only
some convective cells are formed and so updrafts are stronger
and induce stronger downdrafts in the nearby environment
of the thunderstorms. The mean CINT is 40 J kg™ in MASP
so that it hinders convection and CAPE dissipation [47].
The local circulation induced by the UHI yields updrafts
over MASP added to the one by the SB front circulation.
Figure 15 shows a conceptual model of such circulation with
a 2-km deep SB circulation. Since CAPE is only one index
of thunderstorm potential, the lifting index, IL [48], was
also used. The ARPS mean IL varied between -1.5°C to
-2.0°C and -3.5°C to —4.0°C at 1200 UTC and 1600 UTC,
respectively. Higher IL has been observed in West and Vale
do Ribeira in Sao Paulo and Mato Grosso do Sul State. They
well agree with the warming observed in these regions. The
mean CAPE obtained from soundings at Campo de Marte
Airport at 1200 UTC was 616 J kg~' against ARPS 559 J kg™
and IL —2.2°C (observed) and —1.5°C (ARPS), respectively. In
general, ARPS is in good agreement with observation, though
it tends to underestimate IL and properly estimates CAPE.

Synoptic conditions associated with SB episodes show the
Bolivian High circulation over Brazil and the South Atlantic
subtropical high at low levels with Northerly winds over Sao
Paulo State in the morning. The SB circulation stretches itself
throughout the Coastline of Brazil in the afternoon with
an average depth of 2-km. In general, a moving cold front
in Southern South America is also present. The circulation
patterns at 500 hPa and 200 hPa levels are shown in Figure 13.
Anticyclonic circulation is over Mato Grosso do Sul and
zonal winds are over the Sdo Paulo State (500 hPa) and the
circulation is due to Bolivias high at 200 hPa.

4. Conclusions

The MASP is prone to severe weather with major impacts
on society given its steady urban growth in the past decades
with microclimate changes induced by anthropic sources
that produced the urban heat island effect. It tends to
increase precipitation over MASP especially in summer. The
warmer urban environment intensifies thunderstorms and
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FI1GURE 8: SPWR estimated rainfall accumulation (mm) within its surveillance area in Eastern Sdo Paulo State of all sea breeze events in 2005
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FIGURE 10: Hourly mean wind field at 1000-hPa between 2005 and 2008 associated with sea breeze and heat island episodes obtained with the
ARPS system. Hour, level, contours, and geographic boundaries are indicated.

given impervious urban soil conditions, flash floods, high The statistics obtained with ARPS simulations well
wind gusts, and other impacts are common. Thunderstorms  reproduced the diurnal cycle of all days of the year [49].
have been preceded by NW winds in 74% episodes. The SB° Maximum CAPE and IL estimated for the afternoon hours
reaches MASP at about 1800 UTC at IAG weather station ~ were 1750 Jkg™' and —-3.5°C to —4.0°C, respectively. They
and at 1900 UTC at Campo de Marte Airport. At that time, are good indicators of conditions favorable to thunderstorm
SB circulation had produced very deep thunderstorms over  development induced by SB fronts.
MASP. Noteworthily, the cold front over southern Brazil plays
The total rainfall field estimated with SPWR has a core ~ an important part in intensifying vertical vorticity together
of 600 mm over MASP slightly shifted to SE more heavily ~ with the SB front circulation. In the upper levels under typical
urbanized. The total rainfall accumulation due to SB episodes ~ summer conditions an anticyclonic circulation is observed
is close to half of the annual average at IAG weather station. ~ and associated with Bolivia’s high [50]. The SB circulation
The Vale do Paraiba region shows a secondary maximum  interacts with UHI circulation to produce deep thunder-
rainfall accumulation as well associated with greater warming ~ storms. The MXPOL weather radar [40] has been used in
and temperature gradients between the mountains and the  conjunction with the ARPS system to nowcasting thunder-
valley. storms triggered by these mesoscale features in MASP. Under
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™.

certain instability levels and synoptic conditions observed
in this research, it is possible to forecast the inset of heavy
thunderstorms. These systems are mainly responsible for
human and material losses every year. The main findings of
this research are useful for nowcasting local and synoptic
conditions that will trigger very deep thunderstorms with
strong wind gusts, heavy rainfall rates, hail, lightening that

in turn will cause damage to urban structures, injuries
and casualties, economic losses, and social problems. So,
mitigating these anthropic related impacts can be achieved by
incorporating local and synoptic features and meteorological
variable thresholds such as air and dew point temperatures,
wind direction and intensity, and boundaries observed by
weather radar and satellite.
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