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A B S T R A C T

The WRF model was used to simulate the air temperature field in January in São Paulo, Brazil, for
10 consecutive years (2004–2013), and to estimate the intensity of the urban heat island (UHI).
The analysis considered: days with sea breeze passages, days with cold fronts, days with no sea
breeze or cold front passages, and all days. The UHI intensity varied from 1.5 to 2.5 K between
0000 local time (LT) and 1100 LT, and from 2.5 to 3.5 K between 1200 LT and 2300 LT. The
UHI core was aligned in the SW-NE direction during daytime. At night, the UHI core was larger,
expanding over the urban area. The synoptic conditions substantially impacted the UHI intensity,
spatial variability, and diurnal pattern: sea breeze days presented the highest UHI intensity and
amplitude during the day; cold front days presented the smallest amplitude of UHI diurnal vari-
ability; and days with no fronts presented a larger area of higher temperatures, particularly at
night. The UHI intensity for January 2014 was compared to the 10-year average for January. It
presented a higher UHI intensity at night than the average for January and showed a UHI diurnal
pattern similar to the sea breeze pattern.

1. Introduction

Today, more than half of the world population lives in urban areas. Thus, it is imperative to understand how the urbanization
impacts local weather and climate, to better plan mitigation and adaption measures (Grimmond, 2007). For example, extreme heat
events increase morbidity and mortality rates in cities worldwide (Harlan and Ruddell, 2011). A transition in urban infrastructure,
energy consumption, and land use is needed to limit global warming under 1.5 °C until 2100 (de Coninck et al., 2018).

The Metropolitan Region of São Paulo (MRSP), a conurbation of 39 municipalities, is the largest such region in South America,
and is home to more than 20 million people. Its large area (approximately 8000 km2) and diversity of land use (highly populated
residential and commercial areas, urban parks, protected vegetated areas, agricultural areas, and water bodies) creates a challenging
site for studying urban influences on atmospheric conditions (Fig. 1). Additionally, it is located in a terrain with a complex topog-
raphy (Fig. 1b), in a plateau NW from an escarpment that separates the metropolitan area from the coastline (Oliveira et al., 2003;
Ribeiro et al., 2018). In São Paulo, one of the impacts of the urban heat island (UHI) concerns flooding events; the convergence
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Fig. 1. (a) The study area and the numerical model domains (white rectangles). (b) The innermost domain (white rectangle), comprising most of the Metropolitan
Region of Sao Paulo, and the location of the IAG surface meteorological station (white arrow), the urban center (‘C'), and the rural points at the north (‘N'), the south
(‘S'), the west (‘W'), and the east (‘E') of the urban area.

caused by the interaction between a sea breeze (SB) front and the UHI flow, under pre-frontal northwestern flow conditions, causes
severe precipitation (Vemado and Pereira Filho, 2016).

Ferreira et al. (2012) evaluated the UHI intensity in the MRSP in 2004 using surface station data, and showed a maximum UHI
intensity of approximately 5.5 °C during spring, from 1300 local time (LT) to 1600 LT. Additionally, an urban cold island was ob-
served during winter, from 0800 LT to 1000 LT. To estimate the UHI intensity, the authors used the hourly differences between the
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average temperatures of six rural stations and nine urban stations for the year 2004. However, the rural stations were all located
southeast from the urban area. As the SB comes from the southeast, the estimated UHI intensity is highly impacted by this circulation.
This was demonstrated by Ribeiro et al. (2018), who used numerical simulations to compare the temperature differences calculated
between an urban point and two rural points, one located south from the city and another north from the city, during a SB front pas-
sage. Silva et al. (2017) performed a statistical analysis of surface station data from 2002 to 2011. The temporal analysis presented a
diurnal pattern similar to the one calculated by Ferreira et al. (2012), and a seasonal pattern, with spring recording the highest and
lowest UHI values. These patterns were related to the degree of urbanization and wind flow. A cluster analysis indicated six groups of
similar temperature patterns. They used data from nine surface stations, all located inside the urban area. Their work highlights the
substantial spatial variability of the temperature field within the city, and also suggests the influence of SBs on UHI intensity. Barros
and Lombardo (2016) used satellite data to compare the surface UHI and leaf index area, and found surface temperature differences
up to 8 °C. As their study aimed to relate the surface temperature to the presence of vegetation, they used satellite images for one
day (09/28/2011), providing a picture of the contribution of surface characteristics to UHI intensity. Together, these works address
parts of the UHI pattern in São Paulo, but a more comprehensive investigation is lacking. Therefore, a numerical study performing
long-term simulations may help fill the gaps regarding the average spatial structure of the UHI.

Local and larger-scale circulations often disturb weather conditions in the MRSP, advecting air with different characteristics, and
changing the temperature field and the UHI intensity (Dias and Machado, 1997; Freitas et al., 2007; Ribeiro et al., 2018). The pres-
ence of the escarpment south from the MRSP and the proximity to the coast favor the propagation of SB fronts. Once developed at
the coast, the SB couples with the mountain-valley circulation and flows up the escarpment, reaching the plateau. However, north-
westerly wind speeds ranging from 7 to 10 m s−1 prevent the SB front from reaching the urban area (Bischoff-Gauß et al., 1998; Dias
and Machado, 1997). The UHI may cause a thermal circulation, with surface flow converging towards the city center, updrafts over
the center, diverging flow in altitude, and down-drafts outside the urban area (Hidalgo et al., 2010). When the SB front reaches the
city, it is accelerated towards the city center and decelerates after it, owing to the opposing branch of the UHI circulation, and the
UHI center may be shifted (Ackerman, 1985; Chemel and Sokhi, 2012; Keeler and Kristovich, 2012; Kusaka et al., 2000; Yoshikado,
1992). These effects were also noticed in the MRSP (Ribeiro et al., 2018).

In the summer of 2014, an anomalous high-pressure center developed in the low and medium levels of the atmosphere over the
southeast region of Brazil. This high-pressure center caused subsidence, inhibiting cloud formation and decreasing air humidity. Ad-
ditionally, it blocked the passage of cold fronts (CFs) and the advection of humidity from the Amazon, thus preventing the formation
of the South Atlantic convergence zone (Marengo et al., 2015). These conditions persisted for 45 days, starting in the beginning of
January. As a result, the hotter and drier conditions caused a drought in São Paulo. The MRSP suffered from water supply restric-
tions and excessive heat. The Institute of Astronomy, Geophysics and Atmospheric Sciences (IAG) surface station (Fig. 1b) recorded
the second-highest maximum temperature and the second-highest number of hours of clear skies for the month of January (IAG-USP
Meteorological Station, 2014).

Ribeiro et al. (2015), motivated by the extreme heat observed during January 2014, used observational data from three surface
stations (one urban station and two suburban stations) to calculate a ten-year average (2004 to 2013) of the UHI intensity during
summer, and compared it to the average UHI intensity in 2014 to investigate the implications of the anomalous conditions on the
UHI intensity. In January 2014, the UHI was 1 to 2 °C higher than the ten-year average, suggesting that the anomalous conditions
also increased the UHI intensity. In December 2013 and February 2014, the UHI intensity was closer to the average. However, the
three surface stations used by Ribeiro et al. (2015) did not provide sufficient information to represent the spatial variability of the
air temperature field over the MRSP. The lack of observational data is addressed herein, by using a numerical model. To further
understand the characteristics of the UHI phenomenon in São Paulo, the present work aims to determine the average UHI spatial and
temporal patterns in São Paulo during January, to investigate how mesoscale and synoptic conditions contribute to these patterns,
and to determine how anomalous the January 2014 UHI pattern was.

2. Material and methods

This section describes the study area, and the set of numerical simulations.

2.1. Study area

The MRSP (Fig. 1) is located approximately 50 km from the coast, in a plateau 700 m above the mean sea level. The terrain is
complex, with a mountain range limiting the urban expansion in the north direction, and a massif escarpment at the west. The es-
carpment, southeast from the city towards the coast, also complicates the topography of the area. Moreover, there are many small
elevations and river valleys inside the urban area. The climatological means recorded at the IAG station for January from 1933 to
2014 are: temperature of 21.6 °C, precipitation of 231.9 mm, and relative humidity of 82.5%. The predominant wind direction is
from the SE, owing to the frequent propagation of SB fronts (IAG-USP Meteorological Station, 2014), which reach the urban area 50%
of the days of the year (Perez and Silva Dias, 2017). CFs regularly propagate over the city, arriving from the SW direction (Oliveira
et al., 2003), increasing cloudiness and precipitation, and decreasing air temperature. Fig. 2a and b show an example of a typical
pattern for summer: a high-level cyclonic vortex is located over the Atlantic Ocean, near the northeast of Brazil (Fig. 2a), and the
South Atlantic convergence zone is over the southeast (light green-striped zone, Fig. 2b), causing precipitation.
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Fig. 2. Synoptic charts on 15 Jan 2013 at (a) 250 hPa and (b) the surface and on 6 Jan 2014 (c) 250 hPa and (d) the surface, provided by the Brazilian Center for
Weather Forecast and Climate Studies of the National Institute of Space Research (CPTEC-INPE, available on line at http://tempo.cptec.inpe.br/boletimtecnico/pt).
White ellipsis highlights the Sao Paulo state location.

2.1.1. The summer of 2014
In January 2014, a high-pressure center formed over the southeast of Brazil and persisted for 45 days, causing a hotter and drier

summer than usual. The interaction of the high-level cyclonic vortex and the Bolivian high caused a confluence of the flow, favoring
divergence at the surface (Fig. 2c, d). The South Atlantic high-pressure center was dislocated to the west (Fig. 2d), and the high-pres-
sure center blocked the passage of CFs and the advection of moisture from the Amazon, preventing the formation of the South At-
lantic convergence zone (Marengo et al., 2015).

This month presented the highest monthly average maximum temperature (31.7 °C), the highest temperature ever recorded
(36.1 °C), the highest monthly average temperature (24.2 °C), the second-highest value of hours of clear skies (244.7 h, climatolog-
ical mean is 151.1 h), and lower values of total precipitation (199.3 mm, climatological mean is 231.9 mm) at the IAG station, as
compared to values from 1933 to 2014 (IAG-USP Meteorological Station, 2014). The UHI intensity, calculated using the surface me-
teorological station data, was also higher in 2014 than in other years (Ribeiro et al., 2015).

2.2. Numerical simulations

A series of numerical simulations were performed using the research version of the Weather Research and Forecasting model
(Skamarock et al., 2008), Version 3.8.1, along with a single-layer urban canopy model (SLUCM; Chen et al., 2011). The SLUCM al-
lows for three urban surface classes: low-density residential, high-density residential, and commercial/industrial. Hourly values of
anthropogenic heat may be prescribed for each urban class. The classification of the MRSP urban area (Fig. 3) and the anthropogenic
heat values used in this work are the same as those used by Ribeiro et al. (2018). Other parameterizations include: the Yonsei Uni-
versity planetary boundary layer (PBL) scheme was employed; the initial and boundary conditions for the outermost domain were
obtained from the ERA-Interim reanalysis (Dee et al., 2011); the topography was obtained from the “Shuttle Radar Topography Mis-
sion” (Jarvis et al., 2008) satellite with three arc-second (approximately 90 m) resolution (Fig. 3a); ERA-Interim reanalysis data was
used to update the sea surface temperature every six hours; the cumulus parameterization scheme was the Grell 3D ensemble; and
the land surface scheme was Noah, with four soil layers. The outermost domain had 59 × 59 horizontal grid points with 9 km of
grid space; the intermediate domain had 60 × 78 horizontal grid points, with 3 km of grid space; and the innermost domain had
66 × 108 horizontal grid points, with 1 km of grid space. In that regard, 38 vertical levels were used with the increasing grid space
with height. The ratio between the spatial resolution of the initial and boundary conditions data (approximately 25 km) and that of
the parent domain was similar to the ratio between domains (1/3). Validation data and additional details regarding the simulations
may be found in Ribeiro et al. (2018).
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Fig. 3. Innermost domain (a) topography and (b) land use classes.

To determine the average pattern for the UHI in São Paulo during January, 10 simulations were performed, one for each year
between 2004 and 2013. The simulations started at 2100 LT on December 31 of the previous year (00 Greenwich Mean Time) and
ended at 0300 LT on February 01. However, only results from 0000 LT on January 1 to 0000 on February 01 were analyzed. Then,
the near-surface (2 m) temperature fields for each daytime hour (from 0600 to 1800 LT) were separated from the nighttime hour
fields (from 1900 to 0500 LT). To assess the spatial variability of the UHI, four rural points were determined at north, south, west,
and east rural sites, and an urban point was determined at the city's most urbanized area (Fig. 1b). The UHI intensity was calculated
as the temperature difference between the urban site and each rural site. The choice of the urban site was a point inside the area that
presented higher values of air temperature at 2 m for all of the meteorological conditions. The rural sites were chosen by location,
e.g., points that were not in an urban grid cell, and that presented an altitude similar to the city center point. There were not many
choices for rural grid cells north and west of the city center with a similar altitude, as the terrain is higher in these areas (Fig. 3a).

The next step was to evaluate the meteorological conditions for each day. First, CF days were identified by analyzing synoptic
reports from the Meteorological National Institute (INMET, http://www.inmet.gov.br/portal/ accessed on 03/18/2019). Then, the
SB days were determined, using surface data from monitoring stations operated by the São Paulo State Environmental Company, and
employing a methodology similar to the one used by Perez and Silva Dias (2017). In that regard, if the wind direction changed to
SE during the day, the air temperature presented a decrease at the same hour, and there was not the influence of a CF, the day was
marked as a SB day. As already noted by Perez and Silva Dias (2017), days that presented both CFs and SBs were considered only
as CF days. Days that did not fall into the previous categories were considered no-front (NF) days. When a day was classified as SB,
CF, or NF, all hourly results for that day (from 0000 to 2300 LT) were included in the corresponding average. The hourly averages of
UHI intensity and the near-surface temperatures of daytime and nighttime fields were then calculated, considering all days, SB days,
CF days, and NF days.

To assess the impact of the anomalous conditions during 2014 on UHI intensity, the simulation of this particular year and the
averaging processes were performed as described above and were compared to the averages produced for the ten-year period.

3. Results

In this section, the average UHI pattern for the period from 2004 to 2013 is presented, and then the anomalous pattern in January
of 2014 is compared to the average pattern.

3.1. Average urban heat island pattern

The analysis of the frequency of each meteorological condition for the ten months of January (2004–2013) resulted in an average
occurrence of 38% of SB days, 35% of CF days, and 27% of NF days. These values varied from year to year: 2006 presented the
highest frequency of SB passages (22 events), and 2013 presented the highest frequency of CF passages (19 events).

The effects of the different meteorological conditions (SB, CF, and NF) on the UHI hourly pattern are substantial, particularly for
the daytime, as expected (Fig. 4). During the day, SB days show higher average temperatures, consistent with days with less cloudi-
ness (Fig. 4a). The area with higher temperatures at the SE corner of the domain is the coast, and the contour lines NW from this area
are related to the escarpment. The air cools as it flows up the escarpment during SB and CF days, forming an area of lower tempera-
tures near the escarpment over the plateau. The UHI core (the area with higher temperatures) is displaced towards the NW. CF days
show the lowest temperatures, as expected (Fig. 4b). For NF days, the UHI core is expanded towards the SE (Fig. 4c). As SB and CF
days together represent more than 70% of the days, their impact is more evident on the all-days average (Fig. 4d). The topographic
influence is also noticeable, not only near the escarpment, but also near the northern mountains and western higher-altitude areas
that present lower temperatures.

During SB days, the predominant wind is from the NW, changing only during the passage of the SB front. SB passages impact
the south part of the MRSP more frequently (Fig. 5g) and are hardly noticed in the north (Fig. 5a), where the SB flow is not intense
enough to change the wind direction. At the center of the urban area (Fig. 5d), the east component of the wind evidences the SB
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Fig. 4. Daytime (from 0600 to 1800 LT) air temperature average at 2 m in the innermost domain (a) for sea breeze, (b) cold front, (c) no-front, and (d) all days.

passage. The spatial difference in wind direction frequency is consistent with the converging pattern of UHI circulation already dis-
cussed by Ribeiro et al. (2018), and accelerates the SB propagation towards the center of the urban area (but decelerates this flow
after the city center). NF days (Fig. 5b, e, h) show a much more frequent NW wind with higher speed that prevents the SB from
propagating over the MRSP and are more spatially uniform than the other days. As this flow displaces the UHI core, it also displaces
the UHI circulation, decreasing the SE flow frequency even in the south (Fig. 5h). CF days show a distinct pattern, with predominant
wind direction between SE and E (Fig. 5c, f, i). This pattern brings colder air from the SE to the urban area, similar to SB days, but is
a more persistent flow, and is more spatially uniform than for SB days.

NF nights present higher temperatures over rural areas, decreasing the UHI intensity as compared to SB nights (Fig. 6a,c). This
occurs particularly over the southern and eastern rural areas and may be related to large-scale conditions that prevent the SB from
reaching the plateau, and that brings continental air from the NW (Fig. 5h). The coast (SE corner of the innermost domain) has higher
temperatures during SB and NF nights, as the predominant wind is from the NW (SB days may present a land breeze at night, see Fig.
5a, d, g), causing descending flows from the top of the escarpment to the coast, and increasing air temperature at lower altitudes. SB
nights show a larger UHI core as compared to SB days. CF nights show a temperature field similar to that of CF days, with the UHI
core advected to the NW (Fig. 6b) by the predominant flow (Fig. 5). On average, the nocturnal UHI is better-defined over the urban
areas than the daytime UHI (Fig. 6d).

The UHI intensity during SB days shows the greatest value (4.5 °C) and variability (Fig. 7a). During the early morning, the UHI
intensity decreases, as the air temperature in rural areas increases faster than in urban areas. Before noon, the UHI intensity starts
increasing again, showing a maximum in the early evening, when the rural areas start cooling and the city still has stored heat. In
the eastern and southern rural areas, there is a peak in UHI intensity at 1500 LT, probably caused by the passage of the SB front; at
1500 LT, the front has passed the southern and eastern rural areas, but not the city center. At 1600 LT, the front has passed the city
center, decreasing the UHI intensity for the southern and eastern areas. Later, when the SB reaches the northern and western areas,
the UHI intensity increases. As SBs are expected to occur more frequently in clear sky conditions, the greater values of UHI during
the evening are probably related to heat storage in the urban canopy, to the incoming solar radiation during the day.

The CF days also show a different pattern for the eastern and southern rural areas as compared to the northern and western areas
(Fig. 7b), as the CFs also arrive mainly from the SE, causing high UHI intensity values in the afternoon for the southern and eastern
areas. The northern and western areas present lower UHI values during the day. Again, the higher values of UHI intensity occur dur-
ing the early evening, when rural areas start cooling before urban areas. At night on CF days, the UHI intensity presents the lowest
spatial variability, suggesting that CFs decrease the temperature variability over the region.

The NF days show the opposite pattern for the rural areas (Fig. 7c) as compared with the CF days, as the northern and western
areas show higher UHI intensity during the afternoon than the eastern and southern areas. In these cases, the predominant direction
of the wind is NW, bringing continental rural air to the NW vicinities of the city and urban air to the SE rural areas, and preventing
cooler marine air from the SE from reaching the plateau. The UHI intensity values, except for in the western areas, are lower than
those for the other meteorological conditions, particularly during the late evening. This suggests that the rural areas present higher
temperatures on NF days. A topography contribution may occur, as air from the NW comes from higher ground and descends over
the MRSP, increasing its temperature. The hourly average for all days (Fig. 7d) is composed of the contributions from the three sit-
uations, showing lower values during the morning and higher values in the afternoon and early evening, as in Ferreira et al. (2012)
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Fig. 5. Wind roses for (a), (b), (c) point N (North, Fig. 1), (d), (e), (f) point C (Center, Fig. 1), and (g), (h), (i) point S (South, Fig. 1) during sea breeze days (SB, a, d,
g), no front days (NF, b, e, h), and cold front days (CF, c, f, i).

in 2004. As for other tropical cities (Chow and Roth, 2006; Li et al., 2013; Li and Norford, 2016; Murphy et al., 2011), the nighttime
UHI intensity is higher than in the daytime.

3.2. January of 2014

In 2014, there were no CF passages, and there were 22 days with SBs (71% of the days of the month). Therefore, the all-day
hourly averages of the UHI intensity for this year presented a SB pattern (dashed lines in Fig. 7a, d), with a sharp drop at 0700 LT and
an increase from 0900 LT to the early evening. The UHI maximum intensity was higher than the average (from 1900 to 2000 LT, Fig.
7d), almost reaching 5.0 °C. In 2014, the SB days showed an increase in UHI intensity in comparison with the average, particularly
in the southern area, from after 1800 LT to 0600 LT (Fig. 7a).

Nevertheless, the NF hourly pattern for 2014 (Fig. 7c) was very similar to the SB pattern for the same year (Fig. 7a). NF days pre-
sented a sharp decrease of UHI at 0700 LT, and then an increase (when considering northern and western rural areas) at 0900 LT (Fig.
7c). By comparing the eastern and southern areas, it is seen that the NF days presented an urban cold island between 0800 LT and
1200 LT. The prevailing NW wind that brought the continental rural air from the NW to the urban center increased the temperature
difference between the NW rural areas and the UHI core. This flow also prevented SBs from propagating to the plateau, decreasing
the temperature difference between the SE rural areas and the city. The difference between 2014 and the ten-year average for NF
days seems also to be related to the prevailing clear sky conditions, giving NF days a similar pattern to SB days, but exchanging S
and E areas with N and W areas.
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Fig. 6. Nighttime (from 1900 to 0500 LT) air temperature average at 2 m in the innermost domain (a) for sea breeze, (b) cold front, (c) no-front, and (d) all days.

Fig. 7. Hourly averages of UHI intensity considering the northern (red line), the southern (blue line), the western (black line), and the eastern rural area (green line),
for the ten year average (solid lines) and for 2014 (dashed lines) for (a) sea breeze, (b) cold front, (c) no-front, and (d) all days. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

A numerical ten-year study of the UHI intensity in São Paulo during the month of January showed that the average values of UHI
intensity varied from 1.5 to 2.5 K between 0000 LT and 1100 LT, and from 2.5 to 3.5 between 1200 LT and 2300 LT. The average
UHI core (the urban area with higher air temperatures) was aligned in the SW-NE direction during the day. At night, the UHI core
presented a more isotropic shape, and was more representative of the land use classification.

The UHI characteristics were also investigated under three distinct weather conditions: days that presented SB passages, days with
CF passages, and days with NF passages. SB days presented the highest UHI intensity variability and the maximum values. This may
be explained by the propagation of the SB front that, besides bringing cooler marine air, decreases the PBL height as observed by
Ribeiro et al. (2018), thereby increasing the UHI intensity (Hidalgo et al., 2010). Additionally, calmer winds are related to higher
UHI intensities (Yow, 2007), and SB days presented lower wind speeds overall (Fig. 5). Li et al. (2013) investigated the UHI inten-
sity diurnal pattern during the intermonsoon season in Singapore along with the influence of SBs, and also found lower PBL heights
caused by the SB passage. They found a UHI diurnal pattern similar to the one presented here: higher values during the night, and
a sharp decrease in the early morning. The minimum and maximum values in São Paulo, however, were reached earlier, and the
UHI maximum intensity was higher herein than for Singapore (5.5 °C vs. 2.4 °C, respectively). Murphy et al. (2011) investigated the
UHI diurnal pattern for San Juan, Puerto Rico, and found the maximum UHI intensity just after sunrise (4.7 °C), particularly when
comparing urban and forested areas, as forested areas took longer to initiate warming. Even though São Paulo is a coastal area, it is
located at 700 m of altitude and has drier conditions than San Juan and Singapore; thus, the rural areas investigated here do not take
as long after sunrise to begin warming.

The CF days present a less variable UHI intensity over the day, as CFs are large-scale phenomena that tend to overcome local cir-
culations such as UHI. A CF also increases cloudiness and wind speed, conditions that are related to low UHI intensity (Yow, 2007).
As the CF-predominant circulation is from the SE (Fig. 5), rural areas southeast from the urban area present higher UHI intensity
than northwestern areas during the afternoon. NF days present higher variability in the UHI intensity as compared with CF days, but
lower UHI values than SB days, as NF days are related to higher wind speeds than SB days, and lower cloudiness than CF days.

The large urban area and its topography increased the complexity in investigating the UHI patterns in São Paulo. Southeastern
rural areas in the MRSP tend to be cooler than the other areas, owing to the influences of SB and CF propagation. The northern
and western borders present rural areas in sites with slightly higher altitudes, where the topography presents a limit to urbanization.
However, they are less frequently reached by SB fronts (Fig. 5). In NF days, the UHI core was larger, and the southern and eastern
areas presented lower UHI intensities than northern and western areas for most of the day.

The nighttime UHI intensity was consistently higher for all meteorological conditions and areas, suggesting the important roles
of impervious surfaces and heat storage in the urban canopy in maintaining higher air temperatures (Ryu and Baik, 2012), as the
anthropogenic heat at night has low values in São Paulo (Ferreira et al., 2011). During the afternoon, the CF and SB days showed
increased UHI intensity when comparing the urban temperatures with southern and eastern rural temperatures, and the NF days
shows increased UHI intensity when comparing the urban temperatures with northern and western rural temperatures. Either way,
the daytime UHI circulation is not symmetric when considering a NW-SE axis in the MRSP.

Other studies have examined the SB influences on the UHI intensity at the MRSP: Barros and Lombardo provided a picture of the
surface UHI, and related it to vegetation; Silva et al. (2017) presented observational intra-urban temperature differences; Freitas et
al. (2007) studied SB propagation during some days in winter, and the interactions with UHI; and Ribeiro et al. (2018) investigated
the SB propagation impact on urban boundary layer development for one summer day and one winter day. However, these studies
were only conducted only for certain days, and during particular atmospheric conditions. Here, a ten-year average for January was
presented, producing a typical pattern for an austral summer day that may be used as reference for other studies aiming to study
particular events, such as the atypical summer of 2014.

As compared to the ten-year average for January, January 2014 presented an hourly SB UHI intensity pattern, since as a high
number of SB events occurred during this year in January. However, the same favorable conditions for SB propagation (low cloudi-
ness and low wind speed) may also favor a more intense UHI (Yow, 2007). Therefore, the NF days in 2014 presented an hourly
pattern similar to that of SB days, with differences caused by the prevailing NW wind. Additionally, the UHI intensity at night was
higher in 2014 than the average of the previous ten years. Li and Bou-Zeid (2013) investigated the UHI intensity in Baltimore during
a heat wave and found that the heat wave and the UHI interacted synergistically to increase heat stress, similar to what was observed
in São Paulo in 2014. They developed an analytical model to determine the contributions of different processes in this interaction:
energy availability differences between rural and urban sites, low wind speeds, and moisture availability differences. The authors
also pointed out that, at night, the most important contributions are from differences in energy availability, as urban areas store more
heat in their canopy than rural areas and release it at night. Therefore, it may be concluded that the major impact of the atypical
weather conditions in 2014 was in the heat storage over the MRSP.
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