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Abstract: Extensive urbanization around the world has resulted in the consumption of massive
vegetated areas and natural resources. To this end, one strategy for urban development is to
consolidate urban areas. In Balneario Camborit/SC, Brazil, this trend has transformed the city into a
vertical built-up area on its coastal strip, accommodating a large amount of buildings both in terms
of quantity and number of floors. This research aims to quantify the thermo-hygrometric fluctuation
on the waterfront of Balnedrio Camborid, in negative radiation balance. To acquire the data on air
temperature (Ta) and relative humidity (RH), two mobile transects and measuring at two fixed points
were made in a situation of negative radiation balance on 26 August 2019, in the winter period of
the Southern Hemisphere. The collection work began at 06:00:00 a.m. (before sunrise, the peak of
the negative radiation balance), on Atlantica Avenue (waterfront) and Brasil Avenue (parallel to the
waterfront). It was verified that the Ta varied from 16.0 °C to 19.0 °C, and the RH remained over
80% during the entire route. At the meteorological shelters, the temperature presented a variation
from 14.4 °C to 17.7 °C, and the RH ranged from 79.6% to 91.3% between the two points. The spatial
variability in the Ta and RH along the paths travelled and at the fixed points is directly related to the
land cover, represented especially by the buildings’ verticalization and data collection time.

Keywords: Balnedrio Camborit; land cover; waterfront; air temperature; relative humidity; negative
radiation balance

1. Introduction

Urban areas produce their own microclimate and result from the interference of all the
urban elements that alter the climate at the local scale [1]. For instance, [2] states that insofar
as cities expand their built-up areas and increase their vertical density, the impacts on the
air, soil, water, and life, both within and around them, also amplify the environmental
problems that affect the wellbeing of urban society [3-5].

According to [6-8], densely verticalized urban areas are represented by a wide variety
of canyons, as well as a variety in the proportion between street width and building size and
height. For example, due to buildings being different shapes and sizes, they form different
urban canyons and shading, which reduces the amount of longwave solar radiation that
reaches the surface during the day [9-14]. Ta at the urban canopy decreases according to
the type of construction, in particular building verticality; in other words, the taller the
buildings are, the greater this thermal decrease at the urban canopy will be [15-17].

Atmosphere 2021, 12, 1453. https:/ /doi.org/10.3390/atmos12111453

https:/ /www.mdpi.com/journal /atmosphere


https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-1932-3398
https://orcid.org/0000-0003-0848-7362
https://orcid.org/0000-0003-4461-2570
https://orcid.org/0000-0001-7426-4584
https://orcid.org/0000-0002-1102-9605
https://orcid.org/0000-0003-0311-2369
https://orcid.org/0000-0002-6991-8931
https://doi.org/10.3390/atmos12111453
https://doi.org/10.3390/atmos12111453
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12111453
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12111453?type=check_update&version=1

Atmosphere 2021, 12, 1453

20f19

Ground shading occurs in the verticalized areas with the presence of urban canyons,
and these areas reduce the amount of energy stored during the day, which implies a less
significant emission of long waves by the canopy surfaces at night [18-21].

Therefore, many works discuss the role of urban canyons, or large canyons of build-
ings, in the variability in air temperature and relative humidity, as they modify the amount
of solar radiation and the times at which it reaches the surface [22-25]. In this context, it can
still be highlighted that, precisely because of the existence of this urban geometry [26,27],
many areas have a delay in receiving solar energy after sunrise, remaining in a situation of
negative radiation balance for longer [28-31].

As the maximum negative solar radiation balance is the starting point for studies of
the beginning of the daily variation in climatic elements, some works have focused on
quantification and the effects of urban geometry on air temperature and relative humidity
during these periods of the day and in some seasons [32,33].

Among the research in this field, the research by [34] stands out, which deals with the
impacts of urban surface on radiation balance and meteorological variability in Beijing. In
this study, the authors quantified the relationship between solar radiation, urban geometry,
and heat fluxes. In this same line of investigation, [35-37] carried out similar research.

Recently, other authors go further, discussing the radiation balance with the materi-
als [38] that make up the city and its relationship with mesoscale climatic conditions [39-41]
using remote sensing tools. However, some authors discuss the variability in the city’s
thermo-hygrometric field at specific times of the day, such as the maximum or minimum
amount of solar radiation and its balance [42-46].

Study Aim and Objectives

Within this theoretical context, in which the origin of the variation in the solar radiation
balance is an extra-urban component [18], the skyscrapers concentrated at the waterfront
of Balnedrio Camborit cause the shading of streets and the beach, promoting permanent
negative balance situations for the city, in areas that will never receive direct solar radiation
again, i.e., a positive radiation balance will no longer occur.

In this context, this article presents, as its general objective, the measuring and analysis
of the spatial variability in the Ta and RH on the coastal strip of the urban area of Balneario
Camborit, Santa Catarina-SC, using two mobile transects and measuring at two fixed
points, in a situation of negative radiation balance (before sunrise) in the winter.

This is the first approach in an urban environment with such characteristics in the
Brazilian subtropical coastline, which has areas where there is an almost permanent nega-
tive radiation balance that may intensify when there are no long waves from the sun or just
in the beginning of the morning.

This research is part of a large-scale project studying the urban climate of Balneario
Camboriu, Brazil. In 2019, the team started the research by carrying out transects in the
city, in order to assess whether this method would be the best or not (methodological tests).
It was found that during the early morning hours, such transects could be performed, as
there is almost no traffic on the city’s avenues and main streets; however, from 9 a.m. and
until late at night, there is a large amount of movement of cars, trucks and pedestrians in
the city, movement caused both by residents and tourists, as well as construction workers
and trucks.

Initially it was planned that, in early 2020, a network of weather shelters would be
installed however, the entire world was surprised by the COVID-19 pandemic, and the
research and installation of equipment stopped until July 2021. During the period of
successive quarantines due to the COVID-19 pandemic, no collection was possible. At this
time, there is network with 24 automatic weather stations installed in the city, and transects
will be carried out again at different times of the day and during different seasons.
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2. Materials and Methods

2.1. Case Study

The study area of this research is the coastal strip (considering only the first block
of buildings between the sand strip and the first avenue parallel to the waterfront) of the
central area of the municipality of Balnedrio Camboriu, located in the Brazilian state of
Santa Catarina (SC). The city is located on the state’s northern coast, at a latitude of 26°59'42”
South and longitude of 48°37/46” West. Balneario Camborit borders three municipalities
(Itajai, Itapema, and Camborit) and the Atlantic Ocean on the east. The primary access to

the municipality is through federal highway BR-101 (Figure 1).
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Figure 1. Localization map of Balneario Camborit/SC, Brazil.

The verticalization process recorded in the study area is not recent; it dates back to
the 1950s, when the then Brazilian president, Juscelino Kubitschek, chose the city as the
location for his summer home, and the area became known as the “president’s beach”.
However, in the 1960s the tourist activity boosted the city as a major Brazilian tourist
center. Previously, in 1959, it was elevated to the District of Camborit, but in 1964, the
municipality of Balneario Camborit was created; however, skyscrapers with over fifty

floors are a novelty of the last decade [47].

The city has an estimated population of 146 thousand inhabitants, according to the
Brazilian Institute of Geography and Statistics (IBGE). It is worthy of note that 100% of
the inhabitants are domiciled in the urban areas because the municipality has no rural
area. Of the population, 52.4% are female and 47.6% are male, and they are divided into
fourteen neighbourhoods, with a population density of 2337.67 inhabitants per squared

kilometer [48].




Atmosphere 2021, 12, 1453

40f19

On a waterfront with an extension of less than 6 km, located entirely in the Centro
neighbourhood, and with a total urban area of only 46 km? through which 90 thousand
vehicles circulate, the most accentuated verticalization process in Brazil and also of the
entire Southern Hemisphere is observed [49], the reason for which the municipality is
deemed the “Brazilian Dubai”, given that, of the ten highest buildings of the country, eight
are in Balneario Camboriu (Figure 2).

Figure 2. Panoramic view of the waterfront of Balnedrio Camboriti/SC, Brazil. Source: Authors, taken during fieldwork,

December 2020.

As it is a small municipality in territorial extension and with its entire territory
classified as an urban area, the main reason for the construction of such skyscrapers
in Balnedrio Camboriu is the lack of space. This is a consequence of the area’s reliance
on tourists because, if there were nowhere to accommodate them all, they would seek
to travel to other beaches and, if the city did not allow such high buildings, it would
grow horizontally, leading to the deforestation of native forests, which are under law
protection [50].

2.2. Climate Data Collection and Processing

In order to acquire the data on Ta and RH at the waterfront and the intra-urban
zone of the coastal strip of Balneario Camboriu (the first avenue parallel to the coast),
the mobile transect methodology [51] was employed partially and in an adapted manner,
based on simultaneously obtaining climate data along predetermined routes within the
urban network. For this study, two vehicles were used for the predetermined routes at the
time of the maximum occurrence of negative radiation balance.

For data capture, the routes were traveled at an average speed of 20 to 30 km/h,
and at 40 km/h at the fasted, as speed above this value impairs the spatial resolution of
micrometeorological observations, and speeds below this value can generate conflicts and
disrupt local traffic with vehicles circulating in the monitoring unit, as reported by [52,53].
However, at the time of this mobile transect, there was no traffic in the area.

Two transects were established: one through Atlantica Avenue (carried out in the
south—north direction) and the other through Brasil Avenue (in the north-south direction)
of the waterfront of Balneario Camborit, SC. The north-south route had a distance of
6.7 km, while the south-north transect had a distance of 5.9 km, as per the map in Figure 3.

Data collection occurred on 26 August 2019, in the winter period in the Southern
Hemisphere, at 06:00:00 a.m., which is the period of maximum negative radiation balance,
with no alterations in altitude in the area travelled by the mobile transects, i.e., they
always remained at sea level. Four thermo-hygrometers with digital storage of model
Instrutherm HT 500 were used and configured to make records every 30 s of the Ta and RH.
It was considered that this record interval could better capture the variation in the climate
elements and their controls along the transect.
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Figure 3. Map of the mobile transects carried out in the urban area of Balneario Camboriti/SC, on 26
August 2019, at 06:00:00 a.m.

To increase the reliability of the data collected during the route, two meteorological
shelters (Figure 4A) were installed containing dataloggers Instrutherm HT 500 (Figure 4B),
concurrently measuring every 30 s. One was positioned at the starting point and the other at
the endpoint of each mobile transect, with one being in the Barra Norte neighborhood and
the other in the Barra Sul neighborhood. Such meteorological shelters, reasoned by [54,55],
have been used by several research studies conducted in the Laboratory of Climatology in
Subtropical Environments (LACAS) based in the Federal University of Santa Maria (UFSM).
Additionally, installed at the south point (Barra Sul) was a thermo-hygro-anemometer-
barometer of model ABH 4224 Instrutherm (Figure 4C), used to measure wind speed every
5 s and the atmospheric pressure.
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Figure 4. Meteorological shelter (A); dataloggers Instrutherm HT 500 (B); preparation of the meteorological shelter with the
datalogger inside it (C); and the thermo-hygro-anemometer-barometer (D).

After we performed the mobile transects and collected the data at the two fixed points,
the primary data were tabulated and analyzed in Microsoft Excel 2016 spreadsheets and
exported to Geographic Information System Surfer 8.0 in order to devise thermal and
hygrometric variability cartograms [56] of the coastal and intraurban zones of Balneério
Camboriti/SC. The interpolation method used in the production of the cartograms was
the ordinary kriging in Surfer, as advised by [57,58], and the final edition of the maps was
carried out with the aid of software ArcGIS 10.5, licensed to the Department of Geosciences
of the UFSM.

2.3. Remote Sensing Data Collection and Processing

Surface temperature estimated maps and the Normalized Difference Vegetation Index
(NDVI) were prepared, and the satellite images acquired through the United States Geolog-
ical Survey (USGS) [59-61] using Landsat 5 TM (Thematic Mapper) and Landsat 8 TIRS
(Thermal Infrared) sensors were used. Sensor)/OLI—Land Imager Operational, on the
day the mobile transect was carried out (26 August 2019), but at 9 a.m. The images were
processed and made available with a spatial resolution of 30 m.

In the Geographic Information System, the bands were projected for the SIRGAS
UTM 23S datum and the cut for the study area was performed. Then, for the extraction of
thermal data, we used the considerations of [45,46,62].

3. Results
3.1. Climate Conditions and Spatial Variability

The latitude of Balnedrio Camboriu is 26°59'42” S; thus, it is at a subtropical latitude,
but is situated less than 4° below the Tropic of Capricorn (Figure 1), which gives it both
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tropical and subtropical climate characteristics. Regarding the monthly variation in the
solar radiation at this latitude [63,64], Table 1 and Figure 5 show the balance between
shortwave (from the Sun) and longwave (terrestrial radiation) for the study area.

Table 1. Monthly variation of the short and longwave solar radiation in Balneario Camborii/SC (Wh/ m2-day).

Month JAN FEV MAR APR MAY JUN JUL AUG SEP OCT NOV DEZ
Shortwave

(Wh/m?-day)
Longwave

(Wh/m?2 -day)

4290 3794 3414 3155 2586 2520 2952 2043 2229

5000 4722 4444 3611 3333 2777 2777 3333 3611 4444 4722 5000

6000 Wh/m?.day
Longwave Bl shortwave
5000 Wh/m?.day
4000 Wh/m?2.day
Winter period
3000 Wh/m2.day
2000 Wh/m?.day
1000 Wh/m2.day
0 Wh/m2.day
JAN FEV MAR APR MAY JUN JUL AUG SEP OoCT NOV DEZ
Months

Figure 5. Monthly variation of the shortwave and longwave solar radiation in Balneario Camboriti/SC—Brazil
(Wh/m?2.day).

According to Figure 5, in which the winter period is highlighted, in Balneario Cam-
boriti there is a small global balance of solar radiation, with 191 Wh/m?-day in June
(month of the Winter Solstice), 257 Wh/m?-day in July, and 381 Wh/m?-day in August,
with a greater balance of radiation in September (month of the spring equinox), with
1568 Wh/m?-day. In other words, August is the end of the period with the lowest global
radiation balance, which justifies the choice of the date for carrying out the fieldwork.

On 26 August 2019, at 06:00:00 a.m., the weather conditions were favorable for per-
forming the field measurements; the sky was clear and free of clouds. According to the
synoptic chart, on this date, and according to the classification by [65], the Atlantic Polar
Air Mass dominated. Air temperatures were relatively high, although the air was of polar
origin, with moderately high RH, which may have resulted in an increase in cloudiness
throughout the day [44,66] (positive radiation balance) and even precipitation, but there
were clear sky nights, with the nocturnal cooling typical of situations of negative radiation
balance. The data collection on the field (Table 2) enabled maps to be generated that show
the specialization of the Ta and RH at the time of collection (Figure 6).
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Table 2. Variations of Ta (°C) and RH (%) along the transects.

Transect South to North North to South Transect South to North North to South
Time Ta (°C) RH (%) Ta (°C) RH (%) Time Ta (°C) RH (%) Ta (°C) RH (%)

06:00:00 06:09:00

06:00:30 06:09:30

06:01:00 06:10:00
06:01:30 06:10:30
06:02:00 06:11:00
06:02:30 06:11:30
06:03:00 06:12:00
06:03:30 06:12:30
06:04:00 06:13:00
06:04:30 06:13:30
06:05:00 06:14:00
06:05:30 06:14:30
06:06:00 06:15:00
06:06:30 06:15:30
06:07:00 06:16:00
06:07:30 06:16:30
06:08:00 06:17:00
06:08:30 06:17:30

Atlantic
Atlantic

Ocean Ocean

735,200

Ta (°C) Legend:

E— | -

160 165 170 175 180 185 19.0 - Water bodies 80 8 90 95

=)
e
n

1km

Data source / map base: P

Municipal de B irio C; HW/SC (2019).

&

Figure 6. Spatial variability of the Ta (A) and RH (B) at the waterfront of Balneario Camborit/SC, on 26 August 2019
between 06:00:00 and 06:17:30 (data from Table 2).
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Camborin

The spatialization of Ta and RH data in areas beyond Atlantica and Brasil Avenue, such
as in the neighborhoods Centro, Taquaras and Vila Real (Figure 6) are actually inferences
from the mapping program, given that collections were not carried out in these areas;
therefore, these data are estimated by the interpolator and are not valid. Estimated data
from these areas will not be analyzed below, but only data mapped along the waterfront
will be analyzed (Central Beach, Barra Norte and Barra Sul).

Upon analyzing the spatial variability in the climate elements measures on the coastal
strip of Balneario Camboriu at 06:00:00 a.m. (Figure 6), we noted that the Ta recorded
along the transects varied from 16.0 °C to 19.0 °C and the RH percentage from 80% to
95%. The lowest Ta were recorded at Barra Sul, especially, and practically over the entire
waterfront of the beach, presenting merely a 0.5 °C increase in the centre—north portion
of Praia Central (Central Beach) along the south-north transect (highlighted in yellow in
Figure 7), which is entirely on the seaside.

N E

Figure 7. Sketch of the mobile transects in waterfront of Balneario Camboriti/SC. Source: Authors, taken during fieldwork,

August 2019.

In turn, in the north-south transect (highlighted in red in Figure 7), there is a presence
of vegetation and a large concentration of skyscrapers right at the beginning of the route,
while the mouth of the Camborit River is located at its end, at Barra Sul, where there is a
strong presence of vegetation along the way and giant skyscrapers (Figure 7).

Upon examining the north—south route (highlighted in red in Figure 7), the highest
temperatures recorded over the entire route are verified, with values over 17.5 °C. It is
necessary to emphasize that this transect goes through Brasil Avenue (Figure 8), which is
parallel to Atlantica Avenue and entirely urbanized, with little or no presence of vegetation,
and the back of the largest buildings of Balneario Camboriu go along with it (the front
facade of them are faced to the ocean).
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Figure 8. Images of Brasil Avenue. (A) North to south, and (B) south to north. Source: Authors, taken during fieldwork,
August 2019.

At Barra Sul, by the low-cost meteorological shelter, a thermo-hygro-anemometer-
barometer was installed that recorded gusts of wind over the fieldwork that varied from
0.1 m/s to 0.5 m/s an atmospheric pressure of 1028 hPa.

According to Figure 9, a variability in Ta and RH was observed between the points
located at Barra Sul and Barra Norte, in a time interval that lasted from 06:00:00 a.m. to
06:17:30 a.m., i.e., during the same interval in which the mobile transects took place. The
entire measuring process still occurred in a situation of negative radiation balance, still in
the dark, because, on this date, the sun rose at 06:24:00 a.m., as per the field observation
after the end of the measuring.

18.0

17.0

Ta (°C)

16.0

15.0

B .
& PP x.«,c $ P PP &Q)Q 5‘«9 P P P P 0° 4.“ S S~ S S S S \49 o AP PP 5.\<_§‘ ;F‘ & «P é‘ D <§> P
& F g SIS Q"’ F S F S Q‘bbc:-%@,@b,\“%_\\',\ VRN A A B‘J,\f’ B“"%
F R F R EF P F S FF I EFFITESE S EEFEEEEEE

—— BARRA NORTE

— BARRA SUL

—~

Time

Figure 9. Chart of the Ta variability in the fixed points.
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In the chart in Figure 9, one may notice that there is a greater temperature difference
at 06:00:00 a.m. compared to the following minutes (amplitude of 1.8 °C between Barra
Sul and Barra Norte) because, over the course of the performance of the transects, this
thermal difference decreased due to the negative balance approximating its peak, with the
difference being of only 0.1 °C at the last collection. Therefore, one may observe that, when
there is the record of the maximum negative solar energy balance (little before sunrise),
there is, then, the tendency to uniform the temperature in the study area spatially and, in
this sense, the land cover is not the main climate factor operating on the climate elements in
this verticalized space, but rather a complement to the cooling, the origin of which is solar.

The fixed point at Barra Sul (Figure 10 B,D) presents an abundant presence of water
bodies and areas with exposed soil (land plots without any type of construction) and is
located next to the mouth and margins of the Camboriti River. This portion of the city is in
a phase of the consolidation of large skyscrapers, the tallest buildings in Brazil. In turn,
considering the data collection point located at Barra Norte (Figure 10A,C), it presents a
structure different from that of the point located at Barra Sul. In addition to a green area
and a hill to the north, it presents many skyscrapers in small alleys.

Atlantic - Camborit

Ocean

Figure 10. Barra Norte Point (A,C) and Barra Sul Point (B,D), according to Figure 3.

At 6:00 a.m., the Ta was recorded as 17.7 °C in Barra Norte, while the Ta value was
15.9 °C at Barra Sul; as shown in Figure 9, the Ta value at the point located at Barra Norte
started to decrease gradually over the time. At 06:17:30 a.m., a Ta value of 15.5 °C was
recorded at Barra Norte and 15.4 °C at Barra Sul.
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The relative humidity chart (Figure 11) shows that the relative humidity behaves the
opposite of Ta: when the temperatures rise, the RH decreases.

93
w BARRA SUL

91

89 —
87

85

RH (%)

83

B ARRA NORTE

06:00:00
06:00:30
>:10:30
5:11:30

06:05:00
06:07:30
06:08:00
06:08:30
06:09:00
06:12:30
06:13:00
06:13:30
06:14:00
06:14:30
06:15:00
06:15:30
06:16:00
06:16:30
06:17:00
06:17:30

06:02:00
06:02:30
06:03:00
06:03:30
06:04:00
06:04:30

L 9 O L LY @O

0
0
0
0
0
0

oy
3

Figure 11. Chart of the variability in RH at the fixed points.

At06:00:00 a.m., the amplitude between the two points was recorded at 9.1% (Figure 11),
and, at the end of the data measuring, which took place at 06:17:30 a.m., the relative humid-
ity amplitude was 3.8%. Such differences found over the data collection between the two
collection points are due to the use and occupation of the land at each point and, especially,
to the entry of energy in the system (positive radiation balance), causing the increase in
relative humidity.

The lowest RH values recorded at both points were at 06:00:00 a.m.: 79.6% at Barra
Norte and 88.7% at Barra Sul. It was also observed that the RH at Barra Norte starts to
increase over time, reaching 87.5% at 06:17:30 a.m. The same occurs at Barra Sul, yet the
RH increases less than that at Barra Norte.

3.2. Remote Sensing and Land Surface Temperature (LST)

Figure 12A shows the estimated surface temperature (LST) of Balneario Camborit for
the date of 26 August 2019; however, at 9:00 a.m. (local time of the satellite in 26 August)
and Figure 12B the NDVI for the study area.

After the occurrence of the minimum negative radiation balance (6:24:00 a.m.) and
the consequent sunrise, the entry of solar radiation and the beginning of the positive
radiation balance were responsible for the heating of the air. The surfaces that make up
the urban roughness and that of the natural environment had already emitted the heat
accumulated the day before, and from that moment on, they began to emit long waves
after the conversion of shortwave solar radiation, starting the heating process daily, which
can be seen in the comparative table of the values from Ta to RH at different points on the
shore of Balneario Camboriu/SC (Table 3).
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Figure 12. Land Surface Temperature estimate map (A), and NDVI map (B), for Balneario Camborii/SC, in 26 August 2019,
at 9 a.m., and relation between emissivity and LST (C), and NDVI and LST (D).

Table 3. Ta and RH (6:30 a.m.) and LST (9 a.m.) in different points of Balneario Camboriti/SC.

Points Ta (°C) LST (°C) RH (%)
Barra Sul 15.4 22.0 85
Central Beach 15.7 21.2 920
Barra Norte 15.5 19.0 90
Brasil Ave. 17.5 21.2 90

According to Table 3, it is observed that Barra Sul, at the minimum radiation balance
(6:24:00 a.m.), was the place with the lowest temperature. However, the records in Barra
Norte are similar, with a slight difference in Central Beach, but with a notable difference
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on Avenida Brasil, an area with the largest urban canyon in the city (6 km long). At
9:00 a.m. (local time and time of satellite imaging), already under a positive radiation
balance, according to Figure 12A, the estimated surface temperature of the targets increased;
however, the lowest elevation was precisely on Brasil Avenue, showing the effect of the
urban canyon on the thermal variability.

The heating process in Barra Sul and Central Beach was more accentuated than in
Barra Norte, and this is due to the difference in water temperature, according to image A
in Figure 12. It is observed in Figure 12C that the relationships between surface emissivity,
NDVI and surface temperature were higher at values close to 18.2 °C to 19.4 °C, which
shows the great influence of water bodies on the air heating process on the shore of
Balneario Camborit.

4. Discussion
4.1. Meteorological Conditions in Urban Area

The variability in the climate elements in tropical and subtropical coastal cities is
observed in a lot of research, such as [67-72], but parallel to the coastline (urban waterfront)
it is observed in a few [73,74], including solar radiation [75,76], or associated with wind
and thermal comfort [77], which may demonstrate the influence of the verticalization of the
skyscrapers on the spatial conformation of the Ta, mainly, and RH, especially in Brazil [78].
In other words, the vertical barrier of the buildings tends to dry and warm air as one moves
away from the waterfront, but the RH variations are always a result of the water content in
the air (saturated content), which is a result of the performance of the upper climate scales.

Research in Urban Climatology indicates that urban canyons tend to be hotter and
drier than less verticalized areas [35,79]; however, this work analyzed the urban canyon in
a minimum situation of solar radiation balance, in a coastal city, with a humid subtropical
climate [65], and during the winter, when the RH in southern Brazil tends to be higher [79].
In this sense, the short variation in RH (approximately 7%) between the waterfront and
Brasil Avenue is not only linked to urban microclimatic conditions, but to the regional
climate condition, which is humid. Additionally, according to Figures 3, 6b and 7, the
southernmost stretch of Brasil Avenue, where the Barra Sul neighbourhood is located, in
addition to having greater spacing between the buildings, runs along the left brink of the
Camboriu River, which can provide moisture for the canyon, provided that the regional
atmospheric circulation conditions do not overlap with microclimatic conditions [65].

Verticalization makes it so that concrete surfaces have high thermal capacity [79].
This entire procedure leads to an increase in evaporation and the thermal capacity of the
area [3], and the behaviors of water and soil relative to shortwave radiation are basically
different [80]. Water takes longer to warm up relative to the soil [81,82], and its cooling
is slower than that of the soil [83,84]. Such climate phenomena reported by the authors
became evident in Balneario Camboriu.

4.2. Shadow Radiation Balance

Taking such aspects into consideration, temperature values tend to decline due to the
shading that the buildings themselves cast over the surface where the temperature was
measured, in addition to the negative energy balance [85,86]. The central areas present
greater concentrations of buildings, and the areas with a high density of buildings are
warmer and less ventilated than peripheral zones [87,88]. This happened at Barra Norte,
even with the beginning of the positive radiation balance: the temperature tends to decrease,
and it does not drop below that of the Barra Sul point due to urban densification.

The density of green spaces and water bodies is a factor that directly influences mi-
croclimates, rendering temperatures milder, the air fresher, and increasing relative humid-
ity [89-92]. Meteorological shelters may present an error due to an instrumental difference
of approximately 0.8 °C [93]; thus, this difference in records at the end of the transect may
be a mere instrument error rather than having been produced by urban roughness.
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4.3. Land Cover and Urban Geometry

Given the temperature data recorded at the point located at Barra Sul, such data
over the collection period did not present a significant variation compared to those of the
Barra Norte point, only a 0.5 °C amplitude, the measuring difference of which may be
due to a mere instrumental error and not urban roughness [93]. Where there is a large
concentration of green areas or areas near large water bodies [94-96], the temperature
tends to decrease [97-99]. In this sense, temperatures are lower in areas surrounding water
bodies and higher in intraurban zones [100].

A greater concentration of buildings renders the ground impervious and water-
tight [101-103], and, for this reason, there is not a significant presence of air humidity
that can dissipate the heat [104]. This can explain the variation shown in Figure 11. A
water body regulates the thermal and hygrometric balance, causing the relative humidity
to remain balanced [105].

However, the size of the city, its roughness and its geometry are still factors that can
stand out in relation to urban land cover in terms of the definition of climate elements and
their variability [106], without failing to mention the importance of synoptic circulation of
higher climate scales, which will determine, on a regional scale, the thermo-hygrometric
conditions of the urban environment [66], even in coastal cities with a large presence of
liquid surfaces that define their energetic relationships.

5. Conclusions

As this was the first approach in a highly verticalized coastal city, located at a sub-
tropical climate in Brazil, with the use of a technique of mobile transects and fixed points,
it was possible to verify that there is a thermo-hygrometric variability on waterfronts in
negative radiation balance.

Ta and relative humidity are related, especially, to land cover and use and the intensity
of verticalization of Balneario Camboriu. This demonstrates that, in densely urbanized
areas (verticalization) without the presence of vegetation, the temperature is higher and the
relative humidity is lower than in locations with vegetation and water bodies. However,
the moment of peak negative radiation balance tends to be the main climate control of
such elements.

Therefore, at the two analyzed points, one at Barra Norte and the other at Barra Sul
in Balneario Camborit, the change in Ta and relative humidity was made evident. At
Barra Norte, where the urbanization and presence of skyscrapers are more considerable,
the temperature remained higher than that of Barra South, where verticalization is not
so marked.

Balneario Camboriu is still developing and, over the years, in the central and Barra
Sul regions, new skyscrapers will be erected that will change the urban dynamic and the
local climate. Therefore, although Barra Sul presents a growing number of such buildings,
the dynamic may have a more negligible impact on the observed climate elements, as they
are located at the margins and mouth of the Camborid river, the presence of which favors
those temperatures do not present significant increases.

In turn, there will be a larger number of urban canyons in the central area and a higher
waterfront that may likely change the local dynamic of the winds and Ta. This research
was limited to surveying an episode of negative radiation balance during winter. In this
sense, future and further research must be carried out in this eccentric urban environment
in the Southern Hemisphere to investigate the dynamics, formation and intensity of heat
islands according to different energy balances in different seasons.
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