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A B S T R A C T

The major cities in the world have adopted certain strategies for people densification to optimize transport costs,
to multiply exchanges of goods, to maximize social networking, as well as to promote economic growth. The
implementation of such compact cities has profoundly affected the livability of public spaces and the comfort of
pedestrians so far. In order to assess the environmental sustainability of this process, a method of analysis is
proposed and applied at a local scale. Combining a morphological and climate site assessment, the method is
addressed to urban areas affected by a process of built densification or relevant changes. A case study was
performed in São Paulo, in an urban area of 100 ha. Inside this domain, different climatic and morphological
environments were selected to perform a more detailed comparative analysis of the samples chosen. Climate
variability was observed in various points of the domain, despite their very close distances. Three climate zones
were identified and morphologically described. The results showed an effective correlation between the spatial
arrangement of urban cross-sections and the related climate conditions at the neighborhood level; as a con-
sequence, they could contribute to facing the issue of Compact City Design, improving its environmental per-
formance.

1. Introduction

Cities are hybrid spaces, in which the natural environment blends
with the built form produced by man. The complex interaction of these
two components discerns an urban settlement from another, providing
a new form of “anthropic diversity”. The way in which built spaces are
organized and fit into the original geographical context is critical.
According to Soleymanpour, Parsaee, and Banaei (2015), people’s
comfort and satisfaction depend on the accommodation of built pro-
ducts within the local microclimate; a significant distance divides the
modern and the traditional city; while the first one increasingly worsens
the climate context, the second one was able to enrich it.

The industrial revolution is a significant step that universally brands
the transition from small urban centers to great modern cities (Marx,
1967 apud Harvey, 2005). Since then, new patterns of urban growth
have emerged; they diverge from the historical urban fabric and modify
the spatial proportionality between built forms. Consequently, the an-
cient spatial arrangements, resilient and capable of favoring good

microclimate benefits, disappear from the modern fabric, replaced by a
monotone design that disregards the original environmental context.

Along this process, the “dichotomy of human and natural systems”
increases (Barau, Maconachie, Ludin, & Abdulhamid, 2014) and the
urban development is transformed “in an accumulation of disconnected
and fragmented regions” in which mega-objects remain “detached from
any urban fluidity” (Suau, Bugarič, & Fikfak, 2015). According to
Harvey (2005), capital accumulation permanently transforms the an-
thropic and natural environment, resulting in morphological changes,
causing continuous expansion of the traditional historic centers and
creating the emergence of “new spatial structures” (Harvey, 2005).

Examples of urban spatial structures, currently emerging in some
cities throughout the world, have resulted from the implementation of
Transit-Oriented Development (TOD) strategies, that intend to “reduce
automobile use and promote the use of public transit and human-
powered transportation modes through high density, mixed use, en-
vironmentally-friendly development within areas of walking distance
from transit centers” (Sung &Oh, 2011). Many American and European
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cities have incorporated TOD concepts in their planning by inducing
high-density development along the transportation lines (UN-Habitat
Core Team, 2016). Besides the benefits described above, the strategy
has controversial purposes; if on the one hand, TOD aims to content the
human and urban form dispersion, on the other hand, it creates a
permanent infrastructure which increases the exchange points at the
service of a production system, thus supporting a geographical urban
expansion. This type of urban planning induces a morphological fabric
transformation around the new transport axes. The resulting spatial
structure shares common features characterized by: (α) People Densifi-
cation, (ß) Land Use Change, (γ) Built Compactness, (δ) Verticalization, (ε)
Closed Accessing, (ζ) Urban Form Homologation.

The first feature, People Densification, consists in gathering people in
order to prevent scattered urban settlements; the second, Land Use
Change, allows constraining the constructed density around transit, by
applying an appropriate policy (Suzuki, Cervero, & Iuchi, 2013); the
third, Built Compactness, encourages the maximum exploitation of the
land value; the fourth, Verticalization, favors a high-plot-ratio with low-
site-coverage (Zhu, 2012); the fifth, Closed Accessing, prevents the lot
access at the ground level, delegating their security to hired security
force (Newman, 1996); the last one, Urban Form Homologation, encloses
the high diversity of traditional urban forms into a low-diversity, sim-
plified, and increasingly anthropogenic urban landscape (Salvati,
Smiraglia, Bajocco, &Munafò, 2014).

The six phenomena described above, mixed among them, result in
new dense spatial structures, besides built and unbuilt spaces propor-
tions that produce various climate effects. First of all, the increase of
physical obstructions restricts the longwave radiative heat loss and
enhances the rise of anthropogenic processes. These facts favor the
release of excess heat in the air; the urban temperature rises and be-
comes higher than the countryside surroundings, resulting in the Urban
Heat Island Effect (Unger, 2004). Simultaneously, by increasing the plot
ratio and the land coverage, the daylight availability on building facade
and the openness of sky view at the ground level decrease (Cheng,
Steemers, Montavon, & Compagnon, 2006). In addition, the increase of
the built mass, carried by TOD, entails more materials to be used for
coat facades, roofing, to equip transport corridors, and to supply them
with urban furniture. For Erell, Pearlmutter, and Williamson (2011),
the absorptivity and thermal admittance of these surface materials have
a significant impact on the thermal and hydrological balance of a city.
At the pedestrian scale, the materials switch radiant exchanges with
people, affecting their thermal comfort.

Besides, urban built densification and air quality are closely related,
as the dispersion of atmospheric pollutants is constrained by the built
morphology. São Paulo, especially, falls into the ranking of the most
polluted mega cities (WHO, 2016), in which the main sources of pol-
lutant emissions are caused by motor vehicles (Jacobi &Macedo, 2000).
High densities favor pollution concentration; consequently, “uniformity
in building height, canyon width and canyon length should be avoided.
Non-uniformly constructed roof height provides better ventilation”
(Erell et al., 2011). According to Xie, Huang, Wang, and Xie (2005),
variations in solar heating on the urban surfaces leads to a strong
buoyancy force close to surfaces, largely influencing the air motion and
the pollutant dispersion in the canyon.

At the pedestrian-level, as in Yuan and Ng (2012), “the urban
ventilation performance mostly depends on the pedestrian-level
building porosity”; porosity is obtained by decreasing the site coverage,
increasing wind permeability in the podium layer, and opening air
passages at the ground level and not along the tower height, planning
building setback and separations between blocks.

Finally, in terms of daylighting, compact building structures could
cause solar obstruction towards the low-rise fabrics. In this regard,
Knowles and Berry (1980) were concerned with the Los Angeles new
developments which, by introducing high-rise buildings, cast long
shadows over the northern single family houses. According to the au-
thors, these actions restrict the right to solar access, impacting the

neighborhood quality of life, as well as compromising their potential of
energy conversion. Conversely, Emmanuel, Rosenlund, and Johansson
(2000) promotes the public space shading, by advancing the concept of
“shadow umbrella” for tropical climates. For Brandão (2004), this ap-
proach prevents taking advantage of the water heating and energy
conversion. A proposal for guaranteeing a minimum solar access was
developed by Duarte, Brandão, and Prata (2004) to promote the setback
regulation for the Brazilian municipal building code.

The insertion of densification and verticalization strategies in the
city is not a painless operation. The co-occurrence of new urban models
and the existing neighborhood generates a new specific urban mix.
Conversely, macro-planning actions, aiming to densify extensive por-
tions of well-infrastructure-supplied urban land, are implemented be-
fore considering the specificities of each territory. In the São Paulo city
Master Plan, for example, the development of Neighborhood Plans is
subordinated to the densification along transport corridors (TOD).
These plans foresees integrating the local road system within the mo-
bility network, to promote social interaction by improving the quality
of public spaces and green areas, as well as to value the cultural and
environmental heritage (São Paulo Municipal Law, N° 16.050, of July
31, 2014). They aim to strengthen the Municipal planning system at the
neighborhood scale.

Based on these contingencies, this paper aims to investigate the
current morphological changes that affect contemporary Metropolises.
A method of climate and morphological analysis at local scale was
conceived. In order to accomplish the method proposed, a São Paulo
neighborhood was selected as a case study; within the spatial ar-
rangement of urban cross-sections, a field collection of environmental
and morphological data is performed to calculate the proposed in-
dicators. The climate variables, propitiated by such spatial arrange-
ments, are considered key data for assessing the quality of spatial
structures that the metropolitan cities progressively formalize. They
could be used to evaluate the environmental sustainability of urban
modifications when TOD strategies are implemented in the existing
urban fabric.

2. Method for morphological-climate assessment in
neighborhoods affected by land use change and densification
processes

According to Chatzidimitriou and Yannas (2016), in most climate
studies, the behavior of individual parameters is discussed separately,
without a comparative assessment that could support the choice of the
best suitable design options for a specific urban space. In order to ela-
borate a really useful urbanism tool, an integrated and comprehensive
method has been drafted. Its aims is to perform a simplified neigh-
borhood analysis that, besides giving a faithful depiction of the area,
could be a support tool for decision making. Simplification is necessary
to create an applicable protocol, useful to be implemented in the bu-
reaucratic structure of city planning. The method is applicable in me-
tropolis neighborhoods that change rapidly, often losing their qualities,
for which it is critical to analyze the urban form variability and the
resulting climate parameters at the micro-urban-scale.

2.1. Reference past experiences in neighborhoods assessment

Different research methods, in various geographical latitudes, have
been developed to monitor the climate changes connected with the
development of urban territories by way of expansion and land use
transformation. According to Oke (2006), three scales of interest may
be pursued to climatically analyze an urban fabric: the meso-scale, the
local scale and the micro-scale. While the meso-scale phenomena in-
fluence the whole city, the local scale includes the climate of neigh-
bourhoods with similar urban structures but excludes microclimate
effects. The microscale, instead, analyzes building, open spaces, tree
and street canyons; these objects have their own microclimate that
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extends to the vicinity, too, causing close thermal differences even of
numerous degrees (Oke, 2006). A micro-scale investigation is addressed
by the method proposed herein. For the case of São Paulo, the three
scales – meso, topo and micro – are reaffirmed by Tarifa and Armani
(2000). For these authors, within the space of a topoclimatic unit, many
microclimatic environments should be redefined. They consider the
micro-scale a level of dwelling, living and working; it includes internal
or external microclimatic environments in which alterations of atmo-
spheric states have been proven.

This climatic fragmentation is caused by the external space design,
as well as by the set of physical, biological, human and social interac-
tions that come alive in these places; little local differences occur in
temperature, wind flow and air pollution concentration (Duarte, 2010).
For Aniello, Morgan, Busbey, and Newland (1995), these anomalies are
micro-urban heat islands (MUHIs), “isolated urban locations that pro-
duce ‘hot spots’ within a city”, related to canyon geometry, material
thermal properties and waste heat from buildings.

Joshi and Bhatt (2012) affirm that a constant observation of the
land surface temperature variations is critical to recognize the forma-
tion of UHI at the early stage of Micro Urban Heat Island, which could
be prevented by planning. Effat and Hassan (2014) show that asphalt
and roof metal strongly contribute creating micro-urban heat islands in
Cairo, especially in the absence of green and shadows. Wong et al.
(2011) demonstrate that the urban form strongly affects the tempera-
ture at the micro level of locations; for the authors, UHI is a growing
concern that has to be studied at all levels, from the macro to the micro
level.

2.2. Method for analyzing the climate and morphological micro-scale of
neighborhoods

This methodological proposal aims to climatically and morpholo-
gically characterize an exemplary site affected by densification and
verticalization, in which a compact growth policy is fostered by city
planners. The method was conceived and applied to a specific context
of São Paulo, but is suitable to be replicated in other surrounding urban
areas, other Brazilian cities and also abroad, under similar urbanization
conditions and climate characteristics, in order to address future uban
tissue modifications at the neighbour scale. The following flowchart
(Fig. 1) describes the protocol to be followed for its application.

Firstly, a preliminary delimitation of the study urban domain, at the

neighbourhood scale, is required [Step (1) of Flow Chart].
Subsequently, the spatial structure has to be identified and character-
ized as a whole. Available geometric data – heights, land coverage, land
use, built volumes, backsides – relative to each urban element, shall be
collected from the available databases and integrated to field mea-
surements [Step (2) of Flow Chart]. Next, the data will be analyzed to
understand how these parameters are spatially distributed [Step (3) of
Flow Chart]. Between Step (3) and (4), the first decision point takes
place; at this moment, the suitable execution of the previous steps –
domain selection, data collection and spatial analysis – should be ver-
ified. Afterwards, at [Step (4) of Flow Chart], to climatically explore the
study area, representative study points have to be selected in the do-
main. Measurements should strive as much as possible to be simulta-
neous, analyze the measurement points variability in approximately the
same weather conditions [Step (5) of Flow Chart]. Afterwards, the re-
sults of this fifth step have to be tabulated and processed for revealing
the main micro-zones of climatic variations [Step (6) of Flow Chart].
Between Step (6) and (7), the second decision point takes place and the
user has to verify if all the weather data have been accurately collected,
in suitable weather conditions. According to Oke (2006), the best time
to observe heat island effects occurs under calm airflow conditions and
cloudless sky. To complement this climatic punctual analysis, the sur-
rounding of the measured points should be morphologically analyzed,
too. Additional geometric variables are measured in a suitable influence
area around the climatic points analyzed [Step (7) of the Flow Chart]
and a group of indicators is calculated [Step (8) of the Flow Chart].
Between Step (7) and (8), the last decision point takes place, in which
the user has to confirm that the influence areas have been well char-
acterized. Finally, to inspect the results, a comparison between the
climatic analysis and the morphological characterization is performed
[Step (9) of the Flow Chart].

2.3. Belenzinho case study, São Paulo

The Planalto Atlântico topography, in which the São Paulo
Municipality is located, is characterized by the most varied forms, with
peaks between 720 m and 850 m, about 45 km away from the Atlantic
Ocean. A humid subtropical climate occurs in this region, characterized
by a dry winter (from April to September), and a very rainy wet summer
(from October to March) (Weather Station IAG-USP, 2016). Between
1961 and 1990, the annual average of minimum temperatures was

Fig. 1. Flow Chart.
Source: Made by the Authors.
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15.5 °C (Tarifa & Armani, 2000).
The neighborhood of Belenzinho, located in the East zone of the city

of São Paulo (Fig. 2a), is marked by flat terraces and wide hills
(Tarifa & Armani, 2000). Inside this region, an urban study domain of
100 ha (Fig. 2b) was selected to apply the methodological proposal; the
area is affected by people and built densification processes, according to
the Land Use Policy of São Paulo (Municipality of São Paulo, 2014). The
selected domain consists of five blocks, in which two different building
typologies coexist, the oldest and newer grain (Fig. 2c), and is crossed
by two important transport axes (Fig. 2d) [Step (1) of the Flow Chart].

Subsequently, the selected area was explored by means of field site
visits, to verify the morphological features, the actual land use and the
available metadata. In terms of urban morphology, the oldest grain is
composed of compact low-rise fabric, organized in small lots with at

most three-story houses; conversely, the newer grain comprises open
high-rise fabric, occupying large lots with towers and closed empty
spaces around. The first fabric exhibits restricted road sections that
slowdown cars and invites to walking; the geometry of verticalized
fabric, instead, results in larger road section and receives different
forms of mobility. Between these two categories, few other inter-
mediate types can be found [Step (2) of Flow Chart].

3. Results of the method application to the Belenzinho
neighborhood, São Paulo

According to the guidelines previously exposed, the present method
assumes that the urban form variation leads to different climate en-
vironments and, consequently, to diverse conditions of liveability and

Fig. 2. Belenzinho Neighborhood (a), The Domain (b), Two coexisting fabrics (c), Land Use (d).
Source: Google Earth (2016) (a), Google Earth (2016) (b), made by the Authors (c), made by the Authors, based on the Geosampa-Digital Map of São Paulo City, 2016 (d).

Fig. 3. Map of land use analysis (a). 1954 cadastral map of the study area (b).
Source: Made by the Authors, based on the Geosampa-Digital Map of São Paulo City, 2016 (a). Vasp Cruzeiro, PMSP, 1954 (b).
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comfort at the pedestrian scale. Therefore, a selected urban area was
spatially analyzed, detecting all the possible configurations in which
urban forms and open spaces are combined. Then, the climate and
morphological state of these spatial configurations was assessed,
showing thermal contrasts inside the domain.

3.1. Analyzing the spatial variability of the urban domain

To begin the Spatial Analysis ([Step (3) of Flow Chart]), an on-site
land use investigation was performed in the selected area to confirm the
foregoing observations. The land uses were segregated as shown in
Fig. 3a. The study clearly reveals two coexisting fabrics previously
identified as vertical housing lots, as well as low-rise housing and
commercial lots. Fig. 3b presents a 1954 cadastral map of the study
area, in which the lots formerly occupied by industries or warehouses
are highlighted. Recently, with the receding industrial activity in the
neighborhood, vertical housing has occupied these vast properties,
while low-rise blocks of small lots still retain the original structure. Real
estate developers, in fact, face difficulty in pooling several small lots
and focus their action on areas with fewer larger lots. Therefore, since
larger lots have already been developed within the studied area, the
present configuration is expected to last for the next years. Under these
contingencies, the TOD policy could not completely be carried out on-
site. Despite this, a future external densification could be of interest to
the surroundings, since some empty lots (including parking lots) and
industries were identified on the border of the selected area. These lots
might be developed in the coming years, causing further changes in the
flow of mobility and the land value of the studied area.

The spatial analysis continues ranking the morphological distribu-
tion of the built and open spaces. Since the height is the main dis-
tinctive feature which detaches the differences between built form
typologies, the urban fabric is subsequently classified by building ver-
tical extension. Therefore, the buildings heights – available in the São
Paulo Municipality database (Geosampa, 2016) – were classified in four
vertical scales. Since the heights generally allow a certain number of
built floors, the scales also provide an approximate value of the land use
intensity. The first scale gathers the unbuilt spaces, paved or permeable,
while the others segregate the built areas. As the scales are associated
with the urban elements, one lot might contain more than one scale:
Scale S1 = 0 floor, (0 m < S1≤ 0.5 m); Scale S2 = 1–3 floors,
(0.5 m < S2 ≤ 10 m); Scale S3 = 4–9 floors, (10 m<S3 ≤ 30 m);
Scale S4 = >10 floors, (S4 > 30 m).

Then, the scale spatial distribution was valued with regard to four
categories: the number of buildings (1), heights (2), areas (3) and vo-
lumes (4). In each of the four graphs, the scale impact can be observed;
Fig. 4(a) shows Scale S2 is the most widespread, gathering the great
majority of built elements present in the study area, followed by S4; just
few elements of S3 and S1 were found, since the lots do not have many
open spaces (S1) or intermediate-scale buildings (S3). Despite this scale
disparity, in Fig. 4(b), Scale S4 reaches S2, or rather the amount of
meters measured in height is roughly the same between the two scales
(1400 m versus 1200 m of linear development). This means that the
two scales approximately provide the same number of inhabited floors,
despite their different footprint, once scale S4 benefits from the

verticalization potential. Scale S1 shows a rising behavior only in
Fig. 4(c), where the large tower podiums (around 0.1 m–0.5 m of paved
built thickness emerging from the ground level) significantly influence
the amount of constructed area. The final overcoming of Scale (4) with
respect to Scale (2) occurs in Fig. 4(d), wherein the built volume
amount is calculated for each scale. In general, it may be clearly ob-
served that the scales are not equally and gradually distributed.

A gap between the largest (S4) and smallest (S1 and S2) scales was
found; the near absence of intermediate scales (S3), in fact, is noticed.
This result is in agreement with Salingaros and West findings (1999),
for whom the largest amount of money supply is currently addressed to
finance giant projects, to the detriment of small and intermediate size
projects that, instead, could favor an organic growth of the building
fabric. The four graphs constitute a simple tool of morphological as-
sessment, obtained from easily available data. They allow investigating
the reciprocal influences between the number of built elements,
heights, areas and volumes in each scale. Fig. 5a displays the built
forms ranging inside the red perimeter of domain and surroundings.
Very verticalized blocks (burgundy) and other lower built blocks (or-
ange shades) were found juxtaposed at very close distances, con-
tributing to the scattering of the urban fabric. At this stage of the
flowchart (Step 3), the accuracy of the collected data was checked.

3.2. Selection of representative points of the domain according to climate
and the urban form criteria

By using Table 1, the thirty-six representative street cross-sections
were selected inside the domain (Fig. 5b) as instances of different
spatial situations to be analyzed [Step (4) of Flow Chart]. Five de-
scriptive categories – Vertical Scale (1), Retreat (2), Street Orientation
(3), Type Street (4), and Placement (5) – were identified. Each category
is split into classes; the classes take into account the variability of the
category along the canyons and allow distinguishing one urban section
from the others. Each road section is made up by the street open space
flanked by two built elements on both sides (Fig. 8b). The street geo-
graphical orientation is taken into account owing to its influence on
natural ventilation and surface temperatures. Because of its singularity,
each section differs from the others by one or more of these morpho-
logical properties. The thirty-six samples represent a wide range of
climate conditions a pedestrian may experience by walking across the
neighborhood open spaces, testing different comfort environments. In
fact, for Oke (1987), on the canopy layer, the air performance is related
to the type of canyons and the distance between buildings. In each
urban section, a point of measurement was identified for the climate
assessment (Fig. 5b). The points are located in the public spaces, be-
cause the entrance to most of the blocks is closed with gratings. Fur-
thermore, the points are just a little retreated from the crossroads, so as
to avoid interferences with other street axes.

3.3. Climate assessment

In Steps [5 and 6 of Flow Chart], a transect path was traced through
the thirty-six points, to explore the microclimate environments that
make up the urban domain, under autumnal and winter meteorological

Fig. 4. Built Elements (a), Heights (b), Built Areas (c), Built Volumes (d).
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conditions. The collection points were placed in the same relief con-
ditions, on the sidewalk, space of morphologic binding and meeting
between urban forms. The equipment is thus protected from the cars
movement and is accessible by operators. The equipment used includes:
Datalogger: Hobo, U23-001; Solar shield: Hobo, RS-1 (to measure air
temperature and moisture); Hot wire anemometer: Testo, 425 (to
measure wind); Digital luximeter: Homis, 630 (to measure illumi-
nance); Thermographic camera: Fluke, Ti105 (to measure surface
temperature), Photographic camera: Nikon, Coolpix 4500; Fisheye lens:
Nikon, FC-E8 0.21x (to measure sky view); Electronic tape: Leica,
DISTO D810 touch (to measure geometry).

In order to assess the climate variations under approximately si-
multaneous atmospheric conditions, the measure time between the
sample points was minimized to 15 min; this is the time required for the
HOBO equipment to stabilize (5–10 min), for the hand measurements,

plus the time required to move the equipment from one point to the
next (3–5 min). It was thus possible to measure 12 points a day twice, in
the morning (6:00 a.m.–9:00 a.m.) and along the afternoon (13:00
a.m.–16:00 a.m.). These temporal ranges were chosen by detaching the
colder and the warmer periods that mark the daily temperature trend
during the cold season. In fact, according to Oke (2006), to reveal the
thermal and moisture anomalies, the collection period has to be chosen
by maximizing the micro-climate differences. The weather bulletins of
the nearest fixed meteorological stations – IAG USP (WMO: 83004, LAT:
−23.65, LONG: −46.62) and CETESB Marg. Tietê Ponte dos Remédios
(LAT: −23.52, LONG: −46.73) – were taken as a reference (Weather
Station IAG-USP, 2016; Weather Station CETESB, 2017). In the case of
the morning period, the band 5:00–6:00, albeit suitable to intercept the
lows, was discarded to protect the equipment and operators from
nocturnal criminality; hence, no measurement was made before 6:00

Fig. 5. Ranging of scales inside the study area (a). The measure points within the larger domain (b).
Source: Made by the Authors, based on the Geosampa-Digital Map of São Paulo City, 2016 (a & b).

Table 1
Characterization of Domain in Categories and Classes.

Categories Sketch Description Classes Measured Points

Built Space Vertical Scales on
both sides

Each road section is bordered by a pair of buildings,
on the right and left side. The building heights
belong to one of the 4 scales.

0.0 < S1 > 0.5 6,14,25,27,34,35
0.5 < S2 > 10.0 2–22,24,26,28,29,31,33,35,36
10.0 < S3 > 30.0 10,13,21–23,27,32
30.0 < S4 > 100.0 1–5,7–9,23,25,26,28–32,34

Empty
Space

Retreat Each road section is bordered by a pair of buildings,
on the right and left side. The building retreats
belong to one of the 4 scales.

R = 0.0 6–15,17,20–22,24,26–29,31–33,35,36
0.0 < R ≤ 5.0 1,3–5,15,16,18,19,23–25,28
5.0 < R ≤ 10.0 1,2,5,9,26,30,32,34
R > 10.0 2–4,6–8,14,23,25,27,29–31,34,35

Street Orientation The street in which the urban sections are traced can
have one of three orientations.

North–South 4, 6–9,12,14–17,20,21,29–35
East–West 1–7,10–13,18,19,22–28

Type Street The street in which the urban sections are traced can
be main or secondary; the first one receives a greater
traffic volume than the second one.

Main street: St< 12.5 6–14,20–35
Secondary street:
St> 12.5

1–7,12,15–19,36

Placement The urban sections take place in different locations
of the Domain (inside or on the boundary) and of the
blocks (inside or along the street).

Along the perimeter 10–14, 22–35
Inside the perimeter 1–9,15–21,36
Inside the block 36
Outside the block 1–35
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a.m.
Seventy-two hours (three days) were necessary to complete the

measurement of the study area by two operators. The entire measure-
ment cycle was repeated twice, once in the autumn and the other in the
winter. In the first test, because of bad weather conditions, the three
days were not consecutive (4, 25, and 26 of May 2016). In the second
case, the progression was respected (12, 13, 14, and 15 of July 2016).
Table 2 summarizes the organization of tasks which guided the field
measurements.

Fig. 6a shows the course of the average moisture and air tempera-
ture. In the latter, the morning temperatures are approximately con-
stant, placed around the average value of Ta = 15.5 °C, with only
points P8, P18, P19 emerging above the general tendency, confirming
the aforementioned average value found by Tarifa and Armani (2000).
This trend is a common base, given by the night cooling, from which the
city begins gaining daily heat. Consequently, in the afternoon, a larger
variation may be observed, to the extent that each of the morphological
groups overheats with different intensities. Therefore, the afternoon
temperature trend is split into three bands – hot (1), transition (2) and
cold (3) zone – in which the measured points can be segregated
(Fig. 6b).

To measure the superficial temperature, a thermographic camera
(Operator 1) was used. A specific emissivity was set before measuring
each material. These emissivity values were obtained from Oke (1987);
in the case of asphalt, an experimental measurement of the emissivity
was performed on a sample of the material, made available by the
Paving Technology Laboratory of the Transport Engineering Depart-
ment (LTP) of USP. The resulting value (0.96) was adopted in the field.

The measurements were taken at three points of each cross-section:
the street pavement, the sidewalk pavement and the building façade
wall adjacent to the sidewalk. In Fig. 7a, the results of superficial and
air temperature were overlapped with those relating to the illuminance

level, in the morning and afternoon periods.
The average correlation between surface temperatures and illumi-

nance was computed at all the points by Spearman’s Rank-Order
Correlation (Fig. 7b). From the scatter plot (Fig. 8a), it may be seen that
the three surface temperatures have almost parallel regression lines and
are therefore related to the illuminance on a similar way. A threshold in
the correlation distribution could be verified, denoting a data bilinear
behavior. Subsequently, the Sky View Factor (SVF) was chosen as split
parameter to cluster the data population in two groups (high SVF, low
SVF). SVF was obtained by using the software Rayman 1.2. 25% was
considered as the SVF cut-off value. By repeating the correlation in
these two groups, the correlation of high SVF group was observed to
increase when compared to the average results, whereas the low SVF
group decreased strongly. As expected, among other factors, a wide sky
view enhances the correlation between illuminance and temperature,
while the presence of obstructing objects disturbs it.

Finally, the presence of tree coverage was also observed. Three
classes of urban tree coverage were qualitatively detected in the study
area at the 36 points: (i) no tree coverage, (ii) low tree coverage, (iii)
high tree coverage. Fig. 8c visualizes how street tree coverage con-
tributes to mitigating the local micro-climate by decreasing hot tem-
peratures; points with green bins have lower temperatures than points
without green bins. Along the temperature line (dashed line), five sets
of points were highlighted (continuous line). Each set is formed by
points in similar local conditions – same street, same street orientation,
similar built surrounding, at really close distance. It can be observed
that, in these sets, high tree coverage is largely responsible for the
temperature drop.

3.4. Morphological assessment

In order to understand the implication of the urban form for the

Table 2
Organization of field work − Execution Sequence for simultaneous measurements in field.

Intervals 15 min

5 min 3 min 7 min

Hobo Equipment transport stabilization and automatic measurement
Other Equipments transport manual measurement by operators
Operator 1 - go from one point to the

next
- measures the surface temperatures - places and calibrates the tripod
- takes sky view photos - measures the street length, sidewalk length, retreat length, building

height, by electric tape on the tripod
Operator 2 - notes the sky condition, shading, tree coverage,

equipment location
- measures the intensity and direction of wind*
- measures the illuminance*
* one measurement per minute (7 times)

Fig. 6. Average morning and afternoon temperatures, average morning and afternoon moistures (a). Three climatic zones (b).
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climatic data gaps, the influence area around the measured points is
traced and explored in greater detail [Step (7) of the Flow Chart], by
collecting the main morphological features inside it (Fig. 9). Different
references were consulted to choose the most proper size for the in-
fluence areas.

According to Oke (2006), for the temperature and humidity sensors,
the influence circle varies with the building density around a radius of
0.5 km. Instead, when the sensors acquire the signals via turbulent
transport, the source area is an elliptical shape, aligned in the upwind
direction. For Grimmond (2006), also the measurement method, the
equipment location, the surface on which it is positioned, the weather
conditions, the research objective and the type of climatic variables
measured are significant issues that should be considered in the choice
of the influence area.

In the case of this article, because of the abundance of climatic
variables analyzed, distinct influences areas should have been estab-
lished. Therefore, in order to evaluate the built space effect on the
ensemble of the variables analyzed, the influence area adopted amounts
to a circle of 40 m of radius, centered in the measuring point (Fig. 9).
The width of this area considers the necessary range to cover the
maximum width of the urban sections under consideration. Since the
buildings that surround the points on the perimeter exceed the
boundary of the red Domain, a larger area of Domain (in green) will be
taken into account to conduct this step (Fig. 5b).

In order to analyze these new data inputs, [Step (8) of the Flow
Chart] computes six types of indicators in each sample. The Indicators
of Intensity, Diversity and Compacity take up the proposal for
Indicators of Bourdic, Salat, and Nowacki, (2012), while the Indicator
of Frequency is based on the ideas of Multiplicity expressed by

Salingaros and West (1999). However, all the indicators were adapted
to the specific framework of the Method and to the neighborhood scale,
besides proposing the built and open spaces as new reference measures
for the urban form assessment. The computation of Indicators is shown
in Table 3.

Indicators are key instruments, designed to complement the climate
results; they are expressed in percentages or numeric quantity and

Fig. 7. Illuminance and Temperature in the morning and afternoon (a). Spearman Rank Order Correlation (b).

Fig. 8. Surface Temperatures and Illuminance Scatter Plot (a). 3D representation of an urban section S at points P1–P3, at 7:30 a.m. (b). Air Temperature and Tree Coverage (c).

Fig. 9. Influence areas of measure points.
Source: Made by the Authors, based on the Geosampa-Digital Map of São Paulo City,
2016.
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computed with regard to the influence area. The proposal of their use
enhances the method structure, conferring originality. The Indicators of
Coverage (1) show how the area around the point of measurement is
covered by buildings or if it is free of them. The higher value was found
at point P36, the only one located inside the block; the lower, instead,
occurs close to a group of towers (P25). Fig. 10a shows that, overall, the
built area surpasses the empty (or open) area, although the latter also
includes the footprint of streets. The Indicators of Intensity (2) display
how this occupancy is heavily or slightly built, by computing the con-
structed volume of buildings. Conversely, the void volume was obtained
by subtracting the built volume percentage from the ideal volume re-
lated to the influence area (100%). The ideal volume has the influence
area as a base and the average height of the domain as the vertical
extension. The highest value was found at point P24, which includes
two towers in its area; the lowest occurs close to a large private vacuum
created by a condominium (P4) (Fig. 10b).

The results demonstrate that built element frequency and compacity
perform the same path; by increasing the number of built elements, the
compacity of urban fabric rises, since the proximity of built elements

increases, too. Besides, a similar trend is exhibited by the Indicators of
Diversity that measure the degree of landscape morphological diversi-
fication; as the number of detected scales grows, the number of retreat
types also rises (Fig. 11a). Finally, in Fig. 11b, the inverse relationship
between the lot permeability and the frequency of voids is presented; as
the first indicator increases, revealing the continuity between the street
open spaces and the empty areas inside the lots, the degree of space
fragmentation of urban fabric (high number of voids) follows the re-
verse path. This means that, the more a lot presents permeability of its
boundaries, the more the lot exhibits a low multiplicity of open areas
within it.

4. Discussion: overall comparative assessment of results and
indicators

A comparative analysis between the two types of results is crucial to
carry out [Step (9) of the Flow Chart]. The first important observation
suggests that, despite the small size of the domain, climate variability
was measured between the points; a strong correlation between en-
vironmental patterns and morphological structures of the studied area
was observed. These results agree with Stewart, Oke, and Krayenhoff
(2014), for whom building height and spacing between buildings con-
tribute to creating thermal contrasts among different localities, along
with tree density, soil wetness and permeability. The occurence of
thermal contrasts results in various climate zones in which the open
space comfort changes slightly.

Three climatic zones were identified: Hot Zones (1), Transition
Zones (2) and Cold Zones (3). While transition zones present inter-
mediate temperatures, cold and hot zones show temperature peaks.
Therefore, it can be inferred that, in the cold season, the former provide
more suitable open space for staying and favor the pedestrian circula-
tion, countering the motor vehicle transit that causes atmospheric
pollution harmful to human health; regarding the second, instead,
urban improvements should be thought to restore a friendly and well-
connected pedestrian network. Each point of domain falls on one of
three zones, in accordance with the collected afternoon temperature.
Fig. 12 shows how these climatic zones are distributed inside the do-
main, grouped into sets of points.

4.1. HOT ZONE: Uncovered Spaces in low-rise fabric (P10, P11, P12, P13)

The “hot zone” is the region in which the domain presents the
highest heating. Here, starting from a pretty constant morning level,
points P10, P11, P12, and P13 together reached the highest afternoon
temperature, exhibiting the larger thermal excursion (13.50 °C,
13.90 °C, 13.30 °C and 10.70 °C). Conversely, the lowest values of
moisture were found in the morning period. In addition, the highest
values of surface temperature were found in correspondence with the
street, sidewalk and façade of the same points.

This exceptional trend is performed by four street cross-sections,
placed in sequence along the same canyon (Fig. 13). These source

Table 3
Indicators.

(1) Indicators of Coverage:

∑⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥Sample Empty Area Sample AreaEmpty Area (%) 100* /

n
1

with n = number

of empty areas

∑⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥Sample Built Area Sample AreaBuilt Area (%) 100* /

n
1

with n = number of

built elements

(2) Indicators of Intensity:
Void Volume (%) = 100%− Built Volume

∑⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥Sample Built Volume Ideal VolumeBuilt Volume (%) 100* /

n
1

with

n = number of built elements
with Ideal Volume (m3) = Sample Area*Built Element Average Height = 100%

(3) Indicators of Frequency:

∑° = Built ElementBuilt Elements Frequency (n )
n
1

with n = number of built

elements

∑° = Bounded VoidVoids Frequency (n )
V
1

with n = number of bounded voids

(4) Indicator of Compacity:

∑° = Wall shared by more Built ElementsBuilt Elements Proximity (n )
n
1

with

n = number of built elements

(5) Indicators of Permeability:

∑= Openings Length Lot PerimeterOpenings Areas (%) 100*[( )/ ]
n
1

with n = number

of lots

(6) Indicator of Diversity:

∑° = ScaleVertical Diversity (n )
n
1

with n = number of built elements

∑° = RetreatHorizontal Diversity (n )
n
1

with n = number of built elements

Fig. 10. Built Area and Empty Area (a), Built Volume and Void Volume (b).
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points are characterized by unshaded open spaces, free from archi-
tectural obstructions. The main block of towers is quite far. In addition,
as the building heights in these points are modest, the proximity of
houses to the sidewalks does not prevent solar access, as the sky views
show (Fig. 12). Therefore, the sun path – following the arc East-North-
West, permits a full radiation of the road sections, their exposed ma-
terials, as well as of the building roofs, causing high levels of outdoor
temperatures.

From the morphological analysis of the “hot” spatial situations, a
small amount of built volume (21%, 19% and 20%) was measured at
points 10, 11, 12, implying high percentages of void volumes which
mean open air spaces. Also, low diversity (20%, 3% and 0%) and low
permeability were found. At points 11 and 12, in fact, just scale S2 is
present (0.50 m < S2 < 10 m), precluding the presence of buildings
with different heights, which would favor ventilation. Few or no
openings cross the lot boundary, also preventing any cooling action
exercised by secondary air streams. In addition, at point 12, just one
type of retreat was observed (R = 0), and the perimeter of the lot di-
rectly faces the street.

4.2. COLD ZONE: Shaded Spaces (P1, P2, P3 and P26, P27, P28)

The “cold zone” includes the coolest regions of the domain. In this
range, two groups of contiguous urban sections – P1–P3 (set 1) and
P26–P28 (set 2) – perform the “lows” in the afternoon temperature line
(between 19 °C and 21 °C) with small thermal excursions in the
morning constant temperature. Both of these sets are characterized by
open spaces widely shaded by towers on the north side; this prevents a

direct irradiation on the south side and slows down the daily heating
process.

Points P1–P3 are located between a group of towers on the north
flank and a fabric of low-rise housing on the south one. The shading
towers are arranged in two distinct lines of the lot; one facing the street,
and the other at the back of the plot. This shifting creates a dense urban
arrangement that permanently or temporarily cast shadows on the
points below (Fig. 13a and b). According to Knowles and Berry (1980),
the larger the built volumes, the more the buildings conflict with each
other by shadowing. Thus, when the measured points are intercepted by
more towers (P2), the temperature tends to fall, since the points are
longer shaded.

On the same street, along with hot spots – Rua Júlio de Castilhos –,
the second set of cold points were pinpointed (P26–P28). Between the
hottest and coldest regions on this street, an excursion of 9.7 °C was
measured. Here, besides the shading caused by the high-rise buildings,
an additional sun cover is exercised by trees. The tree coverage con-
tributes to additional cooling effects. While a fall of afternoon day-
lighting was observed from P27 (low coverage) to P26 and P28 (high
coverage), a surface temperature decrease was verified, especially in
the case of the road asphalt (20.8 °C (P26), 25.0 °C (P27) and 19.1 °C
(P28)). Consequently, despite the small distance between the points, an
air temperature excursion occurs between P26 (19.8 °C), P27 (20.2 °C)
and P28 (19.4 °C).

The urban form that characterizes the cold zone can be understood
by analyzing the morphology of cooler points surroundings. Primarily,
these points are composed of a variety of different scales and retreats,
since different building typologies are found within a walking distance.

Fig. 11. Frequency of elements, Compacity of built mass, Diversity of scales and retreats (a), Frequency and Permeability of Voids (b).

Fig. 12. Map of climatic zones (left, a), representative pictures of the three zones (center, b), sky view photos (right, c).
Source: Made by the Authors, based on Geosampa-Digital Map of São Paulo City, 2016 (a). Made by the Authors (b & c).

M. Pacifici et al. Sustainable Cities and Society 35 (2017) 145–156

154



All of them include towers, ensuring an abundance of retreat types and
the presence of the major scale S4. In the case of the P2 influence area,
for example, four retreat types were found. Instead, different values of
lot permeability were computed between the two sets of points. While
the first set (P1–P3) has high values (71%, 87%, 85%) due to the ab-
sence of walls along the block perimeter, the second one (P26–P28) has
quite closed boundaries and, consequently, low values of openings (0%,
31%, 16%); hence, air dynamics differently affect pedestrians’ walk in
these two zones. According to Emmanuel et al. (2007), shading stra-
tegies should be coupled with a street level ventilation study at building
and neighborhood scale.

4.3. TRANSITION ZONE: Internal and Protected Spaces (P4, P15, P16,
P17)

Moving away from the uncovered urban fabrics, the “hot zone”
fades, as well as leaving the shaded open spaces, the effects of “cold”
zones dissolve. Between the “hot” and “cold” zones, transition regions
take place. In the case of the study domain, the zones of climatic
transition are rather scattered. However, similarities could be identified
between points P4, P15, P16, P17. This group of four points runs ap-
proximately along the North-South direction, between the “hot” and the
“cold” zone; their benefit from partial shading and slight ventilation
was registered along their axis. To the North of point P4 (Fig. 12), a
large square provides an open space that favors more radiation and
avoids the direct shading of the towers. Because of this opening, P4
receives a good afternoon level of illuminance and multidirectional
ventilation, both parallel to the street. Conforming to the air trend, the
surface temperatures achieve intermediate values in this zone (Fig. 7).

From a morphological standpoint, other considerations could be
extracted. The surroundings of these transition zone points show a quite
balanced coverage proportion between the built and void areas
(65–35%, 59–41%, 63–37% and 56–44%). Concurrently, the small built
volume percentages (11%, 15%, 19% and 19%) turn out a modest
compactness and verticalization in these influence areas. The built
volume percentage around point P4 is the smallest. In addition, since
the transition zone corresponds to a historical fabric, a high frequency
of built elements occurs, especially in the influence area of point P16, in
which the major value was found (37).

In the same line of P1, P2, P3, sample P6, located on the corner,
stands out from the previous cold spots, exhibiting warmer transitional
temperature (24.0 °C). In fact, despite being skirted by towers, it leaves
the morning shadowing area before the other points, benefiting from
the afternoon sun. This circumstance comes from the physical ar-
rangement around the point; in fact, from P1 to P6, the towers fade

from a height of 73 to 59 m, before disappearing near the lot corner, in
which a playground is located.

5. Conclusion

The method focused on the study of urban fabrics at the local scale,
affected by densification and verticalization, correlating the spatial
arrangement of urban cross-sections and the related micro-climate
conditions. A new approach is proposed with regard to the combined
study of urban form and climate, focusing on the microscale in which
the pedestrian comfort varies significantly. In practical terms, the
method could be applied to assess the comfort of urban spatial ar-
rangements when built modifications are implemented by the TOD
strategies; it contributes to enhancing the dialogue between decision
makers, planners and researchers.

The methodology is intended to be replicable for tropical climates in
which south-world metropolitan areas grow under the impetus of ex-
ploitative real estate forces and unstable governments. The flowchart
proposed aims to provide a guiding tool apt to favor its repeatability. In
addition, the method application grants results that could support
municipal planners involved in the conception of neighborhood plans,
as well as in larger scale TOD strategies. Future improvements in the
method structure could be addressed: (1) to enlarge the domain, in
order to deal with a larger number of climatic environments, (2) to
further the morphological analysis, exploring its climate performance,
(3) to simulate future scenarios, comparing different urban design so-
lutions.

According to the results, thermal contrasts have been found be-
tween the domain points. Three climates zones were identified, dis-
tributed in the assessed urban area, in accordance with distinct mor-
phological patterns. The hot zone (1) was found in correspondence of
low-rise urban fabrics, composed of asphaltic or metal materials, distant
from vertical buildings, with a sky view free from obstacles, and
without opening or retreats along the lots boundaries. Cold zones (3),
instead, occured within shaded open spaces, dominated by high-rise
fabrics, below the tree canopy, as well as in internal open spaces, sur-
rounded by horizontal compact fabrics and covered by material with
lower thermal conductivity (P36). Finally, transition zones (2) were
found in the middle of the hot and the cold zones, characterized by
intermittent shading, scattered trees, buildings with different retreats
and heights.

The climatic zoning shows the current micro-climate conditions of a
São Paulo neighborhood in the cold season. Future land use changes
and TOD urban interventions could soften or sharpen the intra-urban
thermal differences recorded. In the case of the hot zone, the insertion

Fig. 13. 3-Dimensional domain representation at 7:30 a.m. (a) and at 2:30 p.m. (b) showing the points P10–P13 constantly lighted.
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of a green corridor could moderate the highest temperatures; con-
versely, the further verticalization of the central blocks could result in a
substantial temperature drop, because of shadowing. The treatment of
cold zones, instead, is much more limited; the sun obstruction caused
by towers is not easily reversible, and far more attention should be
devoted to monitoring the insertions of additional built interventions.

In this way, the method also contributed to assessing the current
open space quality of a São Paulo neighborhood, qualitatively under-
standing which urban interventions could still be planned to promote a
pedestrian-friendly urban design, enhancing the open space experience,
decreasing the traffic congestion and mitigating the local car-based
pollution. In this sense, the method constitutes a critical urban design
tool, able to guide future urban transformations starting from existing
open space assessment.
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