
 

ISSN 2318-8472, v. 12, n. 86, 2024 

 

315 

 

Effects of surface roughness on natural ventilation variability in urban 
canyons in a tropical savanna climate 

 
 

 

Luana Karla de Vasconcelos Brandão  
PhD student in the Postgraduate Program in Architecture and Urbanism, UFAL, Brasil. 

luana.brandao@arapiraca.ufal.br 

 
Ricardo Victor Rodrigues Barbosa  

Teacher of the Postgraduate Program in Architecture and Urbanism, UFAL, Brasil. 
rvictor@fau.ufal.br 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ISSN 2318-8472, v. 12, n. 86, 2024 

 

316 

 

 

 

ABSTRACT 

This article analyzed the effects of surface roughness on the variability of natural ventilation within urban canyons, 

based on the variation of two morphological parameters: The H/W ratio, based on the space between buildings, and 

the orientation of the roads (N = 0°/ N = 45°). As an object of study, the city of Arapiraca, with a tropical savannah 

climate (As), located in the semi-arid region of Alagoas, is located. The methodology adopted was based on predictive 

analysis, through computer simulation, using the ENVI-met v.4 Beta software. 18 hypothetical urban scenarios were 

elaborated, which varied in terms of the application of initial and progressive minimum setback to the number of 

floors, with incidence of predominant perpendicular (N = 0°) and oblique (N = 45°) ventilation to the buildings, for the 

hot and dry period. The climatic performance of the canyons was evaluated, quantitatively and qualitatively, through 

wind speed and direction data at 3 p.m., at a height of 1.5 m from the ground. The results showed that the scenarios 

with low surface roughness, with the application of progressive setback, buildings of different heights and incidence 

of the predominant oblique ventilation to the buildings, presented more favorable conditions for the use of natural 

ventilation for thermal comfort outdoors, at the pedestrian level. In view of the results found, the need for urban 

planning guidelines that are aligned with local bioclimatic strategies and the precepts of urban sustainability and 

resilience is highlighted. 
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1. INTRODUCTION 

 

The roughness (Zg) of an urban structure is defined as a parameter that expresses the 

geometric morphology of the surface, whose concept means the measurement of the 

aerodynamic roughness of the surface, related to the height of the elements, as well as to the 

shape and distribution of their density, directly affecting the speed of the air masses that reach 

the urban structure (Oke et al., 2017). It is known that this variable interferes with the vertical 

profile or wind gradient (Torres, 2017). In addition, Oke et al. (2017) highlighted that surface 

roughness influences wind permeability conditions and, consequently, the thermal environment 

within an urban structure. 

Stimulating the increase in wind speed, reducing the thermal load and increasing the 

dispersion of anthropogenic heat and pollutants in the urban environment are essential issues 

in the study of the urban climate (De; Mukherjee, 2018; Xue et al., 2020). Urban morphology is 

intrinsically linked to the speed of the winds at the pedestrian level. In this sense, surface 

roughness is a factor that can be used to quantify the intensity of its effects (Chen et al., 2017). 

Several studies have indicated that the higher the surface roughness, the less amount of airflow 

that can pass through the boundary layer (Wen; Juan; Yang, 2016; Mohammed; Salman, 2018; 

Lobaccaro et al., 2019). 

Different urban elements, understood as primary 3D units, can be obstacles to the 

adequate permeability of winds within the urban structure, especially buildings. Unlike 

vegetative elements, buildings are impermeable, inflexible, and usually pointed (Oke et al., 

2017). In this way, the speed of the winds on the pedestrian scale is reduced in areas with high 

surface roughness, generating an increase in thermal load and, consequently, thermal 

discomfort (Kouklis; Yiannakou, 2021; Brandão; Barbosa, 2023). 
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The method for measuring wind and thermal conditions may vary according to the 

scale of approach and the available technology. The Frontal Area Index (FAI) is an essential 

parameter for assessing surface roughness and analyzing urban ventilation corridors, and is 

more suitable for mesoscale studies (Li et al., 2022; Xu; Gao, 2022). However, it does not cover 

thermal conditions.  

Computational Fluid Dynamics (CFD) models can be used at the meso and microscale, 

in addition to estimating wind and thermal conditions, such as the ENVI-met software, which 

simulates urban models from local meteorological data and collected in loco (Perini et al., 2017; 

Ma et al., 2020). On microclimatic scales, it is also possible to estimate the speed and direction 

of the winds through measurement campaigns at a specific point, but this methodology requires 

advanced technology equipment at a high cost (Blocken, 2015; Papadopoulou et al., 2015). This 

makes the latter alternative unfeasible in many research realities, whether for academic 

purposes or for urban planning.  

The scale for analyzing the climatic effects of a built complex on surface roughness is 

the urban canyon, an urban unit for the study of constructive densification through 

verticalization. Understanding how the urban form can contribute to enhance the use of natural 

ventilation and, thus, generate favorable conditions for thermal comfort, is essential in the 

urban planning process of cities. 

 

2. GOAL 

 
The present article aimed to analyze the effects of surface roughness on the variability 

of natural ventilation within urban canyons from the variation of two morphological parameters: 

the H/W ratio and the orientation of the roads, in a city with a tropical savannah climate (As). As 

a case study, the city of Arapiraca, located in the Brazilian semi-arid region, was taken. 
 

3. METHODOLOGY 

 

The methodological procedures adopted in the present investigation consisted of 

three distinct stages: (1) Selection and characterization of urban fraction with a tendency to 

verticalization in the object of study; (2) Composition of the input data in the model for 

computer simulation; and (3) Elaboration of models and simulation of what-if scenarios in the 

Envi-met v.4 Beta software. 

 

3.1 Case Study Characterization 

 
Located in the interior of the state of Alagoas (Brazil), the city of Arapiraca is located 

in the semi-arid region of the Brazilian Northeast, at an altitude of approximately 280 m. It has 

an estimated population of 234,309 inhabitants (IBGE, 2021), in a territorial area of 356,179 km². 

In recent decades it has experienced intense population growth, and has developed as an 

important commercial and service center. 
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Figure 1 - Location of Arapiraca/AL. 

 
Source: Adapted from SEPLAG/AL (2022). 

 

According to the Köppen-Geiger climate classification (Alvares et al., 2012), the climate 

of Arapiraca is tropical savanna (As). Regarding climatic characteristics, the city presents: 

Average annual temperature of 24.7°C, average annual relative humidity of 73.9% and average 

annual rainfall of 890.0 mm (Silva, 2019). The prevailing winds are from the East, with a 

secondary direction from the Southeast, with weak and good wind speeds, and the occurrence 

of calms in 13.73% of the annual hours (Silva; Barbosa, 2022). 

As the urban unit studied was the urban canyon, the choice of the urban fraction for 

modeling the hypothetical urban scenarios was based on the type of fabric with a tendency to 

verticalization, the Dispersed Horizontal (Torres, 2017). In order to contribute to the vertical 

growth of the city, it became important to select a study area where it is possible to observe 

implanted buildings and the construction of new ones, especially in the northern part of the city. 

Thus, the perimeter that corresponds to Avenida Deputada Ceci Cunha was selected. 

Avenida Deputada Ceci Cunha is a valued area of the city, for commercial and 

residential use, where some of the city's buildings are located. In the perimeter that divides the 

Novo Horizonte and Itapuã neighborhoods, it is possible to observe several urban voids and 

larger lots. Thus, Figure 2a presents the urban fraction selected as the study area of the present 

research.  

Figure 2 - Selected study area at Avenida Deputada Ceci Cunha (a), seen from the perspective of the pedestrian (b). 

 
Source: Adapted from Google Earth (2024) and personal archive. 
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For the elaboration of the hypothetical scenarios, it was sought to understand the 

recurrent pattern of occupation in this urban fraction, based on the design of the blocks and 

lots, and the width of the roads and sidewalks, through an updated cartographic base, made 

available by the City Hall. The Avenue has a central median continuously wooded (Figure 2b) 

and between the blocks there is a linear green area, with the presence of large trees. 

Regarding the characteristics observed in loco of the selected perimeter: The street 

covering is asphalt or natural roofing, the sidewalks are in concrete or with ceramic coating, and 

the facades are ceramic or painted with different colors. The predominant roofing materials are 

ceramic tiles, fiber cement or concrete slabs. The study area was 129,454.93m², with a 

Southwest/Northeast orientation. 

 

3.2 Model Input Data 

 
In the ENVI-met software, the simulation requires two main files: An urban 

configuration file, in which the study area is modeled (including the location of buildings, 

vegetation, soil, surfaces, and receivers); and a climate configuration file with all values and 

start-up times (Muniz-Gaal et al., 2020). The process is described below. 

The model of the study area was built with a grid resolution of 2 m x 2 m x 3 m, 

maintaining good representativeness, totaling an area of 478 m x 228 m, in 239 x 114 x 29 grids. 

The area consisted of nine blocks with 24 lots, measuring 12 m x 30 m, separated by streets 8 m 

wide. The number of lots per block, the average size of the lots and the width of the streets 

correspond to the pattern of land subdivision observed in the urban fraction adopted as a 

reference for the study. In order to analyze only the effect of the constructed mass, no 

vegetation was inserted in the scenarios. The area was modeled as shown in Chart 1.  

Chart 1 - Baseline Model Parameters. 

 
Model size (m) 478 m x 228 m 

Model size (Grid) 239 x 114 x 29  

Grid size 2 m x 2 m x 3 m 

Number of blocks 9 

Number of lots per block 24 

Lot size 12 m x 30 m 

 Source: The authors. 
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The height of the top of the model was 90.98 m, obtained from the telescopic method 

of generating the vertical grid with an increase factor of 2%, from the height of 45 m, given that 

the minimum height required by the model is twice the height of the tallest building inserted in 

the model (ENVI-met, 2024). To maintain the stability of the model, 5 nesting grids were inserted 

around the modeled area (Brandão, Barbosa; 2023). Two inclinations to the north were adopted: 

0° and 45°, representative for the perpendicular and oblique incidence of the predominant 

ventilation (east) in relation to the buildings, respectively.  

In the study scenarios, 2 receiving points were established for the collection of climate 

data, in order to analyze the results of the simulations. Point 01 (120.73) is located parallel to 

the windward and to point 02 (84.66), located to the leeward. The materials used in the 

modeling of the hypothetical scenarios were based on the materials in the ENVI-met v.4 Beta 

software database (Chart 02). 

Chart 2 - Characteristics of the materials used in the modeling of the study area and scenarios. 

Coberta 
ID Material Albedo Emissividade 

R2 Telha cerâmica 0.50 0.90 

Walls B2 Tijolos cerâmicos 0.40 0.90 

Sidewalks PG Concreto cinza 0.40 0.89 

Streets ST Asfalto 0.12 0.90 

Soil LO Argiloso 0.00 0.98 

 Source: The authors. 

A solar adjustment factor of 0.92 was used, according to the calibration of Torres 

(2017) for Arapiraca. The simulation started at 9 p.m., due to the absence of solar radiation and 

the availability of a neutral atmosphere. The specific humidity data were taken from the airport 

station of Natal/RN, as it is the closest point with this type of data available. In order to obtain 

climate data for 2 days (two complete cycles). The first cycle is considered as a period for 

simulation stability and in the second cycle, the climate data were considered for analysis. The 

data of an extreme day for the hot and dry period were used for air temperature and relative 

humidity (Silva, 2019). The input parameters for computer simulation are described in Chart 3. 

Chart 3 - Input Data Parameters for Computer Simulation. 

Parameters Summer 

Start date 26/11/2015 

Starting time 21:00 

Total simulated hours 52 

Wind speed measured at 10 m height (m.s-1)* 2.7 

Wind direction (degrees)* 94 

Length of roughness at the measurement site 0.1 

Initial temperature of the atmosphere (K)* 302.34 

Specific humidity at the top of the model (2500 m- g/kg)** 2.92 

Relative humidity at 2 m (%)* 62.9 

Solar adjustment factor**** 0.92 

*Silva, 2019. 
** Data from the airport of Natal/RN, obtained from the website of the Department of Atmospheric Sciences of the 
University of Wyoming. 
*** Model standard. 
****Torres, 2017. 
Source: The authors.  
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3.3 Elaboration of Hypothetical Scenarios for Simulation 

 
The hypothetical scenarios were modeled on the scanned basis (see Chart 4). 

 

Chart 4 - Parameters of what-if scenarios. 

Model 
Verticalization 

pattern 
No. 
Pav. 

ID 
Setbacks (m) Width  

Canyon 
(m) 

H/W 
Frontal Side/ Posterior 

 

REF. 1 RF 3 1.5 18 0.16 

 
Low 5 

RI-05 3 1.5 18 0.83 

 

RP-05 4.5 3 21 0.7 

 
Average 10 

RI-10 3 1.5 18 1.6 

 

RP-10 7 5.5 26 1.15 

 
High 15 

RI-15 3 1.5 18 2.5 

 

RP-15 9.5 8 31 1.45 

 
Mixed 

5/10/1
5 

RI- 
Mixed 

* * 18 * 

 

RP-
Mixed 

* * * * 

*Variable values within the urban canyon. 
Source: The authors. 

 

The vertical buildings were modeled considering the remembrance of three standard 

lots, in view of the need to apply the progressive setback to the number of floors. The scenarios 
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were modeled from combinations of urban parameters, in order to confer variations in the 

surface roughness of the urban canyon, based on the H/W ratio. 

The height of the buildings considered scenarios with low, medium and high 

verticalization, based on the current standard of number of floors existing in the city under 

study, resulting in buildings with 5, 10 and 15 floors, respectively. Scenarios with homogeneous 

and heterogeneous heights were modeled, resulting in variations in surface roughness. The 

spatial distribution of buildings with different heights on the block was randomly drawn, 

considering the same number of specimens of each height in each block. 

The distance between the buildings was calculated from the application of minimum 

setbacks, currently in force in the city's urban legislation (ARAPIRACA, 2001), and progressive 

setbacks to the number of floors, according to Equation 1. This calculation corresponds to the 

same adopted for vertical buildings, according to the urban legislation in force in the state capital 

(MACEIÓ, 2007). 

RP = (Ri + (n-2)) / 2                                                                               Equation 1 
Where: 
RP corresponds to the resulting progressive retreat, in meters;  
Ri corresponds to the initial or minimum setback, in meters, applied in the area in question; and   
n corresponds to the number of floors in the building.  

The application of the progressive setback to the number of floors resulted in greater 

distances between the tallest buildings, conferring variations in the porosity of the urban 

geometry. Thus, the parameters adopted in the modeling resulted in 18 simulations. The present 

study focused on analyzing the wind conditions, comparatively, from the data of wind speed and 

direction. Data extraction was done at 3 p.m., the hottest period of the day, at a height of 1.5 m 

from the ground.  

4. ANALYSIS OF THE RESULTS 

4.1. Wind speed 

The ENVI-met software considers the constant speed during the day, in this sense, the 

behavior of wind speed and direction was analyzed at 3 p.m., based on quantitative data. Graph 

2 demonstrates, quantitatively, the behavior of wind speed at Point 01, to the windward, and at 

Point 02, to the leeward.  
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Figure 3 - Wind speed behavior graph (m.s-1) for 3 p.m. 

 

 
Source: The authors. 

 

The high surface roughness, due to the increase in construction density, generally 

slows down the airflow near the surface (Oke, 2017), which justifies the higher speeds being 

concentrated in the REF scenarios. Regarding the adoption of initial and progressive setbacks, a 

pattern was observed present in all scenarios: although wind speeds were higher in the REF and 

RI-05 scenarios, resulting from the channeling of the flow of winds, but as the buildings gradually 

verticalize, the speed increases in scenarios with the use of progressive retreat.  

The spacing between buildings can generate different wind flow regimes in the urban 

canyon. The use of initial and progressive minimum recoil demonstrated two of the three 

regimes pointed out by Oke et al. (2017): Skimming flow and conveyor interference flow, 

respectively. The first type is characterized by the flow above the roof “jumping” across the tops 

of buildings with less tendency to enter the canyons of the streets, reducing wind speeds, and 

even generating areas of ventilation shade inside the canyon. While the second, the distance 

that separates the buildings does not prevent the winds from entering the interior of the canyon. 

Regarding the orientation of the canyons, in the hypothetical urban models of 

incidence of the predominant ventilation perpendicular to the buildings, it is possible to observe 

the disparity between the windward point (01) and the leeward point (02), due to the channeling 

of the air flow in the circulation routes with the East-West axis, which generates an increase in 

wind speed, with a difference of up to 1.8 m.s-1 in the RI-05 scenario. In the models of incidence 

of predominant ventilation oblique to buildings, this difference was attenuated, with a 

difference of 0.1 m.s-1 in the same scenario in question. This is because the orientation of the 

road layout optimized the permeability of the winds in the urban fabric. Tork et al. (2017) also 

found that on roads oriented to the Northeast-Southeast, oblique to the predominant wind 

direction, the thermal performance is superior in terms of wind speed and the potential for cross 

ventilation. Wind speed is important for thermal comfort, air quality, and the dispersion of air 

pollutants and anthropogenic heat (Oke, 2017; Xue et al., 2020).  

4.2. Wind direction 

The qualitative analysis of the behavior of the winds was done through profiles and 2D 

maps, prepared using the Leonardo software. Leonardo is an ENVI-met interface, which offers a 
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wide range of visualization options, from simple sections or 2D maps to 3D flow paths. Chart 5 

presents the profiles and 2D maps of the REF model, in the incidence of the predominant 

perpendicular and oblique ventilation to the buildings.  

Chart 5 - Ventilation profiles and maps, REF model of perpendicular and oblique ventilation incidence. 

Perpendicular Oblique 

P
ro

fi
le

 

  

2
D

 M
ap

 

  

LEGEND: 

 

Source: The authors. 

 

In the profiles, it can be seen that in the intra-urban layer there is a decrease in wind 

speed, however, as the buildings have the same height, the vertical profile of the wind does not 

change significantly. In the maps of the REF scenario of N = 0°, it is possible to observe that the 

incidence of the prevailing winds parallel to the circulation routes with the East-West axis leads 

to the channeling of the winds, which generates an increase in the speed of the winds, reaching 

more than 2,16 m.s-1. The increase in wind speed on the roads parallel to the predominant 

direction of natural ventilation generates the formation of areas of air stagnation on the 

perpendicular roads, and on the leeward side of the buildings it is possible to observe the 

formation of areas of ventilation shadows. 

Chart 6 presents the profiles and 2D maps of the other models, in the incidence of 

predominant ventilation perpendicular to the buildings. Based on the analysis of the profiles, it 

is observed that high roughness alters the permeability of the air flow, and the speed of winds 

in the urban network decreases, especially in models using the initial minimum setback, which 

coincides with the results found by Brandão and Barbosa (2023). However, in scenarios using 

progressive retreat, this effect was reduced. For example, the RI-15 scenario presented the 

speed of 1.44 m.s-1 to 1.68 m.s-1, while the RP-15 scenario, came to present speeds above 2.16 

m.s-1, a difference that can reach 0.72 m.s-1.  

The 2D maps show that the use of progressive setback enhances the permeability of 

air flows in the urban fabric, which reduces the areas of wind shadow to leeward, less presence 
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of wind channeling in the East-West directions, which configures more favorable conditions for 

thermal comfort at the pedestrian level. At point 01, to the windward, the wind speed varies 

between 1.20 m.s-1 and 1.44 m.s-1 in the RI-15 scenario, while at the same point in the RP-15 

scenario, the value increases to between 1.44 m.s-1 and 1.68 m.s-1. At point 02, to the leeward, 

in the RI-15 scenario the wind flow presented speeds below 0.24 m.s-1, and in the RP-15 scenario, 

between 0.24 m.s-1 and 0.48 m.s-1. 

Chart 6 - Profiles and maps of ventilation at 3 p.m., of incidence of perpendicular ventilation to buildings (N = 0°). 
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LEGEND: 

 

Source: The authors. 

Chart 7 presents the profiles and 2D maps of the other models, in the incidence of the 

predominant oblique ventilation to the buildings. 

 

Chart 7 - Profiles and maps of ventilation at 3 p.m., of incidence of oblique ventilation to buildings (N = 45°). 
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Source: The authors. 

 

Regarding the analysis of the profiles, the results were not different from those 

observed in the models of incidence of predominant ventilation perpendicular to the buildings, 

because here the surface roughness remains with high rates due to the vertical buildings 

presenting equal heights. In models using the initial minimum setback, the wind flow regime is 

still characterized as skimming, due to the small space between buildings, which substantially 

decreases the wind speed at the pedestrian scale. It is worth noting that, according to Freitas 

and Azerêdo (2021), the use of natural ventilation helps in the thermal comfort of pedestrians 

in regions with a tropical climate, as is the case of the present object of study. 

In the maps of the scenarios of incidence of oblique ventilation to buildings, it is 

possible to observe that the models with the use of progressive setback remain with more 

favorable conditions for the use of natural ventilation, due to a better permeability of the air 

flow. At point 01, to the windward, the wind speed varies between 0.24 m.s-1 and 0.48 m.s-1 in 

the RI-15 scenario, while at the same point in the RP-15 scenario, the value increases to between 

0.72 m.s-1 and 0.96 m.s-1. At point 02, to the leeward, in the RI-15 scenario the wind flow is 

between 0.96 m.s-1 and 1.20 m.s-1, and in the RP-15 scenario, between 1.44 m.s-1 and 1.68 m.s-

1.  

Chart 8 presents the results obtained from the mixed scenarios (RI/RP): 
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Chart 8 - Profiles and maps of ventilation at 3 p.m., incidence of perpendicular and oblique ventilation. 
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Source: The authors. 

Regarding the mixed scenarios, the profiles demonstrate how surface roughness 

influences the behavior of winds, their way of displacement, from being lamellar (in blades) to 

becoming turbular (Oke et al., 2017), and their speed. This reduces the areas of wind stagnation 

between the vertical buildings, increasing the speed of the winds on the pedestrian scale, 

promoting better conditions of thermal comfort inside the canyon. A similar result was also 

observed by Mohammed and Salman (2018). 

Regarding the 2D maps, the low surface roughness optimized the use of natural 

ventilation to the windward and leeward, because by generating the form of whirlwind 

displacement, it promotes the entry of a greater flow of winds into the interior of the blocks, 

which guarantees conditions of thermal comfort in the urban environment. The adoption of 

progressive setback and the orientation of the roads obliquely enhances this effect and reduces 

the areas of wind shadow to leeward.  
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5. FINAL CONSIDERATIONS 

When analyzing the behavior of wind speed in relation to urban form, two factors must 

be considered: Porosity and roughness, which influence the vertical wind profile, known as the 

wind gradient. The mixed scenario made it possible to analyze the surface roughness of the 

urban fabric in relation to the performance of the use of natural ventilation. In the models of 

incidence of predominant ventilation perpendicular to the buildings, it is noted that the mixed 

scenario presented results similar to the vertical scenarios, and in the models of oblique 

incidence, the result was repeated and enhanced. 

This study evaluated the climatic conditions and the thermal sensation of the scenarios 

for the mid-latitude savanna tropical climate and without considering the effects of vegetation 

interactions. One of the main conclusions of this article leads to the remarkable importance of 

surface roughness in wind permeability and, consequently, in wind speed. Based on the 

aforementioned results, the geometric parameters of urban canyons strongly affect the 

microclimate and thermal comfort at the pedestrian level, highlighting the need to develop 

urban planning guidelines based on these parameters. 
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