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ABSTR ACT 

The purpose of this paper is to assess the cooling effects of vegetation in urban microclimate, especially 

during daytime, to counterbalance built density in a subtropical climate. The findings contribute to a 

land-based mitigation strategy, trying to answer partially what a changing climate will mean for cities 

facing two mechanisms that can be superimposed: the global warming and the local heat-island effect, 

in the city os Sao Paulo, Brazil. According to the Brazilian Panel on Climate Change (PBMC), Brazil's 

climate will be warmer in the coming decades, with a temperature increase in all regions between 1oC 

and 6o C by 2100, compared to the records at the end of the 20th century. The paper presents a brief 

review of planning with high-density and urban greening, having in mind that even low-density land use 

can contribute to urban heating, depending on the infrastructure development. In high-density cities, the 

most important vegetation effect is to prevent overheating in urban canyons, decreasing solar radiation 

absorption by shading and increasing evaporative cooling by the leaves and soil coverage. This way 

vegetation prevents overheating of buildings and other urban surfaces, contributing to better comfort 

conditions. Parametric studies exploring different scenarios of high-density urban blocks and greening 

have been carried out to investigate two different distribution of dense trees (LAI=4,6) to ameliorate 

urban microclimate using ENVI-met model 4 (preview), previously calibrated with field measurements 

of local climate and vegetation data. Aiming to benefit urban activities, air and mean radiant 

temperatures at the pedestrian level are compared. None of these will reverse long-term warming trends 

but, as we move from mitigation to adaptation, combinations of these strategies can slow the pace of 

warming over time and moderate urban warming, indicating a way forward for urban design in tropical 

and subtropical cities. 

INTRODUCTION 

Brazil has recently constituted the Brazilian Panel on Climate Change (PBMC). According to 

PBMC (2013), Brazil's climate will be warmer in the coming decades, with gradual and variable average 

temperature increase in all regions between 1oC and 6oC by 2100, compared to that recorded at the end 

of the 20th century. Brazil has its own voluntary commitments for emission reductions, as part of the 

National Politics for Climate Change, but adaptation measures for urban areas are still missing, and 

some local research groups are investigating this, aiming to support the review of the National Plan for 

Climate Change. Land use as a climate change mitigation measure, especially in urban areas, is 

underexplored; in this scenario we need more resilient cities and, for that, adaptation is crucial.  



THE URBAN CLIMATE AND THE COUPLING OF GLOBAL AND LOCAL EFFECTS 

Concerning the coupling of global and local warming effects, cities do not cause heat waves, but 

they amplify them. Because of the greater prevalence of mineral-based building materials, cities absorb 

and retain substantially more heat than rural areas characterized by more vegetative cover. Because of 

that the main reason for city warming is not the global warming itself, but the replacement of the 

vegetation for hard surfaces and the anthropogenic emissions (Stone, 2012).  

One of the climate related land use implications is the urban heat island (UHI), which is more 

diverse than originally suspected (Arnfield, 2003). On the surface UHI is easy to understand and to 

visualize the results of urbanization. However, UHI is a multi-faceted phenomenon whose proper 

definition and physical basis is more complex. Proper understanding of the definition and types, 

dynamics and underlying physical processes of the UHI, however, is key to formulating mitigation 

measures (Roth, 2013). Besides differences based on the medium sensed (air, surface, even subsurface) 

and the sensing system employed (Arnfield, 2003), there is growing evidence supporting the existence of 

phase and amplitude departures in the UHI in tropical cities, in comparison with mid-latitude cities 

(Marques Filho et al., 2009; Chow; Roth, 2006). The UHI in tropical and subtropical cities is less intense 

than in higher latitude cities, and it is more pronounced during daytime and strongly regulated by the 

moisture content of the atmosphere and soil in adjacent rural regions (Roth, 2007). As well as in other 

tropical and subtropical climates, according to Ferreira et al. (2012), the UHI in the city of São Paulo has 

a daytime character, with a maximum intensity during afternoon (14:00-16:00 LT) and a minimum 

during morning time (07:00-08:00 LT) in almost all months monitored in 2004. The maximum UHI 

intensity varied from 2.6oC in July (16:00 LT) to 5.5oC in September (15:00 LT). 

The role of density 

Cities differ from their rural surroundings in a multitude of ways, many of them directly related to 

the surface energy balance and the formation of UHIs. Urban form is affected first and foremost by 

building dimensions and spacing, but also by the characteristics of artificial surfaces and by the amount 

of green space. The presence of a dense matrix of buildings promotes the creation of UHIs through a 

variety of processes, for example, the trapping of solar energy due to multiple reflection and absorption 

within canyons, the restricted sky view factor of deep and/or narrow canyons and reduction of wind 

speeds near the ground (Erell et al, 2011). 

For several reasons, one of the current needs of urban settlements is a higher urban density, a topic 

that still causes some debate, but from mobility and urban climate points of view, low-density areas can 

be even worse. According to Stone (2012), areas of low population density may still effect a significant 

influence on UHI formation if they have extensive infrastructure development. 

The urban climatic issues of heat, humidity, lack of daylight, solar access and urban ventilation is 

of topical concern to urban planners and governments, so, the need for appropriate designs for high-

density cities is clear. Urbanization and higher-density living is an irreversible path of human 

development. Higher-density living will continue to be developed and will soon be the norm. The 

environmental dimensions of high-density cities, especially in tropical and subtropical climatic zones, 

are decisive. Buildings are fighting each other for natural light and ventilation. The provision of light and 

air can be difficult; a paradigm shift is required, new tools are needed, but high-density living is a 

definite possibility, although it is not an easy path (Ng, 2010). To increase ventilation, height variation 

should be considered as much as possible; the stepped height concept can help to optimize the wind-

capturing potential as well as the view of sky component for daylight availability. Designed properly, the 

strategy of tall and thin has a better chance to capture daylight. Given the same building bulk, on 

average, daylight availability to windows can improve by some 40 per cent (Ng; Wong, 2005). 

The role of Green 

Planted areas in a city tend to reduce daytime maximum temperatures, reducing radiant exchange at 

the ground surface. The effect of vegetation on the atmospheric heat island is manifested not only 



indirectly, in the form of a reduction of sensible heat flux from the cooler surface, but also directly in the 

form of evaporative cooling. Most field studies support the argument that a lack of vegetation in the city 

would tend to result in elevated daytime air temperature, and concomitantly, that a large-scale planting 

campaign may lead to a reduction of the daytime urban heat island (Erell et al., 2011). 

According to Chen and Wong (2010), in a built environment the UHI effect can be described as a 

conflict between buildings and the urban climate, and considering the positive impact of plants upon this 

conflict, a conceptual model was proposed by the authors to understand the interactions among the three 

critical components in the built environment: climate, buildings and plants. In order to uncover the 

benefits of greenery in a built environment, the microclimatic effects should be quantified. There are 

some possibilities to reduce ambient air temperature with plants: urban parks, road trees, landscape 

within the vicinity of buildings and rooftop gardens. In addition, the surface temperatures could be 

reduced with rooftop gardens or vertical landscaping. 

In high-density cities, land is scarce and there is little provision of space for the incorporation of 

urban greenery such as urban parks and landscaping. The integration of greenery in buildings also faces 

many constrains (Chen; Wong, 2010), in spite of some cases of success, like in Singapore, with the 

adoption of Green Plot Ratio by the local legislation (Ong, 2002).  

Duo to the combined effect of shade and evapotranspiration, air temperature reductions from 1oC to 

3oC can be achieved under the canopy in green areas, depending on the climate and soil conditions. 

According to Wong and Chen (2009), from the planning point of view, it can be found that smaller green 

areas strategically arranged or grouped around buildings should be largely promoted. This does not mean 

that large urban parks are not effective in terms of improving urban climate, but they are considered as a 

luxury to a heavily built-up environment, especially if rapid urbanization is experienced. 

Within this context and assuming that the densification is inevitable and desirable from the point of 

view of urban sustainability, especially in megacities like Sao Paulo, the purpose of this research is to 

assess the cooling effects of vegetation in urban microclimate, especially during daytime, to counteract 

an increasing built density in a subtropical climate. The findings contribute to a land-based mitigation 

strategy, trying to answer partially what a changing climate will mean for cities and aiming for a more 

favourable energy balance in cities facing two climate-change mechanisms that can be superimposed: 

the global warming and the local daytime heat-island effect. 

URBAN AND CLIMATIC CONTEXT OF SAO PAULO METROPOLITAN AREA 

São Paulo is located at 23°32’S, 46°37’W, 60 Km far from the sea with altitudes varying from 

720m to 850m. The city experiences hot, humid summers with air temperatures varying between 22oC 

and 30oC and mild winters between 10oC and 22oC. The metropolitan region, the 3rd biggest in the 

world, with more than 22 million inhabitants, had in 2014 the warmest January since 1943, when 

climatic data started to be regularly recorded in the city by the National Meteorological Institute 

(INMET) and the warmest February, with a maximum air temperature up to 36,4oC. In other cities, like 

Porto Alegre, the Southern state capital, January 2014 was also the warmest in almost 100 years.  

Accordind to PBMC (2013), in the future, besides mean temperature warming, an increase of 

extreme events is expected. January and February 2014 presented air temperatures above those observed 

ever and humidity values below those historically found. Whilst the historical climatological averages 

for these months are respectively 21,6oC and 21,8oC, the mean values recorded in 2014 were 24,2oC and 

24,3oC and the highest measured air temperature since the meteorological station of the Institute of 

Astronomy, Geophysics and Atmospheric Sciences of the University of São Paulo (IAG-USP) 

recordings started were registered in both months: 31,6oC. While both months are generally 

characterized by high rainfall amount and average relative humidity of 83%, the 2014 first two months 

had lower precipitation rates and recorded lower values of relative humidity (75% and 73% 

respectively). Thus, for this study, the incorporation of these months in the simulation is intended to be 

representative of an extreme event, characterized by higher temperatures and lower humidity rates. 

Megacities like São Paulo are vulnerable to global warming and local warming effects, driven by 



urbanization. The PMBC is especially worried about the fast pace of vegetation suppression in Sao 

Paulo, both in the interspace of buildings as well as in the outskirts of the city. 

Comparing the city of Sao Paulo´s population density with other cities in the world (Fig. 1), it is 

observed that even with an average density of 73.87 hab/ha (IBGE, 2011), similar to other cities, the 

density of Sao Paulo´s densest district is one of the lowest. As the availability of transport and 

infrastructure should be directly linked to urban density, it would be possible to think that there is an 

equitable distribution of these infrastructures throughout the city, which is definitely not true. São Paulo 

has some areas with reasonable availability of transport that does not necessarily have high values of 

population density and vice versa. 

       

Figure 1: Big cities, their average density and densest districts. 

Source: GUSSON, MADEIRA, DUARTE (2012) based on IBGE (2011), Burdett and Sudjic (2011) and Hong Kong Special 

Administrative Region (2012) data. 

 

São Paulo is characterised by a heterogeneous urban structure, resulting from the rapid growth of 

the city during the 20th century. One of the effects of this growth is the social conflict of high-rise office 

towers and residential apartment buildings close to poor informal settlements (favelas). In addition, the 

distribution of vegetated areas is non-uniform in the city. While there are 35 parks, corresponding to 15 

million m2 (21% of the total area of Sao Paulo municipality), the downtown districts of Bras and Bela 

Vista are almost devoid of vegetation. Thus, few areas in the city are characterised by large amount of 

vegetation and street trees, usually in the wealthiest districts, mainly in the west zone of the city.  

 

 

Figure 2: Built and population density in the city of São Paulo (by districts). 

Source: GUSSON, MADEIRA, DUARTE (2012) based on IBGE (2010) and SEMPLA (2009) data. 

 

The central area of São Paulo is formed by various districts, one of those is Bela Vista, chosen for 

this study due to its population density (the highest in the city) and for the built density (the 3rd higher), 

compared to a total of 97 districts in the municipality. Bela Vista shows the predominance of vertical 

residential buildings with heights varying between 10 and 20 floors. It also has one of the lowest green 

area per inhabitant, almost zero, according to Sao Paulo Environmental Agency. 



FIELD MICROCLIMATE MEASUREMENTS  

Microclimate monitoring was carried out from March 4th to April 29th of 2013 in the area of Bela 

Vista to register air temperature, relative humidity, solar radiation, surface temperature, wind direction 

and speed, aiming to previously calibrate the ENVI-met14 preview for the parametric simulations. Figure 

3 shows a nine-block area and in the middle of the central and densest block a Campbell Scientific 

meteorological station was set up in the ground floor of a residential building. In order to avoid 

obstructions for residents’ circulation and for the equipment’s protection, residents allowed the 

equipment installation in the building backyard, over grass and under a wooden pergola. 

      

      

Figure 3: Location of the meteorological station in the middle of the densest block in Bela Vista.  

Source: GUSSON, 2014. 

CALIBRATION AND PARAMETRIC SIMULATIONS IN ENVI-MET MODEL 

The ENVI-met three-dimensional microclimate model was chosen for this study due to its 

advanced approach on plant-atmosphere interactions in cities. ENVI-met is one of the few models that 

seeks to describe the major climate processes acting in the urban environment, including turbulence, the 

turbulent transport of sensible and latent heat, the radiation fluxes within the urban structures and the 

influence of vegetation. The model simulates aerodynamics, thermodynamics and the radiation balance 

in complex urban structures with resolutions between 0.5m and 10m according to the position of the sun, 

urban geometry, vegetation, soil and various construction materials by solving thermodynamic and plant 

physiological equations (Bruse; Fleer, 1998; Bruse, 2012; Huttner, 2012). 

For ENVI-met 4.0 preview, the forcing feature was incorporated and it is now possible to define 

the diurnal variation of the atmospheric boundary conditions and the incoming radiation. It also allows 

developing much more detailed weather scenarios for testing purposes and producing results that are in 

good accordance with field measurements (Jansson, 2006). The input data are shown in Table 1. The 

solar radiation calculated as a function of the latitude was adjusted to measured radiation by applying 1,4 

octas for low clouds cover and 0,4 octas for high clouds cover. The adjustment factor for solar radiation 

was 1 (100%), in accordance with the measured data. The only additional climate data (not derived from 

local measurements) was that for specific humidity at 2500m, obtained from the local airport Campo de 

Marte (ca. 3,3km north of the site).2 The soil temperature for the upper layer was measured using 

Campbell 107 temperature probe and humidity was estimated with Simple Biosphere Model – SIB2.3 

The model showed close similarity between adjusted and measured data, providing reliable results for 

the parametric simulations. 

                                                             
1  ENVI-met website: http://www.envi- met.com/  
2  Available at the University of Wyoming: http://weather.uwyo.edu/upperair/sounding.html  
3  Data provided by IAG Laboratory of Climate and Biosphere, University of Sao Paulo. 

 

Meteorological station 

http://weather.uwyo.edu/upperair/sounding.html


Table 1: Input configuration data applied in the ENVI-met 4 preview simulations 
Start Simulation at day 26.04.2013 

Wind Speed in 10m ab. Ground [m/s] 0.5 

Wind Direction (0:N/ 90:E/ 180:S/ 270:W) 112.5 

Initial Temperature Atmosphere [K] 300.44 

Specific Humidity in 2500m [g Water/ kg air] 7 

Relative Humidity in 2m [%] 50 

Initial Temperature Upper Layer (0-20cm) [K] 291.76 

Initial Humidity Upper Layer (0-20cm) [%] 50 

 

For simulations, the starting day was defined based on pluviometric data collected from two fixed 

meteorological stations: one in the northern and other in the southern part of the city for the same period 

of Bela Vista measurements, which indicated the longest period with stable climatic conditions between 

April 26th-28th 2013, during autumn. Besides that, February 2014 was chosen to represent an extreme 

warm summer, characterized by higher temperatures and lower humidity rates registered in decades. 

Initially a Base Case model was created and the input area domain was formed by 9 blocks of 100m 

x 100m (10.000m2) each, which can be considered an average block size in Sao Paulo. In each block 

there are nine towers with 45m height (15 floors, average in Bela Vista), 20m x 20m each, representing a 

plot ratio of 5,4. The tower has a square shape plan that was planned to consider 4 housing units with 

58m2 each, per floor, and a population density of 3,5 people/apartment (total of 1764 inhab/ha). 

Two other scenarios were created with different trees’ distribution: a central park with trees 

covering an entire central block; and the same green area distributed in rows of street trees located in the 

perimeter of every block. In both cases, dense trees (LAI=4,6 m2/m2) and a soil type of sandy-clay-loam 

were chosen. Wind speed was kept constant in 0,5m/s in all scenarios, aiming to minimize convection 

effects and emphazise the effect of green and built density. 

 (a) (b) (c) 

Figure 4: The three scenarios for ENVI-met model: (a) base case, only towers, (b) towers + central park, 

(c) towers + street trees 

RESULTS AND DISCUSSION 

All results are shown for 15h LST, coinciding with the maximum air temperature in all cases (Figure 

5). As expected, in autumn, April 2013, with a mild climate in Sao Paulo, air temperature differences are 

minor, up to 0,5oC, comparing the scenarios a and b, in and around the park, and about 0,3oC comparing 

a and c. Concerning the distribution, the oasis effect is more pronouced in scenario b than c. In February 

2014, the extreme warm summer this year, air temperature differences become more significant and the 

effect of vegetation is slightly more pronounced showing air temperature differences up to 0,6oC 

comparing scenarios a and b and about 0,2oC comparing b and c. On the other hand, the effects of the 

mutual shading of buildings and the vegetation contrasts with the warmer surfaces of the streets and the 

unshaded spaces between buildings, showing mean radiant temperature differences up to 13oC in and 

around the park comparing the scenarios a and b, even during the mild April 2013. In scenario c, mean 

radiant temperature is lower along the shaded streets, although inside the blocks, scenario b performs 

better, configuring an oasis effect. Going to the extreme summer, February 2014, the picture is about the 

same, but with higher temperatures in the three scenarios, being mean radiant temperature in the scenario 

b about 10oC lower than the scenario a. In scenario c the benefits of tree shading are evident on the mean 

radiant temperature along the streets, under the canopies, but the effect is local, and do not spread over 

the blocks (Table 2). 



 

Figure 5: Air temperature results in both seasons, showing the highest air temperature at 15h LST. 

 

Table 2: Simulation Results for 15h LST 

 Base Case – only towers 

(a) 

Central Park Scenario 

(b) 

Street Trees Scenario  

(c) 
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Based on simulation results, an empirical adaptive thermal comfort index developed for local 

conditions was applied. The Temperature of Equivalent Perception - TEP (Monteiro; Alucci, 2011) was 

calculated based on the mean values for the central block in the three scenarios for the two periods, at 

15h LST. Wind speed was 0,5 m/s, the same adopted for the simulation input. 

Feb/14 

Apr/13 



 
Table 3 – Results for TEP = -3,777 + 0,4828 . Ta + 0,5172 .Tmrt + 0,0802 . Rh – 2,322va (oC)  

 April 2013 February 2014 

Scenario Ta (oC) Tmrt (oC) Rh (%) v (m/s) TEP Ta (oC) Tmrt (oC) Rh (%) v (m/s) TEP 

only towers 23,3 43,7 45,8 0,5 32,6 31,9 52,3 34,9 0,5 40,3 

towers+ central park 22,8 33,2 48,1 0,5 27,1 31,3 43 36,4 0,5 35,3 

towers + street trees 23 42,2 47,3 0,5 31,8 31,5 50 36,2 0,5 39,0 

CONCLUSIONS 

In both seasons, air temperature differences are small among the three scenarios, around 0,5oC. In 

spite of that, the lower mean radiant temperature in the central park (scenario b) provoke an increase in 

comfort levels according to TEP, around 5oC, characterizing what Erell et al. (2011) called park cool 

island, an oasis effect even in-between towers in a high-density context. On the scenario c, the effect is 

noticeable when compared to the base case (scenario a), but localized under the trees’ canopies and the 

oasis effect do not spread over the blocks. None of these scenarios will reverse long-term warming 

trends but combinations of these strategies can moderate the extreme of climate events in cities. 
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