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ABSTRACT: The subject of this ongoing research is the cooling effect of vegetation in urban microclimate. 

Considering different values for Leaf Area Index – LAI, which is an important vegetation biophysical parameter, this 

study investigated the effect of density and distribution of leaves on air temperature and surface temperature at 

pedestrian level. According  to  different  leaf  angle  distribution, trees  intercept  the  incident  solar  radiation,  

determining  the quality  of  the  shadowing  and  the  influence  on  surface temperature. Based on LAI 

measurements at Ibirapuera Park, three LAI values (1, 3, 5) were selected for simulation in the micro scale model 

ENVI-met as parametric scenarios. The model was chosen  for  this  study  due  to  its  advanced  approach  on plant-

atmosphere  interactions  in  cities, and its consideration of plant foliar density as the main characteristic of a plant .  

The results indicated the importance of foliar density for shadowing quality and consequently the average surface 

temperature. Dense trees (LAI=5) showed an average difference of 14.7ºC for surface temperature between the green 

area and the street, as well as 10º C for trees with LAI=3 and 5º C for trees with LAI=1. Regarding air temperature, 

differences under dense trees (LAI=5) and  the  street  is  up  to  1.3º C, similar to the temperature decrease 

registered in field surveys carried out by the same research group for Sao Paulo climatic conditions. 
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INTRODUCTION 

Vegetation plays an important role in moderation of 

urban climate. It varies according to the mesoscale 

circumstances, but in any case vegetation can give a 

significant contribution to the climatic conditions [1]. 

Individually, urban trees also act as shading and wind-

shielding elements modifying the ambient conditions 

around individual buildings. Considered collectively, a 

significant number of urban trees can moderate the 

intensity of temperatures in summer by altering the heat 

balance of the entire city [2]. 

 

Previous studies have shown the vegetation benefits 

in urban environment, which include: microclimate 

modifications [3,4,5], removal of air pollutants [6,7], tree 

shading as passive cooling for buildings façades [8,9], 

influence on human health and aesthetic value of green 

areas [10,11,12]. 

 

Due to urbanization, however, vegetation is scarce in 

many tropical cities. There has often been a tendency to 

replace vegetation and permeable soils with impervious 

surfaces such as asphalt and concrete, which leads to 

more sensible than latent heat flux [13]. These urban 

transformations cause the overheating of cities, resulting 

in an increasing of energy consumption in buildings for 

air conditioning, altering the local wind patterns and 

changing rates of precipitation. 

 

For microclimate conditions, vegetation reduces air 

temperature by direct shading of surfaces as well as 

moderating solar heat gain through evapotranspiration 

[14]. In this process, evaporation cools the leaves and the 

air in contact with them and at the same time increases 

air humidity. As a result of evapotranspiration, the air 

near the ground in green areas is cooler than the air in 

built-up areas covered by asphalt or concrete [15]. 
 

  However, the quality of the effect of vegetation on 

microclimates depends on its foliar density, as it is 

related to a range of ecological and physiological 

processes such as photosynthesis, transpiration and 

metabolism. The total leaf area of a plant is indicated, in 

biological science, by the leaf area index – LAI. [26]. 

This parameter can estimate the amount of leaves in a 

single canopy or in groups of trees and contributes to 

verify the interaction for the soil-plant-atmosphere 

system. 

 

 

LAI CONCEPT 

According to Watson [16], leaf area index – LAI is 

defined as the one sided green leaf area per unit ground 

area in broadleaf canopies, or as the projected needleleaf 

area per unit ground area in needle canopies. This 

definition is directly applied to large and flat leaves. 
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 When the foliages are not flat, but wrinkled, bent or 

rolled, the one-sided area is not clearly defined [17]. 

Considering the studies for radiation interception with 

different leaves distribution, Chen and Black [18] 

defined LAI as half the total intercepting (non-projected) 

area per unit ground surface area for non-flat leaves. 
 

LAI is a dimensionless variable, which varies 

depending on the type of species, growth of the plant, 

and development stage. This ratio can be related to gas 

vegetation exchange processes, rainfall interception, and 

carbon flux [19]. 

 

This parameter describes how the leaves are 

organized as a physical structure of the plant (Figure 1) 

and the LAI values vary from 1 to 10 (m
2
/m

2
), 

theoretically. If a forest has an average of LAI 4, for 

example, it will have approximately four canopy layers 

[20].  

 

  

 
 
Figure 1: Horizontal projection of the canopy and LAI 

definition – distribution of leaves related to the diameter of the 

canopy [25] 

 

It can be seen from literature that the highest LAI 

values are found for coniferous canopies, which can 

reach LAI between 6 and 8 [17].  In general, LAI values 

of less than 3 are found in association with open 

vegetation types like tundra, grassland and woodlands, 

with values between 2 and 5 for annual crops and 

tropical forest [20]. 

 

There are two main forms to obtain the LAI values: 

direct and the indirect methods. The first form can be 

assessed directly by using harvesting methods such as 

destructive sampling or by non-harvesting litter traps 

during autumn leaf fall period in deciduous forests [17]. 
 

The indirect methods consist in measurements of 

light transmission through the tree canopy. There are 

three forms to estimate the LAI values using indirect 

methods [26]: 

 It can be calculated by Beer-Lambert law, which 

defines the empiric relation between radiation 

intercepted by the canopy and the total incident 

solar radiation. 

 The use of hemispheric or other photographic 

methods to estimate LAI values, based on light 

transmission through the gaps of the canopy. Trees 

allow some daylight penetration and the intensity is 

compared with other denser parts of the canopy. 

Results show the average distribution of the leaves 

and determine the estimated LAI value. 

 The use of satellite images by remote sensors can 

be adopted, based on the relation between 

Normalized Difference Vegetation Index - NDVI 

and LAI. 

 

METHODOLOGY 

Area of Study 

The city of Sao Paulo is located on the southeast of 

Brazil and houses almost 19 million inhabitants, 

distributed in an area of 8051km
2
. Based on the reports 

from the Environmental Agency [7], the city has 32 

parks, corresponding to 15 million m
2
 (21% of the total 

area of Sao Paulo). Nowadays public policies have 

stimulated linear parks along remaining streams. The 

goal is reaching the amount of 100 parks by the end of 

2012. 

 

However, its distribution is heterogeneous. While the 

average is 26m
2
 of green area per inhabitant, in 

downtown area of Bras and Santa Cecilia it is almost 

zero. Between the central and southern part of the city, 

there is one of the major green areas, Ibirapuera Park, 

with a protected municipal area of 1.584.000 m
2
. It 

houses 99 plant species, 3 artificial lakes (total area of 

15.700 m
2
) and a complex of facilities that includes 

museums, gymnasium, and leisure areas [7]. 

Architectural and master planning was developed by 

Oscar Niemeyer, while landscape design by Burle Marx. 
 

LAI Measurements 

In this research
1
, LAI values were calculated based on 

Peper and McPherson [13] methodology, which adopts 

photographic images to quantify the leaf area density. 

This methodology is valid to determine LAI values for 

single trees on urban conditions.  

 

Green areas at Ibirapuera Park are non-uniform, and in 

some parts one can find a sparse distribution of trees, 

where the Peper and McPherson methodology could be 

used. This was the first approach on measuring LAI in 

                                            
1 Measurements carried out in collaboration with Dr. Jörg Spangenberg 

from Germany and Dr. Erik Johansson from Lund University, Sweden. 
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urban parks and we chose to start with isolated tree 

instead of a denser group of trees, which would require 

another methods and more expensive equipment. Further 

the LAI values raised an initial data basis that helped 

ENVI-met simulations. 

 

The methodology consists in three steps (Figure 2): 

1. Two photographic points were established, 

perpendicular to one another, between 15 and 25m 

from each tree to capture the canopy most fully in the 

viewfinder. 

2. Captured images were downloaded and processed on 

a personal computer using the camera manufacturer’s 

software to isolate the tree crowns. Crowns were 

rapidly isolated using “magic wand” features to 

delete non-crown elements and the isolated images 

were then loaded into SigmaScan Pro Image 

Measurement Software
2
 for calibration and 

measurement. 

3. The LAI was calculated using the following equation: 

LAI = (SA   x   CFA) /  PCA        (1) 

Where: 

SA = Silhouette Area. It was obtained by setting the 

threshold feature at its maximum value to color every 

pixel within the borders of the image, then measuring its 

area. The computer model Sigma Scan
3
 was used to 

count the pixels. 

CFA= Crown Frame Area. (Figure 2c).  

PCA= Projection Crown Area (m
2
). 

 
 

(a) (b)  (c) 

Figure 2: LAI measurement at Ibirapuera Park, in Sao Paulo 

(a) entire tree photo from 20m distance, (b) image treatment in 

Sigma Scan to delete the background (c) defining the crown 

frame area 

 
Measurements at Ibirapuera Park were performed for 

20 individuals, representing 5 types of Brazilian species 

and as a result, LAI values varied from 0.8 to 3. Two 

examples are showed in Figure 3, the alecrim-de-

                                            
2
 Sigma Scanavailable: http://www.systat.com/products/SigmaScan/ 

 

 

campinas (Holocalyx balansae Micheli) with LAI =3 and 

pau-ferro (Caesalpinia ferrea) with LAI =1. 

 

(d)  (e) 

Figure 3: Results of LAI measurements at Ibirapuera Park  for 

two types of Brazilian trees: alecrim-de-campinas with LAI 3 

(d) and pau-ferro with LAI 1(e) 

 

Preliminary ENVI-met Simulations 

The micro scale model ENVI-met [21] was chosen for 

this study due to its advanced approach on plant-

atmosphere interactions in cities. The numerical 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. 

 

The model calculates energy balance for long and 

short waves, considering total radiation, air fluxes, air 

temperature, humidity, local turbulence, reflection from 

buildings and vegetation.  

 

Based on the studies of Deardorff [22] and Jacobs 

[23], it also implemented a numerical model to calculate 

the main variables related to plant physiological 

behaviour: transpiration, evaporation, latent heat flux, 

water exchange, stomata resistance, leaf temperature and 

energy balance for soil-vegetation system [20]. 

 

In order to adjust the model, previous climate 

monitoring was carried out on 19
th

 of December 2006 in 

the area of Luz, in central Sao Paulo, a typical hot 

summer day in the city. With this data base as a starting 

point, preliminary studies were done for the initial 

simulations in ENVI-met.  

 

These parametric studies were important to adjust the 

model main variables and to verify the influence for each 

parameter in the input data. Before inserting the green 

areas, it was fundamental to adjust the output values to 

the measured climatic conditions. 

http://www.systat.com/products/SigmaScan/
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ENVI-met Parametric Simulations 

ENVI-met model, instead of using LAI, considers the 

parameter Leaf Area Density – LAD to calculate plants 

physiology. According to the ENVI-met plant database, 

there are 11 types of vegetation, which have specific 

characteristics according to the following aspects: CO2 

fixation (C3 or C4 plants), minimum stomata resistance, 

short-wave albedo, height of the plant, total depth of the 

root, Root Area Density - RAD and Leaf Area Density – 

LAD. 

 

LAD is a parameter defined as the total one-sided 

leaf area (m²) per unit layer volume (m³) in each 

horizontal layer of the tree crown. The model considers 

that LAI is known and LAD can be calculated by 

integrating LAI values [21]. For this study, a vegetation 

data basis was created based on the previous data survey 

mentioned before that pointed out the main tree species 

used in the city of Sao Paulo and their canopy 

characteristics quantified by Leaf Area Density – LAD.  
 

Based on the measurements at Ibirapuera Park, two 

vegetation categories were chosen for ENVI-met: a low 

dense canopy T1 (LAI 1) and a medium canopy T2 (LAI 

3). In order to verify the effect for a dense tree canopy, a 

third category was added, the T3 with LAI 5. All the tree 

types have 20m high and its leaf density started 2m 

above the ground to avoid obstruction for wind flux at 

the pedestrians’ level. The parametric tree model had 

ellipsoid leaf area distributions with maximum LAD 

located in the middle height of the crown (Figure 4). 

 

The input data for the simulations are presented in 

Table 1, based on previous parametric studies carried out 

to adjust the model. 

 

 

 

 

Figure 4: LAD (Leaf Area Density) (m²/m³) in 10 layers of the 

tree models for LAI values 1, 3 and 5. 

 

 
Table 1: Input configuration data applied in the ENVI-met 

simulations. 
 

Start Simulation at day 18.12.2006 

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

0.8 

Wind Direction (0:N/ 90:E/ 180:S/ 

270:W) 

170 

Initial Temperature Atmosphere [K] 297 

Specific Humidity in 2500m [g 

Water/ kg air] 

9 

Relative Humidity in 2m [%] 70 

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

295 

Initial Humidity Upper Layer (0-

20cm) [%] 

50 

 

 

Initially a Base Case model was created and the input 

area domain was formed by 8 blocks with 9.600m
2
 each, 

plot ratio of 0.66 and buildings with 24m high occupying 

the perimeter of the block and with 1 central block with a 

park occupying the entire area. 

 

Figure 5: Base Case with a central park for ENVI-met 

simulations. 

Based on this scenario, the three step simulation 

considered different values for LAI in the central park. 

Results are presented for December 19
th

 at 2p.m, at local 

time (Figure 6), which in this case is the daylight saving 

time (local time +1 h). 
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Figure 6: Comparison of average air temperature in the street 

and inside the park with different LAI values. 

 

Regarding surface temperatures the following results 

were obtained (Figure 7): 

 
Figure 7: Comparison of average surface temperature in the 

street and inside the park with different LAI values. 

 

 

ANALYSIS OF RESULTS 

The results showed over asphalt an average air 

temperature of 34.5ºC at 2p.m., and as the LAI values 

varied, the influence in air temperature also changed.  As 

expected, the lowest air temperature occurred in the 

scenario with LAI 5, under dense canopies, reaching 

33.2ºC; for LAI 3 air temperature was 33.9 ºC and for 

LAI 1 it was 34.5 ºC, much closer to the street climatic 

conditions. Comparing the street and the park with LAI 

5, an air temperature difference of 1.3ºC was found, 

similar to the temperature decrease registered in field 

surveys carried out by the same research group for Sao 

Paulo climatic conditions. 
 

The tree canopies block part of the direct solar 

radiation avoiding the rapid surface warming up. Surface 

temperature on the street was on average 46,8ºC at 2p.m., 

while under the green areas surface temperature were 

32.1ºC for LAI 5, 36.5ºC for LAI 3 and 41.7ºC  for LAI 

1. So, results indicated that dense trees, with LAI 5, 

lowered the surface temperature by up to 14.7ºC, 

compared to the exposed surface temperatures on the 

street. 

 

  

CONCLUSION 

In this research, based on microclimatic measures at 

pedestrian level and energy balance models, particularly 

ENVI-met, the impact of vegetation was simulated, 

aiming to reduction of air temperature and surface 

temperature, testing different LAI values (1, 3, 5) in a 

case study in Sao Paulo, Brazil. 
 

The influence of leaves’ density on air temperature 

and surface temperature at pedestrian level was 

quantified, showing that LAI is an important variable to 

be considered, and that it cannot be ignored in predictive 

studies of the microclimatic effects of vegetation in 

urban areas. 
 

The average difference between air temperatures 

inside the green areas and the surrounding streets varies 

depending on LAI values. Under the canopies, the 

average difference  between  air temperatures  under  

dense trees  (LAI=5)  and  above  the  streets  is  up  to  

1.3º C, and less dense trees resulted in lower values. 
 

The effect of tree canopy shadow has also a great 

potential to ameliorate the microclimate and mitigate 

heat stress in a hot humid climate, but the microclimatic 

shadow efficiency of trees will depend on the type of 

plants and mainly on leaf density. Results indicated that 

dense trees (LAI=5) showed an average difference of 

14.7ºC for surface temperature between the green area 

and the street, as well as 10º C for trees with LAI=3 and 

5º C for trees with LAI=1. 
 

Because of this, parameters such as Leaf Area Index 

and Leaf Area Density are fundamental to improve the 

understanding of the positive impact of vegetation and 

the outdoor thermal comfort in urban spaces. 
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