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Abstract

:

In the context of the impact of urbanization on climate change, this work aims to evaluate the sensitivity of the thermal and radiative properties of building surfaces in urban areas to the urban heat island intensity, a local scale meteorological phenomenon. For this, variations of albedo values, emissivity, thermal conductivity and heat capacity of roofs, streets and walls were simulated through an urban scheme coupled with the BRAMS mesoscale atmospheric model for the metropolitan area of São Paulo, considering two main urban types. The simulations show that, in general, looking for cold surface situations, the change of building material can contribute to a reduction of up to 3 °C for São Paulo. In addition, the role of orientation and the typological characteristics of constructions should be taken into account. In this sense, it is expected that this work guides civil engineers and builders to search for new materials in order to reduce the effects of urbanization on the local climate.
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1. Introduction


In recent years, the process of urbanization can be considered as one of the most impressive phenomena in the history of our planet. In 1950, only 29.1% of the world’s population lived in urban areas. In 2018, this number increased to 55%, with the highest rate of increase being in less developed regions [1]. The number of cities with more than 10 million inhabitants (megacities) and their population are also increasing. In 1950, there were only two megacities (New York and Tokyo). There are currently 19 worldwide, 13 of them in emerging countries [1].



With this accelerated population growth, an increase in the urbanized area is also observed which can cause changes in the local climate of a region, since the process of urbanization causes changes in roughness, surface thermal properties, decreased wind intensity and soil moisture [2]. These changes generate a temperature difference between the urban and surrounding rural regions. The temperature contrast between these two regions is called Urban Heat Island (UHI) [3]. The UHI is associated with large urban centers and is named after the shape of temperature isotherms close to the surface, similar to the topographical contours of an island in the middle of the sea, where regions of lower temperature surround the city. UHI is more evident during the night period [4] and the thermal contrasts between cities and rural areas can be higher than 10 °C [5].



The development of a UHI is due to processes such as the change in land use, which modifies the energy budget of the atmosphere [6]. Human activities, such as industry and traffic, also generate energy that contributes to urban heating [7,8,9,10,11]. Generally, UHI formation occurs when winds of synoptic-scale are weak [12], resulting in the development of convective circulations in large urban centers. In this condition, the concentration of pollutants can be higher when compared to those observed over rural areas [13,14]. In the case of urban areas near to the sea or located in irregular terrain, in addition to the circulation associated with UHI, there is a strong influence of sea/land and valley/mountain breezes [4,13,15,16].



The measurement of the UHI intensity is defined by the temperature difference between urban and rural regions [17]. This difference is due to the different properties of each type of surface, such as the albedo and the anthropogenic heat released [18,19,20,21]. Because the UHI intensity is highly dependent on the dimensions of the cities, in some cases of small towns, UHI may be imperceptible [12], because of the rapid mixing of air over the city with the air of neighboring regions.



UHI intensity characteristics vary under different weather conditions. It is possible to observe that, during cloudless conditions and weak winds, the differences between the temperature of the city and neighborhoods intensify in the late period [22,23]. However, in the daytime period, the inverse phenomenon can occur, with negative intensities of the UHI [24,25]. This effect, named Urban Cool Island, may be related to the type of material used in the constructions [26,27,28], the amount of vegetation [29,30], and the number of water bodies present in the city [31]. For Melbourne (Australia), the UHI intensity varies from −3.16 °C–6 °C [32]. For example, in Shenyang, China, in the winter period, a cold island is formed during the day, whose intensity can reach values of −3.8 °C, as a product of the attenuating effect of the aerosols present in the urban atmosphere over solar radiation [33].



Numerical studies involving technologies of adaptation and mitigation of UHI are already being carried out in different cities across the world. In Chicago, for example, results indicate that the use of green and cool roofs can be a method to make cities more resilient against UHI [34], also, to contribute in reducing heat stress in vulnerable urban communities [35]. Considering an arid region, such as the Phoenix metropolitan area (Arizona), the implementation of these roofing systems reduces the sensible heat fluxes by up to 150 W/m2 during the daytime, lowering the atmospheric boundary layer height by approximately 700 m [36]. This contributes to an increase in the convective available potential energy over the rural area, and its reduction over the urban core, enhancing the probability of precipitation towards the suburb region of the city. On the other hand, Song et al. [37] showed that, for the state of California, hybrids roofs (combined biophysical properties of green and cool roofs) can lead to a further 1–2 °C reduction in 2 m temperature during summer.



The high-temperature rise caused by urbanization, associated with the possible effects of climate change [38], has a direct impact on people’s health [39]. Besides influencing directly in the thermal comfort of the people [40], the increase of temperature also tends to increase the transmission of diseases in vulnerable countries [41,42]. In this way, aiming at the sustainable building to the urbanization process [43], researchers have been looking for new building materials in order to be energy efficient and sustainable in order to produce less atmospheric contamination and consequently decrease the intensity of UHI [44]. Also, these materials have sought to reduce the environmental impact of the building industry by including aggregate materials in the composition of structures [45]. In this sense, these materials seek to improve the physical, mechanical and thermal properties [46], often using recyclable materials [47,48].



Based on this, this work proposes to carry out a sensitivity study of the radiative and thermal properties of building materials in the urban microclimate, varying their magnitudes and verifying their impact on the variation of UHI intensity, using mesoscale atmospheric models. Also, an analysis of these variables between the different urban types in the Metropolitan Area of São Paulo (MASP) is discussed [49]. It is hoped, therefore, to indicate a direction for construction engineers to pursue specific material standards in order to lessen the impact of urbanization on climate change.




2. Methodology


2.1. Study Area


The MASP is centered at 23°52′ S and 46°70′ W (Figure 1), about 60 km far from the Atlantic sea with a mean altitude of 775 m, with an area of 8051 km2 [50]. Hot, humid summers characterize the urban area, with air temperatures varying between 22 °C and 30 °C, and mild winters between 10 °C and 22 °C. With more than 22 million inhabitants, MASP is considered a vulnerable area to climate change and local warming effects, driven by urbanization [51].



MASP is characterized by a heterogeneous urban structure (Figure 1), resulting from the rapid growth of the city during the 20th century [52]. The building typology is diverse within the urban area [53]. However, two typologies dominate [54]. Part of residential districts and the historical center are characterized by tower blocks (often above ten storeys) and a large number of high-rise buildings, herein called urban-type 1. In the peripheries of the urban area, buildings are typically one or two storeys, herein called urban-type 2. Based on Local Climate Zones (LCZ, [55]), the equivalence of these urban types would be LCZ 1 and 5 [14], respectively.




2.2. Numerical Modeling Description


To study the impact of different characteristics of building physical properties on the urban atmosphere, the Brazilian Developments on the Regional Atmospheric Modeling System (BRAMS, available at http://brams.cptec.inpe.br/) [56,57] was used. This mesoscale model is based on RAMS [58], and was originally modified to represent the atmospheric processes in tropical and sub-tropical regions. Figure 2 presents a model execution scheme. To run a simulation, it is necessary to execute three steps. In the preprocessing stage, a global circulation model output is used by the geradp program, which formats the data to be an initial, boundary conditions, and nudging as input for the model. The makesfc program inserts the surfaces data (albedo, the vegetation fraction, topography, etc.) into the size of the selected grid. These data are usually obtained by remote sensing. To finalize the preprocessing stage, makevfile binds all the information from the other two programs and interpolates in the template grid. BRAMS Initial is the name of the kernel that represents the model execution. The post-processing step is given by the RAMSPost program, which extracts the desired variables (such as wind speed at 10 m, temperature and humidity at 2 m) in a format to be used in visualization software, such as GrADS, python or MATLAB.



The model can make use of multiple grid nesting schemes, that allows the solution of different meteorological phenomenon scales, since local to synoptic. It includes many physical parameterizations for land surface, boundary-layer, microphysics, convection and radiation processes. In this work, the 4.2 version of BRAMS 4.2 is used.



For surface-atmospheric interaction schemes, BRAMS includes the Land Ecosystem-Atmosphere Feedback (LEAF) [59] for vegetation, and Town Energy Budget (TEB) [60] for urban areas. This module represents the buildings as an urban canyon with infinite length, considering it has different three components: Walls, street and roof. With this configuration, the urban scheme allows solving energy budget equations for each surface. This scheme permits an appropriate representation for mesoscale analysis, of the turbulent heat fluxes to the urban atmosphere, as it accounts for most of the physical processes for the urban area [61]. The internal temperature of buildings (Tibld) is independent of the external temperature [60] and the minimum value is assumed to be 22 °C [62]. The magnitude of Tibld is calculated using a standard resistance equal to 0.123 K∙m∙W−1 [61], based on building insulation values [63]. The TEB version used in this study also includes the effect of urban vegetation areas, by weighting the turbulent fluxes, as described in Morais et al. [26].




2.3. Simulations Descriptions


The simulations were executed considering a Control Simulation, which corresponds to the closest to the real, as validated in Morais et al. [26]. The model characteristics and physical parameterization are presented in Table 1, and for TEB, the main parameters are presented in Table 2. The values considered are the same as Freitas et al. [13]. The two main urban types within cities were considered in the classification methodology. Here, urban-type 1 represents a higher concentration of higher-rise buildings, while urban-type 2 represents small and medium-sized buildings (Figure 1). Following the limitations of the urban scheme in mesoscale modeling, the orientation of urban canyon for all simulation is assumed to be north-south [64]. The other simulations were done changing the magnitude of albedo, emissivity, thermal conductivity and heat capacity individually. The last two parameters are estimated in order to keep the same thermal admittance (µ) in J∙m−2∙s−1/2∙K−1, as in Johnson et al. [65]:


µ = (λC)1/2,



(1)




where λ is the thermal conductivity in W∙m−1∙K−1 and C, the heat capacity in J∙m−3∙K−1. These parameters represent the building material, and it was assumed for control simulation, considering an asphalt street, a mix of wood, concrete and brick wall, and a roof tile. These values are described on Freitas et al. [37], following the current Brazilian norms [66].



The analyses of the Global Forecasting System (GFS) with 1° of horizontal spacing grid, provided by the National Centers for Environmental Prediction (NCEP), were used as initial and boundary condition. The study period is from 00Z of 17 July 2008–00Z of 20 July 2008, which correspond to clear days, without cloud or rain, to get better results analysis about the urban effect. The first 24 h were discarded to remove the spin-up effect [72]. Figure 3 presents the two nested grids that were used in the simulations. The domain resolution was 16 km and 4 km. The topographical data was provided by the US Geological Survey, with 1 km of spatial grid spacing. NDVI product data with 250 m of resolution from the MODIS sensor for 18 July 2008 was used to obtain the vegetation fraction [73]. For all simulations, it was assumed short grass for both urban areas. This model was previously validated on Morais et al. [26], for the same period.



To consider the influence of urban area to the regional environment, the results analysis was done considering not only the UHI intensity and its comparison between both LCZs. To obtain the UHI, a simulation changing the urban area by the Mixed Forest was done, predominant land surface type around the MASP. The UHI magnitude was calculated by the difference between the simulations with and without urban area.





3. Results and Discussions


3.1. Surface Albedo


The albedo is an important surface property that influences directly in the intensity of UHI, since it acts in the primary heat storage source: It represents the ratio between reflected solar radiation by the surface and the incident solar radiation. Several studies show that the surface albedo change can reduce the UHI intensity, changing the type of constructed material, or even painting [21,74,75]. To evaluate this kind of purpose, two simulations were done comparing with the control simulation, changing only the building roof albedo. In the first simulation, the albedo was modified to 0.08, reducing in 55% of its original value. This value corresponds to asphalt. The second simulation tries to represent the cool roof condition, changing the surface albedo to 0.90, like a white painting roof.



Figure 4 shows the diurnal evolution of the UHI intensity in a central point of the MASP, comparing to the control simulation (with roof albedo equal to 0.18). The reduction of the roof albedo increases the UHI intensity to 0.2 °C. The negative peaks at 12 Z for both days correspond to the passage of the direct solar radiation from wall to roof, at 9:00 AM Local Time. This peak happens in all simulations. In the case of cool roof, the intensity of all urban areas decreases by 1 °C (Figure 5), at 15 Z. With more solar radiation being reflected by the roof surface, less radiation is absorbed, decreasing the temperature and the UHI intensity.




3.2. Surface Emissivity


The emissivity has a fundamental role in the quantity of longwave radiation emitted by a surface. Its high value tends to reduce the temperature intensity during the day [76,77,78], because this surface emits thermal radiation.



In the control simulation, the wall, street and roof surfaces emissivity are 0.85, 0.90 and 0.90, respectively [37]. These values were set to 1, considering this a black body. This means that all absorbed radiation by each surface is re-emitted. Figure 6 shows the diurnal evolution of UHI intensity between the control simulation and the simulation setting up the emissivity value to 1. The results show that most of the night in both days, the UHI intensity has fewer values with higher emissivity. The difference between simulations is between 0.4 °C and 0.6 °C. These results are similar to the energy budget model developed by Oke et al. [79]. The maps in Figure 7 shows that the UHI intensity differences between both simulations can present a decrease in the adjacent rural region at 00Z of 19 July (blue colors in Figure 7b). With the same model, and for the same period, Morais et al. [53] showed that these differences in temperature are related to wind advection, which can transport heat from rural to urban regions. Therefore, the usage of a material similar to a black body can improve this heat transport.




3.3. Thermal Conductivity


The thermal conductivity has an impact on the material’s temperature and, consequently, in the surface-air interface. Since conductivity shows how heat diffuses in a material, the reduction of its value should reduce the surface temperature, considering that the internal building temperature is constant.



Figure 8 shows the evolution of UHI intensity when thermal conductivity is reduced 10 times of its control simulation’s value (Table 3), at a central point of MASP. In general, there is a reduction of its value, reaching 2 °C at 21 Z of 18 July. Hamdi and Schayes [80] attribute this reduction of air temperature inside the urban canyon to the wall effects, since it is the surface that receives direct solar radiation for a more extended period. In the case of the authors, the temperature differences were 3 °C in the sunset period, for Basel, Switzerland.



Analyzing the differences of UHI fields (Figure 9) for 15 Z, the central region of the urban area has decreased the temperature less than the adjacent area. As the aspect-ratio of this area is more significant, configuring a location with narrower urban canyons, it can retain more radiation [53,81]. Because of this effect, the UHI intensity difference in the central area of MASP is lower than the adjacent region.




3.4. Heat Capacity


Like the thermal conductivity case, the change of heat capacity of material has an impact on the surface temperature and, consequently, in the surface-air interface. Figure 10 shows the evolution of UHI intensity for a central point of MASP with heat capacity increased in 10 times and its value for control simulation (Table 4). Similar to the reduction of thermal conductivity, the increase of heat capacity reduces the UHI intensity, with 3.5 °C at 00Z of 18 July. Also, the evolution shows that the beginning of the difference starts around 12 Z, when solar radiation reaches the street, indicating that this surface has an essential role in heat transferring in the urban atmosphere.



The UHI intensity difference filed (Figure 11) shows that the increase of the heat capacity reducing its value for all urban areas, with 2.4 °C at 15 Z of 19 July. The aspect-ratio also influences the temperature magnitude, since it can retain more radiation when taller buildings, or narrow streets, are presented [82,83].



Table 5 summarizes the results obtained in all experiments, considering the maximum reduction value of UHI intensity by both urban types and different experiments done. Only when roof surface albedo is 0.08, near to asphalt value, the temperature increases compared to control simulation. The changing of the other variables following this study criteria mean a decrease of UHI intensity.





4. Conclusions and Remarks


Through atmospheric mesoscale modeling, the role of the physical properties of building materials in the urban thermal field of MASP was analyzed. The results obtained allow us to recognize the behavior of UHI’s daily evolution, as well as the role of each parameter in the local climate. The radiative properties have a relevant impact when considering the effect of “cool roof”, increasing the value of albedo and blackbody, emitting more heat to the atmosphere and lowering the temperature of the entire urban surface. The solar radiation can be considered the main component in the energy budget, and the capacity of building material to reflect it in the roof contributes to a decrease in the temperature and the UHI intensity. A similar effect is observed for thermal properties, analyzing the heat capacity and thermal conductivity of the material. Even considering a simple urban canyon structure, these two properties play a key role in the turbulent flows in the urban boundary layer. The development of new materials seeking to vary the magnitudes of these properties as described in this study may contribute to the reduction of UHI intensity up to 3 °C for MASP. Among the materials that can contribute to this effect are cool pavements [84], green infrastructure [85], glass bead retro-reflective materials [86], concrete roads (with different radiative properties compared to asphalt) [87], and the use of Phase Change Materials (PCM) [88] on roofs. In summary, the increase of surface albedo, surface emissivity, thermal capacity and the reduction of thermal conductivity contributes to the reduction of UHI intensity by analyzing the different urban types in MASP.



It is important to highlight the role of building structure and orientation in the daily evolution of UHI, varying the radiative and thermal properties. In addition to the types of materials, future studies should consider that these variables must be taken into account in urban planning, seeking the minimum environmental impact caused by the urbanization process. Another important concept to study is the use of green infrastructures, such as green roofs and facades, and their interaction with these building material parameters. In this way, the use of mesoscale atmospheric models can be a useful tool in urban planning in an attempt to minimize the effects of urbanization on the local climate.
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Figure 1. Localization of the Metropolitan Area of São Paulo (MASP). On the right map, the urban-type colors, where the gray color is the urban-type 1 and red color is the urban-type 2. The boundaries limits in the right map are the cities of MASP. 
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Figure 2. BRAMS’ execution scheme. 
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Figure 3. The two domains and NDVI data (inside the second domain) used in the simulations. The boundaries limit in the right image is the cities of MASP. 
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Figure 4. Diurnal evolution of Urban Heat Island (UHI) intensity for a central point of MASP. The black line represents the control simulation, the blue line the simulation with albedo equal to 0.08, and the green line the simulation with albedo equal to 0.90. Local Time equals Z–3 h. 
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Figure 5. UHI intensity fields for 15 Z. Left column corresponds to the simulation with albedo equal to 0.08, and the right column, to the simulation equal to 0.90; (a,b) are for day 18, (c,d) for day 19. 
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Figure 6. Diurnal evolution of UHI intensity for a central point of MASP. The black line represents the control simulation and green line, the simulation with emissivity increased to 1. Local Time equals Z–3 h. 
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Figure 7. UHI intensity differences fields between all surface’s emissivity equal to 1 simulation and control. (a) corresponds to 00Z for 18 July and (b) 00Z for 19 July. 
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Figure 8. Diurnal evolution of UHI intensity for a central point of MASP. The black line represents the control simulation and green line, the simulation with thermal conductivity reduced 10 times. Local Time equals Z–3 h. 
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Figure 9. UHI intensity differences fields between simulation with reduction of thermal conductivity and control simulations; (a) corresponds to 15Z for 18 July and (b) 15Z for 19 July. 






Figure 9. UHI intensity differences fields between simulation with reduction of thermal conductivity and control simulations; (a) corresponds to 15Z for 18 July and (b) 15Z for 19 July.



[image: Sustainability 11 06865 g009]







[image: Sustainability 11 06865 g010 550] 





Figure 10. Diurnal evolution of UHI intensity for a central point of MASP. The black line represents the control simulation and green line, the simulation with heat capacity increased 10 times. Local Time equals Z–3 h. 
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Figure 11. UHI intensity differences fields between simulation with heat capacity increased in 10 times and control simulations; (a) corresponds to 15Z for 18 July and (b) 15Z for 19 July. 
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Table 1. Model’s physical parameterizations and numerical options used in the experiments, following Morais et al. [26].
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	Physical
	Options





	Lateral boundary nudging points
	5



	Lateral boundary nudging time scale
	3600 s



	Top boundary nudging time scale
	1800 s



	Lateral Boundary Condition
	Klemp [67]



	Radiation parameterization
	Chen & Cotton [68]



	Radiation update timestep
	3600 s



	Soil layers depth
	−2.0, −1.5, −0.25 and −0.05 m



	Soil saturation degree
	0.49, 0.44, 0.42, 0.35



	Turbulence scheme
	Smagorinski [69] modified by Hill [70] and Lilly [71]
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Table 2. TEB parameters used in the experiments, following Freitas et al. [13].
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	Parameters
	Urban 1
	Urban 2





	Roof Albedo
	0.18
	0.18



	Street Albedo
	0.08
	0.08



	Wall Albedo
	0.14
	0.14



	Roof Emissivity
	0.90
	0.90



	Street Emissivity
	0.95
	0.95



	Wall Emissivity
	0.90
	0.90



	Aspect-Ratio
	10
	0.6



	Building Heights (m)
	50
	5



	Roughness Length (m)
	3
	0.5



	Traffic Sensible Heat Flux (W∙m−2)
	90
	10



	Traffic Latent Heat Flux (W∙m−2)
	10
	5



	Industrial Sensible Heat Flux (W∙m−2)
	14
	10



	Industrial Latent Heat Flux (W∙m−2)
	50
	30
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Table 3. Thermal conductivity values (in W∙m−1K−1) of control simulation for the three layers of each building surface in TEB. The values are similar to Freitas et al. [37]. For the sensitivity test, the thermal conductivity was reduced 10 times its original’s values.






Table 3. Thermal conductivity values (in W∙m−1K−1) of control simulation for the three layers of each building surface in TEB. The values are similar to Freitas et al. [37]. For the sensitivity test, the thermal conductivity was reduced 10 times its original’s values.





	Surface
	Layer 1
	Layer 2
	Layer 3





	Wall
	0.8100
	0.8100
	0.8100



	Street
	0.0103
	1.0103
	1.0103



	Roof
	0.4100
	0.0500
	0.0300
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Table 4. Heat capacity values (in 106 J∙K∙m−3) of control simulation for the three layers of each building surface in TEB. The values are similar to Freitas et al. [37]. For the sensitivity test, the heat capacity was increased 10 times its original’s values.






Table 4. Heat capacity values (in 106 J∙K∙m−3) of control simulation for the three layers of each building surface in TEB. The values are similar to Freitas et al. [37]. For the sensitivity test, the heat capacity was increased 10 times its original’s values.





	Surface
	Layer 1
	Layer 2
	Layer 3





	Wall
	1.00
	1.00
	1.00



	Street
	1.24
	1.28
	1.28



	Roof
	2.11
	0.28
	0.29
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Table 5. Summarizing the maximum UHI intensity reduction (in °C) by different urban-types and experiments with the control simulation. α is the surface albedo, ε is the surface emissivity, λ is the thermal conductivity and C, is the heat capacity.






Table 5. Summarizing the maximum UHI intensity reduction (in °C) by different urban-types and experiments with the control simulation. α is the surface albedo, ε is the surface emissivity, λ is the thermal conductivity and C, is the heat capacity.













	
	α = 0.9
	α = 0.08
	ε = 1
	λ (W∙m−1∙K−1)/10
	C (J∙m−3∙K−1) ∙ 10



	Urban-Type 1
	2.50
	−0.18
	1.40
	0.24
	1.00



	Urban-Type 2
	1.20
	−0.15
	1.00
	0.50
	0.75











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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