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Abstract

:

Tropical cities currently face issues of climate change resulting from rapid urbanization and the impact of urban morphological transformations on the microclimate. The analysis of urban physical forms and patterns is a realisticmethodfor quantifying these impacts. This work examined the impact of morphological transformations of an urban site in Wuhan, China, on the microthermal environment at different time periods. We also quantified and compared the impact of four urban site morphologies on ambient air temperature. The morphological changes of the study site were inferred from Google Earth images acquired at different time points in 2006 and 2013. ENVI-met simulation software was used to compare the changes in temperature at the selected site by specific date. The year- and time-based analysis of existing urban morphologies and their impact on the microurban thermal environment shows that the overall minimum and maximum values of morning and afternoon ambient air temperature are nearly the same for the 2013 and 2006 morphologies. The maximum temperature difference was observed in the afternoon (14:00), with an average difference of approximately 2 °C in the east. The findings of this research could provide a useful guide for optimizing the transformation of urban site planning and design and a suitable method for assessing the impact of built-up areas on the environment.
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1. Introduction


1.1. Background


The greater part of the global population currently live in urban regions; currently, 75% of the world’s population live in industrialized nations [1]. Rapid urbanization during the 21st Century has negatively affected microclimatic conditions and increased air temperature in urban areas [2]. Progressive changes in urban morphological characteristics, specifically the replacement of natural surfaces with rough materials such as concrete and asphalt, have resulted in the storage and re-emittance of solar radiation in urban spaces. Consequently, air temperatures in urban microenvironments have increased [3,4]. The microclimates of cities and urban areas in developing countries are greatly affected by constant urbanization [5]. The rate of urban expansion in tropical developing countries is constantly increasing, with an average expected increment of 1 million people per year [6].



In urban areas, the gradual loss of vegetation and green areas has decreased the cool air surrounding vegetated areas due to evapotranspiration [7]. The increase in air temperature affects thermal comfort in outdoor environments [8]. Guaranteed thermal comfort in outdoor environments is necessary for the performance of daily human activities. Climatic conditions that are unsuitable for humans affect the social and economic aspects of urban areas. Given that the heat island effect, which increases ambient air temperature (Tair), influences human thermal comfort and health conditions [9,10], it must be reduced through the appropriate use of urban spaces and materials [11]. Many mitigation strategies can be usedto solve the heat island effect. These strategies includethe use of materials with high albedo coefficients and surfaces with evapotranspiration properties and the planting of vegetation and trees [12,13]. Several modeling studies have been conducted on the cooling effects of green roofs in urban areas [14]. These studies aimed to verify whether the adopted approach can control the microclimatic impacts of the thermophysical properties of surface materials. Thus, they required advanced tools and software to assess the microclimatic factors of a particular site. A number of studies on the urban impacts on climate have been reported in climatology [15].




1.2. Microclimatic Approach


Outdoor urban spaces must provide thermally comfortable conditions [16]. In the past few years, city planners, urban designers, and engineers have begun to use the microclimatic approach to develop sites with high thermal comfort. Given the complexity of microclimates, investigating them requires the physical modeling of outdoor urban environments, which include factors that influence each other. Physical experiments on microclimates are expensive in terms of time and resources. Therefore, three-dimensional (3D) modeling simulations are the most suitable measures for predicting and improving the microclimatic characteristics of urban and outdoor spaces [16,17,18]. Microclimate simulation software, which assesses surface–plant–air interactions and their impacts on the microclimates of different urban morphologies, have received increasing research interest [19]. Adaptation and quantification strategies for microclimate improvement, such as the planning, design, and installation of urban green spaces, have recently gained scientific attention [20,21].




1.3. ENVI-Met Modeling


Several studies have used ENVI-met models to evaluate the effects of urban characteristics on microclimates [22]. The present study aims to investigate the microclimatic impacts of the morphological transformation of urban areas. We analyzed the microclimatic effect of an existing urban site and the feasibility of replacing existing building roofs with green roofs to ameliorate high ambient air temperature (Tair). Specifically, the impact of urban site transformation on outside ambient air temperature (Tair) is examined by using ENVI-met software. ENVI-met is one of the most commonly usedprogramsforassessing the impact of urban morphology on environmental variables and microclimate [23,24]. It requires a model and input parameters to ensure proper simulation of real phenomena. Therefore, this work focuses on the accurate evaluation of the urban morphological impact on microclimate at a specific day and time by using input parameters derived from the climatic data of the region. Previous studies have used the ENVI-met differentiation model to investigate the potential of neighborhood green spaces to reduce surface temperatures [17]. The ENVI-met model allows comparisons at the block or neighborhood scale and can develop vegetation profiles that are specific to a local climate [25]. The present study aims to investigate microclimate amelioration at a specific urban site and focuses on the impacts of urban morphological transformation on the surrounding thermal environment. Furthermore, the effects of two proposed green roof types on Tair are observed. The results of this research are expected to provide valuable knowledge for future green space strategies that can be implemented at sites with characteristics and climatic conditions similar to those of the study site.




1.4. Study Area


We take Wuhan, the capital of Hubei Province, as the study area. Its geological position is 113°41′–115°05′E and 29°58′–31°22′N. It is located in the hinterlands of China, at the intersection of the Changjiang (Yangtze) and Hanshui Rivers (Figure 1). Wuhan City has 13 districts, and we selected Wuchang District to illustrate the climactic impacts of rapid changes in urban characteristics.




1.5. Climate of Wuhan


Wuhan has a semitropical-like climate, with four clear seasons and abundant precipitation, mostly in June, July, and August. The summers are hot, oppressive, wet, and mostly cloudy, and the winters are very cold and mostly clear. The temperature typically varies from 1 to 33 °C and is rarely below −2 °C or above 36 °C [26]. Meteorological data obtained from weather websites are given in Table 1. The simulated climate information has a spatial resolution of around 30 km and might not reflect all local weather results, for example, thunderstorms, local winds, and tornadoes. The climatic data and geographical coordinates of research are the basis of 30.583° latitude and 114.267° longitude. Moreover, within 3 km in Wuhan,87% of the land is covered by artificial surfaces and 11% is water [27].





2. Research Method


2.1. Study Flow Steps


First, an urban site undergoing morphological transformation was selected as the study area. The 2006 morphology of the site was selected for microclimatic analysis. To identify morphological changes, Google Earth images of the study site atdifferent periods were retrieved. The morphological transformations from 2006 to 2013 were considered. ENVI-met software was used to assess and compare the thermo-climatic impacts of the morphological changes of the study site under the same climatic conditions. The simulations for Tair evaluation under previous and present conditions were obtained on 30 July using ENVI-met (Leonardo) results. Finally, the proposed green strategies for the 2013 building typology were used to determine the thermal difference and microclimatic impacts contributed by existing concrete roofs. The effects on the amelioration of Tair at the same day and time by the proposed strategies were also simulated. The study included the following steps, as shown in Figure 2.




2.2. Project Site Analysis


In this work, Hongshang was selected as the reference area to represent highly congested and densely populated areas in Wuchang District, Wuhan. Google Earth images of the selected site at different periods were retrieved to identify the morphological changes.



2006



The initial study was based on the 2006 morphology of the study site. In 2006, the site had an area of approximately 250 m × 180 m (45,000 m2). The basic layout consisted of one-and two-floored buildings and vegetation, as shown in Figure 3. Building lengths and widths were inferred from Google Earth images. The height of building blocks was calculated by setting 3m as the average height of one floor. The width and length of building blocks were approximated as close as possible to those of actual buildings on the study site.



2013



The second analysis is by 2013 morphology and the changes that occurred at that specific site with the passage of time. The study analysis was on Google Earth images, which showed great changes to the site regarding construction and covered area and the removal of vegetation and trees (Figure 4). The initial covered area of the 2006 morphology was 43%, and the green covered area was 57% of the total area. The green cover ratio was 1.32.



On the other hand, the total covered area in the 2013 morphology was 81%, and the green covered area was 19% of the total area. The green covered ratio was 0.23. The green cover ratio decreased due to the construction of new buildings on the site’s green area. The new buildings were typical Chinese typology with two distinct levels, commercial up to six floors and the rest of the floors with offices and commercial flats. The first level was up to 18m high, considering it was six-floor building and the taller portion was 36m (12 floors). The original of the taller towers was more than 36m but was reduced to 12 floors due to limitations of the software (provided in the student version) and also for accurate simulation results.



2013 Proposed Morphology



The third analysis was conducted with the 2013 morphology and the proposed green strategies. The addition of green roofs was proposed to increase the green ratio of the existing morphology. The total area of added green roofs was 22,210 m2. This addition increased the cover ratio from 0.23 to 0.8. A graphical illustration of the selected sites showing the previous, present, and proposed vegetation covers, as well as the paved area, was generated using ENVI-met, provided below. The basic information of the selected site is presented in Table 2.




2.3. Project Site Modeling in ENVI-Met


The investigated area was modeled using images retrieved from Google Earth. The model was designed to obtain a reliable visual representation of the dimensions of buildings and streets in the study area. Some limitations and simplifications were imposed on the model design and input data to reduce the number of required simulations. The two-dimensional (2D) layouts of the 2006 and 2013 morphologies were generated by ENVI-met for the comparison of potential Tair differences (Figure 5). The 2006 morphology was compared with the 2013 morphology to determine the increase in Tair that resulted from the construction of new buildings. Two pairs of models were used in this particular project. The first (2006 and 2013 morphologies) models the reconstruction of the selected area in Wuhan, and the second (grass and tree roof morphologies) analyzes the area under two types of green roof environmental design parameters.



The proposed models were constructed in ENVI-met on the basis of two important green strategies for mitigating microclimatic impact. The first strategy involves the addition of grass-planted roofs to new buildings, and the second involves tree-planted roofs. These strategies were selected in reference to the literature on green roofs and their importance in tropical regions. To determine the current microclimatic condition of the selected area, simulation of Tair measurements for the 2006 and 2013 3D models was performed on 30 July 2017. The ENVI-met compare option was used to compare the differences in Tair values under the same humidity level with a 4h day time interval. Newly constructed buildings with grass-or tree-planted roofs were simulated to identify the ameliorating impacts of vegetation on microclimatic conditions.




2.4. ENVI-Met Simulation Configuration


The features of the constructed 3D ENVI-met models of the selected site include building blocks, roads, and streets. These features were transformed into cells of preferred dimensions. First, existing urban elements such as buildings, vegetation, soil, and pavement were defined in an input model. Cell dimension selection requires compromise among model accuracy, maximum cell number, and simulation time. For example, small cell dimensions are associated with increased accuracy but longer simulation time. ENVI-met allows the option (while designing models and simulating) of selecting cell dimensions of 60 × 60 × 30 (x, y, z), 100 × 100 × 30 (x, y, z), or 180 × 180 × 30 (x, y, z). To obtain the optimal resolution and building block layout and street measurements similar to those at the actual site, a cell size of 2 m × 2 m was selected.



Then, simulations were conducted under different configuration file settings, such as different parameters and output folder names and timings. The same process was repeated to model the morphologies with tree-and grass-planted roofs. The latest version of ENVI-met 4.3.0, which was released in November 2017, was used for the simulation of morphologies on 30 July 2017, the longest typical summer day, with clear sky conditions. Relative humidity data were obtained from a previous work [27]. Simulations were performed for 12 h with a time step of 1 h and the following meteorological parameters:



The selected area was 250 m × 180 m. Thus, the model must have a cell size of 180 × 180 × 30. Building lengths and widths were thesame as those inferred from Google Earth images (Figure 3 and Figure 4). Building block heights were calculated using 3 m as the common height of one floor. Thus, the number of floors in a specific building was multiplied by 3. The width and length of the building blocks were set to be as close as possible to those of actual buildings in the study site, with the limitation of 2 m × 2 m cells. Wind speed at 10 m distance was set to 3 m/s for all cases, with 78% relative humidity (according to local weather station data). The construction material values of walls and roofs were set to 0.4 and 0.3, respectively. Grass and tree heights were approximately 0.2 and 3 m, respectively. The standard thermal properties of materials were used in both models. Models were simulated with the same types of ground surface and materials.



The types of ground surfaces and vegetation covers for all simulated models were the same because they were located in the same area. Simulation C included grass-planted roofs, and simulation D included grass- and tree-planted roofs). Trees were simulated with heights of 4–6 m. The use of tall tree covers with high densities is unsuitable for rooftops in tropical areas because they obstruct wind and have low climatic impact. Tree placement was decided in reference to previous literature to allow maximum wind flow. All model initialization parameters are shown in Table 3.




2.5. Project Simulation Categories


ENVI-met 4.3.0 is environmental simulation software that considers climate change adaptation and human comfort and health (ENVI-MET, 2017). Other climate simulators include ECOTECT and DIVA for RHINO. ENVI-met was used in this work because it is a comprehensive simulator that can simultaneously simulate a large number of climatic factors. It is a freeware tool that is commonly used to calculate thermal comfort [28].



The new version of ENVI-met tool (Leonardo) has been used to generate 3D microclimate models in many research studies on the urban heat island effect and mitigation strategies [29,30]. To quantify the impact of the 2006 morphology accurately, the overall simulation of the 2013 morphology and strategies that ameliorate high microclimate Tair were divided into four steps:

	
Simulation Case A: thermal impact of the 2006 site morphology.



	
Simulation Case B: thermal impact of the 2013 site morphology.



	
Simulation Case C: thermal impact of the complete replacement of concrete roofs of new building blocks with grass-planted roofs.



	
Simulation Case D: thermal impact of the complete replacement of concrete roofs with tree-planted roofs.









2.6. Calibration of All Simulation Models


For simulation using ENVI-met, climatic data from the Wuhan weather website must be input and calibrated [26]. The values of Tair and relative humidity extracted from the calibration point should show the same results as the climatic data of Wuhan for July. The input data to be calibrated included cloud composition, shortwave adjustment factor, specific humidity at 2500 mg/kg, and initial Tair. The wind data for Wuhan revealed three major wind directions: east, north, and south. In July, the most common wind direction is southeast. The easterly wind direction is also close to the prevalent south direction. The southeasterly wind direction was selected because of its impact on the majority of the site. Solar radiation values and day lengths were initially determined. In July, the average day length is 14 h, but 12 h was considered sufficient for simulation. Specific humidity at 2500 mg/kg was set to 78% because the average relative humidity in July is 78%, and specific humidity at 2500 mg/kg was 19g water/kg air, which was equivalent to the ground-level relative humidity of approximately 78%. The final parameter to be calibrated was the initial Tair. The initial temperature is the temperature at 06:00 or the hour when the simulations were initiated. The initial Tair must be calibrated to a value that is likely different from the actual Tair at 06:00 because the day temperature curve generated by ENVI-met usually does not fit the actual day temperature curve. Therefore, the Tair at 08:00 was matched to climatic data. Soil, grass, and tree types were calibrated in accordance with previous studies [26]. The same data must be calibrated for all simulation models.




2.7. Implied Green Roof Analysis


Urban areas are warmer than suburban areas. The addition of vegetation to urban areas would change temperatures by few degrees, thus improving comfort in the outdoor environment [31]. Two types of roof surfaces were implemented on new buildings within the existing site. First, the grass-planted roof structure was simulated, and its thermal impact was tested. Second, the tree-planted roof structure was simulated, and its thermal impact was tested. The 3D models of these experimental designs areshown in Figure 6. The ENVI-met compare option wasused to identify the absolute differences in Tair contributed by grass- or tree-planted roofs. The ENVI-met default values of specific humidity and roughness length were adopted for both simulations.



Figure 7 shows the different types of trees that affect the microclimate in the selected location. These trees have extensive or dense canopies that provide shade. Tall, big trees that cannot be planted on building rooftops were ignored. The types of trees for planting on roofs were selected from a standard list of trees and entered into ENVI-met. Grass, asphalt, and concrete were selected as ground cover, given their ubiquity.




2.8. Climate Measurements


Actual site climate measurements of Tair and relative humidity were not conducted for the following reasons: First, the specific site is private property, climatic measurements are costly, and resources as well as permissions from government authorities are required. Second, understanding the morphological changes is beyond the scope of this study. Furthermore, green roofs currently do not exist on the site. Therefore, the validation of climatic measurements is based on the analysis of weather data from a website.



All surfaces in the models were modeled and simulated with the same materials and thermophysical properties. The thermophysical values of materials, such as those of concrete (920 J/kgK, 2159 kg/m3 density, and 0.45 albedo), were obtained from China National Thermal Design Code. The impacts of different surface materials on Tair are more evident under clear sky and light wind conditions than under other conditions. Therefore, the weather data of July 30 were used to predict the spatial distribution of Tair in ENVI-met simulations. The average wind speed was 3 m/s, the wind direction was from west to east, and a relative humidity of 78%was used [27].



Simulation data at 14:00, 18:00, and 08:00 were selected for comparison. Buildings in simulations B, C, and D were simulated with the same height, and increases in height factor and their influence on temperature wereignored. Then, the influence of grass and tree roofs on Tair was determined under the same humidity and materials as those in the 2013 model to quantify the exact impact of each material at the same site during the experimental period. Similar weather conditions were applied throughout the experimental simulation to enable the comparison of all four simulation results. The absolute temperature values at different locations were compared through the comparison option to identify the absolute air difference at specific locations.





3. Numerical Simulation Output Data Analysis


3.1. Min and Max Tair Values of Different Urban Morphologies


The ENVI-met microclimatic output data for outside ambient temperature at different times of the day were analyzed, and Figure 8, Figure 9, Figure 10 and Figure 11 show the minimum and maximum Tair values in the morning (10:00), afternoon (14:00), and evening (18:00).



3.1.1. Simulation A (Tair Results for the 2006 Morphology)


In this scenario, the overall minimum Tair was 24.4 °C in the morning and the maximum was 36.9 °C in the afternoon.




3.1.2. Simulation B (Tair Results for the 2013 Morphology)


In the second scenario, the overall minimum Tair was 24.2 °C in the morningandthe maximum was 36.9 °C in the afternoon.




3.1.3. Simulation C (Tair Results for the 2013 Grass Roof Morphology)


In the third scenario (2013 grass-planted roof morphology), the overall minimum Tair was 24.2 °C in the morning and the maximum was 36.7 °C in the afternoon.




3.1.4. Simulation D (Tair Results for the Grass/Tree Roof Morphology)


In the fourth scenario (2013 grass/tree-planted roof morphology), the overall minimum temperature Tair was 24.2 °C in the morning and the maximum was 36.8 °C in the afternoon.



A discussion of the comparison of Tair values under different urban morphologies at different times of the day is presented in the subsequent section.





3.2. Difference in Tair at Specific Times under Different Morphologies


3.2.1. Comparison of Simulations B and A


The results from microclimatic simulations B and A are compared to determine thermal changes at the selected site.

	
Morning results








In the 2006 and 2013 morphologies, the average Tair values at areas with vegetation and trees ranged from 24 to 25 °C. The comparison points are presented in Figure 8a and Figure 9a. The negligible changes in Tair values may be attributed to the shading effect, especially at the western side of the study area, and minimal solar gains during the morning.

	
Afternoon results








In the 2006 morphology, average Tair values in areas with vegetation and trees were 31–33 °C. However, after the construction of new building blocks, average Tair values ranged from 30 to 32 °C, as shown in Figure 8b and Figure 9b. Shading effects accounted for variations in temperature during the afternoon. Tall buildings decreased Tair values.

	
Evening results








In the 2006 morphology, average Tair value in specific areas with vegetation and trees was 28 °C. However, after the construction of new building blocks, average Tair values decreased to 27 °C, and to less than 27 °C in areas such as the eastside of new building blocks (Figure 8c and Figure 9c).



The overall minimum and maximum Tair values in the morning and afternoon are almost the same for the 2013 and 2006 morphologies. The evening minimum and maximum Tair values of the 2013 morphology are less than that of the 2006 morphology. The shading effect of the new building blocks did not increase the maximum evening Tair value.




3.2.2. Comparison of Simulations C and A


The results from the simulations of scenarios C and A were compared to identify thermal changes at the selected site.

	
Morning results








In the 2006 morphology, the average values of Tair for specific areas with vegetation and trees fell in the range of 24–25 °C. However, after the construction of new building blocks with grass-planted roofs, the average Tair did not increase from 24 to 25 °C, as shown in Figure 8a and Figure 10a. The effect of the new building blocks on increased ambient temperature was less pronounced during the morning than at other times.

	
Afternoon results








In the 2006 morphology, the average values of Tair for specific areas with vegetation and trees fell in the range of 31–33 °C. After the construction of new building blocks with green roofs, the average values of Tair changed to 30 and 31 °C, as shown in Figure 8b and Figure 10b. Therefore, green roofs may potentially affect Tair values at the peak hour.

	
Evening results








In the 2006 morphology, the average value of Tair for specific areas with vegetation and trees was 28 °C. After the construction of new building blocks with green roofs, the average values of Tair decreased to 26 °C, and to less than 26 °C in some areas, such as the eastside of new building blocks. Thus, grass-planted roofs decreased the average values of Tair during the evening, as shown in Figure 8c and Figure 10c.



The overall minimum and maximum Tair values during mornings and afternoons are the same for the 2013 and 2006 morphologies. However, the evening Tair values of the 2013 morphology with grass-planted roofs were less than those of the 2006 morphology and almost the same as those of the 2013 morphology without green roofs. Therefore, grass-planted roofs mitigated the decreases in minimum and maximum Tair values during the afternoon.




3.2.3. Comparison of Simulations D and A


The results for simulation scenarios D and A are compared to identify thermal changes at the selected site.

	
Morning results








In the 2006 morphology, average Tair values in areas with vegetation and trees fell in the range of 24–25 °C and did not increase after the construction of new building blocks with grass- and tree-planted roofs. Thus, the grass and tree roofs maintained Tair values at levels equivalent to those of the 2006 morphology, as shown in Figure 8a and Figure 11a.

	
Afternoon results








In the 2006 morphology, average Tair values in areas with vegetation and trees fell in the range of 31–33 °C and varied from 30 to 31 °C after the construction of new building blocks. Thus, the new building blocks, especially those facing west, decreased Tair values, as shown in Figure 8b and Figure 11b. The shading effect also contributed to the decrease in Tair values in the surrounding area.

	
Evening results








In the 2006 morphology, the average Tair value in the area with vegetation and trees was 28 °C and decreased to 26 °C after the construction of new buildings with tree-planted roofs. Thus, tree-planted roofs decreased the evening Tair values of specific sites, as shown in Figure 8c and Figure 11c. The shading effect of tall building blocks also contributed to the negligible increase in ambient temperature. In particular, buildings on the east side, where the ambient temperature was 26 °C, exerted a strong shading effect.



The overall minimum and maximum Tair values during mornings and afternoons were the same for the 2013 and 2006 morphologies. However, the evening temperature of the 2013 morphology with tree-planted roofs was less than that of the 2006 morphology Therefore, tree-planted roofs mitigated the decreases in minimum and maximum Tair values during the afternoon.





3.3. Tair Difference at Specific Times and Directions


The simulation results for scenarios A, B, C, and D were compared to identify thermal changes associated with urban morphology at specific locations.



3.3.1. Comparison of Simulations B and A


Figure 12 represents the comparison between the morning, afternoon, and evening Tair values for simulations B and A (2006 and 2013 morphologies) in a specific direction.



In the morning (Figure 12a), the maximum Tair difference was observed in the west and southwest, whereas the minimum was observed in the north. In the south, Tair increased as a result of road surface material characteristics (asphalt).



In the afternoon (Figure 12b), the maximum Tair difference was observed in the east, whereas the minimum difference was observed in theremaining directions. In the east, Tair values at the corners of building blocks increased, but they did not increase overall.



In the evening (Figure 12c), the maximum Tair difference was measured in the east and southeast, whereas the minimum was observed in the west. The difference likely increased in the south because of the effects of the road surface material (asphalt).



Table 4 shows that the maximum Tair difference was observedin the afternoon (14:00), with an average difference of approximately 2 °C in the east. Thermal comfort must be ensured during the afternoon and in the east. The minimum Tair difference in the morning was 0.3 °C in the east and south. In the 2013 morphology, the heat island effect was less intense during the morning in the east and south.




3.3.2. Comparison of Simulations C and A


Figure 13 represents the differences in Tair at three time points in various directions under scenarios A and C.



In the morning (Figure 13a), the maximum Tair difference was observed in the east and west, whereas the minimum difference was observed in the north and south. The values in the east and west were the same.



In the afternoon (Figure 13b), the maximum Tair difference was observed in the east and west and may be attributed to the solar angle, whereas the minimum difference was observed in the north and west and may be attributed to the duration of sun exposure.



In the evening (Figure 13c), the maximum Tair difference was observed in the east and west and may be attributed to the solar angle, whereas the minimum difference was observed in the north and west and may be attributed to characteristics of the asphalt road surface.



Table 5 shows that the maximum Tair difference was measured in the afternoon (14:00) and the evening, with an average difference of approximately 2 °C in the east. The minimum Tair was 0.3 °C in the north in the morning.




3.3.3. Comparison of Simulations D and A


Figure 14 presents differences in Tair at three time points in various directions under scenarios A and D.



In the morning (Figure 14a), the maximum Tair difference was observed in the east and west and may be attributed to solar angle. Nevertheless, the east side was affected by shading. The minimum difference was observed in the south and north.



In the afternoon (Figure 14b), the maximum Tair difference was observed in the east and was attributed to the duration of sun exposure and solar orientation. The minimum difference was observed in the north and west.



In the evening (Figure 14c), the maximum Tair difference was observed in the east and south and was attributed to the duration of sun exposure and solar orientation. The minimum difference was observed in the north and west.



Table 6 shows that the maximum Tair difference was measured in the afternoon (14:00) and the evening, with an average difference of approximately 2 °C in the east. The minimum difference was 0.3 °C in the north in the morning.






4. Discussion


4.1. Simulations B and A


The overall minimum and maximum values of air temperature for the 2013 morphology in the morning and afternoon were almost the same as the 2006 morphology. On the other hand, the evening minimum and maximum Tair for the 2013 morphology were less than those of the 2006 morphology. This means the new building blocks did not increase the maximum evening Tair.



Morning, afternoon, and evening Tair values varied at specific locations. Compared with the 2006 morphology, the 2013 morphology had a greater influence on Tair values at specific sites but not on the overall minimum and maximum values because of the additional building blocks at specific locations. The maximum Tair difference was measured in the afternoon (14:00), with an average difference of approximately 2 °C in the east. The minimum value was 0.3 °C and was observed in the morning in the east and south because of the impact of solar radiation.




4.2. Simulations C and A


The overall minimum and maximum values of air temperature for the 2013 morphology (grass roof) in the morning and afternoon were the same as the 2006 morphology; however, the evening temperature was less than that of the 2006 morphology and almost thesame as that of the 2013 morphology. Therefore, no decrease occurred in the afternoon peak temperature due to grass roofs with regard to overall minimum and maximum air temperature.



Morning, afternoon, and evening Tair values varied at locations near the new building blocks. The maximum difference was measured in the evening (18:00), with an average difference of approximately 1.8 °C in the east and south. Thus, the impact of grass roofs was less than that of concrete roofs at specific locations and directions. The minimum Tair value was 0.3 °C, observed in the morning in the north. Thus, the minimum Tair value of the new building blocks with grass-planted roofs was the same as that with concrete roofs. However, in all directions, the effect of concrete roofs on minimum Tair was less than that of the 2006 morphology.




4.3. Simulations D and A


The overall minimum and maximum values of air temperature for the 2013 morphology (grass/tree roofs) in the morning and afternoon were the same as those in the 2006 morphology; however, the evening temperature was less than that of the 2006 morphology and almost the same as that of the 2013 morphology. Therefore, no temperature decrease occurred in the afternoon peak temperature due to grass/tree roofs.



Morning, afternoon, and evening Tair values varied at different locations of new building blocks. The maximum Tair difference was measured in the afternoon (14:00) and evening (18:00), with an average difference of approximately 1.8 °C in the east and in southeast, respectively. Thus, the impact of tree-planted roofs on Tair was greater than that of the concrete roof. The minimum Tair value was 0.3 °C and was observed in the morning in the north. Similarly, the minimum value at the peak hour (14:00) was the same as that under the grass-planted roof but less than that under the concrete roof. The maximum Tair values under grass- or tree-planted roofs did not vary but were less than those under the grass-planted roofs in all directions at the peak hour. Therefore, tree-planted roofs drastically reduce outdoor temperatures and should be implemented.




4.4. All Simulations


In all simulations, morphologies with grass and tree-planted roofs provided minimum morning Tair values. Morphologies with grass-planted roofs, followed by those with tree-planted roofs, yielded minimum afternoon and evening Tair values. Furthermore, these morphologies provided maximum morning Tair values. Maximum afternoon Tair values were observed in the morphologies with grass-planted roofs, followed by those with tree roofs. Finally, maximum evening Tair values were observed in the morphologies with grass-planted roofs, followed by those with tree-planted roofs. The results of simulations A and D were less than those of other scenarios. Solar radiation intensity accounted for the negligible differences in morning and evening Tair values under all simulations. The decrease in evening Tair values may be attributed to regional climate. In tropical and subtropical regions, temperatures drastically drop during the evening and night. In tropical regions, the nighttime thermal performance of concrete roofs is better than that of other roof types [32].



The addition of tree-planted roofs, not building height, likely accounted for the decrease in afternoon Tair values. ENVI-met simultaneously calculates the maximum and minimum temperatures of a site. The simulation results show that the Tair values of the newly constructed building area were reduced in the morning and those with tree-planted roofs or areas with vegetation dropped in the evening. Accounting for positive and negative Tair values during the measurement period revealed consistency between theresults for the tree- and grass-planted roofs.



The temperature-mitigating effect of grass roofs was less than that of tree-planted roofs. Nevertheless, grass-planted roofs have the potential to reduce temperatures and influence the thermal condition of the surrounding environment. In other words, green roofs may reduce the urban heat island effect by reducing Tair values. Thus, the implementation of large-scale cooling surfaces as roofing may lower temperatures in urban areas [33]. Similarly, the duration of direct sun exposure and the mean radiant temperature affect urban thermal comfort under the influence of urban layouts [34]. Other studies have also evaluated the importance of green roofs under different climatic conditions [34,35]. The morning, afternoon, and evening Tair values of the morphologies with grass-planted and concrete roofs varied. This result confirms that green roofs affect the urban microclimate. Hybrid strategies, such as combined vegetation, green roofs, and high-albedo materials, provide an average cooling effect of 1.1 °C [34].





5. Conclusions


In this study, the impacts of urban morphological transformation on the thermal microenvironment were investigated, and some important simulation tools that can be used to analyze these impacts were highlighted. The results of this study show that quantitative measurement of the urban microclimate is a valid method for understanding the microclimatic effects of urbanization.



Considerable effort has been devoted to mitigating the negative microclimatic impacts of the rapid urbanization of tropical cities. However, simulations that quantify the effects at specific periods, hours, and directions are rarely performed. Comparing models and actual data for Tair at specific times and periods can provide guidelines for landscape and urban designers. The four morphologies investigated in this study provided different Tair values under specific microclimatic conditions. The present work quantified the impact of urban morphological transformation on the thermal environment at specific times and directions and determined the microclimatic impact of green roofs. New tall building blocks in urban areas will not increase morning and afternoon ambient temperature, and the evening temperature will drop. At specific directions, maximum difference in Tair was measured in the east. No decrease occurred in afternoon peak temperature due to grassroofs with regard to the overall minimum and maximum air temperature. The investigated conditions and the proposed green roofing strategies on a typical summer day were simulated using ENVI-met. Under all simulation conditions, Tair values in the morning were lower than those in the afternoon and evening.



Tair prediction through ENVI-met is a reasonable approach for the quantification of urban microclimates. The simulation results suggest that the ENVI-met model can predict the main spatial distributions of ambient Tair and confirm that the effects of concrete roofs on urban microclimates are more intense than those of grass- and tree-planted roofs. The results also indicate that replacing existing roof structures with green roofs can reduce Tair values by 1–2 °C at specific times and locations. Therefore, both green roofing strategies have potential impacts on urban Tair values. Nevertheless, the differences in minimum and maximum Tair values in the morning, afternoon, and evening under all simulated morphologies are negligible. The results of this study may help guide institutions, decision makers, and industries in the implementation of green building and environmental initiatives. This research also provides a new method for analyzing urban morphology in tropical regions and evaluating urban microclimate mitigation strategies.
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Figure 1. Map of China; Wuhan location and climate. 
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Figure 2. Flow diagram of the study method. 
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Figure 3. 2006 site morphology. 






Figure 3. 2006 site morphology.
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Figure 4. 2013 site morphology. 






Figure 4. 2013 site morphology.
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Figure 5. 2006 site morphology (left) and 2013 site morphology (right). 
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Figure 6. 2006 3D morphology (left) and 2013 3D morphology (right) in ENVI-met. 
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Figure 7. 2013 3D morphology of grass-planted roof (left) and 2013 3D morphology of grass-/tree-planted roof (right) in ENVI-met. 






Figure 7. 2013 3D morphology of grass-planted roof (left) and 2013 3D morphology of grass-/tree-planted roof (right) in ENVI-met.



[image: Buildings 08 00182 g007]







[image: Buildings 08 00182 g008 550]





Figure 8. ENVI-met simulation outputs for Tair at (a) 10:00; (b) 14:00; and (c) 18:00. 
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Figure 9. ENVI-met simulation outputs for Tair at (a) 10:00; (b) 14:00; and (c) 18:00. 
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Figure 10. ENVI-met simulation outputs for Tair at (a) 10:00; (b) 14:00; and (c) 18:00. 
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Figure 11. ENVI-met simulation outputs for Tair at (a) 10:00; (b) 14:00; and (c) 18:00. 
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Figure 12. Comparison of Tair differences in the(a) morning; (b) afternoon; and (c) evening. 
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Figure 13. Comparison of differences in Tair in the (a) morning; (b) afternoon; and (c) evening. 
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Figure 14. Comparison of differences in Tair in the(a) morning; (b) afternoon; and (c) evening. 
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Table 1. Weather data of all simulations.






Table 1. Weather data of all simulations.





	Air Temperature
	Humidity
	Wind Characteristics





	In Wuhan City, the summer daily average temperatures reach 28 °C. In July, the daily maximum temperature increases by about 3 °C, from 30 to 33 °C, and rarely falls below 25 °C orexceeds 36 °C. The average daily maximum temperature is 33 °C on 31 July. On 30 July, the hottest day of the season, temperatures typically range from 27 to 33 °C. In July, comfortable temperatures occur between 04:00 and 08:00. The temperature increases after 08:00 and peaks after 12:00. The maximum temperature occurs at 12:00 and lasts until 20:00.
	The humidity comfort level is based on dew points. In tropical areas such as Wuhan, dew points tend to change slowly; a muggy day is usually followed by a muggy night despite decreased temperature at night. The average relative humidity is 78%. The muggy period lasts for about 5 months, from April to October. The days with the highest and lowest relative humidity values were observed in July and November, respectively. For reference, 14 July is the muggiest day of the year with 100% muggy condition.
	In Wuhan, the average wind speed is mostly constant within the range 3.2m/s (6.3 knots) to 3.5m/s (6.8 knots) at an average 3.3 m/s throughout the month. Wind mainly originates from the east during March–April (3.3 weeks) and August–September (1.5weeks). The peak percentage (57%) of wind flow is from the south, measured on 15 July. Given that the simulation was conducted on 31 July, the second dominant wind direction (east) was selected to account for the presence of large buildings on the south side of the site.

The average wind speed from May to August is 3.34m/s (6.7 knots) from the south. Hourly average wind vector (speed and direction) was measured at 10 m above the ground. Dominant average hourly wind direction varies throughout the year.
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Table 2. Basic information of the selected site.






Table 2. Basic information of the selected site.





	Site
	Simulation A
	Simulation B
	Simulation C
	Simulation D





	Total area
	45,000 m2
	45,000 m2
	45,000 m2
	45,000 m2



	Covered area
	19,350 m2
	36,450 m2
	36,450 m2
	36,450 m2



	Green area
	25,650 m2
	8550 m2
	22,210 m2
	22,210 m2



	Green covered ratio
	1.32
	0.23
	0.86
	0.86
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Table 3. Initial parameters of all simulations.






Table 3. Initial parameters of all simulations.





	Main Data
	Input





	Start simulation on day (dd.mm.yyyy)
	30.07.2017



	Start simulation time (hh:mm:ss)
	06:00:00



	Total simulation time in hours
	12.00



	Wind speed in 10m in m/s
	3.13



	Wind direction (90°:N; 0°:E; 90°:S; 180°:W)
	90



	Initial temperature in °C
	21



	Specific humidity in 2500 m (g water/kg air)
	19



	Relative humidity in 2m (%)
	78



	Roughness length (at reference point)
	0.01
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Table 4. Differences in Tair at three time points in various directions under scenarios A and B.
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	Directions
	Morning (10:00) Ranges
	Afternoon (14:00) Ranges
	Evening (18:00) Ranges





	East
	0.15–0.48(0.31)
	1.39–2.52(1.95)
	1.10–1.53(1.31)



	West
	0.48−0.82(0.65)
	0.26–1.39(0.82)
	0.24–0.67(0.45)



	North
	0.18–0.15(0.16)
	0.26–1.39(0.82)
	0.67–1.10(0.88)



	South
	0.15–0.48(0.31)
	0.26–1.39(0.82)
	1.10–1.53(1.31)
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Table 5. Differences in Tair at three time points under scenarios A and C.
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	Directions
	Morning (10:00) Ranges
	Afternoon (14:00) Ranges
	Evening (18:00) Ranges





	East
	0.22–0.87(0.54)
	1.53–2.18(1.8)
	1.5–2.18(1.85)



	West
	0.22–0.87(0.54)
	0.22–0.87(0.54)
	0.87–1.53(1.2)



	North
	0.43–0.22(0.32)
	0.22–0.87(0.54)
	0.87–1.53(1.2)



	South
	0.87–1.53(1.2)
	0.87–1.53(1.2)
	1.53–2.18(1.85)
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Table 6. Differences in Tair at three time points in various directions under scenarios A and D.






Table 6. Differences in Tair at three time points in various directions under scenarios A and D.





	Directions
	Morning (10:00) Ranges
	Afternoon (14:00) Ranges
	Evening (18:00) Ranges





	East
	0.2–0.87(0.54)
	1.52–2.18(1.85)
	1.5–2.18(1.85)



	West
	0.2–0.87(0.54)
	0.22–0.87(0.54)
	0.22–0.87(0.54)



	North
	0.44–0.22(0.33)
	0.22–0.87(0.54)
	0.87–1.52(1.63)



	South
	0.87–1.52(1.19)
	0.87–1.52(1.19)
	1.52–2.18(1.85)











© 2018 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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