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Abstract

:

This study numerically investigates the influence of different vegetation types and layouts on microclimate and air quality in residential districts based on the morphology and green layout of Nanjing, China. Simulations were performed using Computational Fluid Dynamics and the microclimate model ENVI-met. Four green indices, i.e., the green cover ratio, the grass and shrub cover ratio, the ecological landscaping plot ratio and the landscaping isolation index, were combined to evaluate thermal and wind fields, as well as air quality in district models. Results show that under the same green cover ratio (i.e., the same quantity of all types of vegetation), the reduction of grass and shrub cover ratio (i.e., the quantity of grass and shrubs), replaced by trees, has an impact, even though small, on thermal comfort, wind speed and air pollution, and increases the leisure space for occupants. When trees are present, a low ecological landscaping plot ratio (which expresses the weight of carbon dioxide absorption and is larger in the presence of trees) is preferable due to a lower blocking effect on wind and pollutant dispersion. In conjunction with a low landscaping plot ratio, a high landscaping isolation index (which means a distributed structure of vegetation) enhances the capability of local cooling and the general thermal comfort, decreasing the average temperature up to about 0.5 °C and the average predicted mean vote (PMV) up to about 20% compared with the non-green scenario. This paper shows that the relationship vegetation-microclimate-air quality should be analyzed taking into account not only the total area covered by vegetation but also its layout and degree of aggregation.
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1. Introduction


Thermal comfort and air quality are major concerns for people living in urban areas. Currently, due to the influence of factors such as building density, building materials and anthropogenic heat emission in residential areas, high temperatures may frequently occur in hot summers and may negatively affect residential life. Moreover, traffic-induced emissions are one of the major contributors of air pollution in urban built-up areas, emitting several harmful pollutants in the form of particulate matters, such as PM10 [1], PM2.5 [2] and Ultrafine Particles (UFP) [3,4], and gaseous pollutants such as nitrogen oxides (NOx) [5,6] and carbon monoxide (CO) [7].



In the built environment, temperature are generally higher than in the surrounding rural areas, as a result of the low short-wave albedo of city surface, the high heat capacity of building materials, the blockage of outgoing long-wave radiation and natural ventilation by the urban geometry as well as low evaporation rates. Outdoor spaces in the residential area are places for citizens to participate in social activities, so the comfort and air quality directly influence the livability of a residential district. Green space plays an important role in this sense, as well as in its botanical, aesthetic or environmental value [8,9]. Residential green space provides residents with rest and recreational functions of living land by using green infrastructure. Chinese domestic standards (GBJ137-90, CJJ/T85-2002) recommend that urban residential land should account for about 20–30% of the total urban land area, and green space should at least account for 30% in new residential districts. Generally, green spaces in residential areas can be divided into the following four categories: public green spaces, private green spaces, green spaces between buildings and roadside green spaces. Apart from the aesthetic value, vegetation has positive effects on reducing local temperature through shading and evapotranspiration [10,11] and wind flow blocking, especially on cold windy days. In addition, many studies have shown that vegetation can remove pollutants more efficiently from the atmosphere than artificial surfaces because vegetation foliage can absorb gaseous pollutants through their stomata and can remove deposited particles [12,13,14]. Actually, the effect of vegetation on air quality is regarded as a paradox as the aerodynamic and deposition effects of vegetation counterbalance each other. The deposition of particles on vegetation surfaces can be influenced by various factors, such as the diameter and shape of the particles, the planting configuration and meteorological parameters. Although the deposition on vegetation helps to remove particles from the air [15,16,17,18], the aerodynamic effects may reduce the air exchange compared with a no-green scenario, reducing mixing, dilution and ventilation [18,19,20,21,22].



Given the growing interest in outdoor thermal comfort and the well-being of urban residents, a number of models have been developed to investigate the micro-scale outdoor environment, for example, CTTC [23], SOLWEIG [24], RayMan [25], ENVI-met [26]. ENVI-met 4.3 was selected here because of its capacity to simulate the influence of vegetation by combining the simulation of processes induced by vegetation with atmospheric processes occurring in the upper atmospheric layer of built environments. ENVI-met has a typical spatial resolution of 0.5–10 m and a temporal resolution of 10 s, which meet the criteria for the accurate simulation of physical processes, suitable for microclimate studies at the neighborhood scale. ENVI-met has various output parameters, including meteorological parameters such as air temperature, relative humidity, wind speed and thermal comfort indices such as mean radiant temperature and predicted mean vote (PMV). Previous studies using ENVI-met can be divided into two categories: one comprising studies which investigated the effects of urban design on outdoor microclimate, i.e., both the thermal environment [27,28,29,30] and air quality [31,32,33,34,35,36], and the other assessing the performance of ENVI-met by comparing simulation results with field experimental data. Those studies show that the ENVI-met model is capable of simulating both spatial and temporal temperature and wind speed with acceptable accuracy for the evaluation of microclimate in both simple and complex urban areas [30,32,35,36,37,38,39,40] and provide evidence of its suitability for the idealized residential districts studied in the present paper. For example, Lee et al. [41] used ENVI-met to simulate a residential district, including residential buildings and street canyons with asphalt surfaces, grasslands and broad-leaved trees in Freiburg, a mid-size city in Southwest Germany. Four scenarios with different types of green coverage were simulated on a heat wave day. The results quantified the daytime and nocturnal contributions of trees and grasslands, respectively, to the mitigation of human heat stress on different spatial scales. Wu et al. [42] compared four greening modification scenarios in a residential quarter of Beijing, China on a typical summer day by using ENVI-met. Modelling results showed that vegetation could greatly reduce near-surface air temperature, with the combination of grass and mature trees achieving as much as a 1.5 °C of air temperature decrease compared with the non-green scenario. See also the ENVI-met official website (http://www.envi-met.info/doku.php?id=kb:review) for a complete review of validation studies.



Within this perspective, this study aims to discuss how to improve the home-site microclimate and air quality in the presence of different green space layouts characterized through specific green indices. In contrast to the numerous previous studies mentioned above, this paper evaluates the green space influence in residential districts from the points of view of both greening quantity and greening structure. Based on the results of wind, thermal environment and pollutant dispersion, general suggestions are provided, which can constitute guidance and a reference for the future design of green spaces in residential districts.




2. Methods and Modeling Description


2.1. Green Indices


In order to study the correlation between the greening effect of green spaces in residential districts and the internal structure of green spaces, a sensitivity analysis was performed to investigate how different indices influence the impact of vegetation on microclimate and air quality. Specifically, four different indices were selected: grass and shrub cover ratio, green cover ratio and ecological landscaping plot ratio (which are green quantity indices determined by the green area and the proportion of vegetation), and landscaping isolation index (which is a green structure index related to the layout of the green space).



2.1.1. Green Quantity Indices


The three green quantity indices employed here were introduced and summarized by Tong [43] to describe the horizontal and vertical distribution of vegetation. The grass and shrub cover ratio and green cover ratio are defined according the urban green indices commonly employed in China for urban planning and design, e.g., GB51192-2016/GB50563-2010.



The grass and shrub cover ratio (Gg) is defined as:


   G g  =  (   A  grass   +  A  shrub    )  / A  



(1)




where Agrass and Ashrub are the area of grass and shrub (m2), respectively, while A is the total area (m2) taken into consideration. Gg, defined by the percentage of grass and shrub area, reflects the percentage of area in which the thermo-physical properties (e.g., conductivity, specific heat and albedo) of ground surfaces are changed with grass and shrub cover, which cannot provide any shading effect. In addition, from the urban planning perspective, this index reflects the area of open space that can be used to build infrastructures for residential purposes. For green spaces with trees, shrubs and grass, shrubs and grass are inaccessible spaces compared with trees for which the contact with ground is only the trunk which does not strongly affect people’s activities.



The green cover ratio (Cg) is defined as:


   C g  =  A s  / A  



(2)




where As is the vertical projection area of the vegetation (m2) which can be estimated from plan view. Cg refers to the percentage of projected area of all types of vegetation (grass, shrub, and tree). It thus represents the quantity of all types of vegetation in a green space, and larger values of (1 − As/A) mean larger areas of hard pavement without shading.



Finally, here, a new green index, i.e., the ecological landscaping plot ratio (Rg), is proposed:


   R g  =  (   A  grass   + 15 ×  A  shrub   + 30 ×  A  tree    )  / A  



(3)




where Atree is the vertical projection area of the tree crown (m2). This index gives information on the ability of vegetation to absorb carbon dioxide (CO2), which is considered one of the key parameters for low-carbon eco-city development in China. Taken into consideration the CO2 absorption per unit area in 40 years [44], as shown in Table 1, it can be seen that the CO2 absorption efficiency ratio between grass, shrubs and trees is 1:15:30. These values are employed in the definition of Rg (Equation (3)).



Rg has been introduced here to overcome the limitation of Cg and Gg in describing in detail the vegetation configuration. From Figure 1, which shows the three green quantity indices for six different scenarios, it is evident that there exist situations where the quality characteristics of green space cannot be accurately reflected by any one or two indices. For example, the green space in Scenario 1 and Scenario 2 has the same values of Cg and similar values to Rg, but the values of Gg are different, which means that in Scenario 2 there is a large area of hard pavement. Green spaces in Scenario 1 and Scenario 3 have the same values of Gg and Cg, even though they comprise different vegetation types and have different ecological benefits (Rg). The green spaces in Scenario 5 and Scenario 6 have the same value of Gg and Rg, while the difference is in the hard pavement shaded by vegetation (Cg). Since different kinds of vegetation have distinct effects on microclimate and air quality; it is clear that a certain space layout cannot be classified based only on those two indices, which simply represent the projection area of grass, shrubs and trees over the ground.



Thus, the influence of different green spaces on microclimate and air quality is studied by considering the newly defined index Rg and the commonly employed indices Gg and Cg.




2.1.2. Green Structure Index


The green quantity indices described above do not reflect the distribution pattern, such as the aggregation of vegetation (particularly trees), which may have a different influence on the local environment. To take into account the vegetation distribution pattern, the landscaping isolation index (Fi) is employed here [45]. It is defined as:


   F i  =   D  i  /  S i   



(4)




where    D i  =  1 2     N i  / A     is the distance index for landscape type i which only considers the influence of the number of patches in the separation of the landscape distribution,    S i  =  A i  / A   is the area index for landscape type i which represents the cover ratio of landscape type i and in this study refers to the cover ratio of trees. Ni is the number of the patches, i.e., the number of groups of trees, and Ai is the area of landscape type i (m2). The large value of Fi implies the patches are far from each other. Figure 2 shows that the value of Fi increases with increasing number of patches and decreases with increasing area of the patches. This index reflects the degree of separation of landscape distribution and was introduced to study the influence of the aggregation distribution of trees on microclimate.





2.2. Thermal Comfort Parameters


To study the influence of green spaces on thermal comfort, two parameters were considered: the mean radiant temperature (MRT) and the predicted mean vote (PMV).



MRT is one of the most important meteorological parameters that is used to evaluate people’s thermal comfort. It is affected by the total amount of radiation absorbed by the human body and is directly influenced by urban geometry and surface materials, particularly under high solar radiation [27,46,47]. MRT is defined as:


  MRT =    [   1   σ B     (   E t   ( z )  +    α k     ε p     (   D t   ( z )  +  I t   ( z )   )   )   ]    0.25     ( K )  



(5)




where σB = 5.67 × 10−8 is the Stefan-Boltzmann constant (W/(m2·K4), Et(z), Dt(z), It(z) are the incoming long wave radiation (W/m2), incoming direct short wave radiation (W/m2) and incoming diffuse short wave radiation (W/m2), respectively. αk is the absorption coefficient of the human body for short wave radiation and is set to 0.7, and εp is the emission coefficient of the human body and is set to 0.97.



The predicted mean vote (PMV) is based on the heat balance of the human body, which can be used to predict the general thermal sensation and degree of discomfort of people exposed to indoor thermal environments [48]. It is also used as the outdoor thermal comfort index relating the energy balance of the human body to the personal feeling of people, taking into consideration the influence of four meteorological parameters (air temperature, mean radiant temperature, wind speed and relative humidity) and personal factors (heat resistance of clothing and human activity) on thermal comfort. PMV, which ranges from −4 (very cold) to +4 (very hot) [49], is defined as:


  PMV =  [  0.028 + 0.303 · exp  (  − 0.036 ·  M   A  Du      )   ]  ·  (   W   A  Du     −  E d  −  E  sw   −  E  re   − L − R − C  )  = PMV  (   t a  ,     t  r  ,     v  a  ,   rh ,   M ,     I   cl    )   



(6)




where M is the metabolic rate (W/m2), W is the external work (W/m2), ADu is the surface area of human skin (m2), Ed and ESW are the heat loss by moisture diffusion and evaporation of sweat (W), respectively. Ere and L are the latent heat loss of respiration and sensible heat loss of respiration (W), respectively. R and C are radiant heat exchange and convective heat exchange (W), respectively. ta is the air temperature (°C). tr is the mean radiant temperature (°C). va is the wind speed (m/s). rh is the relative humidity (%). Icl is the clothing insulation (clo). In this study, body parameters were defined according to a standard human [50], except that the clothing insulation was decreased from the standard value 0.9 clo to 0.5 clo because simulations were performed for hot summer conditions.



Both MRT and PMV were calculated based on parameters directly obtained from ENVI-met. The selected height for the calculations was defined at 1.4 m (pedestrian height).




2.3. Description of the Investigated Cases


To achieve higher efficiency of land usage and meet the residential needs, the layout of urban residential districts generally adopts aligned and staggered forms or free irregular forms. Taking as an example the city of Nanjing, China, based on the analysis of building layout (morphology) in the main urban area, it was found that residential buildings are mainly of the 6-story plate-type and the layout of plate-type residential buildings is mainly parallel, as shown in Figure 3.



Based on the statistics of residential building size and street width [51,52], an idealized residential district model was set up as shown in Figure 4 (highlighted in brown). It is made of blocks aligned along the north-south direction and the height, length and width of each six-story building are 18 m, 48 m and 12 m, respectively. The distance between buildings along a north and south direction is 24 m, and the distance between east and west is 16 m, resulting in a planar area index (ratio between the planar area of buildings and the total lot area) λp = 0.25. The widths of roads in residential district and main traffic roads are 24 m and 32 m, respectively. Considering the impact of the model boundary on the result of the simulation area, one half of a block was added around the residential district area. The final simulation area (computational domain) was 416 m × 448 m (see Section 2.4.1).



Both green quantity and green structure indices (see Section 2.1) were used to develop several scenarios of different green spaces distribution and to evaluate the influence on microclimate. Specifically, a green space with an area of 48 m × 16 m was placed between North-South adjacent residential buildings. Four typical cases that are commonly used in the residential green spaces in Nanjing were set up and numbered A-D as shown in Table 2. In addition, a case without green space was also simulated as the base case (“non-green scenario” hereafter).




2.4. ENVI-Met Model Description


2.4.1. Computational Domain


The three-dimensional simulation area (computational domain) had a dimension of 416 m × 448 m and a vertical height of 40 m. The area was meshed using a rectangular grid with 279,552 cells. The grid resolution was 4 m × 4 m in the x and y direction as commonly applied in previous studies (see for example [39,53]), and the vertical size of the cells in the z direction was 2 m (equidistant), except for the lowest five cells which was 0.4 m (assuring at least 3 cells up to pedestrian level of 1.4 m) in order to increase the accuracy near the surfaces where larger gradients were expected. The lower vertical size of the cells close to the ground has the advantage that the exchange processes between atmosphere and ground, which have a substantial influence on the microclimate at ground level and are most interesting from a bio-meteorological point of view, can be simulated more accurately [54]. To improve model accuracy and avoid numerical errors caused by model boundary interference with internal model dynamics, ten nested grids were employed.



Two receptors (P and Q) were selected inside the residential model area to evaluate the temporal variation of meteorological parameters and pollutant concentration (see Figure 4). Both receptors were located at street intersections. Receptor P was selected because it is located downstream of vegetation with respect to the approaching wind and thus it is expected to better reflect the variation of thermal environment under different vegetation configurations. Receptor Q was located close to the side where the approaching wind enters the residential district and close to the pollutant source, where PM10 concentration is supposed to be high.



For each case, ENVI-met was run for a 48 h period, starting at 06:00 a.m. 22 June to 06:00 a.m. 24 June, with model output every hour, using the configuration parameters described below and listed in Table 3. The first hour (6:00 a.m.), for which the input parameters were input by the user, was discarded and the analysis started from 07:00 am. Further, the ENVI-met model required spin-up time before the flow field reached stability, and the results of the first several hours were inaccurate as can be seen in the temporal profiles in the results section, so the analysis of contours and data focused on the second next day (23 June) of simulation.




2.4.2. Meteorological Parameters


Flow solver in the atmospheric system is based on the Reynolds Averaged Navier-Stokes (RANS) equations, and the standard k-ε model is used for the turbulence closure [26]. Meteorological parameters (i.e., temperature and relative humidity) used for model initialization corresponded to those of a typical summer day in June in Nanjing [55]. Specifically, the wind speed at 10 m above the ground level was set to 3 m/s, with a wind direction of 135° (see Table 3).




2.4.3. Pollutant Dispersion


ENVI-met uses the Eulerian approach to study the dispersion of pollutants, allowing simulation of pollutant dispersion including particles, passive gases and reactive gases. Dispersion of pollutants is calculated using the standard advection-diffusion governing equation. By adding source and sink terms in the equation, local processes that influence the change in concentration of local pollutant source or the deposition of particles can be parameterized [26]. As a result of gravitational forces, particles deposit on different surfaces, including building walls, roofs, vegetation and soil, also known as particle sediment, which is considered in this model. The pollution source in ENVI-met is defined in the model domain and can be line-, point- or area sources with hourly emission rates. Traffic emissions can be calculated by multiplying an emission factor (g/km vehicle) with the prevailing traffic intensity (vehicle/s). Here, line sources of PM10 were considered, with a constant source emission strength of 0.1 mg/m·s that corresponds to an average emission factor of 0.347 g/km per vehicle according to the tunnel test of vehicles in Nanjing [56], with a car speed of 40 km/h and 25 cars per km. To mimic mixing by traffic-induced turbulence, emission was distributed over the entire dimension of the traffic lane at the height of 0.4 m. By fixing the emission strength for all the cases, it was possible to isolate the impact of different types of vegetation on microclimate and air quality. The source position is shown in Figure 4.




2.4.4. Vegetation


The equations adopted to model vegetation in ENVI-met are mostly described in Bruse and Fleer [26], while further developments have been collated in the model webpage (http://www.envi-met.info/doku.php?id=root:start). In summary, vegetation is treated as a one-dimension column. The presence and physical characteristics (shape and height) of vegetation are parameterized using the leaf area density (LAD, m2/m3) which is defined as the total leaf area divided by the total volume of vegetation. The height of the plant zp is divided into ten layers (whose height is defined as zpl = zp/10) and a leaf area density value is assigned to each layer. The direct heat flux, the evaporation flux and the transpiration flux are considered in the interactions between the vegetation and the surroundings. The influence of LAD on atmospheric transport is simulated by including additional terms in the prognostic equations using source/sink terms describing heat, humidity and momentum exchange. For shading calculation, vegetation is treated as a turbid medium and the attenuation coefficient is the function of the optical path of the solar beam through the canopy and LAD. However, the attenuation of the diffuse radiation by vegetation is not yet taken into account. In addition, the LAD is also an important parameter in the calculation of the mass of particles deposited. The filtering capacity of vegetation is defined as a sink term in the dispersion equation, and the aerodynamic resistance and sublayer resistance (quasi-laminar resistance) are considered in the calculation of particle deposition velocity [57].



Since the ENVI-met database does not contain proper LAD values of trees present in residential districts, the analytical method developed by Lalic and Mihailovic [58] was used, as recommended by the software developer. They presented a general method to obtain the LAD profile based on a few parameters: height, the maximum LAD and the height of maximum LAD. In this study, the common tree species Ulmus pumila L. was chosen and the height of trees, the maximum value of LAD and the height of maximum LAD were assumed to be 8 m, 1 m2/m3 and 5 m, respectively. Such a way to represent vegetation is not accurate, but it is the best approximation ENVI-met currently allows. LAD values of grass and shrub were taken from the local ENVI-met database; since their heights (0.4 m and 1.2 m, respectively) were strictly linked to the vertical grid resolution (0.4 m), one single value was employed instead of a profile (Table 4).






3. Results and Discussion


3.1. The Impact of Green Space Layout on Thermal Comfort


3.1.1. Air Temperature and Humidity


To evaluate the variation of temperature and relative humidity at pedestrian height (1.4 m), hourly profiles are shown at point P starting from 7:00 on 22 June to 6:00 on 24 June (Figure 5). The maximum temperature and minimum relative humidity occurs at 15:00, while the minimum temperature and maximum relative humidity occurs at around 5:00. It can be noted that between 12:00 and 16:00, Case A (grass) experiences higher temperature and lower relative humidity due to the lower evaporation and solar radiation absorption in comparison to shrubs and trees present in the other cases.



The spatial distribution of temperature in the whole computational domain at pedestrian height at 14:00 on 23 June (Figure 6) shows that the different green types and layouts present in the residential district do not have different influences on the surrounding temperature. In fact, the distribution of the temperature fields are quite similar, with temperatures between 24 °C and 27 °C and the highest temperature in areas surrounding the district. Due to the larger solar radiation absorption and water evaporation by vegetation in Cases B, C and D (as already shown in Figure 5), the district average temperatures are lower than those found in Case A.



The spatial average temperature values, calculated by averaging the temperatures at all the pedestrian cells in the residential district, are 25.8 °C (Case A) and 25.5 °C (Cases B, C and D), while the average temperature in the non-green scenario is 26 °C. This shows that the cooling effect in the residential district depends on the green types and layout. Thus, to better compare the cooling effect of the different cases, Figure 7 shows the percentage distribution of the temperature range that counts up the temperature data within each cell at pedestrian height. It can be observed that all cases had a great cooling effect compared with the non-green scenario. The minimum and maximum temperatures in Case A (i.e., 25.4 °C and 26.2 °C, respectively) are higher than those of the other three cases (about 25.1 °C and 26.1 °C). It can thus be concluded that: (i) the cooling effect of the combination of grasses and shrubs (Case B) and grasses and trees (Cases C and D) is better than that of grass alone (Case A); and (ii) the temperature range of Cases C and D is more evenly distributed and the area of temperatures below 25.2 °C is larger than that in Case B, which means trees had the largest cooling effect.



Finally, to locally compare the cooling effects of different green types and layouts, Figure 8 shows the detailed spatial distribution of temperature and relative humidity in the district area. The distribution of the low temperature area is consistent with the area where relative humidity is high. The clear cooling effect and evaporation effect of trees, which makes the temperature lower and humidity higher, causes the increase in the relative humidity. The area where the air temperature is below 25.2 °C is mainly concentrated on the north side of the buildings, where the local cooling effect of Case B (grass and shrubs) is not pronounced compared with that of Cases C and D (grass and trees). In addition, the effect of local cooling of tree-grass structure is related to the degree of aggregation, as the concentrated trees in Case D placed in the center of the green space enhanced the temperature difference between the north and south sides of the buildings.




3.1.2. Wind Speed


Figure 9 shows the hourly profiles of wind velocity at point P. For all the cases, the profile gradually decreases and reaches the minimum daily value at 8:00. After that it gradually increases again until the wind velocity reaches the maximum daily value at 16:00, then decreases again. The wind speed in Case A (grass) is higher since the grass had less effect in blocking the wind than shrubs and trees (Cases B, C and D). Please note that the reason for the decrease in wind speed during the first few hours is due to the fact that the flow field has not reached stability (spin-up effect mentioned in Section 2.4.1). Neglecting the first day (22 June), the daily variation of the wind speed can be associated with the temperature variation (Figure 5), i.e., when the air temperature increases, the wind speed increases as well. The plausible explanation is that solar radiation causes the ground to heat up and enhances vertical convection.



Figure 10 shows the percentage distribution of wind speed in the residential district. On average, wind speeds in Cases A–D are 1.33 m/s, 1.08 m/s, 1.09 m/s and 1.14 m/s, respectively, while in non-green scenario, the wind speed is 1.41 m/s. Over 61% of the residential district area in Case A experienced a wind speed above 1.3 m/s, while in Cases B, C and D the areas are 17%, 21% and 32%, respectively, due to an increasing blocking effect of vegetation compared with the non-green scenario.



Finally, to compare the local effect of the different green layouts, Figure 11 shows the detailed contours of wind speed in the residential district. In general, the wind speed in the north area is relatively lower than in the south area due to the obstacle effect of buildings and vegetation. By analyzing in detail Cases B, C and D, the wind speed distribution in Case B is generally lower and uniform due to the continuous shrub arrangement, and the wind speed is higher in the center of the green space where the grass is located and thus exerts less resistance to the wind. In Case C, due to the distributed trees placed around the green space, the ventilation in the central area is enhanced compared with the other two cases, while the east-west ventilation in the south side of the buildings is affected. In Case D (concentrated trees placed in the center of the green space), lower wind speed zones occurs in the north side of the buildings and the center of the green space due to the larger blocking effect.




3.1.3. Mean Radiant Temperature and Predicted Mean Vote


Figure 12 shows the hourly variation of MRT and PMV at point P. The blue area in the figure is the thermal comfort zone, while the thermal sensation corresponding to the red zone is evaluated as hot. The areas below the blue zone, between the red and blue area and above the red area, mean cool, warm and very hot, respectively. It can be seen that there is a little difference between the different cases, and profiles of MRT and PMV are qualitatively similar. During the day, MRT reaches about 76 °C, while it drops to 10 °C at night. MRT increases from 6:00 and reaches two peaks at 9:00 and 17:00, which means that there might be a radiant load on building facades. As for PMV, the hours from 19:00 on 22 June to 6:00 on the next morning are below the blue zone and from 7:00 to 18:00 they are in the shape of “M”. On 23 June, only the hours 7:00, 18:00 and 19:00 are in the comfort zone, while 8:00–12:00 are warm and 13:00–17:00 are very hot. In particular, at 12:00 and 15:00, the hot feeling zone is reached. In general, Case A (grass) experiences a larger fluctuation of PMV, i.e., the upper and lower limits of PMV are respectively higher and lower than other cases.



Figure 13 shows the MRT and PMV distribution in the residential district at pedestrian height on 23 June at 14:00. The average MRTs and PMVs in the non-green scenario are 70 °C and 3.3, respectively (not shown here); in Cases A–D the average MRTs decrease to 67 °C, 64 °C, 62 °C and 63 °C, respectively, and the average PMVs to 3.0, 2.8, 2.6 and 2.7, respectively. Compared with the shrub-grass structure (Case B) and tree-grass structure (Cases C and D), the single grass (Case A) structure has relatively less effect in improving the comfort. In particular, trees play a significant role in improving the local thermal comfort with a reduction of PMV to about 0.5 under tree shading.





3.2. The Impact of Green Space Layout on PM10 Concentration


To study the hourly variation of PM10 concentration in the residential district, profiles at point Q and contours are analyzed. Figure 14 presents the hourly variation of PM10 concentration at point Q, showing that the concentration during the day is lower than that at night. The valleys and peaks of 22 June and 23 occurs at about 13:00 and 19:00, respectively. The valleys show a “U” shape, which mean that the PM10 concentration is maintained at a relatively low level within a couple of hours. This is because the higher temperature (Figure 5) and wind speed (Figure 9) during the day cause the particles to disperse more rapidly. Then PM10 concentration decreases, reaching the minimum at 13:00 when the temperature is the maximum. Further, the humidity during the day is lower than that at night (Figure 5), and its increase results in the increase of air density at night, which causes the deposition velocity to decrease and PM10 concentration to increase.



Figure 15 shows the contours of the PM10 concentration and wind speed in the residential district; the interval between concentration contour lines is 2 μg/m3 and the initial contour line in the northwest residential area is 4 μg/m3. The average PM10 concentrations at pedestrian height are 10.7 μg/m3 (Case A), 11.0 μg/m3 (Case B), 10.9 μg/m3 (Case C) and 10.9 μg/m3 (Case D), while in the non-green scenario, the value is about 10.7 μg/m3. In general, the contours are similar for all the cases investigated. In particular, PM10 concentration is higher at the upwind side (south-east) of the residential district, while a low PM10 concentration area occurs at the northwest side (downwind). The wind speed contours show that the ventilation effect on the south sides (those exposed to the wind) of the buildings is better than that on north sides (downwind), leading to uneven concentration distributions. The ventilation is a consequence of the vortices which developed within the street canyons for such an array of packing density λp = 0.25, which is considered a border case between sparse and compact cities [59,60]. Thus, the pollutant accumulated within the street canyons is closer to the pollutant source upwind with poor pollution transport downwind. The ventilation gets worse in the presence of vegetation as the concentration distribution suggests that the aerodynamic effect seemed to prevail over the filtering capacity [18,19,20,21,22].



To further show the effect of vegetation on pollutant dispersion, as an example Figure 16 shows that, for Case A, the area where the PM10 concentration is below 10 μg/m3 almost accounts for 64% and the maximum PM10 concentration in the residential district is about 50 μg/m3.





4. Discussion


The analysis has shown that the effects of vegetation on microclimate and air quality are not only related to the green cover but also to the vegetation types and layout of trees.



In particular, even though Cases A (only grass) and B (grass and shrubs) had the same maximum value (100%) of green cover ratio (Cg) and grass and shrubs cover ratio (Gg), they did not show the maximum cooling effect and the best thermal comfort. Instead, the combination of grass and trees (Cases C and D), which had the same Cg and lower Gg of Cases A and B, led to an average temperature reduction of approximately 0.5 °C compared with the non-green scenario, showing trees play a significant role in cooling, suggesting that Cg and Gg cannot be employed alone to evaluate the cooling effect. In this regard, the new ecological landscaping plot ratio Rg proposed here was found to be appropriate in evaluating the cooling effect of vegetation as larger Rg (in Cases B, C and D) showed a larger cooling effect, with a PMV reduction of about 20% compared with the non-green scenario.



Further, these effects depend on the degree of separation of landscape distribution (expressed by the landscaping isolation index Fi). In fact, the local cooling effect of concentrated structure of vegetation in Case D (lower Fi) was larger than the distributed structure in Case C during the day, even though the temperature distribution was relatively uneven, while in Case C it was more uniform. Thus, it can be concluded that reducing the landscaping isolation index (through a concentrated structure of vegetation) helps to create a larger shading area and improves the local cooling effect of trees, while increasing it (through a distributed structure of vegetation) is beneficial for uniform temperature and improve the general thermal comfort.



The pollutant concentration distribution was closely related to temperature, humidity and air flow. The effect of shrub-grass (Case B) and tree-grass (Cases C and D) structures on wind blocking was slightly stronger than the single grass structure (Case A), even though it was characterized by the same green cover ratio (Cg). In fact, while Case A provided the same average PM10 concentration compared to the non-green scenario, with increasing ecological landscaping plot ratio Rg in the other cases, the average wind speed in the area worsened the ventilation due to the presence of continuous shrubs and trees, thus increasing average PM10 concentration up to about 3%. Further, under the same values of green quantity indices, with higher Fi in Case C, i.e., looser distribution of trees, the effect on wind blocking was relatively small compared with the concentrated trees in Case D. This suggests that green spaces with a low ecological landscaping plot ratio Rg and high landscaping isolation index Fi are expected to have lower effects on wind blocking and thus to be more beneficial for pollutant dilution.




5. Conclusions


This paper attempts to make a link between green indices and the microclimate in idealized residential areas representing typical districts of Nanjing, China. Modeling simulations were performed using ENVI-met for different scenarios of vegetation types and layouts. The main general conclusions are summarized below:




	
under the same green cover ratio (i.e., the same quantity of all types of vegetation), the reduction of grass and shrub cover ratio (i.e., the quantity of grass and shrubs), replaced by trees, has a little impact on thermal comfort, wind speed and air pollution, in addition to increasing the leisure space for occupants;



	
a low ecological landscaping plot ratio (which expresses the weight of carbon dioxide absorption and is larger in the presence of trees) is preferable due to a lower wind blocking by vegetation and thus to the enhancement of ventilation and air quality;



	
a low landscaping isolation index (thorough a concentrated structure of vegetation) helps to create a larger shading area and improve the local cooling effect of trees, while increasing it (through a distributed structure of vegetation) is beneficial for uniform temperature and to improve the general thermal comfort.








In summary, in conjunction with a low landscaping plot ratio, a high landscaping isolation index enhances the capability of local cooling and improves the general thermal comfort as the temperature is uniformly distributed within the study area, and diminishes the wind blocking by vegetation improving the air quality. This paper shows that the effect of vegetation on microclimate and air quality is complex, and should be analyzed using several green indices which take into account not only the total area covered by vegetation but also its layout and degree of aggregation.
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Figure 1. Green quantity indices for different green space configurations. Gg: grass and shrub cover ratio; Cg: green cover ratio; Rg: ecological landscaping plot ratio. 
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Figure 2. Examples of the landscaping isolation index Fi for different distribution patterns of trees. 
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Figure 3. The layout of buildings (morphology) of typical residential districts in Nanjing, China. 
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Figure 4. The idealized residential district area (highlighted in brown) of size 184 m × 200 m, with indication of the position of two receptors (P and Q) and pollutant line sources (dashed lines). 
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Figure 5. Temporal profile of temperature and relative humidity at point P. 
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Figure 6. Spatial distribution of temperature at pedestrian height on 23 June at 14:00. 
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Figure 7. Percentages distribution of temperatures range in residential district at pedestrian height on 23 June at 14:00. 
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Figure 8. Contours of temperature distribution (top) and relative humidity (bottom) in the residential district at pedestrian height on 23 June at 14:00. 
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Figure 9. Temporal profile of wind speed at point P. 
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Figure 10. Percentage distribution of wind speed range in the residential district area at pedestrian height on 23 June at 14:00. 
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Figure 11. Contours of wind speed distribution in the residential district at pedestrian height on 23 June at 14:00. 
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Figure 12. Temporal profiles of mean radiant temperature (MRT) and predicted mean vote (PMV) at point P. 
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Figure 13. Contours of MRT (top) and PMV (bottom) at pedestrian height on 23 June at 14:00. 
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Figure 14. Temporal profile of PM10 concentration at point Q. 
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Figure 15. Contours of PM10 concentration (top) and wind speed (bottom) in the residential area at pedestrian height on 23 June at 19:00. 
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Figure 16. Percentage PM10 concentration range in the residential district at pedestrian height on 23 June at 19:00 (Case A). 
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Table 1. The amount of carbon dioxide absorbed by various vegetation types in the 40-year life cycle [44].
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	Vegetation Type
	CO2 Absorption (kg/m2)
	Depth of Soil Cover





	Tree (small broad-leaved trees, coniferous trees)
	600
	>1.0 m



	Shrub (at least 4 plants per square meter)
	300
	>0.5 m



	Grass (grass garden, natural weeds, aquatic plants, lawns)
	20
	> 0.3 m
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Table 2. Investigated cases representing residential districts with different quantity and green structure indices.
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	Case Code
	A
	B
	C
	D





	Description
	 [image: Forests 09 00224 i001]
	 [image: Forests 09 00224 i002]
	 [image: Forests 09 00224 i003]
	 [image: Forests 09 00224 i004]



	
	Grass
	Grass is placed in the center of green spaces, surrounded by 4 m width shrub
	The area consists of grass and distributed trees. The single patch of trees is 4 m × 4 m.
	The area consists of grass and concentrated trees. The single patch of trees is 8 m × 8 m.



	Green quantity index
	Gg = 100% Cg = 100% Rg = 1
	Gg = 100% Cg = 100% Rg = 9.2
	Gg = 83.3% Cg = 100% Rg = 5.8
	Gg = 83.3% Cg =1 00% Rg = 5.8



	Green structure index
	\
	\
	Fi = 0.31
	Fi = 0.16
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Table 3. Initial and boundary conditions used in ENVI-met simulations.
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Parameter

	
Definition

	
Values




	
Location

	
Nanjing/China

	






	

	
Latitude (deg ,+N, −S), Longitude (deg, −W, +E)

	
32.05, 118.78




	
Meteorological condition

	
Wind speed measured at 10 m height (m/s)

	
3




	

	
Wind direction (deg)

	
135




	

	
Roughness length at measurement site

	
0.1




	

	
Initial temperature of atmosphere (°C)

	
22




	

	
Specific humidity at model top (2500 m, g/kg)

	
7.0




	

	
Relative humidity at 2 m (%)

	
65




	
Pollution source

	
Species

	
PM10




	

	
Source geometry

	
Linear source at 0.4 m height




	

	
Emission rate

	
0.1 mg m−1 s−1




	
Vegetation cover

	
Type

	
GrassShrubTree




	

	
Height

	
0.4, 1.2 and 8 m
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Table 4. Values of LAD (m2/m3) for the different types of vegetation used in ENVI-met simulations.
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	Vegetation
	LAD 1
	LAD 2
	LAD 3
	LAD 4
	LAD 5
	LAD 6
	LAD 7
	LAD 8
	LAD 9
	LAD 10





	grass
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3
	0.3



	Shrub
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2



	Tree
	0.1
	0.1
	0.1
	0.6
	1
	1
	1
	1
	0.6
	0.3
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