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Abstract:

 Understanding the link between greenspace patterns and land surface temperature is very important for mitigating the urban heat island (UHI) effect and is also useful for planners and decision-makers for providing a sustainable design for urban greenspace. Although coupling remote sensing data with a computational fluid dynamics (CFD) model has widely been used to examine interactions between UHI and greenspace patterns, the paper aims to examine the impact of five theoretical models of greenspace patterns on land surface temperature based on the improvement of the accuracy of CFD modeling by the combination of LiDAR data with remote sensing images to build a 3D urban model. The simulated results demonstrated that the zonal pattern always had the obvious cooling effects when there are no large buildings or terrain obstacles. For ambient environments, the building or terrain obstacles and the type of greenspace have the hugest influence on mitigating the UHI, but the greenspace area behaves as having the least cooling effect. A dotted greenspace pattern shows the best cooling effect in the central area or residential district within a city, while a radial and a wedge pattern may result in a “cold source” for the urban thermal environment.
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1. Introduction

The impacts of urbanization on local climate are well documented [1]. One of the most relevant impacts is the urban heat island (UHI) effect, which has become a highly interesting focus for scientists, planners and engineers, due to its adverse environmental and economic impacts [2]. In response to predictions of increasingly frequent heat waves, an adaptation strategy has been suggested to pay more attention to the planning, design and installation of urban greenspace [3,4,5,6], such as parks [7,8], green roofs [9] and trees along streets [10,11,12]. UHI can be mitigated mainly by balancing the relative amounts of various types of greenspace in present research and practical planning.

However, available land for increasing greenspaces is usually very limited for a heavily-urbanized city [13]. The mitigation of UHI cause more attention to be paid to the optimization of greenspace spatial patterns, and also, much research has been conducted to examine the amount, composition (the abundance and variety of green land types) and configuration (spatial arrangement) of greenspace based on the land patches and landscape metrics from the landscape ecology method [14,15,16]. However, little research has explored the effects of theoretical spatial patterns of greenspace on land surface temperature. Moreover, the ambient environment of the greenspace, such as greenspace type, surface characteristics and greenspace areas, may bias the estimation of the cooling effect of the greenspace pattern [17,18,19]. An effective design mechanism to mitigate the UHI relies on understanding the information about the comprehensive effect of the ambient environment and spatial patterns of greenspace on land surface temperature.

The present approaches [20] that understand and qualify how the urban greenspace affects the land surface temperature distribution include field measurement [21,22], thermal remote sensing [23], small-scale climate modeling [24,25] and the CFD model [26,27,28]. Thermal remote sensing is a useful technique to estimate spatial distributions of land surface temperature [29], but lacks the ability to provide information on the causes of the formation of spatial distributions and to predict the change of land surface temperature. CFD modeling can not only determine the spatial distribution of land surface temperature, but also can provide information on the interaction mechanisms forming the temperature distribution [30]. The ENVI-met (V3.1 Beta V), as one of the CFD models, was developed by the Research Group Climatology at Ruhr University Bochum in Germany [31] and has been widely applied in urban climate studies. Some studies have proven that the ENVI-met model could simulate the interactions between surface, plants and the atmosphere within the urban environment [32] and showed that greenspace could help to improve human thermal comfort by reducing air temperature and reflected radiation [33]. Although ENVI-met has appeared more appropriate for urban planning, being able to take into account the effect of buildings’ geometry and vegetation on the flow pattern and temperature distribution, a better tuning of the model is needed to properly predict the heat fluxes and the air temperature at the neighborhood scale [34]. Regulating simulation time, atmospheric parameters and surface characteristics can improve the simulation accuracy of the ENVI-met model [10,34]. However, how the 3D model of surface features in ENVI-met affects the simulation accuracy has not been considered in the model. Much research has mainly adopted the 2D or simplified 3D model, which were acquired by GIS data and a land cover map. This means that an accurate 3D model of urban space should be expected to improve the accuracy of the CFD model. LiDAR (light detection and ranging) as an active and 3D remote sensing technology can obtain the plain metric and vertical positions and provide a unique and promising solution to extract urban 3D information [35,36].

The paper mainly aims to (1) study how five theoretical patterns of greenspace affect land surface temperature based on the validated CFD model by field survey and the 3D urban model; (2) explicate the comprehensive effect of spatial patterns of greenspace and their ambient environment on land surface temperature to provide decision makers and planners with guidance on land use and UHI mitigation.



2. Methods and Data

The ENVI-met model as the CFD model is adopted to examine the impact of greenspace patterns on land surface temperature. It employs the non-hydrostatic incompressible Navier-Stokes equations for the wind field, the k-epsilon turbulence model and a combined advection-diffusion equation with the alternating directly implicit (ADI) solution technique [31] to simulate the interaction between microclimate and urban surfaces, such as walls, soil and vegetation. This model requires two main input files, including the configuration file containing settings for initialization values and timings and the 3D model file designing the spatial location, height of buildings, vegetation and soils based on a cell in the simulated area. The four steps are described below:


	(1)

	Constructing a 3D model of the study area based on LiDAR data and IKONOS images;



	(2)

	Initializing the CFD model by field survey and defining basic settings, including temperature at 1.5 m above ground: 299 K; wind speed (at 10 m above ground): 1.6 m/s; wind direction: south to north; RH: 84%; roughness length in 10 m: 0.1; total simulation: 24 h;



	(3)

	Calibrating the CFD model: comparing simulated temperature with measured temperature and adjusting the inputted parameters to make the simulation stable and the errors reduce;



	(4)

	Outputting the simulated temperature: simulating the temperatures of different scenarios based on systematic verification and reliability analysis of the ENVI-met model after inputting the two main files (Figure 1).

Figure 1. The framework of the study methods.
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2.1. The Study Area and Data to Calibrate the CFD Model

The Jiangning campus of HoHai University is selected as an experiment area to calibrate ENVI-met by field survey to confirm its suitability, which is located in the southwest of Nanjing city (31°14′–32°17′N, 118°21′–119°14′E), Jiangsu province, China (Figure 2) [37]. The simulated area (with the red-line box in Figure 2a) is determined mainly to consider several types of land cover, such as vegetation (grass, trees along the road and trees located on the mountain), road, building and public squares.

Figure 2. The simulated area (a) and the distribution of tested points (b).
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For CFD simulation, the heights of buildings and trees must be obtained based on the reconstruction of the 3D model. Airborne topographic LiDAR is the most popular data to extract the terrain and building information [38,39,40]. Present airborne LiDAR data can have submeter resolution and centimeter position accuracy. These properties are superior to almost all other remote sensing datum and, therefore, greatly extend the capabilities and potentials of urban remote sensing. The airborne LiDAR data, which was acquired on 4 November 2010, on aircraft flying at an altitude of 3000 m, was used to detect buildings and has a space interval between scanned points of 1 m and a density of points of about 0.56/m2. Many filtering algorithms have been applied to extract the buildings. However, it is difficult to select appropriate thresholds and filter window sizes for various filtering algorithms. The integration of multispectral imagery and LiDAR data has been considered effective in automatic 3D reconstruction of building and trees [41,42]. Hence, a cloud-free IKONOS multispectral scene by the combination of the 1, 2 and 3 bands, acquired on 6 August 2010, was used to extract the information of land use and land cover, which can assist LiDAR data to reconstruct a 3D model of the simulated area. The study area is digitized based on a rectangular grid with a 1-m spatial resolution. The vertical top of the model is set at 2500 m. The timing of the model running is for 24 h, which is decided by the users, depending on the size of the model area, spatial resolution and total number of hours simulated.







2.2. Reconstructing 3D Urban Model and Field Survey

The conventional steps of reconstructing a 3D urban model based on LiDAR data and IKONOS images include filtering (specifically, classifying the LiDAR data into ground points and non-ground points), extraction of building footprints (fusion of LiDAR point and IKONOS image) and reconstruction (generating a 3D model). Firstly, the morphological method of filtering [43] was selected to classify LiDAR points into ground points and non-ground points. Secondly, vegetated points were excluded from the high-rise features by a land cover map derived from IKONOS multispectral bands [44]. As a result, only points that belong to buildings can be selected, and the roof planes of buildings are detected by Hough-transform. Thirdly, the outline of a roof plane is more difficult to determine when the orientation and height of the roof plane can be estimated, and the land and buildings plans are needed to improve the reconstruction accuracy of the 3D building model [45]. Some of the bounds of the roof planes can be reconstructed by intersecting the walls with the detected roof planes, but other bounds are found by the intersection of pairs of adjacent roof planes and the detection of height jump edges in the point clouds. A program has been made to import the 3D model reconstructed by LiDAR and IKONOS images into ENVI-met software, because the 3D model cannot be directly inputted into ENVI-met software.

Thus, the 3D model of the study area was reconstructed by fusing LiDAR data with IKONOS images (Figure 3a). The simulated results are shown as Figure 3b by inputting the 3D model and simulation boundary conditions into calibrated ENVI-met software. Generally, the land surface temperature increases from the tree cover areas to grass cover areas and, again, to the cement road surface. The distribution patterns of land surface temperature accord with the patterns of land cover types.

Figure 3. The top view of the 3D model (a) and the surface temperature of the simulated area (b).
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Ten control points (Figure 2b) were identified for field measurement based on the characteristics of the study area with lawn, trees, concrete road and building surfaces and had their average values inputted into the CFD model. Field measurements were performed during a hot and sunny day from 10:00 am on 11 June 2013 to 10:00 am on 12 June 2013. Wind speed, barometric pressure, relative humidity and temperature were measured at about a 1.5 m height and surface temperature by the Kestrel Meter 4000 Weather Meter.



2.3. Calibrating CFD Model

It should be stressed that all mathematical models need validation by an alternative method. The ENVI-met software package was developed at regions with a high latitude and cold climate in the beginning [31], and it is required to validate it for tropical and subtropical regions (e.g., Nanjing, China). Thus, it is important to calibrate the ENVI-met software by field survey, and the comparison between simulated and field data has been done by using the normalized mean square error (NMSE) method to confirm the accuracy of the modelling (Formula 1).



[image: there is no content]



(1)




NMSE is the normalized mean square error, N the number of samples, [image: there is no content] the simulated value of sample n and [image: there is no content] the observed value of sample n by field survey.
The default model parameters in the first iteration of modeling that have been used and simulated are higher than the surface temperature of the field survey (Figure 4). The land surface temperature differences between simulated and field surveyed temperature for 10 control points range from 1.21 °C to 3.02 °C, and the average temperature difference of 10 control points is 2.07 °C. Point 5 has the largest temperature difference, because it is located in warm areas, due to the obstruction of surrounding buildings. The NMSE between the simulated temperature of the first iteration and measured temperature of 10 control points is 2.774.

Figure 4. Temperature differences between the simulated and field measurement.
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Minor changes were made to the configuration of the second iteration, mainly to test the influence of the soil humidity and clouds, because the initial temperature and relative humidity of soils in the middle and deep layers have not been measured by field survey. The relative humidity in the middle and deep layers is set to 70% (the default value is 60%), because it rained just two days before. The other adjusted section is the clouds, whose fractions of low, medium and high clouds were set to 3, 2 and 2, respectively. However, it was sunny and there were few clouds at the simulated time, so that the fractions of low, medium and high clouds were changed to 1, 0, 0, respectively [34]. Simulated results of the second iteration are shown in Figure 4, which presented significant improvements by the comparison with the first iteration. The average temperature difference between the simulated and measured temperature is 0.509 °C. The NMSE between the simulated temperature of the second iteration and measured temperature of 10 control points is 2.139.

To examine how the 3D model affects the simulation accuracy, the simple 3D model is replaced by the 3D model based on IKONOS images and LiDAR data, which is built by a land use map from the IKONOS images and the estimated height of buildings and trees from GIS data of the study area. Other parameters of the CFD model remain unchanged. The simulated results by the simple 3D model showed that the temperature difference between the simulated and field measured temperatures rises up to 1.19 °C (the third iteration in Figure 4). Especially for the control Points 3, 5 and 9 around the buildings, the temperature differences are 1.55 °C, 1.47 °C and 1.26 °C, respectively. Therefore, the real 3D model can improve the simulation accuracy of the ENVI-met model. The NMSE between the simulated temperature of the third iteration and the measured temperature of 10 control points is 2.372.





2.4. Five Models of Greenspace Pattern

Five spatial patterns of greenspace, such as a dotted pattern, a circular pattern, a radial pattern, a wedge pattern and a zonal pattern, have been discussed very commonly in the fields of urban planning and landscape ecology [46,47] and, thus, are selected to examine the effect of greenspace pattern on surface temperature (Figure 5). Five different factors (Table 1) are simulated to evaluate how the ambient environment impacts the mitigating effect of the greenspace pattern on land surface temperature. For Cases a, b, d and e, there are commonly no buildings or terrain obstructions around the greenspace in the outer suburbs. For Case c, there commonly exist many buildings around the greenspace, changing the direction and strength of air flow around the greenspace, in the central area inside the urban environment. The modelling settings in greenspace patterns accord with those of the modelling in the Jiangning study areas on the 12 June 2013.

Figure 5. Five spatial patterns of greenspace: (a) dotted pattern; (b) circular pattern; (c) radial pattern; (d) wedge pattern and (e) zonal pattern.
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Table 1. Five factors of ambient environments.


	Case
	Underlying type
	Vegetation type
	Vegetation Height (m)
	Vegetation area (km2)
	Total area (km2)
	Obstruction situation





	a
	soil
	tree
	5
	0.08
	0.64
	no



	b
	soil
	grass
	0.2
	0.04
	0.64
	no



	c
	soil
	tree
	5
	0.04
	0.64
	no



	d
	soil
	tree
	5
	0.04
	0.64
	buildings



	e
	grass
	tree
	5
	0.04
	0.64
	no















3. Results


3.1. Simulated Temperature of Five Types of Greenspace Patterns

Case d (Table 1) is selected to simulate and analyze the land surface temperature of different greenspace pattern characteristics according to the average temperature and statistics curves of simulated temperature. For the dotted-pattern greenspace, the vegetation is uniformly and dispersedly located in the given region, so that the frequency of the internal heat exchange between vegetation is very low. According to the percentage of low (lower than 299.0 K), high (higher than 300.0 K) and moderate temperature areas (from 299.0 K–300.0 K), the dotted pattern without low temperature areas presented a higher percentage of high temperature area and had the highest average simulated temperature (Table 2). The lower and higher temperature mainly occurs on the inner greenspace and outside greenspace. The dotted-pattern greenspace maybe improve the local climate, but is ineffective at regulating the climate of a large area (Figure 6a). The circular pattern presented a higher percentage of high temperature area and a much higher simulated temperature. The low-temperature areas are mainly located at the areas between the greenspace and its downwind direction (Figure 6b).

Figure 6. Simulated surface temperature by five patterns: (a) dotted pattern; (b) circular pattern; (c) radial pattern; (d) wedge pattern; (e) zonal pattern.
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Table 2. Average temperature and temperature distribution characteristics.


	Pattern
	Average temperature (K)
	Low temperature area (%)
	High temperature area (%)
	Median temperature area (%)





	Dotted pattern
	299.991
	0
	26.45
	73.55



	Radial pattern
	299.509
	2.79
	21.98
	75.23



	Circular pattern
	299.740
	0.96
	25.25
	73.79



	Zonal pattern
	298.768
	6.09
	25.55
	68.36



	Wedge pattern
	299.491
	3.38
	17.86
	78.76








However, the temperature patterns of the radial and wedge patterns have certain similarities (Figure 6c,d). The wedge and radial patterns presented a higher percentage of low and moderate temperature area and therefore, a lower overall temperature of the simulated area. Additionally, the two patterns showed a relatively homogeneous temperature distribution in their internal greenspace and also formed an extremely low-temperature area along the downwind direction. The zonal pattern had the lowest percentage of low and high temperature area and average temperature. The cooling effect is obvious around the corridors between green belts (Figure 6e).







3.2. Impact of Ambient Environment on Mitigating Effect of Greenspace Pattern

Four factors, including greenspace type, greenspace area, underlying type and topology (terrain), have been used to analyze the influence on UHI. Firstly, the effect of the greenspace type on temperature is analyzed by comparing Case b with Case d. The simulated average temperature of Case b for all greenspace patterns rises and is 0.3 °C for the dotted pattern, 0.82 °C for the radial pattern, 1.08 °C for the zonal pattern, 0.5 °C for the circular pattern and 0.84 °C for the wedge pattern, respectively. Secondly, Cases c and d are used to compare how the underlying surface affects the temperature distribution. The simulated temperature of Case c declines 1.32 °C, 0.93 °C, 0.95 °C, 1.01 °C and 0.76 °C for dotted, radial, zonal, circular and wedge patterns, respectively. Thus, the cooling effect of the dotted pattern has been greatly improved when the underlying surface is grassland and trees. Thirdly, with the comparison of Case a with Case d, to analyze the effect of greenspace area, the simulated surface temperature of Case a declines and is 0.35 °C for the dotted pattern, 0.19 °C for the radial pattern, 0.15 °C for the circular pattern, 0.42 °C for the zonal pattern and 0.13 °C for the wedge pattern, respectively. Increasing the greenspace area will play a greater role in mitigating the effect on UHI for the zonal pattern. However, the worst cooling effect is for the circular pattern, because it is more enclosed by trees and it is very difficult to form air convection with the outside air. Lastly, a comparative analysis is made between Cases c and e to reveal which kind of greenspace pattern has a better cooling effect for inner cities where more buildings exist. The average simulated temperature of Case e rises 0.72 °C, 0.92 °C, 1.67 °C, 1.42 °C and 0.86 °C for the dotted, radial, zonal, circular and wedge patterns, respectively. For the inner urban area, the dotted and wedge patterns play a greater role in mitigating UHI.




4. Discussions


4.1. The Importance of Model Calibration

The simulated results of the first and second iteration clearly showed that the calibration of default parameters in the ENVI-met model can improve modelling accuracy. Compared with previous research results [10,48,49], the model fit for surface temperature is acceptable and can be validated for the comparison of the impacts of five greenspace patterns on land surface temperature. Thus, we inferred that a well-calibrated model always functions well and may obtain effective results even under the conditions of changing simulated scenarios for a given study objective. Moreover, the input parameters of the ENVI-met model were based on field survey in the study area and cannot be used directly for other study areas, due to the differences in parameters, such as soil humidity, air temperature and simulation time, according to the climate and weather characteristics. Many researchers in this field of research have considered 3D real areas in the CFD model [50], but 3D models have commonly been constructed based on the GIS data and land cover map. The simulated results in the third iteration showed that the accuracy of the 3D model based on LiDAR data has also improved the CFD modelling accuracy in the paper.

However, there are still some limitations, such as the complexity and plethora of urban details, the high computational cost of simulations and the accuracy of the 3D model in the current ENVI-met model version, including the calibrated model in the paper. Researchers have proposed that the integration [51] of micro-scale, median-scale models and remote sensing technology with the CFD model should be regarded as the development trend for improving the effectiveness and accuracy of the modelling process. In the paper, the focus of the modelling is on the theoretical patterns of urban greenspace impacts on UHI in the local scale, and not the patterns of real land patches, such as land use/land cover patches derived from the remote sensing images. The five types of theoretical greenspace patterns have been widely studied and planned in the field of urban planning and landscape ecology and must be tested with the real study area at different scales, such as city, urban sub-areas and urban function areas (e.g., a residential, industrial zone), according to the special environment parameters.



4.2. The Cooling Effect of Greenspace Pattern on UHI

Different spatial arrangements of greenspace and the means and amount of heat exchange among soil-vegetation-air generate different effects for mitigating UHI. However, there is not a very huge difference in the average surface temperature across the five patterns. The biggest average surface temperature difference occurred between the zonal pattern and dotted pattern and is 1.23 °C; the temperature difference between the dotted pattern and circular patterns is 0.25 °C, and the difference between the wedge pattern and radial pattern is not obvious. This may be a result of the simple ambient environment (e.g., flat terrain, simple land cover types) and the simulated area of the study area.

The zonal pattern always shows the lowest average temperature, because the trees between greenbelts not only intercept incoming solar radiation, but also reflect short-wave radiation from their surroundings and long-wave radiation from the land surface and the sky. In some cases, there is significant sensible heat exchanges between the urban warm air and the cooler leaves [52]. It is difficult to form a strong air convection with the dotted pattern of greenspace, so that the simulated surface temperature becomes the highest among the five patterns. The radial pattern and wedge pattern have many similarities in the temperature distribution characteristics and can form a “cold source” in the urban environment, because they can introduce fresh air for the urban environment and also play an important role in improving the spatial scope of the urban greenspace cooling effect. The two types of patterns, especially the wedge pattern, are more sustainable greenspace models. Besides the obvious cooling effect, they also have good accessibility for urban residents to rest, for recreation and for education. The wedge-pattern greenspace belt is best parallel to the direction of dominant wind in the city and having a width greater than 20 meters. The greenspace should use native and leafy trees and also be integrated with the river within the city, which has the function of a greenspace. These are two kinds of ideal greenspace patterns to mitigate UHI. The circular pattern is relatively closed, and it is difficult to form a heat exchange between trees and air, so the average surface temperature is higher.



4.3. The Influences of Ambient Environment on the Cooling Effect of the Greenspace Pattern

The influences of different factors on the greenspace pattern are multiple. The microclimate in an urban space is influenced by the adjacent buildings and landscape elements and their complex interactions [53]. Complicated geometry results in higher average surface temperature for all patterns, with an increase of 1.11 °C of the average temperature of the five patterns. However, the zonal pattern is much more sensitive to geometry and has the highest average surface temperature. On the contrary, the geometry has little effect on the dotted pattern, so that it shows the lowest average temperature. Radial, wedge and circular patterns have higher surface temperature under complicated geometry. If the area of greenspace increases to 50% of its area, the average surface temperature of the five greenspace patterns decreases 0.248 °C. Therefore, the greenspace area has the least effect among all ambient environment factors, but for the zonal pattern, it shows an obvious cooling effect when the greenspace area increases. If the type of greenspace changes from tree to grass, the average surface temperature of the five patterns increases 0.708 °C, because the lawn decreases temperatures mainly through ground evapotranspiration [54]. This type of greenspace has little impact on the dotted pattern, because dotted trees over a wider area cannot form a strong air convection and a cooler local microclimate. However, the type of greenspace exercises a great influence on the zonal and circular patterns, because the trees in the two patterns can generate very strong local airflow, shade and evaporative cooling [54]. If the land surface is composed of grassland, soil and trees, the average surface temperature of the five space patterns decreases 0.994 °C. However, the cooling effect of the dotted pattern has been greatly improved, so that the mixed greenspace types, such as the combination of grass and trees, is more suitable for the dotted pattern.




5. Conclusions

It is necessary to calibrate ENVI-met software with field surveys to confirm its suitability. By adjusting the default parameters and soil humidity of the ENVI-met model, the average simulation errors decrease 2.07 °C and 0.509 °C, respectively. The 3D model built by IKONOA images and LiDAR data in this paper also has improved the modelling accuracy and made the modelling error reduce by 1.19 °C compared with the simulation results of the 3D model based on a land cover map.

This paper reports the cooling effects of different theoretical greenspace patterns on land surface temperature based on the calibrated CFD model. Firstly, the zonal pattern always shows the lowest average temperature, and it is difficult for the dotted pattern of greenspace to form strong air convection, thus resulting in the highest temperature. The radial pattern and wedge pattern have many similarities in the temperature distribution characteristics and can form a “cold source” in the urban environment. The circular pattern is relatively closed, and the heat exchange between trees and air is difficult to form, so the average surface temperature is higher. Secondly, complicated geometry results in higher average surface temperature for all patterns with an increase of 1.11 °C, but has much more effect on the zonal pattern and little effect on the dotted pattern. The greenspace area has the least effect among all ambient environment factors, with the exception of the zonal pattern.

The relationship between greenspace patterns and land surface temperature is useful for planners and decision-makers to guide the sustainable design of urban greenspace. The types of patterns, the radial patter and especially the wedge pattern, are more sustainable greenspace models. Besides the obvious cooling effect, they also have good accessibility for urban residents to rest, for recreation and for education. For ambient environments, the building or terrain obstacles have the hugest influence on mitigating the UHI, and the greenspace should use native and leafy trees and also be integrated with the river within the city.
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