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Abstract:



Urban trees can significantly improve the outdoor thermal environment, especially in subtropical zones. However, due to the lack of fundamental evaluations of numerical simulation models, design and modification strategies for optimizing the thermal environment in subtropical hot-humid climate zones cannot be proposed accurately. To resolve this issue, this study investigated the physiological parameters (leaf surface temperature and vapor flux) and thermal effects (solar radiation, air temperature, and humidity) of four common tree species (Michelia alba, Mangifera indica, Ficus microcarpa, and Bauhinia blakeana) in both spring and summer in Guangzhou, China. A comprehensive comparison of the observed and modeled data from ENVI-met (v4.2 Science, a three-dimensional microclimate model) was performed. The results show that the most fundamental weakness of ENVI-met is the limitation of input solar radiation, which cannot be input hourly in the current version and may impact the thermal environment in simulation. For the tree model, the discrepancy between modeled and observed microclimate parameters was acceptable. However, for the physiological parameters, ENVI-met tended to overestimate the leaf surface temperature and underestimate the vapor flux, especially at midday in summer. The simplified calculation of the tree model may be one of the main reasons. Furthermore, the thermal effect of trees, meaning the differences between nearby treeless sites and shaded areas, were all underestimated in ENVI-met for each microclimate variable. This study shows that the tree model is suitable in subtropical hot-humid climates, but also needs some improvement.
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1. Introduction


With the continuous advance of the urbanization process, the deterioration of the urban thermal environment has become a big issue, especially in megacities like Guangzhou, in subtropical hot-humid climate zones. To cool these cities, the use of urban trees as an efficient way to regulate urban climate conditions and has received increasing attention [1,2,3]. According to previous studies, urban trees can control incident solar radiation, modify air temperature, and increase air humidity by providing shade and converting solar radiation to latent heat flux through transpiration [2,4,5].



As important urban passive cooling elements with a key role in the thermal interactions between different urban environments, urban trees must also be considered in the process of modeling such environments as part of assessing these interactions through simulations [6,7,8,9,10]. The commonly used models for simulating the thermal effects of trees include ENVI-met, SOLWEIG, OUTCOMES and MIST. Approximately two-thirds of the numerical simulations of outdoor thermal environments are performed with the ENVI-met software (v4.2), which is a three-dimensional microclimate model based on computational fluid dynamics and thermodynamics [11,12,13]. However, the recent research on plant strategies in ENVI-met has mainly focused on trees in temperate and tropical zones [14,15,16], and less attention has been paid to the trees in subtropical hot-humid climate zones. The lack of fundamental evaluations has resulted in this gap in the literature. Currently, the suitability of ENVI-met tree models for subtropical hot-humid climate zones and information as to whether the data from predictive models are robust and reliable is not yet clear, which limits the development of research in subtropical zones and should be solved quickly.



Many researchers have evaluated the tree models in ENVI-met in their own climate zones. By comparing the observed transpiration rate of trees in Germany with the modeled data, Lindén et al. [17] concluded that ENVI-met tends to underestimate the nocturnal transpiration rate. Simon [18] evaluated ENVI-met by comparing the modeled and observed transpiration rate of trees under different weather conditions and showed that for the trees in Germany, the evaluation results were influenced by PAR (photosynthetic active radiation). The software had better evaluation results with the meteorological inputs from clear sky days with high PAR than those from other weather conditions. For tropical trees, Shinzato et al. [19] measured the actual LAI (leaf area index) for building tree models in ENVI-met, showing that ENVI-met may perform better (e.g., producing a more accurate transpiration rate) with actual tree models.



Given that some research has evaluated tree models in ENVI-met, the following two issues still exist:

	
Evaluations of tree species in subtropical hot-humid climate regions are still lacking. The existing evaluations are primarily tree species in high-latitude regions, and these species are entirely different from tree species in subtropical areas. The special physiological features of subtropical tree species, especially the different transpiration rates, LAIs, and geometries of tree crowns, makes the trees here have different impacts on the thermal environment, which should be specifically evaluated [16]. Additionally, trees respond differently to different climates. In particular, the hot-humid climate, a special climate in subtropical regions, should also be considered.



	
Evaluations of the thermal effects of trees are still scarce. The existing evaluations mainly focus on the transpiration rate, and few systematically focus on the thermal effects of trees. For outdoor thermal environment research, the accuracy of simulating the thermal effect of trees is significant, as these effects directly impact the accuracy of the simulation results as a whole. To shorten simulation time, ENVI-met simplifies some calculations: the attenuation of diffuse radiation by vegetation is not taken into account; the solar radiation reflected by ground and vegetation surfaces is neglected; and the heat convection between the leaf surface and surrounding air and the radiation heat transfer between the leaf surface, sky, and ground surfaces are not taken into account [20]. For radiation, one of the significant factors impacting the urban thermal environment [21], these simplified calculations indicate that evaluations of the thermal effects of trees are necessary. Without such evaluations, the thermal environment will be misjudged, and inaccurate design strategies will be proposed, thus meaning that proposed improvements to the outdoor thermal environment may not work as expected or may even make things worse. Above all, a comprehensive evaluation of tree models in the subtropical hot-humid climate is urgently needed.








To solve these pending problems and to evaluate the suitability of ENVI-met vegetation models in subtropical hot-humid climate zones, this study comprehensively compared the modeled and observed physiological parameters (leaf surface temperature and vapor flux) and microclimate variables (solar radiation, air temperature and humidity) of four common tree species (Michelia alba, Mangifera indica, Ficus microcarpa, and Bauhinia blakeana) in both spring and summer in Guangzhou, China. The evaluation also used different quantitative difference metrics to assess the accuracy of the simulations. Special attention was paid to the vapor flux and the thermal effect of trees (the differences between nearby treeless sites and canopy-shaded areas).




2. Experiments


2.1. Field Experiment


2.1.1. Study Area and Objects


This study was conducted in Guangzhou, a metropolis in the humid subtropical area of China. Guangzhou is located in south China at a longitude 113°15′0′′ E and latitude 23° 7′12′′ N. The annual mean air temperature and relative humidity of Guangzhou are 22 °C and 77%, respectively [22]. Spring is from March to May, with an average air temperature of 22.0 °C and relative humidity of 83.4% on a typical day. Summer is from June to September, which are the hottest months of the year, with an average air temperature of 28.7 °C and a relative humidity of approximately 80.3% on a typical day. The daily maximum temperatures in summer range from 34.4 °C to 35.9 °C [23].



To evaluate the suitability of tree models in subtropical hot-humid climate zones, four common tree species in Guangzhou were selected, namely, Michelia alba, Mangifera indica, Ficus microcarpa, and Bauhinia blakeana. The four typical tree species have an obvious influence on microclimates due to their broad tree crowns, and these species are used frequently in landscape design. Because the selected Bauhinia blakeana tree specimen was significantly trimmed after the spring measurement, the same species (Bauhinia blakeana) at a different location was chosen for the summer measurement instead (the aim of this study is to compare the discrepancy between modeled and observed data respectively, so it is acceptable to change an individual tree; the photographs and locations of these two selected Bauhinia blakeana trees are shown in Figure 1). The study areas were located in the central urban area of Guangzhou. To avoid the thermal influence of other trees and buildings, the test was conducted in an open field. Photographs of the studied trees and the locations of the study sites are shown in Figure 1.


Figure 1. Photographs of the studied trees and the locations of the study sites.
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2.1.2. Property Parameter Measurements


The physical parameters of the studied trees are shown in Table 1. The tree crown geometries were measured by using a meter scale beneath the tree trunk, which can be used to facilitate the scaling process when using the photographic camera shots in AutoCAD programs to obtain the height and crown diameter. The root geometry was measured by the TRU™ (tree radar unit) System (Tree Radar, Inc., Silver Spring, MD, USA), which is a field instrument that uses ground-penetrating radar (GPR) technology to noninvasively determine the structural root mass. The post-processing data were analyzed by TreeWin™ Software (Tree Radar, Inc., Silver Spring, MD, USA), the proprietary software module of TRU. The leaf albedo was measured by a spectrophotometer (U-4100, Hitachi, Tokyo, Japan), three leaves of each tree species were measured, and averages were taken (due to a lack of professional instrument, the albedo in this study was observed from individual leaves rather than foliage, which may cause a small difference from the actual situation). The LAI was measured by a plant canopy analyzer (LAI-2200C, LI-COR Biosciences, Lincoln, NE, USA) and recomputed by FV2200 software (v2.1) [14], and this process was repeated three times on average. Meanwhile, the LAD (leaf area density) of each layer (1 m/layer) was calculated from LAI by the empirical equation from Lalic et al. [24].


Table 1. The physical parameters of the studied trees. LAD: leaf area density; LAI: leaf area index.





	
Type

	
Item

	
Michelia alba

	
Mangifera indica

	
Ficus microcarpa

	
Bauhinia blakeana (in Spring)

	
Bauhinia blakeana (in Summer)






	
Geometry of tree crown

	
Height of tree (m)

	
6.8

	
9.4

	
8.1

	
8.8

	
14.4




	
Crown diameter (m)

	
4.4

	
9.8

	
11.0

	
9.1

	
9.4




	
Height under branch (m)

	
2.2

	
2.5

	
1.3

	
1.8

	
1.6




	
Geometry of roots

	
Depth of root (m)

	
0.45

	
0.45

	
0.60

	
0.60

	
0.60




	
Diameter of root (m)

	
6

	
7

	
8

	
10

	
10




	
Leaf properties

	
Leaf albedo

	
0.28

	
0.27

	
0.31

	
0.31

	
0.31




	
LAI (m2/m2)

	
1.91

	
2.36

	
3.88

	
4.27

	
4.17




	
LAD (m2/m3)




	
At 1 m

	
-

	
-

	
-

	
-

	
-




	
At 2 m

	
0.12

	
0.07

	
0.16

	
0.14

	
0.06




	
At 3 m

	
0.25

	
0.12

	
0.29

	
0.25

	
0.08




	
At 4 m

	
0.49

	
0.20

	
0.54

	
0.44

	
0.11




	
At 5 m

	
0.62

	
0.34

	
0.92

	
0.75

	
0.16




	
At 6 m

	
0.44

	
0.51

	
1.08

	
1.06

	
0.22




	
At 7 m

	
-

	
0.56

	
0.88

	
1.02

	
0.31




	
At 8 m

	
-

	
0.48

	
0.01

	
0.61

	
0.43




	
At 9 m

	
-

	
0.08

	
-

	
-

	
0.56




	
At 10 m

	
-

	
-

	
-

	
-

	
0.64




	
At 11 m

	
-

	
-

	
-

	
-

	
0.63




	
At 12 m

	
-

	
-

	
-

	
-

	
0.57




	
At 13 m

	
-

	
-

	
-

	
-

	
0.39




	
At 14 m

	
-

	
-

	
-

	
-

	
0.01











2.1.3. Microclimate Parameter Measurements


The field measurements were carried out in spring (17, 28–30 of April 2017) and summer (26–29 July 2017) from 9:00–19:00 (because of the restrictions on site use, the measurement of Ficus microcarpa ended at 17:00 in the summer). The reason for selecting these days is that the weather on those days was sunny and can represent the typical weather conditions in spring and summer. The evaluation in this study focused primarily on plant physiological and microclimatic parameters. For physiological parameters, the transpiration rate and leaf surface temperature were observed. For microclimatic parameters, the air temperature and humidity as well as solar radiation were observed. Special attention was paid to the difference between the presence and absence of tree cover and the thermal effect in the tree crown. Therefore, measurement points were arranged in nearby treeless sites, underneath the tree canopy, and in the tree crown.



The measuring instruments and their accuracy are shown in Table 2. The physiological parameters of trees were measured through a portable photosynthesis system with a transparent leaf chamber. The measurements were taken at 5 m height (for Michelia alba, a height of 3 m was used) using a scaffold in four directions (south, east, north, and west), recording data after values stabilized and repeating three times to acquire an average. The air temperature and relative humidity in the canopy shade were collected by HOBO data loggers that were mounted in radiation shields made of stainless steel tubes at a height of 1.5 m. The open-ended tubes were wrapped with aluminum foil in which there was a small electric fan for ventilation. The HOBO data loggers for air temperature and humidity in the tree crown were placed in louvered radiation shielding screens and hung in tree crowns at a height of 5 m (3 m for Michelia alba). The meteorological data for the treeless site were measured by an automatic portable weather station. The locations of the measuring instruments are illustrated in Figure 2.


Figure 2. The locations of measuring instruments. RH: relative humidity; Ta: air temperature.
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Table 2. Instrument types, locality, and accuracy.





	
Variable Type

	
Variable

	
Name of Instruments

	
Sensor Type and Locality

	
Accuracy

	
Sample






	
Plant physiological indexes

	
Transpiration rate

	
Portable Photosynthesis System

	
LI-6400, LI-COR Biosciences, Lincoln, NE, USA

	
Maximum error of H2O analyzer: ±1.0 mmol/mol, @0~75 mmol/mol

	
Setting of data recording after stability, recording every 2 s, continuous reading for 3 min




	
Leaf surface temperature




	
Meteorological indexes

	
Air temperature

	
HOBO pro v2 data logger

	
HOBO U23-001, Onset Computer Corporation, Cape Cod, MA, USA

	
±0.2 °C

	
5 min




	
Relative humidity

	
±2.5%




	
Solar radiation

	
4-component radiation sensor

	
NR01, Campbell Scientific, Inc., Logan, UT, USA

	
-

	
5 min




	
Air temperature, relative humidity, solar radiation of the reference point

	
Automatic portable weather station

	
WatchDog 2900ET, Spectrum Technologies, Plainfield, IL, USA

	
Ta: ±0.6 °C

	
5 min




	
RH: ±3%




	
Solar radiation: ±5%




	
Wind speed: ±5%




	
Wind direction: ±7°










The data recorded by the HOBO loggers were stored in their own storage spaces. The output signals of the four-component radiation sensors were collected using a data collector (Agilent 34970A, Agilent Technologies, Santa Clara, CA, USA). All the microclimatic variables were sampled every 5 min, and the instantaneous value was taken every hour for comparison. The portable photosynthesis system was set to record data automatically every 2 s for 3 min after stability was attained. For comparison with the modeled values, the measured transpiration rate unit (mmol H2O m−2 s−1) was converted into g H2O m−2 s−1, and the measured air relative humidity was converted into air absolute humidity (g kg−1) with the corresponding air temperature.





2.2. ENVI-Met Simulation


The experimental sites were simulated using ENVI-met models (v4.2 Science) that were built based on the actual environment with a resolution of 1 m in reference to the study of [18] (Figure 3). To create stable lateral boundary conditions for the core model and keep numerical stability [18], four nesting grids were set for the area surrounding the main model with the same surface materials as the main model. In the vertical direction, varying grid sizes were used. For the space below 2 m, equidistant grids were used with a fine resolution of 0.2 m, and for the space above 2 m, telescoping grids were used with a telescoping factor of 10%. Furthermore, the ENVI-met model includes three different types of lateral boundary conditions for the 1D boundary model, and the forced lateral boundary conditions were chosen in this study according to the results of Chen [25]. The simulation ran for 24 h, starting at 0:00 and ending at 23:00. The elements of buildings and pavements were defined in the ENVI-met settings according to the test results of Yang [26].


Figure 3. Study areas and their models.
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In Albero, the special editor program for modeling trees in 3D in ENVI-met, three types of parameters are needed to build a model for a tree: the geometry of the tree crown (height of the tree and crown diameter), leaf properties (LAD and foliage albedo), and the geometry of the roots (root diameter, depth and form of root, and RAD (root area density)).The property parameters of each studied tree were input using the measured data (Table 1). For the sake of simplification, the typical geometry of the tree crown was rotated as a whole tree. The default RAD values were used due to a lack of specialized instruments. The other trees within the experimental range were simplified as several typical tree species, for which models were constructed with actual shape and properties. The root geometries of these typical trees were default values because the tree radar cannot distinguish the roots of trees close to one another.



Table 3 summarizes the major meteorological parameters input for ENVI-met simulation. The background meteorological data during the studied period of time (hourly air temperature and humidity and initial wind speed and direction) were measured by the automatic portable weather station. The adjustment factor of solar radiation was calculated from the measured midday solar radiation and the built-in data in the ENVI-met model. The ENVI-met default values for specific humidity at 2500 m and roughness length were adopted. The initial soil temperature was set as the measured value, and the soil humidity was set in reference to the results of Yang [27].


Table 3. Inputs of background meteorological values.





	Tree Species
	Michelia alba
	Mangifera indica
	Ficus microcarpa
	Bauhinia blakeana
	Michelia alba
	Mangifera indica
	Ficus microcarpa
	Bauhinia blakeana





	Date of simulation
	2017.04.29
	2017.04.17
	2017.04.28
	2017.04.30
	2017.07.28
	2017.07.27
	2017.07.26
	2017.07.29



	Wind speed at 10 m (m/s)
	4.5
	5.11
	3.00
	2.00
	3.5
	5.10
	3.00
	4.00



	Wind direction (°)
	135
	231
	220
	135
	160
	168
	45
	144



	Roughness length
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01



	Initial temperature atmosphere (K)
	299.35
	301.25
	296.43
	299.05
	307.36
	304.35
	306.23
	306.25



	Relative humidity at 2 m (%)
	68.7
	74
	46
	69.6
	62.5
	68.9
	62.3
	69.5



	Solar adjust factor
	0.68
	0.70
	0.85
	0.57
	0.88
	0.93
	0.80
	0.82



	Specific humidity (2500 m) (%)
	7.0
	7.0
	7.0
	7.0
	7.0
	7.0
	7.0
	7.0



	Soil upper layer (0–20 cm) initial temperature (K)
	295.20
	297.00
	296.50
	298.00
	302.00
	303.00
	303.10
	303.00



	Soil middle layer (20–50 cm) initial temperature (K)
	294.90
	297.00
	296.10
	298.00
	302.00
	303.00
	302.70
	303.00



	Soil deep layer (>50 cm) initial temperature (K)
	294.40
	296.00
	295.00
	297.00
	301.00
	302.00
	302.50
	302.00



	Soil upper layer (0–20 cm) moisture content (%)
	30
	30
	30
	30
	30
	30
	30
	30



	Soil middle layer (20–50 cm) moisture content (%)
	35
	35
	35
	35
	35
	35
	35
	35



	Soil deep layer (>50 cm) moisture content (%)
	40
	40
	40
	40
	40
	40
	40
	40










2.3. Quantitative Evaluation of Model Performance


The accuracy of the simulation performance was also examined using difference measures of the model evaluation, which have been used by Yang et al. [26], Lee et al. [15], and Acero et al. [28]. These measures include the mean bias error (MBE), mean absolute error (MAE), root mean square error (RMSE), systematic root mean square error (RMSEs), unsystematic root mean square error (RMSEu) and Willmott’s index of agreement (d). The simulation results are regarded as reliable if these measures are close to the following requirements: RMSEs→0, RMSEu→RMSE, and d→1. The detailed explanations for the quantitative metrics can be found in Refs. [29,30].





3. Results and Discussion


3.1. Microclimatic Parameters


3.1.1. Microclimatic Parameters in Nearby Treeless Sites


The comparison between modeled and observed air temperature, air humidity, and solar radiation in nearby treeless sites was conducted first. Figure 4 shows that the tendencies of solar radiation were consistent among these tree species between the prediction and measurements. This relation was also evident in the statistical results: d was 0.86 in spring and 0.89 in summer (Table 4). However, for the numerical value, the modeled solar radiation only fit well with the observed values at midday (approximately 13:00) and presented clear overestimation during the morning periods and at night. In this study, the MAE values were 169.84 W m−2 in spring and 147.19 W m−2 in summer, which means there were relatively large differences between the modeled and observed solar radiation values in treeless sites. The reason for this discrepancy is the limitation of the software. In ENVI-met, the observed solar radiation cannot be matched hourly, and can only be adjusted from the built-in data by the correction factor (0.5–1.5) [20,31,32]. The statistical results also showed that the systematic discrepancies were because the value of RMSES was greater than the value of RMSEu (Table 4).


Figure 4. Comparison of modeled and observed solar radiation in treeless areas: (a) in spring (b) in summer.
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Table 4. Quantitative measures of ENVI-met model performance with observed data in treeless sites *.





	
Season

	
Variable

	
Sample Size

	
Difference Measures




	
MBE

	
MAE

	
RMSE

	
RMSES

	
RMSEu

	
d






	
Spring

	
Solar radiation (W/m2)

	
44

	
169.37

	
169.84

	
226.72

	
180.88

	
136.68

	
0.86




	
Air temperature (°C)

	
44

	
0.66

	
0.78

	
1.04

	
0.75

	
0.72

	
0.96




	
Air absolute humidity (g/kg)

	
44

	
−0.69

	
0.82

	
0.98

	
0.81

	
0.56

	
0.98




	
Summer

	
Solar radiation (W/m2)

	
42

	
104.09

	
147.19

	
185.52

	
136.19

	
125.98

	
0.89




	
Air temperature (°C)

	
42

	
1.03

	
1.03

	
1.13

	
1.04

	
0.45

	
0.94




	
Air absolute humidity (g/kg)

	
42

	
−2.02

	
2.05

	
2.19

	
2.06

	
0.76

	
0.81








* The difference measure terms have the units of the corresponding variable. d: Willmott’s index of agreement; MAE: mean absolute error; MBE: mean bias error; RMSE: root mean square error; RMSEs: systematic RMSE; RMSEu: unsystematic RMSE.








Figure 5 indicates that the air temperature and humidity in treeless sites exhibited good relationships between the measured and modeled values. This relationship was also clear in the statistical results: the d of air temperature was 0.96 in spring and 0.94 in summer, and the d of air humidity was 0.98 in spring and 0.81 in summer (Table 4). However, ENVI-met clearly has a tendency to overestimate the air temperature while underestimating the air humidity, which was also reported by Yang et al. [26] and Lee et al. [15]. Moreover, the values of air temperature (humidity) were overestimated (underestimated) more under the background meteorological conditions of summer. The MAE of air temperature was 0.78 °C in spring and 1.03 °C in summer. The MAE of air humidity was 0.82 g kg−1 in spring and 2.05 g kg−1 in summer. In our study, the RMSES of air temperature was high, and the RMSEu did not approach the RMSE magnitudes, indicating that there were errors that occurred consistently [28]. This error has much to do with the limitations of the input solar radiation. The simulation results (e.g., those for air temperature and humidity) for the whole system were significantly affected by the overestimated solar radiation.


Figure 5. Comparison of modeled and observed air temperature and humidity in treeless areas: (a) in spring (b) in summer.
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The evaluation of microclimatic parameters in nearby treeless sites found that ENVI-met has a tendency to overestimate the solar radiation and air temperature while underestimating the air humidity, which was foundational work for the evaluation of the tree model in the next step. It is easier to assess the tree model and identify the strong and weak points when simulating trees.




3.1.2. Direct Solar Radiation in Canopy Shading


For the solar radiation in canopy shading, there was a consistent trend between the predictions and measurements (Figure 6). This consistency was also clear in the statistical results: d was 0.86 in spring and 0.87 in summer (Table 5). For the numerical values, the modeled value was slightly higher than the corresponding observed value during the morning and dusk periods in spring and from the morning to midday in summer (with an average difference of 34.89 W m−2 and 33.66 W m−2, respectively, in spring and summer). Moreover, the value of RMSEu was much larger than that of RMSEs (the value of RMSEu was 250.03 W m−2 in spring and 241.65 W m−2 in summer; the value of RMSEs was 51.70 W m−2 in spring and 15.33 W m−2 in summer), which means that the error was likely caused by unsystematic errors, such as errors during equipment operation [27]. Meanwhile, the RMSEu was very close to RMSE (the value of RMSE was 255.32 W m−2 in spring and 242.15 W m−2 in summer), indicating that the model made the best predictions under the present conditions.


Figure 6. Comparison of modeled and observed solar radiation in tree canopy shading.
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Table 5. Quantitative measures of ENVI-met model performance with observed data in tree canopy shading and in tree crown *.





	
Variable

	
Measure Site

	
Sample Size

	
Difference Measures




	
MBE

	
MAE

	
RMSE

	
RMSES

	
RMSEu

	
d






	
(a) In spring




	
Solar radiation (W/m2)

	
In tree canopy shading

	
44

	
−4.80

	
44.44

	
255.32

	
51.70

	
250.03

	
0.78




	
Air temperature (°C)

	
In tree canopy shading

	
44

	
1.36

	
1.37

	
1.68

	
1.39

	
0.95

	
0.92




	
In tree crown

	
176

	
1.36

	
1.36

	
1.63

	
1.39

	
0.84

	
0.90




	
Air absolute humidity (g/kg)

	
In tree canopy shading

	
44

	
−1.09

	
1.11

	
1.34

	
1.15

	
0.69

	
0.96




	
In tree crown

	
176

	
−1.21

	
1.22

	
1.44

	
1.31

	
0.60

	
0.95




	
Leaf surface temperature (°C)

	
In tree canopy

	
139

	
−0.63

	
1.77

	
2.26

	
0.64

	
2.16

	
1.00




	
Vapor flux (g H2O m−2 s−1)

	
In tree canopy

	
140

	
−0.01

	
0.02

	
0.03

	
0.03

	
0.01

	
0.38




	
(b) In summer




	
Solar radiation (W/m2)

	
In tree canopy shading

	
42

	
12.26

	
29.42

	
242.15

	
15.33

	
241.65

	
0.87




	
Air temperature (°C)

	
In tree canopy shading

	
42

	
3.14

	
3.14

	
3.97

	
3.14

	
2.44

	
0.61




	
In tree crown

	
168

	
2.33

	
2.33

	
2.48

	
2.33

	
0.85

	
0.70




	
Air absolute humidity (g/kg)

	
In tree canopy shading

	
42

	
−2.08

	
2.11

	
2.40

	
2.09

	
1.19

	
0.71




	
In tree crown

	
168

	
−2.27

	
2.31

	
2.53

	
2.22

	
1.23

	
0.68




	
Leaf surface temperature (°C)

	
In tree canopy

	
154

	
4.27

	
4.82

	
6.16

	
4.44

	
4.27

	
0.99




	
Vapor flux (g H2O m−2 s−1)

	
In tree canopy

	
154

	
−0.02

	
0.03

	
0.04

	
0.03

	
0.02

	
0.47








* The difference measure terms have the units of the corresponding variable.








The degree of canopy filtration for solar radiation is shown by the filtration rate (Figure 7). The filtration rate = (1 − the solar radiation in canopy shading/the solar radiation in treeless sites) × 100%. Except for the results for Ficus microcarpa and Bauhinia blakeana (in summer), there were some differences between the modeled and observed filtration rates. This discrepancy was due to the fluctuation in observed solar radiation in canopy shading. During the experiment, the sun’s energy was transmitted directly onto the measuring probe through gaps in the crown, resulting in an instantaneous increase in solar radiation in the canopy shading measurements. For the numerical values, the modeled mean filtration rate was slightly higher than the observed rate. In spring (summer), the average modeled filtration rate was 78% (81%), while the observed rate was 66% (79%). Except for the unsystematic errors (experiment operation), the overestimation of solar radiation in treeless sites also resulted in an overestimated calculated filtration rate.


Figure 7. Comparison of modeled and observed solar radiation filtration rate.
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The deviation of the modeled solar radiation in shade and the filtration rate from the measured values may occur for three reasons:

	
First, a simplified calculation method was used in ENVI-met. The attenuation of diffuse solar radiation and the scattering of direct solar radiation by vegetation were not calculated in ENVI-met (only the attenuation of direct solar radiation was calculated). However, in urban environments, the radiative interactions (reflection, diffusion, and transmission) between surrounding buildings and tree foliage elements have a very significant impact on the whole system and should be calculated [21].



	
Second, simplified rotary crown models were used. Because the geometry of an actual tree crown is very heterogeneous and difficult to digitize correctly, the geometries of tree crowns were simplified to latticework with a resolution of 1 m, which may cause deviations.



	
In this study, unsystematic errors resulted from experimental operation. The canopies of the trees were not uniformly dense. The sun’s energy was transmitted directly to the measuring probe through gaps in the crown, which may cause an instantaneous increase in solar radiation in the canopy shade, which would never occur in the simulation. This error is difficult to avoid, but future experiments will attempt to avoid this problem.









3.1.3. Air Temperature in Canopy Shading


The trends were consistent between the predictions and measurements for these tree species (Figure 8). Figure 8 also indicates that ENVI-met had a better performance for air temperature (Ta) under the background meteorological conditions of spring. This result was also clear in the statistical results: d was 0.92 in spring and 0.61 in summer, and MAE was 1.37 °C in spring and 3.14 °C in summer (Table 5). The RMSEs was higher than RMSEu, and the RMSEu did not approach the RMSE magnitudes, indicating that there were errors that occurred consistently [28]. The results of Ta were consistent with those of other studies: MAE ranged from 0.83–1.82 °C, and the RMSEs was also higher than the RMSEu, which was also reported by Acero et al. [28]. The modeled solar radiation under the tree canopies was higher than the observations, which may cause the overestimation of Ta in the shade.


Figure 8. Comparison of modeled and observed air temperatures in canopy shade areas.
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The cooling effect of canopy shade is reflected by the air temperature difference between nearby treeless sites and canopy shading areas at a height of 1.5 m (ΔTa). As shown in Figure 9, the modeled ΔTa ranged from 0.01–1.34 °C in spring to 0.02–1.3 °C in summer. The observed ΔTa ranged from −0.071 °C to 2.56 °C in spring to −0.57 °C to 4.39 °C in summer. Certain phenomena such as ΔTa < 0 (the Ta in shading was higher than that in the sun, such as for Bauhinia blakeana at 19:00 in spring) did not appear in the simulation. The modeled ΔTa was lower than the observed values, with an average of 0.69 °C lower in spring and 2.10 °C lower in summer. Yang [27] reported that ENVI-met tends to overestimate the Ta of the ground layer, especially in canopy shade areas, which means that ΔTa tends to be underestimated more and is consistent with the results in this study. The fluctuation findings are consistent with the results of Fang et al. [32]: compared to the observations, the modeled values can reflect only the general trends, and the modeled fluctuation is always more stable than the observed values.


Figure 9. Comparison of modeled and observed air temperature differences between treeless areas and canopy shade areas.
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Figure 10 depicts the comparison between the modeled and observed Ta in the tree crown. ENVI-met appeared to present a good fit between modeled and observed Ta in the tree crown with slight overestimation. This result was also clear in the statistical results, which were 0.90 in spring and 0.70 in summer with MBE and MAE values of 1.36 °C in spring and 2.33 °C in summer. The RMSEs was higher than RMSEu in both spring and summer, indicating that there were errors that occurred consistently [28]. These findings show that ENVI-met not only tends to overestimate the Ta of the ground layer but also tends to overestimate that in the tree crown. Moreover, the modeled Ta difference in the four directions was lower than the observed values, with the modeled average range of 0.07 °C (in spring) and 0.11 °C (in summer), while the observed average range was 0.42 °C (in spring) and 0.41 °C (in summer).


Figure 10. Comparison of modeled and observed air temperatures in tree crown for four directions.
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3.1.4. Air Humidity in Canopy Shading


Figure 11 compares the modeled and observed air absolute humidity in canopy shade. The main tendency of the observations throughout the day was reproduced by the ENVI-met model well, with d values of 0.96 and 0.71 in spring and summer, respectively (Table 5). For numerical values, the modeled humidity in canopy shading areas was lower than the observed data in both spring and summer (MBE values of −1.09 g kg−1 and −2.08 g kg−1 and MAE values of 1.11 g kg−1 and 2.11 g kg−1 in spring and summer, respectively). Such systematic errors (RMSES > RMSEU) were consistent with the tendency to overestimate Ta.


Figure 11. Comparison of modeled and observed air absolute humidity in canopy shade areas.
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Figure 12 depicts the humidity difference between the treeless sites and the shaded sites, and reflects the differences in humidity among the trees. The range of the modeled humidity difference was apparently lower than the observations. The modeled average range was 0.51 g kg−1 (2.31 g kg−1), and the observed range was 2.27 g kg−1 (5.54 g kg−1) in spring (summer). In ENVI-met, one tree is unlikely to affect the local humidity to a large degree if there is an overestimation of ΔTa or any degree of wind. Furthermore, the ENVI-met model did not reflect certain phenomena seen in the observations, as the air humidity in the sun was sometimes higher than that in the shade. In actual situations, the moisture brought by the wind from other places might explain the result, while in ENVI-met, the simulation range is limited, and the model cannot incorporate real-time wind speed and direction.


Figure 12. Comparison of modeled and observed air absolute humidity difference between treeless areas and canopy shade areas.
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For the air’s absolute humidity in the tree crown, ENVI-met presented accurate estimated trends throughout the day (Figure 13) (d values of 0.95 and 0.68 in spring and summer, respectively). The model tended to underestimate the observed humidity, which was 1.22 g kg−1 lower in spring and 2.27 g kg−1 lower in summer (MBE). The MAE was 1.22 g kg−1 in spring and 2.31 g kg−1 in summer. Consistent with the air temperature in the tree crown, the modeled air humidity difference in the four directions was also lower than the observed values.


Figure 13. Comparison of modeled and observed air absolute humidity in the tree crown in four directions.
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3.2. Physiological Parameters


3.2.1. Leaf Surface Temperature


For leaf surface temperature, d was very close to 1 in both spring and summer, which means that ENVI-met produced accurate estimations of trends (Table 5). In spring, the modeled leaf surface temperature was slightly lower than the observed values during morning and dusk (with an average difference of 1.88 °C and 2.00 °C, respectively) and was higher than the observations from midday to afternoon (with an average difference of 1.08 °C) (Figure 14a). The value of MAE was 1.77 °C in spring. In summer, the modeled leaf surface temperature was clearly higher than the observations during the daytime (10:00–17:00), with an average difference of 5.24 °C. Especially for Michelia alba and Mangifera indica, the overestimation ranged up to approximately 11 °C (Figure 14b). The value of MAE was 4.82 °C in summer.


Figure 14. Comparison of modeled and observed leaf surface temperature in four directions: (a) in spring; (b) in summer. The instrument did not operate properly on the measuring day for Mangifera indica, causing discontinuous observed values.



[image: Atmosphere 09 00198 g014]






This performance has also been reported in other works. Zhan [33] had a similar result, finding a good fit between the modeled and observed leaf surface temperatures in ENVI-met, but found that the model tends to overestimate the measurements, especially in summer afternoons. There are two possible reasons for this deviation.

	
The main reason might be the simplified calculation of the vegetation model. In ENVI-met, the radiation heat transfer between the upper surface of leaves and the sky is not calculated. The same is true of the radiation heat transfer between lower surface of leaves and the ground. Moreover, the heat storage for leaves and the heat convection between leaf surface and surrounding air is not taken into account. The heat cannot dissipate through convection as the leaf surface temperature increases. Consequently, due to the simplified calculation method in ENVI-met, the heat absorbed by leaf cannot dissipate through convection, resulting in the overestimated leaf surface temperature.



	
The second reason might be the overestimated solar radiation and air temperature in the tree crown. They may cause higher initial values and a very large increase in leaf surface temperature. Meanwhile, the underestimated vapor flux in the vegetation model (Figure 15) may also cause the higher leaf surface temperature.


Figure 15. Comparison of modeled and observed vapor flux in four directions: (a) in spring; (b) in summer. The instrument did not operate properly on the measuring day for Mangifera indica, causing discontinuous observed values.
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3.2.2. Water Vapor Flux


This study compared the modeled vapor flux of the tree canopy and the observed transpiration rate due to the lack of instrumentation for measuring vapor flux directly. The vapor flux of a single tree comprises three elements, including tree transpiration, evaporation from the soil surface, and canopy interception moisture [34]. Transpiration is the main source of vapor [35]. In this study, the surface under the tree canopy was almost all hard paving materials, and the three days before the test were all clear sky days; thus, the canopy-intercepted moisture evaporated completely. Therefore, the vapor flux in this study is approximately equal to the tree transpiration rate, and the above comparison is acceptable.



Figure 15 indicates that there were some differences between the trends of prediction and measurement. This result was also found in the statistical results: d was small (0.38) in spring, and was 0.47 in summer (Table 5). For the numerical values, in spring, the modeled vapor flux was lower than the observed data, with an average difference of approximately 0.01 g H2O m−2 s−1 during morning and afternoon (Figure 15a). From Figure 5b, it appears that in summer, the modeled vapor fluxes of the four tree species were all significantly lower than the observed data during the daytime (with an average difference of 0.05 g H2O m−2 s−1), especially at midday. In fact, a midday depression in transpiration in response to heat stress is a common water-saving adaptation [36,37,38]. This water-saving strategy is also reflected in ENVI-met’s vegetation model: in the A-gs model, trees attempt to optimize their carbon gain in relation to water loss. The model assumes this relation to be less beneficial and induces higher stomatal resistance to save water after midday [39]. However, the observed data do not show significantly reduced values, pointing to an underestimation of available soil water and an overestimation of the heat stress in the model [18]. Moreover, the RMSEs of vapor flux was greater than the RMSEu, and thus the errors appear to be mostly caused by systematic errors. For vapor flux, the multifactor action of the overestimated incoming solar radiation, air temperature, and leaf surface temperature result in the closing of stomata and the reduction of the vapor flux.



Other researchers have performed similar work. Lindén et al. [17] and Simon [18] compared the modeled and measured transpiration rate of a whole tree and found that the transpiration rate exhibits a good relationship between measured and modeled values under most conditions, especially during clear sky days. A distinct discrepancy appears during fully cloudy days and at night. However, two differences between their work and this study cannot be ignored. First, sap flow, by which the transpiration rate of the whole tree can be measured accurately, was used in their study. Second, the ENVI-met version they used can output the transpiration rate of a whole tree directly, but this version is not yet openly available. Consequently, the differences in the evaluation results might be conditioned by the influence of different instruments and software versions.



Additionally, it cannot be ignored that the measured transpiration rate in this study was likely overestimated, as it was assumed that all leaves transpired at the same rate in one direction as the measured sunlit leaves. For simplification, the leaves in the shade were not measured and were calculated in the same way as the sunlit leaves. In fact, from the empirical findings of an individual study, the sunlit leaves transpired at rates that were three times as high as those of the leaves in the shade [5], which might result in the overestimation of measured values, thus resulting in only a fair relationship between modeled and measured data. To rectify this shortcoming, the leaves in the shade should also be measured in future research.






4. Conclusions


To evaluate the suitability of ENVI-met vegetation models in subtropical hot-humid climate zones, thereby providing strong support for future studies of the outdoor thermal environment to guide tree arrangement strategies from the viewpoint of optimizing the thermal environment, this study comprehensively compared the modeled and observed physiological parameters (leaf surface temperature and vapor flux) and thermal effects (solar radiation, air temperature, and humidity) of four common tree species (Michelia alba, Mangifera indica, Ficus microcarpa, and Bauhinia blakeana) in both spring and summer in Guangzhou, China. Different quantitative metrics were calculated to evaluate the accuracy of ENVI-met. This study shows that the ENVI-met model (v4.2 Science) is capable of modeling the physiological and thermal performance of trees in hot-humid regions with some room for improvement. The main conclusions are as follows:

	
In the ENVI-met model, the most fundamental weakness is the limitation on solar radiation input, which cannot be input hourly and should be improved in the future. The built-in solar radiation data and the correction factor result in clearly overestimated solar radiation, especially in treeless sites. Moreover, the overestimated solar radiation causes ENVI-met to overestimate the air temperature while underestimating the air humidity.



	
For the tree model in ENVI-met, the discrepancy between modeled and observed microclimate parameters was acceptable. For leaf surface temperature and vapor flux, the water-saving adaptation of trees showed in model at midday is a positive result; however, the accuracy of the estimated trends throughout the day and the numerical values needs to be improved in the future. Furthermore, the combined action from the fundamental weakness of ENVI-met (as discussed above) and the simplified calculation of the tree model is the main reason for the simulation errors. ENVI-met is an interactive system, and the simulation results of microclimate parameters affect the simulation results of the physiological parameters of trees and vice versa, which can be improved systematically in the future.








The thermal effect of trees, meaning the differences between nearby treeless sites and shaded areas, are all underestimated in ENVI-met for each microclimate variable. Meanwhile, the predictions for the four directions in the tree crown are also lower than the observed ones, including leaf surface temperature, vapor flux, and air temperature and humidity. The simulation can express only generalized variations, and therefore the modeled data are more stable than the measured ones.



This study broadens the range of applications for ENVI-met, thus positioning this method as a strong fundamental research tool for future studies on the outdoor thermal environment and tree arrangement in hot-humid areas. However, some areas should be optimized in future studies. The experimental subjects in this study were relatively limited (a single tree in daytime). More complex surroundings, a longer period of evaluation time, and more detailed tree models can be considered in further study. Furthermore, the software currently has limitations for inputting hourly solar radiation, wind speed, and wind directions. When the software is enhanced, the evaluation can be conducted more comprehensively.
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