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Abstract


In the context of global climate change and rapid urbanization, urban outdoor thermal environment issues in summer have become increasingly severe. Shading has been widely recognized as an effective strategy for improving outdoor thermal comfort, yet existing evaluation methods still suffer from limitations in adaptability and accuracy. Taking Chongqing, a typical hot-humid city in China, as a case study, this paper proposes an evaluation method that accounts for human thermal adaptation, introducing three complementary indicators, namely Universal Thermal Climate Index Load (UTCIL), cumulative UTCIL (cUTCIL), and Heat Stress Duration (HSD). Focusing on four shading-related urban canyon morphological factors—orientation, aspect ratio (H/W), building asymmetry, and leaf area index (LAI) of street trees—a series of simulation scenarios was designed to quantitatively explore their impacts on summer outdoor thermal comfort. The applicability and reliability of the ENVI-met model for block-scale outdoor thermal environment simulation were validated by comparing field-measured microclimate data with simulation results. The findings demonstrate that all four morphological factors substantially influence the outdoor thermal environment. Canyon orientation considerably affects thermal comfort, with a 30° clockwise deviation from the north–south yielding optimal conditions, whereas the east–west (90°) orientation produces the poorest thermal environment, with a maximum UTCI of approximately 48.9 °C. For aspect ratio, thermal comfort improves continuously as H/W increases, with the benefit stabilizing beyond H/W = 3.5. Building asymmetry also plays a notable role: raising building height on one side can effectively reduce outdoor thermal stress, and canyons with taller west-side buildings show better thermal performance under the same asymmetry ratio. Furthermore, street tree shading and aspect ratio exhibit a synergistic cooling effect, where high LAI (e.g., 4.77) reduces UTCImax by approximately 1.8 °C at H/W = 1, but this benefit diminishes as H/W increases. The optimal outdoor thermal environment is achieved through the combination of a high aspect ratio and high LAI. These findings provide a quantitative basis and design references for optimizing outdoor thermal comfort in Chongqing. In addition, the quantitative evaluation proposed method can offer a methodological reference for other hot-humid regions.
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1. Introduction


Outdoor public spaces, essential for socializing, commuting, and leisure, have thermal comfort levels that directly influence human health and urban spatial utilization efficiency. However, with global climate change and rapid urbanization, outdoor thermal environment issues are increasingly prominent, especially during summer [1]. Thermal stress, defined as the integrated net heat load imposed on the human body by the external environment [2], not only degrades travel experiences and outdoor activity quality but also poses threats to physical health and can even lead to heat-related deaths [3]. The Intergovernmental Panel on Climate Change (IPCC) has stated that urbanization and global climate change are two primary factors impacting urban climates, and their interaction challenges outdoor thermal comfort [4]. Therefore, evidence-based adaptation strategies are urgently needed, especially in rapidly urbanizing environments [5].



To combat urban heat island effects and protect citizens from heat waves, many urban planning and design strategies have been proposed, as part of broader efforts to enhance outdoor environmental comfort [6,7]. Many studies have demonstrated that air temperature and solar radiation are the strongest potential indicators of heat stress [8], but modifying air temperature in outdoor spaces is difficult [9,10]. Shading has been identified as a key solution to enhancing human habitats in hot climates [11]. As an effective urban cooling strategy, shading can modify solar radiation within streetscapes and reduce the surface temperature of the surrounding ground areas, thereby affecting thermal comfort [12]. Shaded environments can be mainly categorized into building shading and tree shading, and their thermal effects vary with spatial configuration [13,14]. Many existing studies have investigated the thermal comfort under various shading scenarios and settings through field measurements or simulation tools such as ENVI-met and Ladybug, considering differences in canyon aspect ratio, orientation, and vegetation distribution [15,16,17]. These studies provide valuable insights for enhancing the adaptive capacity to climate change. However, their evaluation methods or criteria tend to consider only objective environmental changes and neglect human subjective initiative, leading to inaccurate evaluations.



According to the thermal adaptation theory [18], in real environments, occupants are not passive recipients of thermal stimuli, but active participants who maintain their thermal comfort. When people are exposed to an outdoor non-steady thermal environment, they can actively adapt to their environment via behavioral, physiological, and psychological adaptation, while correspondingly adjusting their own thermal perception thresholds. For instance, people still perceive different thermal sensations in early summer and late summer, even under identical shaded conditions [8], and the thermal comfort benefits of shade can vary by season [12]. To achieve dynamic thermal comfort, various indices have been developed to assess and quantify individuals’ comfort levels in different environments. Among them, the Physiologically Equivalent Temperature (PET) and the Universal Thermal Climate Index (UTCI) are the most commonly used metrics, as they incorporate physiological responses and behavioral adjustments [19]. However, they still ignore the temporal variability of thermal adaptation [20]. Current outdoor thermal comfort evaluation methods have two limitations. First, among numerous related studies, particularly those employing numerical simulation methods for outdoor thermal comfort evaluation, there is a deviation in the assessment benchmarks for outdoor thermal comfort. This is because the original evaluation benchmarks of PET and UTCI only reflect the relative magnitude of outdoor thermal stress from a physiological perspective, without fully accounting for changes in human thermal adaptation, and thus cannot be directly applied to outdoor thermal stress assessment in any climate zone or time period. When evaluating outdoor thermal comfort levels across different climate zones or within a specific time period, it is still necessary to modify the original evaluation benchmarks according to local climatic characteristics and determine temperature thresholds for different outdoor thermal stress levels [21]. Secondly, most existing studies adopt instantaneous values or extreme values to compare thermal stress across scenarios, but such single-point evaluation indicators cannot objectively reflect overall thermal stress over a period, and hourly comparisons are complex to interpret.



Given continuous climate change, the existing assessment methods need to incorporate temporal differences in human thermal adaptation. It is necessary to propose an evaluation method that integrates human thermal adaptation to accurately quantify the mitigation potential of shading on outdoor thermal stress. Therefore, this study aims to develop an adaptive thermal comfort evaluation framework to quantitatively assess the mitigation effect of shading environments on outdoor thermal stress under continuous climate change, using Chongqing as a case study to demonstrate its application.




2. Method


2.1. Study Area


Chongqing (29°35′ N, 106°28′ E) is located in the southwest of China, and has a humid subtropical monsoon climate (Cfa) according to the Köppen climate classification. As one of China’s “four furnaces”, Chongqing has a hot summer lasting from June to September [22]. According to the historical meteorological data, the average air temperature (Ta) is the highest in August, at 32.3 °C, with the maximum air temperature reaching 42.0 °C in recent years. The mean relative humidity (RH) in summer ranges from 56% to 75%, making it one of the most humid cities in China.



To obtain the actual thermal demand of residents in hot and humid regions during summer, a series of field surveys was carried out in a public square in Shapingba District, Chongqing. The study period spanned from August 2020 to August 2021, covering different seasonal periods. All survey days were rain-free, including both sunny and cloudy conditions. Considering the main activity time of people in the public square in summer, survey data were collected in the daytime from 9:00 to 18:00. The locations and photos of the field survey sites are shown in Figure 1. Each selected measurement site was equipped with a mobile weather station to measure microclimate parameters.




2.2. Field Measurements


During the measurement campaigns, microclimate parameters, including air temperature (Ta), relative humidity (RH), wind speed (v), and globe temperature (Tg), were collected via four mobile weather stations. Among them, Ta and RH were recorded by HOBO Onset UX100-011A (ONSET, Bourne, MA, USA), and v and Tg were recorded by WFWZY-1 and HQZY-1 (Tianjian Huayi, Beijing, China). The time interval for parameter monitoring was 2 min. The resolution and accuracy of the instruments meet the requirements of ASHRAE Standard 55 [23] and ISO 7726 [24]. The specific models of the monitoring instruments are shown in Table 1. Each mobile weather station was placed on the sidewalk where the respondents were located, with sensors installed at a height of 1.5 m above the ground.




2.3. Questionnaire Survey


During the field survey, the study primarily focused on respondents who were engaged in sedentary activities such as chatting, relaxing, or using a mobile phone. Respondents selected for the questionnaire were within a 5 m range of the mobile weather station to ensure that the measured parameters accurately reflected their actual exposure environment. The questionnaire consists of two parts. Part 1 collects basic personal information, including gender, age, height, and weight. Part 2 captures respondents’ thermal perception of the current thermal environment, specifically thermal sensation and thermal acceptability. To more fully characterize the extreme thermal environments in both winter and summer, the study extends the standard 7-point Thermal Sensation Vote (TSV) scale to a 9-point scale by adding the categories “very cold” and “very hot” [25]. The resulting 9-point scale is as follows: −4 (very cold), −3 (cold), −2 (cool), −1 (slightly cool), 0 (neutral), +1 (slightly warm), +2 (warm), +3 (hot), and +4 (very hot). Thermal acceptability was directly assessed as ‘acceptable’ and ‘unacceptable’ [26], based on respondents’ willingness to accept the current environment. All participants were volunteers and were informed about the survey background of the research. A total of 2255 valid questionnaires were collected during the field survey.




2.4. ENVI-Met Simulations and Parameter Settings


ENVI-met is a three-dimensional computational fluid dynamics (CFD) model specifically designed to simulate dynamic changes in outdoor microclimates. Unlike traditional stationary models, ENVI-met accounts for complex interactions between urban forms, vegetation, and materials, making it a widely used tool for assessing local climate and thermal comfort [27]. For simulations, ENVI-met requires an area input file, which is a digital reflection of the physical model. The input area file contains the 3D physical model, geographical location details, surface materials, vegetation, and meteorological parameters. The virtual scenarios were digitized using the Spaces module. The grid configuration of the horizontal simulation domain was set to 84 × 84 units with a spatial resolution of 2.0 m in both the x and y directions. An additional 10 nested grid cells were extended beyond the model boundaries to ensure lateral stability. In the vertical direction, the total simulation height exceeded twice the height of the tallest building to ensure numerical stability, with a vertical resolution of 2.0 m in the z-direction. The near-ground layers were further refined into five uniform sublayers to enable high-detail simulations, and the grid was stretched with a 20% expansion ratio above 20 grid units. The surface and vegetation models in ENVI-met were also configured based on field observations to ensure realism and accuracy.



For the initial meteorological settings, a simplified forcing weather file was generated using the ENVI-guide module. Hourly meteorological data were obtained from the China Meteorological Data Service Center (CMDC) (http://data.cma.cn/). As this study focuses on daytime periods with intense heatwaves and frequent human activities, the simulation period was set from 7:00 a.m. to 8:00 p.m. on 30 July 2021, totaling 14 h, including a one-hour spin-up period. The selected date represents a typical hot and clear summer day in Chongqing. Detailed meteorological parameters are summarized in Table 2.




2.5. Design Simulation Scenarios


To investigate the effects of different urban spatial morphology on outdoor thermal comfort levels, the urban canyon features in Shapingba District, Chongqing were examined. These features, including orientation, height-to-width ratio (H/W), asymmetry, and street tree types were identified, based on Google 3D maps and on-site field surveys. Typical scenarios were established for numerical simulation, and detailed settings are described below, as shown in Figure 2.



	(1)

	
For the street canyon orientation scenarios, a street canyon with H/W = 1.0 was used as the baseline. With the north–south orientation defined as 0°, a total of 8 typical scenarios were configured: −60°, −45°, −30°, 0°, 30°, 45°, 60°, and 90°. Negative values indicate counterclockwise rotation from the north–south axis, while positive values represent clockwise rotation.




	(2)

	
At the urban block scale, H/W is widely recognized as a representative indicator of urban geometric spatial characteristics, which is defined as the ratio of building height (H) to street width (W) [28]. According to field surveys, H/W ranges from 0.5 to 4.0. With an interval of 0.5, the typical H/W scenarios are set to 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0.




	(3)

	
Asymmetric street canyons represent a common feature of urban morphology and exert substantial impacts on the urban microclimate [29]. Two types of asymmetric street canyon scenarios were established in this study. Firstly, the east building height (He) was fixed at a He/W ratio of 1.0, while the west building height (Hw) was gradually increased to achieve Hw/W ratios of 0.5, 1.0, 1.5, and 2.0; secondly, the west building height (Hw) was fixed at an Hw/W ratio of 1, while the east building height (He) was gradually increased to achieve He/W ratios of 0.5, 1.0, 1.5, and 2.0.




	(4)

	
Based on local tree species characteristics, three typical tree species with distinct leaf area indices (LAI) were selected for the baseline canyon with H/W = 1.0: Ficus concinna Miq. (LAI = 4.77), Magnolia grandiflora Linn. (LAI = 2.83), and Platanus spp. (LAI = 0.71) [30]. In the model setup, the tree planting spacing was set to 8.0 m [31].








2.6. Model Validation


Although the accuracy and reliability of the ENVI-met numerical simulation method have been validated in numerous studies [32,33], its applicability still needs to be examined according to the actual conditions of case studies in different regions. To ensure methodological rigor, field measurements were integrated to validate the ENVI-met simulations. This validation process further enhanced the reliability of the model’s predictions within the specific context of this study.



In this study, ENVI-met simulation validation was performed using a real outdoor open space as the physical model, constructed based on the actual orientation and physical characteristics of the neighborhood. The model covers a domain of 270 by 300 m, and to guarantee simulation accuracy, the height of the computational domain was set to more than twice that of the tallest building within the target block. Numerical simulations were run from 00:00 to 23:00 on 30 July 2021, representing a typical hot and clear summer day in Chongqing. Hourly meteorological data were acquired from weather stations near the study area and used as boundary input conditions. On the same day as the ENVI-met simulation, field measurements of the microclimate were carried out to collect field data on air temperature and relative humidity with portable meteorological stations. Three measurement points with distinct sky view factors (SVF) were set up in the outdoor open space, as shown in Figure 3. All points were located on impervious pavement. Point 1 was situated in an open area distant from surrounding buildings, with an SVF of 0.848. Point 2 was located in the central part of the block, where the landscape was dominated by tree–shrub assemblages. The dense canopy provides substantial shading and blocks direct solar radiation, resulting in an SVF of 0.343. Point 3 was dominated mainly by arbor vegetation, with an SVF of 0.675, which was higher than that of Point 2. The sky view factor characterizes the degree of sky exposure in three-dimensional space. The SVF values for these measurement points were calculated and analyzed using the SVF calculator in Rayman 1.2.



The hourly variation patterns of both measured and simulated meteorological parameters at the above three points are shown in Figure 4. From visual inspection, the overall trends of the curves are in generally good agreement, except for a few individual values at Point 2.



Subsequently, two statistical indicators were used to assess the goodness of fit between simulated and observed values: Root Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE) [30,34]. The equations for calculating RMSE and MAPE are shown in Equations (1) and (2), respectively.


  R M S E =     1   n      ∑  j = 1   n      (   y   j   ′   −   y   j   )   2       



(1)






  M A P E =    1   n      ∑  j = 1   n           y   j   ′   −   y   j         y   j      × 100 %    



(2)




where     y   j   ′     denotes the simulated value at the j-th point, and     y   j     represents the measured value at the j-th point.



The two model reliability indicators were calculated at the three measurement points, as shown in Table 3. For air temperature, RMSE values ranged from 0.97 °C to 2.41 °C, while MAPE values ranged from 2.16% to 6.32%. For relative humidity, RMSE ranged from 2.06% to 4.57%, and MAPE ranged from 2.80% to 6.42%. Compared with the error levels reported in previous studies, the deviations between the simulated and measured values for both air temperature and relative humidity were relatively small. As per recent literature [32,33], recommended thresholds for RMSE values are below 4.30 °C for air temperature and 10.20% for relative humidity. Overall, these results indicate a satisfactory consistency between the simulations and field measurements, validating that the model reliably reproduces the actual outdoor thermal environment at the neighborhood scale.




2.7. Thermal Comfort Assessment


This study employed the ENVI-met model to calculate the Universal Thermal Climate Index (UTCI). UTCI is defined as an equivalent temperature that reflects the air temperature at which the human body would exhibit the same physiological response under multi-dimensional outdoor environmental conditions [35]. The description of the original UTCI assessment scale is associated with heat stress, and UTCI can be used to identify potentially dangerous regions and periods when humans respond physiologically to external stimuli [36]. It has been recognized and validated in various outdoor thermal environments, including extreme weather conditions [37]. However, the original evaluation criteria ignore the changes in thermal adaptation capacity induced by recent thermal experiences, and thus cannot be directly applied to the assessment of outdoor heat stress across arbitrary time periods. To address the limitation of conventional outdoor thermal comfort evaluations, this study proposes an adaptive thermal comfort evaluation framework based on three complementary indicators: the UTCI Load (UTCIL), cumulative UTCI Load (cUTCIL) and Different Heat Stress Duration (HSD). Specifically, UTCIL quantifies the deviation from adaptive thermal thresholds, cUTCIL captures cumulative heat stress exposure over time, and HSD characterizes the duration of different heat stress levels. Together, by extending the standard UTCI framework, these indicators can provide a more accurate and comprehensive evaluation of overall outdoor thermal comfort.



UTCIL is defined as the difference between the instantaneous UTCI and the baseline temperature, as shown in Equation (3).


UTCIL = UTCIh − UTCIBC



(3)




where UTCIh denotes the UTCI value at a given moment, and UTCIBC represents the baseline temperature corresponding to the upper limit of the outdoor no-heat-stress range, which varies dynamically with recent thermal experiences. The determination of UTCIBC adopts the adaptive threshold method from our previous work [20], in which recent thermal experiences are quantified by the MeanTrm index [38]. The calculation of MeanTrm follows Equation (4) [39].


MeanTrm = (1 − α)(meanTod-1 + α meanTod-2 + α2 meanTod-3 + α3 meanTod-4 + α4 meanTod-5 + ⋯ + αi−1 meanTod-i)



(4)




where α is the weighting coefficient, which is set to 0.8 according to GB/T 50785 standard [40]. meanTod-i denotes the daily mean air temperature of the i-th preceding day with the relevant data sourced from the China Meteorological Data Service Center (http://data.cma.cn/). In these standard documents mentioned above, as well as ASHRAE 55 standard [23], the calculation period of the reference outdoor air temperature was the 7 sequential days before the day in question.



Accordingly, by accounting for recent thermal experiences, UTCIL quantifies the degree to which instantaneous thermal conditions exceed the no-heat-stress threshold, enabling the evaluation of outdoor heat stress across different periods, such as early summer and late summer. A negative UTCIL value indicates that the instantaneous UTCI is below the upper limit of the no-heat-stress temperature, meaning the outdoor thermal environment is under no heat stress. Conversely, a positive UTCIL value suggests that the instantaneous UTCI exceeds this threshold, implying the outdoor thermal environment imposes a certain level of heat stress.



The cumulative value of UTCI Load over a given period is defined as the cumulative UTCI Load (cUTCIL), as presented in Equation (5):


cUTCIL = Σ(UTCILᵢ × Δt)



(5)




where UTCILᵢ represents the instantaneous UTCI Load, and Δt is the time interval (1 h in this study). Thus, cUTCIL denotes the cumulative heat stress exposure over the analysis period, with units of °C·h.



A lower cUTCIL indicates a smaller accumulated thermal load in the thermal environment and a higher overall thermal comfort level, and vice versa. This index can therefore be used to evaluate outdoor heat stress and overall thermal comfort over a period under a specific scenario. By comparing the difference (ΔcUTCIL) in cUTCIL between different scenarios and the baseline scenario, a quantitative assessment of outdoor thermal environments across various conditions can be achieved.



The HSD index is defined as the ratio of the duration within a specific heat stress level to the total duration, as expressed in Equation (6). A higher HSD value indicates that the outdoor thermal environment remains in that heat stress level for a longer period, and vice versa.


HSDi = (ti/T) × 100%



(6)




where HSDi is the duration proportion of a given heat stress level to the total duration, ti is the duration under that heat stress level, and T is the total duration. Specifically, HSD is calculated based on the hourly UTCI outputs. An hour is counted as belonging to a specific heat stress level if the UTCI value at the top of that hour exceeds the corresponding threshold.



Outdoor heat stress levels in summer can be determined according to the local thermal unacceptability rate among residents. The temperatures corresponding to 20%, 40%, 60%, and 80% thermal unacceptability rates are used as critical thresholds to classify outdoor thermal conditions into five levels: no heat stress, moderate heat stress, strong heat stress, very strong heat stress, and extreme heat stress [12]. The method for determining these critical thresholds has been established in our previous work [20] and is adopted in the present study to evaluate outdoor heat stress levels. It should be noted that while the adaptive threshold method is derived from prior studies, the novelty of the present study lies in the formulation of UTCIL as a deviation-based indicator, the development of cUTCIL and HSD for cumulative exposure and stress duration, and the application of this integrated framework to quantitatively assess the impacts of urban canyon morphology on outdoor thermal comfort.



Based on the results of year-round outdoor thermal comfort surveys and following the same method established therein [20], the relationships between the critical temperatures for different outdoor heat stress levels in summer and MeanTrm are presented in Figure 5. The expressions for the critical temperatures corresponding to the no heat stress, moderate heat stress, strong heat stress, and very strong heat stress thresholds are given in Equations (7)–(10), respectively. These relationships and equations serve as the thermal threshold basis for applying our proposed indicator framework (UTCIL, cUTCIL, and HSD).


UTCIUL(no thermal stress) = 6.23 ln(MeanTrm) + 13.68 (R2 = 0.82)



(7)






UTCIUL(moderate heat stress) = 6.29 ln(MeanTrm) + 16.24 (R2 = 0.80)



(8)






UTCIUL(strong heat stress) = 6.35 ln(MeanTrm) + 18.36 (R2 = 0.74)



(9)






UTCIUL(very strong heat stress) = 6.39 ln(MeanTrm) + 20.65 (R2 = 0.69)



(10)







30 July 2021, a typical summer day, is taken as an example to demonstrate the application of the proposed indicators. Based on the daily average temperatures over the previous 7 days, the MeanTrm for the simulation day was calculated as 24.26 °C. Using Equations (7)–(10), the temperature ranges for no thermal stress, moderate heat stress, strong heat stress, very strong heat stress, and extreme heat stress were determined to be <33.55 °C, 33.55–36.30 °C, 36.30–38.61 °C, 38.61–41.03 °C, and >41.03 °C, respectively. Table 4 compares the original UTCI heat stress categories [41] with the modified UTCI categories developed in this study. Several observations can be made. First, the upper limit of the “no thermal stress” category increases from 26 °C in the original scale to 33.55 °C in the modified scale. This shift reflects the inclusion of recent thermal adaptation. In hot-humid Chongqing, residents’ prolonged exposure to high temperatures during summer elevates their thermal tolerance, so moderate thermal stress occurs at higher temperatures compared to populations in temperate climates [8]. Second, the threshold for “extreme heat stress” decreases from 46 °C to 41.03 °C, indicating that once the adaptive capacity is exceeded, the risk escalates rapidly. Third, the modified thresholds are not fixed but vary dynamically with MeanTrm, whereas the original UTCI thresholds are static. This dynamic adjustment allows the modified scale to more accurately reflect human thermal perception under changing weather conditions and across different climatic backgrounds.





3. Results and Discussion


3.1. The Effects of Street Canyon Orientation on Outdoor Thermal Comfort Level


Orientation is a key factor influencing solar radiation penetration into street canyons. Variations in orientation can lead to corresponding changes in outdoor thermal comfort and thermal stress levels within the canyon. Figure 6 shows the temporal variation in the UTCI within a typical street canyon with H/W = 1.0 under different orientation scenarios during the period from 7:00 to 20:00. The temperature thresholds corresponding to different outdoor thermal stress levels are marked by dashed lines in different colors. As can be seen from Figure 6, the outdoor thermal stress in street canyons of all orientations shows a trend of increasing first and then decreasing over time, but there are substantial differences in the UTCI maximum value (UTCImax) and its occurrence time among street canyons with different orientations. For the UTCImax, among all orientation scenarios, the 90° (east–west) street canyon exhibits the highest UTCImax, approximately 48.9 °C. The street canyons oriented at −60° and 60° exhibit similar UTCImax values, approximately 46.5 °C and 46.9 °C, respectively. The UTCImax values of the street canyons oriented at 0° (south–north), ±45°, and ±30° decrease in sequence, with the −30° orientation showing the lowest UTCImax value of approximately 45.3 °C. This difference is primarily attributed to the diurnal variation in solar position. In east–west oriented canyons, both facades receive direct solar radiation during midday and afternoon hours, leading to prolonged and intense shortwave radiation absorption. Moreover, due to the asymmetry of solar geometry around solar noon at Chongqing’s latitude, north–south-oriented canyons (with a 30° deviation) experience self-shading during peak radiation hours, as the building walls block a substantial portion of direct sunlight, thereby reducing surface and air temperatures. In terms of the occurrence time of UTCImax value, the peak value in the 0° (north–south) street canyon appears at approximately 14:00. As the street canyon orientation deflects clockwise or counterclockwise from the north–south axis, the peak value is consistently delayed, with most scenarios exhibiting peak thermal stress between 15:00 and 16:00. Notably, the 90° (east–west) street canyon records the latest peak, occurring at around 16:00.



Figure 7 presents the heatmap distribution of UTCI across different orientations at various times. For any given time, there are differences in heat stress among street canyons with different orientations. According to the analysis of the total duration proportion of no thermal stress and moderate heat stress outdoors, the 90°-oriented street canyon shows the lowest proportion, at approximately 14.2%. The remaining orientations in ascending order are: −60° (about 21.4%), and −30°, ±45°, 60° (about 28.6%), 0° and 30° (about 35.7%). In terms of the duration proportion of extreme heat stress outdoors, the street canyon oriented at 90° and −60° account for the highest proportion, approximately 64.3%. The remaining orientations in descending order are: −45° (about 57.1%), 60° (about 50.0%), 0° and −30° (about 42.9%), and 45° and 30° (about 35.7%). These findings demonstrate that street canyon orientation not only substantially influences the magnitude of thermal stress peaks but also extends the duration of high-temperature thermal stress, thereby intensifying thermal discomfort in urban street canyons. It should be noted that the HSD analysis is based on hourly simulation outputs. Consequently, the reported duration percentages have a resolution of approximately 7.1% (1/14). Future studies with finer temporal resolution could reduce this uncertainty.



Figure 8 shows the variation in cUTCIL within the street canyon as a function of orientation. Taking the 0° orientation as the reference case, for equivalent clockwise and counterclockwise rotations, the cUTCIL values under clockwise deflection are consistently lower than those under counterclockwise deflection. Meanwhile, cUTCIL generally increases with the absolute magnitude of the orientation angle. Among all orientations, the 90° street canyon exhibits the highest cUTCIL value, approximately 115.2 °C·h, while the 30° street canyon has the lowest cUTCIL value, about 69.4 °C·h.




3.2. The Effects of Street Canyon Aspect Ratio on Outdoor Thermal Comfort


Taking the north–south-oriented street canyon as the reference case, Figure 9 shows the temporal variation in UTCI inside the canyon for different aspect ratios (H/W) during the period from 7:00 to 20:00. As observed, under all H/W conditions, outdoor heat stress shows an initial increase followed by a decrease over time. At a given time, the UTCI value decreases with increasing aspect ratio, and the magnitude of UTCI increment gradually diminishes as H/W rises. Notably, no substantial difference is found in the temporal evolution of UTCI between H/W = 3.5 and H/W = 4.0. Regarding the UTCImax value, its occurrence time is relatively consistent across all aspect ratios, concentrated around 13:00–14:00. And the highest UTCImax value reaches approximately 47.6 °C at H/W = 0.5, while the lowest UTCImax of about 43.5 °C appears at both H/W = 3.5 and H/W = 4.0.



Figure 10 presents the heatmap distribution of UTCI across different H/W at various times. An analysis of the combined duration proportion of no thermal stress and moderate heat stress indicates that the proportion is minimized at the H/W of 0.5, at approximately 28.6%. With increasing H/W, the total duration proportion remains relatively stable at approximately 35.7%. For extreme thermal stress, its duration proportion peaks at H/W = 0.5, reaching roughly 50.0%. As H/W increases, this proportion decreases gradually and stabilizes at approximately 14.3% when H/W exceeds 3.5. Correspondingly, the total duration proportions of extreme heat stress at H/W of 1.0, 1.5, 2.0, 2.5 and 3.0 are about 42.9%, 42.9%, 35.7%, 28.6%, and 28.6%, respectively.



Figure 11 shows the variation in cUTCIL in street canyon with the increase in aspect ratios. To quantitatively describe the relationship between cUTCIL and H/W, an exponential decay model was fitted to the simulation data. The regression equation is expressed as:


cUTCIL = 53.86 + 73.44 e−0.76(H/W) (R2 = 0.99)



(11)







As shown, the cUTCIL value exhibits an exponential decay with increasing H/W. The cUTCIL reaches its maximum of approximately 104.6 °C·h at H/W of 0.5, and tends to stabilize at around 57.5 °C·h when H/W exceeds 3.5. This exponential decay can be explained by the reduction in Sky View Factor (SVF) as H/W increases. A lower SVF limits the amount of shortwave radiation reaching the canyon ground and reduces longwave radiative cooling loss to the sky. Beyond H/W = 3.5, the canyon ground is almost entirely shaded during peak solar hours, and further increases in H/W yield negligible additional shading benefit, as the sun’s direct beam is already fully blocked. For the north–south-oriented canyon under summer conditions in Chongqing, the optimal outdoor thermal comfort is observed at H/W = 3.5 and 4.0, as determined by the comparison of UTCImax, cUTCIL, and HSD indices above. It should be noted that the optimal aspect ratio may vary under different climatic conditions, geographic locations, or canyon orientations.




3.3. The Effects of Street Canyon Asymmetry on Outdoor Thermal Comfort Level


Taking the north–south-oriented street canyon as the reference case, Figure 12 shows the temporal variation in UTCI from 7:00 to 20:00 for different asymmetry ratios (by varying Hw/W), under the condition where the aspect ratio He/W equals 1. As shown, the outdoor thermal stress in all cases rises first and then decreases over time. In terms of the UTCImax value, the peak value of approximately 48.4 °C appears at around 15:00 when the asymmetry ratio is 0.5. For asymmetry ratios of 1 and above, the UTCImax value occurs between 13:00 and 14:00, and the peak value gradually decreases with increasing asymmetry ratio. With the He/W ratio fixed at 1, increasing Hw/W yields a substantial improvement in the outdoor thermal environment during the afternoon, while its beneficial effect is relatively limited in the morning. Figure 13 depicts the temporal evolution of UTCI from 7:00 to 20:00 for different asymmetry ratios (by varying He/W), with the aspect ratio Hw/W fixed at 1. For all investigated asymmetry ratios, UTCImax occurs between 13:00 and 14:00. UTCImax exhibits a slight decreasing trend with rising values of He/W, although the magnitude of reduction is negligible. Nevertheless, a gradual increase in He/W considerably improves the outdoor thermal environment during the morning period, even if its ameliorative effect on the thermal environment in the afternoon is relatively limited. By comparing UTCI values at the same time instants, it can be concluded that street canyons with a higher west-side building height exhibit a better overall thermal environment than those with a higher east-side building height.



Figure 14 shows the UTCI heatmap distribution across different asymmetric ratios at various times. For the scenario of different asymmetric ratios by varying He/W value, the longest duration of extreme thermal stress (10:00–16:00) is observed at a He/W ratio of 0.5, accounting for approximately 50.0%. The proportion decreases to about 42.9% at ratios of 1 and 1.5, and reaches its minimum of roughly 35.7% at a ratio of 2.0. As the street canyon asymmetry ratio increases, the duration proportion of extreme outdoor thermal stress gradually declines, accompanied by a corresponding extension of comfortable periods in the morning. Regarding the combined duration proportion of no thermal stress and moderate thermal stress, the values are approximately 28.6%, 35.7%, 35.7%, and 35.7% at He/W ratios of 0.5, 1.0, 1.5, and 2.0 respectively, showing little pronounced variation with increasing asymmetry ratio. For the scenario of different asymmetric ratios by varying Hw/W value, the longest duration of extreme thermal stress (11:00–17:00, about 50.0%) also occurs at a Hw/W ratio of 0.5. With further increases in Hw/W, the duration proportion of extreme thermal stress stabilizes at 42.9%, corresponding to the period 11:00–16:00. For the Hw/W ratios of 0.5, 1.0, 1.5, and 2.0, the combined duration proportion of no thermal stress and moderate heat stress is about 35.7%, 35.7%, 28.6%, and 28.6% respectively. Although the overall comfortable duration slightly decreases with Hw/W increasing, the peak intensity of extreme thermal stress is markedly mitigated.



Figure 15 depicts the variation in cUTCIL with the asymmetry ratio for two types of asymmetric street canyons. The results demonstrate that cUTCIL decreases continuously with an increasing asymmetry ratio in both canyon types, indicating that raising the height of buildings on one side can effectively reduce the thermal load within the street canyon. At an asymmetry ratio of 0.5, the cUTCIL value in the canyon with Hw/W > He/W is approximately 100.4 °C·h, which is slightly lower than that in the canyon with Hw/W < He/W (around 101.2 °C·h). When the asymmetry ratio is 1.0, the streets canyon corresponds to the symmetric case (Hw/W = He/W = 1), with the cUTCIL value of roughly 86.7 °C·h. Within the range where the asymmetry ratio is greater than 1.0, the cUTCIL in the canyon with a taller western building is always lower than the cUTCIL in the canyon with a taller eastern building under the same proportion. Therefore, for asymmetric street canyons, increasing the height of west-side buildings yields a better thermal environment improvement than increasing the height of east-side buildings. This may be due to the solar trajectory in the Northern Hemisphere. In the afternoon (13:00–17:00), when solar radiation is most intense and heat stress peaks, the sun is positioned in the western sky. Taller west-side buildings generate extended shading on the canyon floor and eastern facade during this critical period, directly blocking high-angle and low-angle solar radiation. Conversely, taller east-side buildings provide shading primarily in the morning, when thermal stress is less severe, offering limited relief during peak afternoon hours.




3.4. The Effect of Street Trees Leaf Area Index (LAI) on Outdoor Thermal Comfort Level


Figure 16 displays the diurnal variation in UTCI in symmetric street canyons under different combinations of street canyon aspect ratio (H/W) and leaf area index (LAI). The results show that UTCI exhibits a unimodal trend of increasing first and then decreasing under all conditions, with the peak value occurring between 13:00 and 14:00. Under the same LAI condition, UTCImax decreases continuously with the increase in H/W, indicating that increasing the street canyon aspect ratio can effectively reduce the heat stress in the street canyon by enhancing building shading. Under the same H/W condition, UTCImax decreases continuously with the increase in LAI, demonstrating that vegetation can improve the thermal environment through the dual effects of transpiration cooling and shading. Taking H/W = 1 as an example, the UTCImax values are approximately 46.5 °C (LAI = 0), 46.0 °C (LAI = 0.71), 45.0 °C (LAI = 2.83) and 44.8 °C (LAI = 4.77), respectively. Street tree with high LAI can reduce the UTCImax by approximately 1.8 °C. The combination of high H/W and high LAI achieves the optimal thermal environment, markedly reducing the intensity of extreme heat stress. For instance, the UTCImax of the condition with H/W = 3 and LAI = 4.77 is approximately 42 °C, which is far lower than that of the condition with low H/W and no vegetation (H/W = 1, LAI = 0).



Figure 17 displays the UTCI heatmap distribution across different combinations of H/W and LAI at various times. An analysis of the duration proportion of extreme outdoor thermal stress reveals that, for street canyons with H/W of 1, the longest period of extreme heat stress (11:00–16:00, approximately 42.8%) is recorded at LAI values of 0, 0.71, and 2.83. When LAI reaches 4.77, the duration of extreme heat stress decreases to approximately 35.7%. For street canyons with H/W of 2, the duration proportion of extreme heat stress is approximately 35.7%, 28.6%, 28.6%, and 28.6% at LAI values of 0, 0.71, 2.83, and 4.77, respectively. For canyons with H/W of 3 and the corresponding LAI levels, the duration proportion of extreme heat stress is about 28.6%, 21.4%, 21.4%, and 7.1%, respectively. These findings clearly demonstrate that the duration proportion of extreme heat stress is negatively correlated with both H/W and LAI. Furthermore, enhancing H/W yields a more pronounced reduction in extreme thermal stress duration than enhancing LAI. Except for scenarios with H/W = 3 and LAI values of 0.71, 2.83, and 4.77, the combined duration proportion of no thermal stress and moderate thermal stress outdoors exhibits no substantial variation with H/W and LAI, remaining steady at approximately 35.7% and occurring mainly during 7:00–9:00 and 19:00–20:00. By contrast, the corresponding proportion rises to about 42.9% under the conditions of H/W = 3 and LAI values of 0.71, 2.83, and 4.77.



Figure 18 presents the variation in cUTCIL with H/W under different leaf area index conditions. The results show that cUTCIL decreases exponentially with increasing H/W for all LAI levels. For canyons with LAI = 0, cUTCIL reaches its maximum value of approximately 104.6 °C·h at the H/W of 0.5, and tends to stabilize at about 57.5 °C·h when H/W exceeds 3.5. For canyons with LAI values of 0.71, 2.83, and 4.77 respectively, cUTCIL also peaks at H/W of 0.5, with maximum values of approximately 98.6 °C·h, 94.0 °C·h, and 87.8 °C·h in sequence. When H/W exceeds 3, cUTCIL gradually levels off at a stable value of roughly 48.8 °C·h for all these scenarios. It can be concluded that as H/W increases continuously, the improvement effect of high LAI on the outdoor thermal environment becomes gradually insubstantial. This may be because street trees and building geometry both cool the environment primarily through shading. When H/W is low, the canyon receives substantial direct solar radiation, leaving substantial solar radiation available for trees to intercept. Thus, high-LAI trees provide marked cooling effects. However, when H/W is high, the canyon is already deeply shaded by building walls, and the marginal benefit of additional shading from trees diminishes.




3.5. Outdoor Optimal Design Strategy Based on Shading Effects


Climate is the primary factor governing regional outdoor thermal environments and human thermal comfort. The effects of microclimate parameters on outdoor thermal comfort differ significantly under distinct climatic conditions [42]. Although many studies have confirmed that air temperature is the most critical factor influencing outdoor thermal comfort [43,44], it remains challenging to effectively regulate outdoor air temperature through spatial optimization designs. In comparison, shading configurations exert a substantial impact on human thermal comfort levels. Consequently, most existing thermal environment optimization strategies based on street canyon morphology primarily focus on optimizing solar radiation conditions and wind environments [9]. The climate of the Chongqing region is characterized by low annual average wind speed, short sunshine duration in winter, and prolonged hot summers. Therefore, outdoor optimization design strategies based on shading effects can effectively improve the current state of outdoor thermal discomfort during summer.



The orientation of urban blocks directly affects the solar radiation received by block surfaces and facades, with blocks of different orientations experiencing distinct solar radiation conditions at different times [45]. Based on the trajectory of solar movement in the Northern Hemisphere, the interior of north–south (N-S)-oriented blocks is partially shaded, while east–west (E-W)-oriented blocks are fully exposed to sunlight during summer. Therefore, in urban planning and design, it is necessary to consider the impact of block orientation on the outdoor thermal environment. Existing studies have shown that the overall outdoor thermal environment of north–south (N-S)-oriented blocks is generally superior to that of east–west (E-W)-oriented blocks [46]. Through the simulation of outdoor thermal environments under different block orientations in the Chongqing region, the results show that the outdoor thermal environment of blocks with a 30° orientation is optimal in terms of evaluation indicators such as the proportion of duration at the extreme heat stress level, the total proportion of duration at the no thermal stress and moderate heat stress levels, and the cUTCIL value. This is followed by street canyons with a −30° orientation, while the overall thermal comfort level of blocks with a 90° orientation is the worst. Other studies also emphasized that street canyons oriented in the northwest-southeast (NW-SE) direction exhibit superior shading performance and a higher overall outdoor thermal comfort level [47], which is consistent with the findings in this study. Therefore, for new districts in this region, priority can be given to setting the block orientation within the range of −30° to 30° during the design stage.



In addition to the block orientation, increasing the H/W ratio is conducive to improving the outdoor thermal environment and enhancing the outdoor thermal comfort level in summer. For example, in Fuzhou, China [48] and Port Said, Egypt [49], which are located in hot and humid climate zones, as well as in the Ahvaz, Iran [50] and the Saudi Arabian region, which are located in arid-hot region [51], the outdoor thermal comfort level in street canyons with a larger H/W ratio is superior to that in street canyons with a smaller H/W ratio. However, there are certain differences in the optimal H/W ratio among different regions [52]. The results of this study indicate that the overall outdoor thermal comfort level improves substantially with the increase in the H/W ratio, and when the H/W ratio reaches 3.5, the overall outdoor thermal comfort level tends to stabilize. This is attributed to the fact that the street blocks with a higher H/W ratio offer a more favorable shading environment, which can effectively mitigate solar radiation. However, with the gradual increase in the H/W ratio, the solar radiation received tends to stabilize, and consequently, the improvement effect of this process becomes less pronounced. Though the shading benefit of deep canyons is clear from our results, two important boundary conditions should be noted. First, deep canyons are known to trap longwave radiation, potentially intensifying the nocturnal urban heat island effect [53]. This trade-off between daytime cooling and night-time warming should be considered in design practice, particularly for residential areas where night-time comfort matters. Second, shading that is advantageous in summer turns into a drawback in winter. Although access to winter solar radiation is not a primary concern for overcast, rainy Chongqing, it may prove critical in other climatic contexts. Consequently, this recommended H/W ratio is specific to summer conditions and highly dependent on the local context, warranting caution if applied to other regions or seasons.



As an urban spatial form strategy, the asymmetric street canyon can change the entry of solar radiation and air flow by flexibly controlling the height of buildings on both sides of the street, thereby improving the urban microclimate and alleviating the urban heat island effect [29]. The results of this study indicate that for asymmetric street canyons, the overall outdoor thermal comfort level is markedly superior in the blocks where the height of buildings on the west side (Hw) is higher than that on the east side (He). Existing studies have also shown that in asymmetric street canyons, buildings of different heights can enhance air circulation and improve the outdoor thermal environment, and the asymmetric street canyons that can block sunlight in the afternoon have a better effect on improving the thermal environment than those that block sunlight in the morning [54]. Therefore, during the design phase, it is recommended to give priority to increasing the height of buildings on the west side to enhance the shading effect. However, in other climatic regions with abundant winter sunshine, the potential winter penalty of taller west-side buildings, namely the obstruction of desirable solar gain, should be carefully evaluated before applying this design strategy.



By intercepting solar radiation and releasing latent heat via transpiration, street trees can effectively lower air and ground temperatures, thus enhancing outdoor thermal comfort [55,56]. The shape and size of leaves affect the shading effect of street trees and the amount of evaporative heat dissipation, thereby influencing the cooling capacity on the surrounding thermal environment [57]. Through simulations on different leaf area indices of street trees, the study found that with the increase in the H/W, the effect of increasing the leaf area index (LAI) of street trees on improving the outdoor thermal environment and enhancing the thermal comfort level gradually weakens. A study by Morakinyo et al. [58] also suggests that dense-leaved tree species should be configured in blocks with a small H/W ratio, while sparse-leaved tree species should be configured in canyons with a large H/W. Therefore, during the outdoor space design stage, priority should be given to building shading effects. Vegetation should then be strategically configured according to the characteristics of the surrounding buildings to achieve an optimal design for improving the outdoor thermal environment. For instance, high-LAI trees are recommended in canyons with a low H/W, whereas in deep canyons (high H/W), where building shading dominates, vegetation is assigned a secondary role.



To provide a clear and concise overview of the key findings from the four morphological factors investigated, Table 5 summarizes the optimal and worst scenarios for each factor, along with the corresponding UTCImax, cUTCIL, extreme heat stress duration, and the main design implications. This summary is intended to help designers and planners quickly identify the most effective strategies for improving summer outdoor thermal comfort in hot-humid climates.





4. Conclusions


This study addresses a limitation of traditional outdoor thermal comfort evaluation methods, which neglects human thermal adaptation over time. An adaptive evaluation framework is proposed by introducing three indices: UTCIL, cUTCIL, and HSD. Using ENVI-met simulations for a typical hot summer day in Chongqing, a typical city in the hot-humid region, the framework was applied to examine four urban canyon morphological parameters: orientation, aspect ratio (H/W), building asymmetry, and street tree leaf area index (LAI). Meanwhile, by analyzing the differences between measured outdoor thermal environment data and simulation results, the applicability and credibility of the ENVI-met model in reproducing the outdoor thermal environment at the block scale were verified. The adaptive evaluation framework will assist urban designers and planners more effectively design or optimize outdoor thermal environments, thereby improving pedestrian thermal comfort levels. Within the scope of this study, the following relationships are observed:



First, the aspect ratio (H/W) is the primary factor influencing cumulative heat stress. The relationship between H/W and cUTCIL follows an exponential decay pattern. Increasing H/W reduces UTCImax and the duration of extreme heat stress, with diminishing returns beyond H/W = 3.5.



Second, orientation modulates the thermal performance at a given H/W ratio. Under H/W = 1, the east–west oriented canyon shows the highest UTCImax (48.9 °C) and the longest extreme heat stress duration, whereas a 30° clockwise rotation from the north–south axis yields lower thermal stress.



Third, building asymmetry and vegetation provide secondary adjustments. When H/W ≤ 1, increasing LAI reduces UTCImax (by up to 1.8 °C for LAI = 4.77). This reduction is not observed when H/W > 3, where building shading dominates. Asymmetric canyon design, specifically with taller buildings on the west side, shows a reduction in cumulative heat stress compared to symmetric configurations, though the magnitude of this reduction is smaller than that achieved by increasing H/W or adjusting orientation.



Taken together, these findings support a three-step design hierarchy for the simulated hot-summer condition: (1) a sufficient aspect ratio (H/W ≥ 3.5) should be prioritized to maximize building-induced shading; (2) east–west canyon orientation should be avoided; (3) high-LAI street trees and asymmetric canyon profiles should be incorporated when H/W is moderate or low.



Several limitations should be acknowledged. Firstly, the primary focus of this study is the proposal and application of the adaptive thermal comfort evaluation framework. A full factorial interaction analysis among these urban canyon morphology factors was not conducted within the scope of this study and is planned for future research. Secondly, the UTCIL, cUTCIL, and HSD indices are time-dependent, and their values vary with meteorological conditions. The simulations are based on a single typical summer day in Chongqing, representing an extreme heat stress scenario. The quantitative results (including specific H/W thresholds, orientation angles, and LAI values) are therefore specific to the simulated condition. For other weather conditions or climatic contexts, additional simulations and validation are required. Thirdly, model validation was limited to air temperature and relative humidity; mean radiant temperature and wind speed were not validated due to the lack of established acceptance criteria. Within these boundaries, the proposed framework can provide a methodological basis and practical reference for outdoor thermal comfort assessment.
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Figure 1. Field survey location and measurement sites. 
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Figure 2. Typical scenarios of urban canyon morphology. (a) street canyon orientation scenarios; (b) H/W scenarios; (c) asymmetric street canyons scenarios; (d) LAI scenarios with different street trees; 
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Figure 3. Layout and sky view factor of the monitoring points. 
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Figure 4. Comparison of simulated and measured meteorological parameters at different points. 
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Figure 5. The variation in temperature critical values of different outdoor thermal stress levels with MeanTrm. 
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Figure 6. UTCI variation with time within typical street canyons (H/W = 1) under different orientations. 
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Figure 7. UTCI heatmap distribution across different orientations at various times. 
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Figure 8. Variation in cUTCIL along with the orientation in typical street canyons (H/W = 1). 
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Figure 9. Variation in UTCI values in street canyons with different aspect ratios over time. 
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Figure 10. UTCI heatmap distribution across different H/W at various times. 
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Figure 11. Variation in cUTCIL in street canyon with the increase in aspect ratios. 
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Figure 12. The variation in UTCI in street canyon (He/W = 1) with time under different asymmetric ratios. 
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Figure 13. The variation in UTCI in street canyon (Hw/W = 1) with time under different asymmetric ratios. 
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Figure 14. UTCI heatmap distribution across different asymmetric ratios at various times. 
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Figure 15. Variation in cUTCIL with asymmetric ratios of street canyon. 
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Figure 16. Variation in UTCI with time under different combinations of H/W and LAI. 
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Figure 17. UTCI heatmap distribution across different combinations of H/W and LAI at various times. 
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Figure 18. Variation in cUTCIL with H/W under different leaf area indices. 
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Table 1. Specifications of meteorological monitoring instruments.
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	Parameter
	Instruments
	Accuracy
	Range
	Resolution





	Ta
	Onset Hobo, UX100-011A
	±0.2 °C
	−20–70 °C
	0.1 °C



	RH
	Onset Hobo, UX100-011A
	±2.0%
	1–95% RH
	0.1% RH



	v
	WWFWZY-1
	5% ± 0.05 m/s
	0.05–30 m/s
	0.1 m/s



	Tg
	HQZY-1
	±0.3 °C
	−20–80 °C
	0.1 °C










 





Table 2. Initial parameter settings.
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	Parameter Names
	Parameter Values





	Start time
	7:00 a.m. on 30 July 2021



	Simulation duration
	14 h



	Average temperature
	36.04



	Maximum temperature
	39.80 °C



	Minimum temperature
	29.00 °C



	Average relative humidity
	54.59%



	Maximum relative humidity
	80.16%



	Minimum relative humidity
	41.87%



	10 m wind speed
	1.7 m/s



	Dominant wind direction
	South wind



	Roughness length
	0.1



	Cloud cover
	0










 





Table 3. RMSE and MAPE calculation results.
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Point

	
Air Temperature (°C)

	
Relative Humidity (%)




	
RMSE

	
MAPE

	
RMSE

	
MAPE






	
1

	
0.97

	
2.16

	
2.65

	
3.26




	
2

	
2.41

	
6.32

	
4.57

	
6.42




	
3

	
1.47

	
3.89

	
2.06

	
2.80











 





Table 4. The comparison of the original UTCI classes and modified UTCI classes.
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	Stress Category
	Original UTCI (°C) [41]
	Modified UTCI (°C)





	No thermal stress
	9–26 °C
	<33.55 °C



	Moderate heat stress
	26–32 °C
	33.55–36.30 °C



	Strong heat stress
	32–38 °C
	36.30–38.61 °C



	Very strong heat stress
	38–46 °C
	38.61–41.03 °C



	Extreme heat stress
	>46 °C
	>41.03 °C










 





Table 5. Summary of optimal and worst scenarios for each urban canyon morphological factor.
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Factor

	
Scenario

	
UTCImax (°C)

	
cUTCIL (°C·h)

	
Extreme Heat Stress Duration






	
Orientation

	
Optimal (30°)

	
about 45.3 °C

	
about 69.4 °C·h

	
about 35.7%




	
Worst (90°)

	
about 48.9 °C

	
about 115.2 °C·h

	
about 64.3%




	
Key Design Implication: Prioritize orientation within −30° to 30° from N–S axis




	
H/W

	
Optimal (≥3.5)

	
about 43.5 °C

	
about 57.5 °C·h

	
about 14.3%




	
Worst (0.5)

	
about 47.6 °C

	
about 104.6 °C·h

	
about 50.0%




	
Key Design Implication: Design H/W ≥ 3.5 to stabilize thermal comfort benefits




	
Asymmetry

	
Optimal (taller west) 1

	
about 46.4 °C

	
about 78.3 °C·h

	
about 42.9%




	
Worst (taller east) 1

	
about 46.6 °C

	
about 82.3 °C·h

	
about 42.9%




	
Key Design Implication: Prioritize increasing west-side building height for afternoon shading




	
LAI

	
Optimal (4.77) 2

	
about 44.8 °C

	
about 87.8 °C·h

	
about 35.7%




	
Worst (0) 2

	
about 46.5 °C

	
about 104.6 °C·h

	
about 42.8%




	
Key Design Implication: Prioritize dense-canopy trees in shallow canyons (H/W < 3); building shading dominates at deep H/W (H/W ≥ 3)








Notes: 1 refers to the scenario where the asymmetry ratio is 1.5, at which point the cUTCIL difference is the greatest; 2 refers to the typical scenario under the condition of H/W = 1.
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