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Abstract


Water is an essential part of the urban ecosystem and plays a vital role in alleviating urban heat island (UHI) problems. The contribution toward UHI mitigation made by bodies of water needs to be ascertained to establish waterfront thermal environment construction standards. In this study, the thermal environment of the waterfront space of Tianjin in the cold regions of China was the research object. Through a survey including 141 valid questionnaires and the field measurement of four typical waterfront spaces in Tianjin, the thermal demand characteristics of recreational use for the waterfront environment and the influence of water on microclimate are discussed, supplemented by results from low-altitude infrared remote sensing technology, which was mainly used to obtain a wider range of infrared thermal images with higher accuracy. To improve the urban heat island effect and the quality of the ecological environment, this paper used outdoor thermal environment simulation software to quantitatively analyze the thermal environmental impact of outdoor public activity spaces around the representative urban body of water and proposes the optimization scheme of the waterfront space’s thermal environment. The results show that, based on the factors of water itself, the most economical water width was 70–80 m, and the cooling effect intensity of water had an essential correlation with the distance between the measured site and the water center. In terms of the environmental factors around the water, when the green lawn of the waterfront space was 12 m and the water shore’s geometric form was S-shaped, this could improve the cooling effect of water significantly. Waterfront activity spaces should focus on thermal comfort on the east and south water shores. It is expected that this study could provide practical implications and useful guidance for the planning and design of urban waterfront space in China’s cold regions.
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1. Introduction


Rapid urbanization has led to a high concentration of city dwellers. According to the predictions of the United Nations and the World Bank, the proportion of the world’s population living in urban areas will grow rapidly in the 21st century, which is expected to reach 66% by 2050 [1]. Rapid and sustained urbanization promotes the improvement of transportation facilities and the development of tourism and trade. Simultaneously, it also puts great pressure on local natural resources and the ecological environment [2,3]. A high density of urban population, closely situated high-rise buildings, and an impervious underlying surface affect the urban climate environment. This is characterized by urban heat island (UHI) issues, which result in high-temperature heatwaves in summer, an increase in the number of deaths from heatstroke, and an increase in refrigeration energy consumption and greenhouse gas emissions [4,5,6]. Such manmade and meteorological factors are not conducive to the sustainable development of urban ecosystems [7,8,9,10].



The urban surface environment is highly heterogeneous. In meteorology, the occurrence of small-scale near-stratigraphic climate conditions, caused by the heterogeneity of the underlying surface and human activities, is called a microclimate [11,12,13,14]. Microclimates have strong adjustability, which directly affects the comfort of urban residents’ daily life. In recent years, the impact of underlying landscape on microclimate has attracted more and more attention [15,16,17,18]. The “oasis effect” of water and greenery, and the negative impact of artificial underlying surfaces, such as buildings and impermeable pavement, on ambient temperature have been studied [19,20,21,22]. Therefore, many mechanisms have been proposed to alleviate UHI, such as natural water bodies, greenery (urban green spaces, vertical greening, and green roofs), and changing urban geometry form. First of all, as the underlying surface of an urban cold source, water plays an essential part in alleviating the effect of UHI [23,24,25,26]. Some scholars chose urban lakes as their research object, while other scholars chose urban rivers [27,28,29,30,31]. The most widely used method was field measurement, although lacking comprehensiveness and integrity of data [32,33,34,35,36,37]. It was found that the water had an obvious “cold island” effect on the surrounding area. At present, the research on the “cold island” effect of urban water mainly focuses on two aspects. Based on the factors of the water itself, the influence of water area changes, the shape index, and depth on the cooling and humidification effect of water was explored. Starting with the environmental factors around the water, aiming at analyzing the building layout and height, building retreat distance, urban form, and other factors, combined with CFD and other numerical simulation methods, these studies explore the impact of various factors on the “cold island” effect exerted by bodies of water. Cheng et al. [38] found that the cooling distance from a lake varied according to the underlying surfaces, such as forest (462.5 m), hard surfaces (400 m), grassland (326.5 m), and bare land (262.5 m). However, the nighttime temperature of the waterfront space will inevitably be higher in summer, which will enhance the UHI effect [31]. Meanwhile, with the refinement of computer numerical simulation, current research on influencing factors, such as greenery and urban form, is more in-depth [39,40,41]. Greenery is another promising strategy for mitigating thermal stress through the complementary mechanisms of shadowing, evapotranspiration, and air-movement shielding [42,43]. Anjos et al. [44] reported that the cooling effect of urban green spaces was mainly affected by greenery structure, size, shape, types, and spatial distribution. De Jesus et al. [45] showed that the air temperature of a vertical greening wall was 2.5–2.9 °C lower than that of the bare wall in Madrid, Spain. Wong et al. [46] revealed that the green roof on a low-rise building contributed a cooling effect to both the building and its surrounding environment in Singapore. However, the mitigation effect of green roofs varies with building height. Last, but not least, the connection between urban geometry form and UHI is well-established, as this can create canyons discharging heat and pollutants [47,48]. Urban geometry is quantified by the aspect ratio, street orientation, and sky view factor (SVF), as usual. Takebayashi [49] discussed the finding that the shading effect of a tall building in north–south street canyons had less impact on solar gain than that in east–west streets, as measured in Tokyo. However, the cooling effect of urban geometry is greatly affected by cloud cover, and it has been found that cloudy skies cause a substantial decrease in the cooling rates of urban canyons [50].



Although previous research has focused on extensive discussions regarding the UHI mitigation effects of bodies of water, greenery, and urban forms in isolation, some essential aspects of the waterfront’s thermal environment have not yet been properly addressed in the long term. More and more research has been conducted into the construction of public environments planned around urban water through place modeling, but the lack of improvement in the environment around water, from the perspective of human needs, leads to poor thermal comfort in the public spaces around water. Most of the methods for studying the thermal comfort of waterfront spaces are measured in terms of the ground, and there is less research on the cooling effect of water based on low-altitude remote sensing. Most studies only consider the combination of urban squares and urban water to improve the thermal comfort of waterfront spaces, and a lack of quantitative analysis of the impact of typical urban bodies of water on the thermal sensations experienced by the surrounding people. Researchers have mainly focused on the cooling effect of large-scale rivers or lakes, and have proposed scientific guidance for urban planning, but have neglected quantitative research into different micro-scale water body types alleviating the UHI, especially in China’s cold regions.



Against this background, the wide waterfront space in Tianjin, which has no tall buildings nearby, is selected as the research object because of Tianjin’s urban development. This area is taken as a typical example of China’s cold regions, based on the occurrence of water-surrounding environment construction and the poor thermal comfort of the waterfront space. This paper aims to explore the relevant environmental factors influencing the public space around the water from the perspective of thermal comfort, put forward the possibility of low-altitude infrared remote sensing technology to mitigate the UHI effect, establish the thermal demand characteristics of waterfront residents, and utilize thermal environment simulation software to quantitatively analyze the influencing characteristics of water on the microclimate of the waterfront’s public activity space, which helps in the development of strategies proposed for waterfront construction, based on land use and evaluation standards. The outcomes of this study will contribute to alleviating the UHI effect in urban micro-scale waterfront spaces, and further improve thermal comfort for urban residents. However, the recommended strategy of utilizing the cooling effect of water may not be fully applicable in other climatic regions, such as in hot and humid areas, due to the high humidity.




2. Study Area and Methods


2.1. Study Region


Tianjin is at 116°43′–118°40′ E and 38°34′–40°15′ N, located in the northern part of the North China plain. It is an important city in the Bohai Bay area, situated in the cold region of China (Figure 1) [51]. Plains in cold regions have longer winters, which are cold and dry. The summer is hot, but it is not as humid as the hot and humid regions of the south [52]. Tianjin is rich in water resources and has high economic strength, but there are several problems regarding the development of waterfront space in terms of landscape design, including the single-form riverbank design, the simple and monotonous landscape along the river, the area not meeting people’s needs, and the lack of hydrophilicity. In this study, many rivers in the Tianjin area were investigated and analyzed, and the most suitable urban water area was chosen as the research object. Tall buildings throw shadows and change the surrounding wind field, which affects the thermal environment to a certain extent. Therefore, the actual conditions of the environment surrounding the water should be comprehensively considered when selecting the research site. The study sites were almost all typical urban planar water (lake) and linear water (river) scenarios. The representative waterfront public space survey objects in Tianjin were at site 1 (a circular lake, Figure 2a), site 2 (an annular lake, Figure 2b), site 3 (a river of north–south orientation, Figure 2c), and site 4 (a river of east–west orientation, Figure 2d). In the public space of each survey object, multiple survey points were selected, according to the different underlying surfaces and the relative distances from the water. In order to facilitate the comparison of different surrounding environments, the current situation of the research objects with the four bodies of water is described in Table 1.




2.2. Methods


2.2.1. Measurement


In this work, a field questionnaire survey, low-altitude infrared remote sensing, and field survey data measurement methods were used to explore those factors conducive to an improvement of the thermal environment in the public space around the urban water in summer in cold regions, and to understand the characteristics of the impact of water on the local geothermal environment. In this study, the 3, 5, 7, 8, 10, and 13 July, in summer when the weather was sunny, were selected as the survey days. A questionnaire survey and field instrument measurements were conducted in the public space around the water body of the circular lake, annular lake, a river of north–south orientation, and a river of east–west orientation, respectively. The measuring time of the instrument was from 8 a.m. to 7 p.m. Due to an error in setting the time of the instrument every day, the time period for data recording varied from day to day, but the data recording was always between 9 a.m. and 6 p.m. The low-altitude infrared remote sensing measurement was mainly conducted in the waterfront space around the water body of the circular lake.



The on-the-spot questionnaire survey is helpful to obtain the most intuitive and direct opinions regarding the investigated objects and to encourage researchers to establish perceptual knowledge of the studied objects. However, inevitably, there will be some drawbacks, such as strong subjectivity. The questionnaire was divided into three parts: (1) basic information, including age and gender; (2) thermal comfort perception, including thermal feeling, thermal comfort, and satisfaction voting, as well as perceptions of sunshine and wind speed; (3) characteristics of behavior and activity, including clothing and activity states. Thermal-sense voting (TSV) used a 7-point scale, namely, very cold, cold, cool, moderate, warm, hot, and very hot, with values of −3, −2, −1, 0, 1, 2, and 3, respectively. In order to carry out quantitative analysis based on low-altitude infrared remote sensing and field survey data measurement, an instrument from WBGT (testoAG Inc., Germany), the tripod of an integrated TR-74Ui-H and TR-73U (T&D Inc., Japan), UAV inspire 1 (DJI Inc., China), equipped with a FLIR TAU2-640 thermal imager and a handheld FLIR T610 thermal imager (FLIR Inc., USA) were used to obtain the measured data for comparative research (Figure 3), which could more scientifically and quantitatively study the thermal comfort of the outdoor waterfront public space. The tripod of the integrated instrument was equipped with a temperature and humidity measuring instrument, TR-74Ui-H, an atmospheric pressure measuring instrument, TR-73U, and a K-type thermocouple, LR9692. The performance parameters of the instruments are shown in Table 2.



The WBGT index was selected as the field measurement evaluation index among the commonly used outdoor thermal comfort evaluation indexes (WBGT, PMV, SET*, PET, UTCI, etc.). The WBGT index is a basic parameter for the comprehensive evaluation of the heat load of human exposure to the working environment, given in centigrade, to evaluate the average heat load of the human body [53]. According to the height of the center of gravity of an upright human body, as specified in the ISO7730 standard, by keeping the probe height of the instrument of WBGT and tripod of instrument integrated at 1.1 m for field survey data collection, the physical environmental parameters around the investigated object could be obtained more accurately [54].




2.2.2. Simulation


On the basis of the abovementioned environmental intention and physical quantity investigation, through the use of outdoor thermal environment simulation software, it is helpful to simulate different schemes, find their quantitative relationship and purpose, and develop in-depth optimization suggestions on this basis. Currently, ENVI-met, Fluent, CFX, PHOENICS, and Ecotect (Table 3) are widely used worldwide. In this study, ENVI-met was used for the outdoor simulation software to simulate the environment, determine the rules regarding the impact of water on the waterfront space, and formulate an environmental improvement plan. It is an outdoor environment simulation software developed by the German researcher, Michael Bruse [55]. It consists of two parts: one is composed of a three-dimensional modeling module, a soil module, and a boundary module, and the other comprises a nested grid. The software can simulate the outdoor thermal environment by analyzing the thermal characteristics of the building facade materials, the underlying surface, and the fluid. Unlike general steady-state simulation software, it has the advantage of a three-dimensional dynamic simulation, changing over time. The calculation result of the previous time-step is taken as the initial condition of the next step, so it can simulate the process of the external climate environment changing over time more accurately. Its unique grid system can control the simulation accuracy to within 0.1 m and can better simulate the external environment within the microclimate environment.



Based on the information provided by field measurement and the questionnaire-based survey, a hypothetical numerical study was carried out to obtain more reliable quantitative results through the ENVI-met model, v4.3. According to the field survey, the number of questionnaires collected by the rivers near site 3 (Figure 4) was very small, and there were not many people who were active there. To increase the residents’ desire to go to the waterfront space near site 3 for outdoor activities and improve the comfort of the thermal environment of such a region, this site was selected as the objective for simulation and improvement. Numerical simulations were conducted on 8 July. The simulated background meteorological data were obtained through hourly field measurement, which was utilized for the simple forcing settings in ENVI-met. The microscale model domain had a surface area of 57,600.0 m2 (240.0 m × 240.0 m), divided into 60 × 60 square grids with 4.0 m resolution on the horizontal surface. There were 30 vertical telescoping grids with an initial resolution of 4.0 m. The main study region was the waterfront hard surface, and the influence of water on the environment was explored. Geometric information and green and blue space dimensions were derived from the relevant Google Earth™ satellite images and field investigation. In this microscale model, water and greenery were given a simplified treatment. We selected the default 4.5-m-deep waterbody of the software, which was appropriate to the actual situation. Greenery included grass (0.3 m height), as was similar to reality. The relevant simulation parameters are shown in Table 4 and Table 5.



The software also cannot calculate the influence of a gentle and vertical riverbank, so we chose to study the width of the water, a platform anchored to the riverbed in the water, and the layout of the green space. In order to study the effect of the water width on the surrounding environment, the width of the water in Figure 4 was taken from 40 m to 100 m in steps of 10 m. By studying the limit value of the water improvement effect, the most economical river width could be calculated. During the modification of the square, the platform went far into the center of the waterbody to explore the environmental impact of the water on the riverbank. The simulation objects were the current situation of the square (Figure 5a), simulation 1 of the square (Figure 5b), and simulation 2 of the square (Figure 5c). In terms of including auxiliary underlying surfaces to improve the cooling effect of the water, such as greenery (trees, shrubs, and lawns), we mainly studied the cooling effect of lawns in conjunction with water. According to the previous research, the combined effect of trees, shrubs, and lawns enhanced the cooling effect significantly, and green lawns without vegetation shade were found to be least effective compared to green lawns with trees and shrubs for the mitigation of UHI [56,57]. However, this paper mainly studied the cooling effect of water on the waterfront space, and the cooling effect of trees and shrubs to improve the waterfront environment in the shade was much more obvious than that of water. The cooling effect of the water was almost negligible under such conditions, which was not consistent with our original intention of revealing the cooling effect of water. Meanwhile, trees and shrubs could work together with water to cause synergistic cooling effects (SCEs), which this study did not include, and SCEs were beyond the scope of water itself affecting the thermal environment of waterfront space [58]. Furthermore, the cooling effect of trees and shrubs would be mainly affected by greenery height, greenery planting density, and the greenery species themselves. Therefore, the lawn was the main research object to improve the water’s UHI mitigation, instead of trees or shrubs in this section. Because the layout of green lawns should take into account the residents’ activity space, with different widths between lawns, lawn spacings of 4 m, 12 m and 24 m were chosen and discussed (Figure 6).






3. Results and Discussion


3.1. Assessment of Waterfront Environment


3.1.1. Subjective Assessment


In this work, 141 valid questionnaires were obtained from people aged from 25 to 80 years old, comprising 87 males and 54 females. Among them, 27 questionnaires were collected from site 1, 49 from site 2, 11 from site 3, and 54 from site 4. The number of respondents in site 3 was the lowest, and 11 valid questionnaires were received. Those who came to the activity in the morning had no data for other time periods. Since most of the students carried out activities in the public space near the central lake of site 1, their class time was regular, and their leisure time by the water was limited in the daytime, so they were not included in the statistics. Included in the statistics were the public activity spaces near site 2 and site 4, with 73 and 57 person-times, respectively. The surrounding construction environment of water was relatively attractive, with open seats, dense tree plantings, and activity equipment, which were suitable for residents living nearby to carry out activities. The subjective evaluation was concluded as follows:



	
The comfort level of the human body is affected by environmental factors, physiological factors, physical cooling, and psychological factors.



	
The degree of human comfort in a waterfront area was significantly affected by the air humidity. The higher the air humidity, the more comfortable people felt.



	
The comfort degree of the human body in a waterfront area was affected by the wind speed, and the optimum wind speed was closely related to the comfort degree of the human body. When the water body was affected by cool winds, the comfort evaluation was significantly higher.



	
The degree of comfort in a waterfront area was restricted by the illumination, the amount of exercise, drinking water, the use of physical cooling and the degree of psychological pleasure—the more effective the physical cooling, the higher the degree of comfort.







3.1.2. Objective Assessment


Taking site 1 (Figure 7) as the evaluation object of the infrared thermal images, the conditions of the outdoor thermal environment of the target site were evaluated by two kinds of infrared thermal image-carrying modes. By setting the radiation coefficient appropriately, the temperature difference between the objects could be reflected more accurately. In this study, infrared thermal images were analyzed using ViewSeri v2.1, which is software used for analyzing and viewing FLIR digital infrared images on the computer. Here, the software was used to switch color between various palettes of infrared images and display the surface temperature at any observed site in the infrared image, as well as the maximum surface temperature in any region. Therefore, the objective assessment of the waterfront’s thermal environment regarding the surface temperature was conducted via color differences from infrared thermal images (qualitative evaluation) and the software display side (quantitative evaluation). From this point of view, the application of infrared imaging to test the outdoor thermal environment offers a certain reliability.



Through the study of handheld infrared thermography (Figure 8a), we found that the surface temperature of the water rose slowly. The surface temperature of the water was low at 9 a.m. and rose to about 25.50 °C. The surface temperature rose to 28.40 °C at 1 p.m. and again to 29.10 °C at 7 p.m. Finally, the surface temperature reached a peak at a set point between 1 p.m. and 7 p.m. After the peak, it fell back to the surface temperature, close to noon. The surface temperature of the water was higher in the evening, which had a set heat storage capacity. This would affect the surface temperature of the reservoir bank, especially at 7 p.m., when the surface temperature difference among the water body, the water bank, and the water bank was minor. The degree by which the water improved the surrounding environment was greatly lessened at night. In summary, it was found that the surface temperature difference between the water body and the surrounding environment was larger at noon and smaller in the evening, indicating that the influence was more obvious at noon and weaker in the evening.



Through the use of UAV infrared thermography (Figure 8b), we found that the influence of water on the surrounding square is minor. Only the surface temperature of the adjacent water within 8 m could be reduced significantly, and the average surface temperature above 16 m was almost the same as that in the square. In the daytime, the surface temperature difference between the water and the environment was large, and the surface temperature of the body of water was low. Through different emissivity calculations, it could be established that the surface temperature of the water body was 5.98 °C lower than that of the surrounding parkland, and 12.28 °C lower than that of the hard paving beside the water. There was a large surface temperature difference between the water body and the surrounding environment, which might affect the surface temperature of the surrounding environment. In the evening, as the water absorbed heat, its surface temperature rose. At the same time, the heat release of the hard pavement was rapid, and its surface temperature dropped. The temperature of the water surface was 30 °C, that of the hard pavement near the water surface was 30.28 °C, and that of the hard pavement far away from it was 32.02 °C. The water surface no longer had an increasing influence on the surrounding environment, so its influence was far less than that in the daytime.





3.2. Analysis of Measured Data


3.2.1. Influence of Water on Different Underlying Surfaces


The comparison of measurement sites followed the principle of controlling variables, and the principle of controlling a single variable ensured that the comparison was more rigorous. Due to the limited instruments, only one test point could be tested every day. Every comparison item was the same day’s test point comparison. The distance between the two test points was within a certain range, which ensured that factors other than the measurement factors were the same. Theeuwes et al. [59] found that the larger the area of water was, the greater its effect on the urban thermal environment. In this work, to establish the difference in human thermal comfort (WBGT evaluation) between the locations adjacent to the water and waterfront spaces far away from the water, a planar water model with a large area at site 1 was taken as an example, using various underlying surfaces. Meanwhile, to analyze the performance of UHI mitigation (air-temperature comparison) by bodies of water in various formats (planar and linear water), the different underlying surfaces around the planar water of site 1, and the linear water of site 4 were selected for this study.



Figure 9a–c shows the WBGT value and temperature comparison diagrams of the waterfront square and the square farthest away from the water, where the underlying surface was hard pavement. By comparison, it could be found that the average WBGT value of the square farthest from the water was 30.21 °C, and the average WBGT value of the waterfront square was 30.00 °C, which was 0.21 °C lower than that farthest away from the water. The change in the WBGT value farthest away from the water was relatively minor, and the change in the WBGT value in the waterfront square was more profound. Additionally, the WBGT index around the water fluctuated greatly with high frequency. The improvement of the thermal environment of the waterfront square was obvious, which could reduce the average temperature by about 1.00 °C in the presence of the planar water. In addition, the cooling effect of the linear water for the hard pavement was about 0.90 °C, lower than 1.00 °C. The reason for this was that the area of the linear water in the waterfront plaza at this location was much smaller than that of the planar water. On the basis of the above-mentioned conclusions, we could explain the characteristics of the fluctuation frequency and amplitude of the impact of water on the environment, and proved that the waterfront environment was more suitable for all activities, regardless of waterbody formats.



Figure 9d–f shows the WBGT values and temperature comparison diagrams of the forest and grass surfaces of the spaces near water and the space farthest away from water. It can be seen that the environmental values around the water fluctuated significantly, indicating the periodicity of the water’s impact on the environment. The environment farthest away from the water was warming up, while the waterfront space had not yet begun to warm up. The environment was cooling, and yet the waterfront space was not cooling. Waterfront space had a delayed effect on environmental changes. In the presence of green spaces, the waterfront space was more comfortable before 5 p.m. than the area away from the water, and that was more comfortable after 5 p.m. The temperature of the waterfront space around planar water was higher than that of the space farthest away from water before 10:30 a.m. but was lower than that after 10:30 a.m. The temperature of the waterfront space around the linear water was significantly lower than that of the space away from the water before 2 p.m., while there was almost no difference after 2 p.m. Different area and width of two water formats, as well as shading modes for tall deciduous trees, made certain distinctions. However, under the condition where there were two water formats, the general temperature of the waterfront space next to the green space was always lower than that of the square next to the green space. The temperature difference between morning and evening was minor, and the change was stable. By comparing the thermal environment of waterfront space with or without green spaces, it was found that the thermal environment with a green space was more comfortable than that without a green space.




3.2.2. Thermal Comfort Analysis of the Riverbank


By comparing the data from the east and west banks of site 3 (Figure 10a), it was found that the temperature trend of the east and west banks was basically the same, the peak temperature of the curve on both sides was at about 4:30 p.m. and the peak temperature of WBGT was about 3 p.m. However, the index values of the west bank were obviously higher than those of the east bank. From the WBGT value, we could see that the thermal environment on the east bank was more suitable for people who wished to rest. The temperature change span of the east bank was small, and the fluctuation shown by the broken line was drastic and obvious. Compared with the west bank, the average temperature of the east bank was 2.19 °C lower than that of the west bank. From Figure 10a, we could see that the WBGT index of the east bank was much lower than that of the west bank. The WBGT value and temperature of the west bank were almost the same; finally, they came together at almost the same time. In addition to the temperature, other environmental factors did not improve the reported discomfort caused by the temperature. In addition, the bright sunlight in the afternoon on the west bank aggravated the subjects’ discomfort. Therefore, according to the climate of Tianjin, it was more appropriate to design a public meeting space on the east bank of the north–south river. By comparing the data of the north–south bank of site 4 (Figure 10b), we could see that the change in the WBGT value on the north bank was relatively minor, while the change in the WBGT value on the south bank was relatively large, the frequency was very high, and the fluctuation was drastic. This showed that the temperature on the south bank was obviously affected by the presence of the water. Compared with the south bank, the average temperature of the north bank was 0.01 °C higher than that of the south bank, and the average WBGT value was 1.23 °C higher. It was found that WBGT values intersected around 11 a.m. Before 11 a.m., the north bank was more comfortable. After 1 p.m., the south bank was more comfortable. From a comparison of the north–south river and the east–west river, the east bank was more comfortable than the west bank all day. The south bank and the north bank changed over time. The north bank was comfortable before 1 p.m., and the south bank was more comfortable after 1 p.m. However, before 11 a.m., the temperature was more comfortable during the day, so the comfortable climate of the south bank warranted further attention.




3.2.3. Analysis of Thermal Environment above the Water


Figure 11a,b shows the comparison of the thermal comfort of the area far into the water. The test site was located on the small bridge of site 2. The annular lake had a large area. Through comparisons, it could be found that the temperature, humidity, and WBGT index in the center of the water were relatively attractive, and the temperature was low. There were almost no fluctuations in temperature, humidity, and WBGT. The temperature difference between morning and night was very small. This showed that the temperature on the water surface was in a stable state, and the environment was not changed by the external changes. This also showed that water was a good “buffer”, which could decrease the speed of temperature and humidity changes and provide a regulatory function. The average temperature was 36.12 °C, and the average humidity was 50.25%. The relative humidity above the water was high, and the temperature was not very low. However, WBGT showed good comfort and stability. Although the environment on the bridge was attractive, it was not comfortable compared with the shady waterside environment. Through comparison, it can be seen that the temperature, humidity, and WBGT index in the center of the water were very low, and the temperature was low, indicating that the deeper the water was, the more obvious the improvement effect.





3.3. Analysis of Simulation


3.3.1. Verification of Model Accuracy


ENVI-met was used to simulate the thermal environment of the waterfront space. After checks, the simulation results for cold regions were obtained. The simulation data would be compared with the measured data. To account for the complicated effects of underlying surface conditions, the simulated air temperature and relative humidity of the waterfront’s hard surface were extracted for comparison with the measured data at a similar site (Figure 12). It can be seen from Figure 12 that the change trend and magnitude of measured and simulated values were the same. The ENVI-met estimation outputs for air temperature and relative humidity were in good agreement with the measured values. This study employed Root Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE) to evaluate the validity of the simulating model. Lower values for RMSE and MAPE indicate better model performance, and an acceptable performance requires an RMSE with an air temperature of less than 1.31 °C and a MAPE of relative humidity of less than 5.00% [60,61]. The equations for RMSE and MAPE are shown below:


  R M S E =    1 r    ∑   i = 1  r     (   y i ’  −  y i   )   2     



(1)






  M A P E =  1 r    ∑   i = 1  r     |   y i ’  −  y i   |     y i    × 100 %  



(2)




where  r  is the total number of groups,    y i ’    is the simulated value of the   i  t h      parameter, and    y i    is the measured value of the   i  t h    parameter.



The ENVI-met model has been verified in many regions [62,63]. Overall, RMSE and MAPE have shown consistency between the simulated data and the observed results in this study, with RMSE and MAPE of 1.13 °C and 4.32%, respectively. Therefore, the ENVI-met model was verified by comparing the measured and simulated data, and RSME and MAPE were used to validate the accuracy.




3.3.2. Water Width


From Figure 13, it is clear that the greater the width was of the body of water within 70 m from the square of site 4 to the waterfront, the more obvious was the improvement effect on the surrounding waterfront space. There were no obvious advantages and disadvantages for the line chart with waterbody widths of 70 m, 80 m, 90 m, and 100 m. The effect of a body of water of between 70 m and 80 m on environmental improvement was similar, reaching a balance. However, the opposite effect was observed in the rivers of 90 m and 100 m in width. The temperature in the area farthest away from the water was higher, and the temperature drop in the area near the water was more obvious. This showed that the influence of a river with a width of more than 70 m was similar to that of a river with a width of 70 m. The river with a width of 70 m was the most suitable for the square with an area of 100 m around the water bank, and its influence was the most significant. Therefore, it was concluded that the design including a river width of between 70 m and 80 m had the best effect on improving the thermal environment of the waterfront space.




3.3.3. Platform Located in the Water


After the simulation (Figure 14), it was found that the change in location environment was obvious in the deep-water square, and there was no obvious change in the original square area. The temperature distribution of the original square showed a slight change, breaking the original triangle-like fan-shaped change pattern. From the temperature curve, we can infer that should the area deep into the water increase, the curve would be very different from the original, so the simulation 2 of the square was carried out. Generally speaking, when increasing the area of the square, the improved area also increased, so that if the square could be moved deep into the waterbody, this would improve the impact area of the water on the surrounding environment. The simulation results showed that the square further into the water area was improved, but there was no change in the regional temperature distribution further into the water. According to the simulation results, by increasing the side length of the windward riverbed and calculating the improved width, if the improved width completely covered the whole square, then the improvement of the water environment was more economical. This is to say that when the area of the square deep into the water was the same as that of the water, which might improve the environment, the square area was the most economical.




3.3.4. Waterfront Vegetation


By comparing the measured air temperatures of the waterfront lawns and the waterfront hard surface at the measurement site (Figure 15), it can be seen that although the difference between the temperature of the waterfront lawn and the waterfront hard surfaces before 12:30 p.m. was not significant, the temperature of the waterfront lawn after 12:30 p.m. was obviously lower than that of the waterfront’s hard surfaces. This could support the assertion that the UHI mitigation effect of waterfront lawns was greater than that of the waterfront hard surfaces in this study. Therefore, the numerical simulation of lawns to improve the water’s cooling effect was conducted, as follows. Through the simulation scheme, we found that the more concentrated the grass area, the better the cooling effect. Therefore, planting a wider grass belt at the junction of the river and riverbank had a better impact on the thermal environment. The lawn areas of the simulations 1–3 of the green space were similar. When comparing them (Figure 16), the cooling effect of the simulation 2 of the green space was better, and the influence area was the largest. Although the simulation 3 of the green space increased the width of the grassed area, it did not have a better effect. When the density of the lawn design was at a certain scale, the improvement to the environment was more obvious. In the layout of site 4, the width of the lawn was designed to be 12 m, and the width of the granite area was designed to be 12 m. It could be concluded that the larger the area of water that was provided for environmental improvement, the more obvious the effect.




3.3.5. Optimization Design


Through the induction and summary of the above simulation analysis, the waterfront space near site 3 was optimized (Figure 17). The optimal scheme improved 80% of the temperature comfort of the area on the square. The distribution of the riverbank was S-shaped, which could make the riverbank perpendicular to the wind direction to the greatest extent and most improve the auxiliary environment of the lawn. The principle of the design was to ensure that the square area remained unchanged; the riverbank was parallel to the wind direction to the greatest extent and the lawn spacing was at the most optimal value of 12 m. The distance for pedestrians to walk was set at the lawn area, to obtain the corresponding temperature, humidity, and wind speed changes. Comparing the simulation results (Figure 18) with the original environment scheme of site 3, it could be seen that the improved area increased obviously after the amendment of the scheme. When the original square was not planted with trees, the water improvement area accounted for 34% of the total area, and the improved area after adjustment was 90.9%. The area with the best improvement showed a decrease of 1.26 °C, and the improvement effect was desirable.





3.4. Differences from Previous Studies


The methods of field measurement and numerical simulation were easy to conduct, and other methods, such as low-altitude remote sensing and the questionnaire survey, made it difficult to establish an interrelated analysis of the water’s UHI mitigation. Therefore, previous research mainly emphasized a single method, such as field measurement and numerical simulation, lacking a comprehensive analysis and evaluation [38,59]. This study conducted a thorough evaluation and frame construction based on multiple methods, making it easier to analyze the water’s cooling effect and thermal evaluation standard. Finally, the contribution of water toward UHI mitigation was discussed in terms of the cooling effect, underlying surface types, riverbank orientation, the thermal environment above water, and water width. In addition, urban greenery (green lawn spacing) and geometrical forms (S-shaped riverbank) were reported to improve the water’s cooling effect.



The cooling effect of water arises from a very complex and comprehensive ecological process. Many scholars have explored the cooling effect of water. However, Wang et al. [64] mainly focused on the effect of large-scale water and greenery, while this study investigated the cold regions in China, where small- and medium-sized water bodies were common, as the objective by which to explore the cooling effect of water. Different climate regions could affect the study results significantly [56,57,58]. There was a relative lack of research on the UHI mitigation effect of water in China’s cold regions, compared with previous studies. Previous studies were excessively focused on the waterbody effect via temperature contrasts, but this study used a comprehensive comfort index to evaluate the cooling effect of water on the thermal environment [44]. This was because previous studies were based around the research framework of UHI, which emphasizes temperature contrasts. Hathway et al. [26] reported that a 22-m-wide river could cool the waterfront space by 1.5–2.0 °C; however, this study not only revealed the cooling effect of water but also explored the law that green lawns and riverbank shape improved the cooling effect intensity of water. This study tallies with the constraint factors of planning and design and can provide guidance based on specific layout conditions for practical construction.





4. Conclusions


Based on the field investigation of the outdoor thermal environment of four typical urban water and surrounding spaces in Tianjin, different optimization schemes for outdoor waterfront space were simulated. The contribution toward UHI mitigation by means of water was reported, as follows. The surface temperature difference between the water body and the surrounding environment was greater in the daytime and less in the nighttime. The waterfront’s underlying surface was more enjoyable for activities than the underlying surface farthest from the water. The east and south riverbanks’ thermal comfort should be emphasized. The influence of water was affected by the distance between the measured site and the water center; the closer to the water center the measurement site was, the more obvious the cooling effect. The most economical water width should be designed as 70–80 m. In addition, when the lawn spacing of the waterfront space was 12 m and the water shore bank was S-shaped, these changes could improve the cooling effect of water greatly.



The improvement effect of the water on the surrounding thermal environment was very significant. This study clarified the improvement rules and the quantitative relationship with water for the surrounding thermal environment. It is suggested that the planning and layout of waterfront space should focus on the water width, the main human activity space’s layout, the spacing of green lawns, and the water shore geometry form, to improve the intensity of the cooling effect of water. It is not necessarily the case that a wider body of water is better. The distribution of the main human activity space should pay attention to its distance from the center point of the body of water, and the orientation of the water shore. The arrangement of grassed areas needs to adopt the rationalized spacing mentioned in this study, according to the actual demands of people using the activity space. The shape of the water’s shore should also be kept close to the center of the water body, such as the S-shaped riverbank revealed in this study.



This study can provide great theoretical support for the design of waterfront spaces, can create more appealing outdoor areas, and increase people’s desire for outdoor activities. Additionally, this paper works as a reference for studying outdoor thermal environments in China’s cold regions, especially regarding the cooling effect of water. It proposes a plan to improve the waterfront environment. Moreover, the findings will help to further mitigate the UHI effect and improve thermal comfort for urban residents.



In terms of weaknesses, this study’s choice of green spatial patterns, in which we mainly focused on green lawns, could have been better diversified, and further in-depth studies on the roles of the relevant factors need to be performed in China’s cold regions, such as the types of vegetation, the heights of buildings, and wind speed. Moreover, seasonal variations in the cooling effect of water were not analyzed, and a comparison of the various climatic regions and seasonal data should also be utilized in the future to make the UHI mitigation analysis more comprehensive. In general, this study yielded a comprehensive comparative analysis of all factors in a built-up waterfront area.
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Figure 1. The location of the city and climate zoning. 
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Figure 2. Distribution of field test sites: (a) site 1—circular lake; (b) site 2—annular lake; (c) site 3—a river of north–south orientation; (d) site 4—a river of east–west orientation. 
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Figure 3. Instrument of research: (a) instrument of WBGT; (b) tripod of the integrated instrument; (c) UAV-Inspire 1; (d) PTZ + FLIR TAU2-640 thermal imager; (e) FLIR T610 thermal imager. 
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Figure 4. (a) Simulation model of site 3; (b) satellite remote sensing of site 3. 
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Figure 5. (a) Original site layout of the square; (b) simulation 1 of the square; (c) simulation 2 of the square. 
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Figure 6. (a) Simulation 1 of the green space—4 m pitch; (b) simulation 2 of the green space—12 m pitch; (c) simulation 3 of the green space—24 m pitch. 
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Figure 7. Location of infrared thermography assessment: (a) left space; (b) right space; (c) waterfront plaza. 
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Figure 8. Images of the waterfront plaza using infrared thermography: (a) handheld infrared thermography; (b) UAV infrared thermography. 
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Figure 9. (a) WBGT comparison of hard pavements; (b) temperature comparison of hard pavements around planar water; (c) temperature comparison of hard pavements around linear water; (d) WBGT comparison of green spaces; (e) temperature comparison of green spaces around planar water; (f) temperature comparison of green spaces around linear water. 
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Figure 10. (a) Comparison of indexes at site 3; (b) comparison of indexes at site 4. 
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Figure 11. (a) WBGT of site 2; (b) temperature and humidity of site 2. 
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Figure 12. Waterfront temperature and relative humidity of measurement and simulation: (a) air temperature; (b) relative humidity. 
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Figure 13. The temperature at different river widths. 
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Figure 14. (a) Comparison of temperature; (b) comparison of relative humidity; (c) comparison of wind speed. 
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Figure 15. Air temperature comparison of waterfront lawns and hard surfaces. 
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Figure 16. Comparison of temperature in various simulations of the green space. 
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Figure 17. (a) Design of riverbed; (b) design of green land. 
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Figure 18. (a) Temperature distribution; (b) relative humidity distribution; (c) wind speed distribution. 
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Table 1. Environmental description of the measuring site.






Table 1. Environmental description of the measuring site.





	Measuring Site
	Characteristics of Water Body
	Characteristics of Riverbed
	Main Activities





	Site 1
	Circular Lake
	Cement Material
	Rest and Activity



	Site 2
	Annular Lake
	Natural soil and Stone
	Rest and Exercise



	Site 3
	River of North–South Orientation
	Natural soil and Stone
	Exercise and Pastime



	Site 4
	River of East–West Orientation
	Cement Material
	Rest and Talk










 





Table 2. Performance parameters of the main instruments.






Table 2. Performance parameters of the main instruments.





	
Measuring

Instrument

	
Measurement Items

	
Measurement Accuracy

	
Resolution






	
Instrument of WBGT

	
Temperature

	
±0.5 °C

	
0.01 °C




	
Wet Bulb Temperature

	
±0.5 °C

	
0.01 °C




	
Relative Humidity

	
±0.5%

	
0.01%




	
Globe Temperature

	
±0.5 °C

	
0.01 °C




	
Wind Speed

	
±3%

	
0.01 m/s




	
TR-74Ui-H

	
Temperature

	
±0.3 °C

	
0.01 °C




	
Relative Humidity

	
±5%

	
0.01%




	
Illumination

	
±5%

	
0.01 lx




	
UV Intensity

	
±5%

	
0.01 mW/cm2




	
TR-73U

	
Temperature

	
±0.3 °C

	
0.01 °C




	
Atmospheric Pressure

	
±1.5 hPa

	
0.01 Pa











 





Table 3. Comparison of simulation software types.
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Software

	
Country

	
Features

	
Simulated Types




	
Thermal Environment

	
Wind Environment

	
Sunlight Analysis

	
Pollutant Diffusion

	
Effect of Plants






	
ENVI-met

	
Germany

	
Commercial numerical simulation software

	
√

	
√

	
×

	
√

	
√




	
Fluent

	
Britain

	
Most commonly used commercial CFD general software: Sub-model Airpark is a professional software for HVAC.

	
√

	
√

	
×

	
√

	
×




	
CFX

	
Britain

	
Commercial CFD

general software

	
√

	
√

	
×

	
×

	
×




	
PHOENICS

	
Britain

	
Commercial CFD

general software: The physical model is rich, but the grid processing has some limitations.

	
√

	
√

	
×

	
√

	
√




	
Ecotect

	
America

	
Commercial CFD

general software

	
√

	
√

	
√

	
×

	
×











 





Table 4. Preset values of the simulation parameters of site 3.
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	Type of Vertical Grid
	Resolution of Grid
	Number of Grids
	Number of Nested Grids
	Type of Nested Grid Soil





	Equidistant Grid
	dx = 4

dy = 4

dz = 4
	60 × 60 × 30
	3
	Fertile Soil










 





Table 5. Analog data settings of site 3.






Table 5. Analog data settings of site 3.





	Duration of Simulation
	Maximum and Minimum of Temp.
	Initial Relative Humidity
	Cloudiness
	Type of LEC
	Initial Wind Speed
	Direction of Wind





	12 h
	36 °C/28 °C
	7%
	Clear Sunny
	Open Form of Temperature and Humidity/Closed Form of Turbulence
	2 m/s
	Southeast (155°)
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