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The increasingly intensifying global warming and urban heat island (UHIs) are seriously damaging the physical and mental health of urban residents. However, the spatiotemporal evolution of how high temperatures affect human health in megacities remains unclear. Therefore, in this study, with Tianjin during 2006–2020 as an example, and based on data from meteorological stations, Landsat remote sensing images, and point of interest big data, this study applied hot- and cold-spot statistics and remote sensing retrieval in numerical modeling and established an appraisal system to assess how and to what extent UHIs affect resident health. The results showed that the overall influence of UHIs on respiratory and cardiovascular diseases and mental health increased to 373 km2 in area and two levels in intensity; the influence was mainly concentrated in the downtown area, with a rising influence level. Owing to the dual-core structure of the city, the influence was distributed along the main traffic lines in Binhai New District, having a strong influence in the area mainly concentrated in the southeastern part. Many cold spots clustered in the central urban area to cool the thermal environment: the cooled area was 6.5 times larger than the area of intense cooling influence. Our study provides a method for identifying health risks in urban spaces, lays a theoretical foundation to improve the planning of urban green space systems, and offers some decision-making guidance for the planning of healthy cities.
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Introduction

Recent years have witnessed serious global warming, frequent extreme weather conditions, and heatwaves (Huang et al., 2022). Accelerating urbanization exacerbates the effects of urban heat islands (UHIs), causing higher summer temperatures and seriously damaging the physical and mental health of residents (Ebi et al., 2021). By 2050, 6.252 billion people will live in cities, accounting for 68% of the world population (United Nations, 2018). Against the backdrop of global climate change, the high summer temperatures in China and the health risks they pose have become increasingly serious (Wang et al., 2020; Ren et al., 2022). The temperature in cities, which are highly intensive spaces for production and living, changes faster than that in the countryside. In China, a country where urbanization is accelerating and the urban thermal environment continues to change, urban residents suffer from the combined effects of global warming and UHIs (Huanchun et al., 2020). Therefore, UHIs must be managed to address problems related to the environmental health of cities.

In recent years, heat waves have occurred in cities, mainly due to two factors: global warming and UHIs (Silva et al., 2022). Urban areas with a crowded population and a serious thermal environment also suffer from high brightness (Chen et al., 2022), and the thermal environment is related to the spatial structure and ventilation corridor of a city (Luo et al., 2021; You et al., 2021). UHIs mainly form through the following processes: underlying surfaces absorb more solar radiation in urban areas, human production and living activities release more heat, less heat evaporates from cities, and the average wind speed in cities is lower, transmitting less heat outward (Niu et al., 2021; Fu et al., 2022). The main measure implemented to alleviate the health risks in urban thermal environments is to optimize the functional spaces in a city based on land, such as by building cooling and ventilation corridors (Yang et al., 2020; Song et al., 2022). UHIs are a typical environmental result of urban microclimates, which are high spatial heterogeneity [14]. Hence, the spatial layout of the heat islands must be examined. Huang et al. (2021) identified the spatial features and patterns of UHIs and proposed planning and design strategies to reduce the health risks posed by UHIs (Wang et al., 2019). The macro exposure–response mechanism between the human body and temperature was identified, and policy suggestions were provided for public health and safeguards for different groups of people.

At high temperatures, humans struggle to adjust to their environment. Once the temperature exceeds the upper tolerance limit, heat waves may directly affect human health, leading to a higher incidence and mortality for certain diseases (Tian et al., 2021). However, as people in different cities or regions vary in adaptability and vulnerability, and they widely vary in background information (age, sex, geographical location, socioeconomic status, health condition, and medical level), different researchers have applied different methods of analyzing the effects of heat waves. In terms of deaths caused by heat waves, the elderly face the highest risk (Conti et al., 2004). Older people and patients suffer from the highest mortality during heat waves, which is usually related to cardiovascular, cerebrovascular, and respiratory diseases (Tan and Wang, 2004). In addition, during heat waves, patients with chronic diseases, such as mental disorders, diabetes, and lung, cardiovascular, and cerebrovascular diseases, are at a higher risk (Kovats and Hajat, 2008). A meta-analysis showed that patients with lung diseases or diabetes have a higher mortality risk during heatwaves (Bunker et al., 2016; Moon, 2021). In addition, on heat wave days in 2003, the mortality of patients with cardiovascular diseases in Europe rose by 30% (Kenny et al., 2010). Liu and Zhang (2010) examined daily non-accidental deaths and deaths due to respiratory diseases in Beijing and found that heat waves take 2–3 days to affect non-accidental deaths and 2–5 days to affect deaths due to respiratory diseases. In particular, with higher temperature and humidity, heat waves more strongly influence deaths due to respiratory diseases. Studies on the mortality of different diseases in 272 Chinese cities during 2013-2015 found that the attributed risks of respiratory diseases (J00-J99) and cardiovascular diseases (I00-I99) caused by temperature were 10.57% and 17.48%, respectively (Chen et al., 2018). Meanwhile, more studies are needed to analyze the spatiotemporal pattern of high-temperature health risks to reduce such risks.

High temperatures not only affect those with cardiovascular, cerebrovascular, and respiratory diseases (Linares and Díaz, 2008), but also increase the incidence and mortality of those with mental disorders. Ambient temperature is positively correlated with the admission rate of people with mental or behavioral disorders, including those with symptoms, dementia, affective disorders, neurosis, stress-related diseases, somatoform disorders, and psychological development disorders (Mullins and White, 2019). As heat waves become more frequent, patients with mental disorders will require increased care to prevent the incidence of mortality from increasing (Bando et al., 2017). To this end, epidemiologic studies focusing on the relationship between climate change and human health risk must be conducted to better understand how climate change affects our health and induces diseases, and to lay a theoretical foundation for assessing the health risk posed by high temperatures in different urban spaces.

The World Health Organization (WHO) stated that a healthy environment is part of a healthy city. Europe also treats urban planning and evaluation as an integral part of healthy cities (Barboza et al., 2021). In other words, the health risks posed by high temperatures can be mitigated through environmental engineering, urban planning, and landscape architecture (Daniel et al., 2018; Lee and Mayer, 2021). In detail, we can identify people vulnerable to heat waves, provide warnings or precautions, and prepare effective and targeted countermeasures to protect residents’ health, publicize healthcare knowledge, and reduce the medical burden due to heat waves (Kotharkar and Ghosh, 2022). In 1993, the National Health Commission of China (former Ministry of Health) attended a bidirectional meeting on urban health development convened by the WHO in Manila and initiated the planning of healthy cities. In 1995, based on the science of human settlements, Wu (1995) proposed buildings and cities that achieve environmental balance and pose zero harm to the physical and mental health of residents. Currently, researchers are focusing on improving the urban thermal environment through intelligent and data-driven analysis (Zheng et al., 2016; Shi et al., 2022).

The effect of global climate change, especially high temperatures, on human health has become an emerging research direction. However, studies are lacking on the spatiotemporal evolution of UHIs and the mechanism through which climate influences public health, hindering the development of reliable measures to improve ecological engineering. Specifically, further studies are required to explore the inner spaces in coastal cities. Therefore, in this study, we selected Tianjin, a typical city in south Asia, as an example; applied data from Landsat satellite imaging and electronic maps; and employed technologies such as ArcGIS, remote sensing, and spatial hotspots to analyze the influence of UHIs on residents’ health during 2006–2020 and the health risks they pose. The remainder of this paper is structured as follows: Section “Data and methods” describes the methods we used to assess the health risks posed by high temperatures, detect thermal fields, and identify hot and cold spots. Section “Results” describes the mechanism we used to evaluate the health risks posed by high temperatures in cities and our analyses of the driving factors and patterns of such risks. Sections “Discussion” and “Conclusion” present the discussion and conclusions, respectively.



Data and methods


Health risk assessment and study area


Assessing health risks posed by high temperatures

Based on how temperature affects human physical and mental health and disease incidence and mortality, we drew upon the study of Huang et al. (2021) and chose to focus on respiratory diseases (J00–J99), cardiovascular diseases (I00–I99), and mental disorders (Huang et al., 2021). We selected emotional health, a factor relevant to the general public, as a factor influencing mental disorders. Regarding the influence of high temperatures on human health, we applied the grading standard of the Chinese Centers for Disease Control and Prevention in our data analysis to guarantee accuracy. Specifically, the weights in the assessment method were 0.5 for mental health and 0.5 for physical health (0.25 for respiratory diseases and 0.25 for cardiovascular disease; Table 1).


TABLE 1    Standards for assessing influence of high temperature on resident health.
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Overview of study area

The study area was downtown Tianjin (Figure 1), located at 117°13′45″–117°18′50″ and 39°4′25″–39°10′4″. Tianjin has an Asian monsoon climate and is located in the semihumid continental warm temperate zone. In the summer, the city experiences a subtropical high, mainly south wind, high temperatures (28°C on average in July), and heavy precipitation. In addition, Tianjin suffers from UHIs in summer, seriously affecting the comfort of residents as well as their respiratory, circulatory, and mental health.
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FIGURE 1
Overview of study area.


As a pillar metropolitan area in the center of the Asia-Pacific region, Tianjin has a population of approximately 13.73 million. Along with rapid urbanization, the urban area sprawls in a typical manner. Specifically, after the new Tianjin City Master Plan (2005–2020) was implemented in 2005, its urban area rapidly expanded, population density increased, industries clustered, and old low-rise buildings (one to two stories) were replaced by high-rise buildings, resulting in the typical UHI effects and changes in urban health space.




Optimizing hot spot analysis

Spatial autocorrelation is an effective method used for probing the changes in spatial patterns. The key to the method lies in analyzing the correlation among spatial data, finding observed singular values, and revealing the spatial correlation and changes in spatial heterogeneity. Driving factors can be identified and extracted by examining the spatial patterns and time variation. Therefore, we employed the Getis-Ord [image: image] to identify the spatial hot spots where UHIs affect human health during urbanization and to understand the spatial evolution of such effects (Formula 1).

[image: image]

where xj is the attribute value of factor j, wij is the spatial weight between factors i and j, and n is the sum of the factors. We calculated the spatial correlation of the Getis-Ord [image: image] with |z| > 1.96, a significance level of p < 0.05, and a confidence level of 95% to identify whether spatial agglomeration existed and the spatial structure, and to determine if certain basic spatial processes exerted an influence.



Retrieving urban temperature field

We retrieved the urban temperature field to effectively assess the health risks posed by high temperatures, so we considered the baseline temperature, land surface temperature (LST), air temperature, and UHI intensity. The LST changes with the air temperature above the surface. Therefore, we selected 20 typical villages in the suburbs and recorded their average temperatures.

First, we used ENVI for LST then near-surface air temperature (NSAT) retrieval. Finally, we measured the UHI intensity based on the baseline temperature. Then, in accordance with the data from the meteorological stations and satellite images, we established a linear relationship between LST and daily average temperature using MATLAB.

Second, during LST retrieval, we obtained the 10th thermal waveband of the Landsat 8 satellite, along with ENVI and atmospheric correction. We performed radiometric calibration according to the NASA manual.1 We then calculated the normalized difference vegetation index (NDVI), vegetation coverage, and land surface emissivity (based on the formula proposed by Qin). Third, we calculated the LST. Finally, we used the linear relationship between LST and daily average temperature to obtain Equation (2):

[image: image]

where TA is the temperature of the UHI (°C), T is the temperature (°C), λ is the central wavelength of the TM6 band (11.5 μm), [image: image] (where the Stefan-Boltzmann constant σ is 1.38 × 10–23 J/K), Planck’s constant h is 6.626 × 10–34 Js, the speed of light c is 2.998 × 10–8 m/s, and ε is the land surface emissivity.

In addition, we combined baseline temperature and UHI warming to comprehensively assess different factors influencing high urban temperatures. Specifically, we set the baseline temperature as 28.6°C, which is the average minimum temperature between 10:00 and18:00 in Tianjin from July 7 to August 7 (summer) in multiple years. After that, the heat island warming in different locations was added, to eliminate the influence of occasional rainy days, and to effectively assess the minimum influence of UHI on residents’ health, as well as the overall influence of temperature on human health.




Results


Temperature field

We used Landsat 5 and 8 satellite images for UHI temperature retrieval and combined the baseline temperature between 10:00 and18:00 in the summer to identify the spatiotemporal patterns and layout of the urban thermal field during 2006–2020 in Tianjin (Figure 2). We divided the temperature field into five levels: low-temperature (<30°C), low–medium-temperature (30–31°C), medium-temperature (31–32°C), high-temperature (32–33°C), and extremely high-temperature (>33°C) zones.
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FIGURE 2
Changes in thermal field distribution from (A) 2006 to (B) 2020.


The results showed that in 2006, the low-temperature zone accounted for the largest proportion of the temperature zones, and the high-temperature zone was mainly concentrated in the six districts in central Tianjin: Heping, Hongqiao, Hebei, Nankai, Hexi, and Hedong Districts. Additionally, many urban heating elements weaken the cooling capacity of the city. In 2020, the medium- and high-temperature zones expanded from the downtown areas to the surroundings, with high-temperature zones scattered as small, yet high-density, patches. Tianjin has been rapidly urbanizing, and urban construction has expanded outward, breaking the original single-center pattern. Simultaneously, the green spaces were evenly distributed in the downtown area, mitigating the heating of the environment to some extent. In addition, the increases in high-temperature patches and artificial landscapes, and the lack of blue and green infrastructure have weakened the ability of the city to mitigate the effects of UHI, posing a threat to the emotional health of residents.



Spatial distribution of high-temperature influence on health

In this study, we combined the incidence and mortality of three typical diseases caused by high temperatures into a map of the UHIs to identify their influence on health during 2006–2020 (Figure 3). The results showed that the influence of UHIs on health gradually increased, with the level of influence increasing from mainly Levels 1 and 2 to Levels 2 and 3, expanding from the downtown area to the surroundings, and the areas of Level 3 and 4 zones increased 7 and 74 times, respectively. In addition, the areas with a low health influence were concentrated in the suburbs, while the medium- and high-level areas were divided into large patches by rivers, lakes, and belt-shaped green spaces and were distributed as circles around the downtown. In 2020, the downtown area changed from large single-level patches to scattered and fragmented patches. Meanwhile, in the suburbs, areas, where the influence on health was high, were clustered as groups, mainly concentrated on industrial land, large-area waterproof hardened surfaces, high-density building complexes, and business centers. The main reason is that in these areas, the hardened surface area is larger and green space is limited, so the area easily absorb heats and the temperature increases. Industrial heat sources release heat and raise the temperature in summer, and the lack of green space cannot mitigate the effects on UHIs.
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FIGURE 3
Spatial distribution of the influence of urban heat islands (UHIs) on health in (A) 2006 and (B) 2020.




Hot spots of spatiotemporal urban heat island influence on health

Using ArcGIS, we explored and analyzed the cold and hot spots of the influence of UHIs on resident health during 2006–2020. Figure 4 shows that areas of severe health risk due to high temperatures mainly concentrated in the southeastern part of Binhai New District, covering the Tianjin Airport Economic Area, Dasi Industrial Park, and Tianjin Haihe Education Park, which the central area for the dual-core development in Tianjin. Therefore, the areas where health was seriously influenced by UHI distributed along the main traffic lines, with hot spots concentrated in the core of traffic lines. Cold spots separated the hot spots in the downtown area. This has mainly occurred owing to the progress in urban construction, urban planning, and development strategies and policies on urban spaces. After the Tianjin City Master Plan (2005–2020) was implemented, human health in developed areas was highly influenced, especially in areas where industries were clustered.
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FIGURE 4
Distribution of cold and hot spots of health risk posed by high temperatures during 2006–2020.


The zones where health was less influenced were concentrated on the outskirts of downtown Tianjin, covering a relatively large area. The main reason for this finding that as the city services and the economic center have been improved and perfected, Tianjin has become less involved in production, and large enterprises and industries gradually moved away, thus reducing the effects of local UHIs; however, the influence of temperature on health has been exacerbated in the margins of the downtown areas. The land use in these areas is mostly low-rise buildings, composed of metals and stones, and the vegetation coverage is low. In addition, such areas discharge artificial heat, posing serious health risks.

The large areas of cold spots in downtown Tianjin helped to mitigate the influence of the high-temperature environment on the health of residents for the following main reasons: high-rise buildings protect the surface from solar radiation; local climate zones with high-rise buildings provide more open, ventilated green spaces; high-density low-rise buildings in the downtown area were upgraded and refurbished. Green space structures along the seashores and river banks separated the different levels of thermal environmental influence on health.




Discussion


Contributions

The influence of summer UHIs on the health of residents is mainly reflected in respiratory and cardiovascular diseases, and mental health issues, and this influence spatially varies (Huang et al., 2020). In Beijing, areas of higher health risk caused by UHIs were concentrated within the Third Ring Road; due to insufficient cooling facilities and green spaces, residents in the suburbs were also exposed to increased health risks (Huang et al., 2021). These results are in line with ours: hotspots of urban health risk were distributed in concentrated industrial districts and areas of high-intensity urban construction in the suburbs.

In this study, we obtained temperature data from remote sensing images and meteorological stations to assess the health risk posed by high temperatures to residents. This method produced more accurate results than LST retrieval using only remote sensing images. Currently, researchers have mostly retrieved LST from Landsat and MODIS data. Landsat data have a resolution of 100 m, so are suitable for analyzing mixed pixels in microurban studies. MODIS data have a resolution of 1 km, so are more suitable for regional-scale studies.

Researchers have mostly analyzed the relationship between temperature and mental health in the form of summaries (Arbuthnott and Hajat, 2017) or statistics; we instead focused on the spatial distribution of mental health risks in cities. Due to the complex evolution of and forces driving urban form (Ren et al., 2022), assessing the health influence of UHIs requires the combination of various theories with many practical cases. The findings of our study on Tianjin city revealed the features of spatial transfer in the influence of UHIs on urban resident health, from clusters to scattered groups. Therefore, we propose adding more green spaces and water areas in high-risk areas and taking full advantage of the cooling benefits provided by large wetlands and water bodies around Tianjin to improve urban ventilation.



Limitations

With Tianjin as the case study, we explored the characteristics of the spatial evolution of the health risks posed by high temperature to residents during urbanization. However, further temporal analysis of these changes is required. We study selected Landsat remote sensing images covering nearly 15 years to analyze the changes in how summer UHIs influence the health of residents, without comparing how different seasons or temperatures at different times affect such influences. Moreover, limited by the scale of the data, we could not further refine the time scale to further analyze the changes in how the thermal environment affects the health of residents, so our results cannot serve as a reference for implementing management policies in real time.

We analyzed the differences in the spatial distribution of the influence of UHIs on resident health in a city. However, our spatial scale was not sufficiently refined. In the future, we will conduct refined empirical studies on the differences in the emotional health of residents in different inner-urban landscapes such as parks and squares. In addition, we will optimize the landscape index by including indicators applicable to the planning of healthy cities to offer references for urban planning and construction. Additionally, because of the lack of meteorological data for the years of the corresponding remote sensing images, we only employed remote sensing images to analyze changes in the UHIs, without performing a verification analysis using high-resolution spatiotemporal data.




Conclusion

Based on data from multiple sources, such as meteorological stations, satellite images, and points of interest, in this study, we analyzed the spatial patterns and processes of the influence of UHIs on health, and the spatial changes in hot spots of climate-related health impacts in Tianjin during 2006–2020. Our conclusions were as follows:


(1)With increasing UHI area in summer, both the high- and extreme-high-temperature areas expanded. The influence of UHIs on resident health increased by two levels in intensity and 373 km2 in area, with areas of high-level influence moving from the downtown area to the suburbs.

(2)The locations where the thermal environment influenced health notably shifted toward the eastern part of Tianjin, along the major traffic lines in the dual-core structure in Tianjin; the concentrated high-level influence area transformed into scattered and fragmented patches, and the properties and landscapes of the transferred spaces also contributed to this influence.

(3)The distribution of cold and hot spots of health risk due to high temperature showed that, affected by the changes in the layout of the urban function of Tianjin and with a confidence coefficient surpassing 95%, the zones where the influence was lessened (963 km2) were located within the outer ring road, around the downtown area. The hot spots (135 km2) were expanding in areas concentrated in the key development areas of Tianjin.
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