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Abstract

:

Urban greenery is a strategy to improve the thermal environment in urban areas affected by heat islands and global warming. These phenomena can harm the citizens’ quality of life. Researchers have investigated the thermal benefits of urban vegetation, but only a few have explored its complexities across diverse urban scales. Understanding these variations is critical for precise analysis, customized solutions, efficient resource allocation, and enhancing urban living quality while promoting sustainability and climate resilience. This paper reviews 250 scientific articles about the relationship between greenspace and the urban thermal environment published between 2010 and 2023 through urban scales. It summarizes the parameters and findings of greenery’s contribution to cooling the urban environment. The data reveal that most studies concentrated on the block scale, public open spaces, neighborhoods, parks, grouped vegetation, mixed arrangements, high vegetation, spatial parameters, and the use of air temperature data to report their findings. The cooling-effect evidence shows that the block scale has an average mitigation range of 0.7–2.7 °C, the neighborhood scale of 1.1–2.9 °C, and the city scale of 0.5–2.2 °C. Furthermore, it is critical to define reliable research methods and perform thorough software validation to assess model performance and establish guidelines for urban-landscape design accurately.
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1. Introduction


Urbanization refers to expanding and creating urban areas that transform rural populations into urban populations. Urbanization and development can significantly impact the climate and energy exchange in an area, resulting in a phenomenon known as an urban heat island (UHI) [1]. Another relevant aspect of the temperature increase is the study of surface temperature with remote sensing, known as a surface urban heat island (SUHI) [2], also associated with land use and land cover [3]. In recent years, habitability problems like energy consumption [4], thermal comfort [5], and health [6,7] were associated with the UHI phenomenon.



According to the evidence, greenery in urban areas plays a crucial role in regulating microclimates and reducing the UHI [8,9], mainly through its shading and evapotranspiration effects [10]. As shown in the literature, vegetation can reduce air temperature (Ta) from 1 °C [5,11,12,13,14,15] to up to 9.2 °C [16] and 10 °C [17]. In terms of land-surface temperature (LST), the mitigation ranges from 1 °C [18] to 8 °C [19]. These effects are variable but persistent over time; studies conducted by Morakinyo et al. [20] and Wong et al. [21] found noticeable impacts of regulating day and night temperatures by greening. Additionally, Chen et al. [22] observed similar effects on land-surface temperature (LST). The impact of solar energy absorption is observed in the thermal conditions experienced during the day and the release of energy plays a critical role in determining the nocturnal conditions [23]. This phenomenon underscores the significance of solar energy as a determinant of the diurnal and nocturnal thermal conditions. Green areas significantly regulate the thermal environment during the day by providing shade and evaporative cooling. However, at night, the trees in parks can obstruct natural convective heat transfer, resulting in warming. Conversely, outside parks, the horizontal convection of evaporative cooling from the trees in the parks is more dominant than the warming effect [24]. Several researchers have noted that greenery positively affects urban climate [25], identified a link between greenery and urban cooling conditions [26], and demonstrated the effect of green areas in reducing the UHI and its environmental impact.



Further scientific research is necessary to enhance microclimate conditions by selecting the appropriate greenery, plant configuration, and urban morphology conditions [13]. Wong et al. [21] mention that different types of green infrastructure can be used considering the intervention scale and other factors such as urban geometry.



Vegetation’s cooling strategies have been analyzed using different spatial heterogeneity and scales like land use/land cover (LULC) [27] and Local Climate Zones (LCZ) [28]. Remote sensing is a technique used to acquire, monitor, and map spatial data in large areas by distinguishing land cover classification. This approach has extensive applications in numerous fields, including but not limited to environmental monitoring, land-use planning, and resource management, primarily focusing on a city or large scale. Otherwise, ENVI-met is a software application that simulates a microscale model for predicting UHI effects within the urban canopy with acceptable accuracy [29]. Through its non-hydrostatic three-dimensional microclimatic model, it can analyze the impact of greenery at a microscale level, providing a detailed understanding of its effects on urban environments [30,31].



It is essential to consider the heterogeneity of urban systems, as the density and presence of various elements, such as buildings, vegetation, infrastructure, and natural areas, can vary significantly even within short distances. This understanding is crucial for making informed decisions and developing effective policies [32]. According to Schuurman [33], municipal planners use various land-use categories to classify and categorize public and private lands across diverse communities. These disparities complicate data analysis. For this reason, the spatial scale is a fundamental concept in geographical analysis linked to the selection of analysis units used to represent the Area of Interest (AOI) [34]. According to Bartesaghi Koc et al. [35], the spatial scale is essential for identifying the ideal vegetation characteristics that can effectively mitigate the heat-island effect. This review emphasizes the relevance of considering the spatial scale while examining the impacts of greenery on the microclimate.



Since spatial variability exists, it is critical to establish a simplified measurement scale to analyze the effects of vegetation on the microclimate. Oke et al. [36] mention that urban units are the first approximation to measurement design, modeling, and applied schemes in urban climatology and define that the urban block is the smallest unit, and the neighborhood is the largest unit where homogeneity can be found. Studies related to urban territory can be analyzed using a classification based on urban structure. The block is formed by the road network, which usually comprises some adjacent street canyons with similar structures [36]. The neighborhood is characterized by typological, morphological, and socioeconomic homogeneity [37], and the city refers to the entire urban area, which may vary in size and population, depending on the country and its territorial regulation policies, according to the planned or spontaneous urban-growth model [38].



Over the last decade, there has been an interest in greenery’s benefits. Bowler et al. [39], Block et al. [40], Roy et al. [41], Zupancic et al. [42], and Bartesaghi Koc et al. [43] realized narrative and systematic reviews about greenery as a cooling strategy. The limited literature reviews that examine urban-scale mitigation focusing on vegetation parameters are an area of concern. This is mainly due to the constraints of spatial data in comprehending vegetation’s cooling and the fact that only a select number of countries and climates have been thoroughly researched. Additional research is required to comprehensively understand the role of greenery in mitigating the urban-heat-island effect.



This study analyzes available data on greenery as a cooling strategy in urban areas. The objectives include identifying urban scale, cataloging vegetation parameters, synthesizing results, and identifying knowledge gaps. Understanding the cooling effects of greenery in urban areas is critical for effective urban planning. This approach helps to implement practical strategies in diverse urban settings, contributing to effective urban planning and climate-resilience initiatives.




2. Materials and Methods


A systematic literature review was conducted to evaluate the impact of urban vegetation on microclimate conditions based on the urban-scale approach. The review aimed to provide insights into research methodology, strengths, and limitations of previous studies. This paper categorized the studies into three scales: block, neighborhood, and city. These categories were taken from the classification of urban morphological units of Oke et al. [36]. Each scale considers certain elements (Table 1); this allows for discerning and analyzing the diversity of methods used to evaluate the cooling potential of on-ground greenery and tree canopies in urban areas.



Systematic Literature Review


The analysis was conducted using a “systematic quantitative approach” [44], a well-accepted method for literature reviews in environmental and geographic sciences. The objective is to present the outcomes and fundamental components of greenery cooling implemented across urban scales. Two methods were used to carry out the search process, as shown in Figure 1. Firstly, specific keywords such as “urban vegetation”, “cooling effect”, “vegetation”, “urban park”, “urban tree”, “thermal comfort”, and “urban heat island” were entered into search engines such as Scopus and Google Scholar. Secondly, the snowball technique was used to expand the scope of the literature review by identifying additional relevant sources through the references cited in the existing literature. In this case, the papers consulted to identify other relevant documents cited in other reviews were conducted by Bartesaghi Koc et al. [43], Block et al. [40], Bowler et al. [39], Roy et al. [41], and Zupancic et al. [42].



The papers identified in the search results were selected by their relevance according to the following criteria: (i) peer-reviewed journal articles; (ii) publications that quantify the cooling effect of on-ground greenery and tree canopies via air/surface temperature, thermal comfort, or energy use; and (iii) papers that evaluate tree canopies or green spaces. This review excludes (i) papers that only analyze green roofs and vertical greening and (ii) studies conducted before 2010. Two hundred fifty sources were chosen for the present study. The relevant literature was analyzed to extract (i) bibliographic data (e.g., authors, journals, and keywords); (ii) geographic data (e.g., city, country, continent, and Köppen climate); (iii) urban data (e.g., urban scale); and (iv) vegetation data (e.g., vegetation arrangements and vegetation parameters). The analysis involved creating specific classifications for vegetation parameters and experimental variables using data from an extensive database. Three categories were used to categorize parameters: physical, biological, and spatial. Similarly, four categories were used to analyze variables: physical, biological, spatial, and contextual.





3. Results and Discussion


For the literature review, 250 articles were classified into three urban scales: 117 studies were conducted on a block scale, 67 on a neighborhood scale, and 66 on a city scale. A summary of the reviewed papers is presented in Supplementary Table S1.



3.1. Bibliometric Trends


The Journal Citation Reports (JCR) provides a standardized classification system for research publications. This study identified four subject categories: Environmental Science, Engineering, Earth and Planetary, and Social Science. The database was used to analyze manuscripts’ key concepts and the network visualization with the VosViewer tool [45]. The concepts with the most occurrences on the topic, their interconnections, and their evolution pattern from 2014 to 2023 are illustrated in Figure 2. The graphic shows the links of six principal keywords used in the literature in 2018: urban heat island, ENVI-met, thermal comfort, urban vegetation, microclimate, and land-surface temperature (LST).




3.2. Geographic and Climate Factors


Research on the cooling effects of vegetation was concentrated in Asia, Europe, and America, with a significant focus on developed nations. The countries leading in research output include China, the USA, Germany, and Australia. The most studied climates are classified as (Cfa) humid subtropical (28.4%), (Cfb) oceanic climate (19.6%), and (Csa) hot summer Mediterranean climate (12%), based on the Köppen–Geiger classification. For more details on the differences in research findings across various urban scales, refer to Table 2.



It is interesting to note that the findings of this review coincide with the countries (United States, China, Japan, Germany, United Kingdom, Italy, and Greece) identified by Zupancic et al. [42], who studied the literature from 2009 to 2014, Bartesaghi Koc et al. [43], from 2009 to 2017, and Bowler et al. [39], from 1991 to 2009). With a few exceptions, China had a relatively modest presence before 2009. However, from 2009 to 2014, the country managed to secure the second position [42]. This indicates a significant improvement in China’s performance and highlights its growing influence in the relevant domain; this country led research in 2017 [43] and maintained its position in 2023. This result highlights the absence of studies in countries classified as Least Developed Countries (LDCs) (the United Nations defines LDCs as countries that have low levels of income and face severe structural impediments to sustainable development (https://www.un.org/development/desa/dpad/wp-content/uploads/sites/45/2018CDPhandbook.pdf, accessed on 1 May 2022). It is crucial to generate studies in developing countries because their socioeconomic and geographic characteristics are related to population growth and vulnerability to climate change.



The most frequent studies regarding climate analysis are found in the Cf (120) and Cs (35) climates. Bartesaghi Koc et al. [43] mention that there is still a large amount of unknown information on semi-arid and desert climates. In this regard, no changes were observed in research conducted in the Af climate (20), which was concentrated on the Asian continent. In the case of arid and semiarid climates, ten studies were found mainly in Phoenix, USA, eight studies were registered in Asia (e.g., Iran and Israel), and five studies were carried out in Africa; this determined that the publication frequency in dry climates has not changed. Few studies were identified in areas with dry climates (classification B), like Abdi et al. [46], that analyzed thermal comfort and simulated different distributions of plant elements to determine the ideal one to improve thermal comfort. In the same way, Colter et al. [47] focused on thermal comfort, analyzing six species of trees and finding that trees that attenuate solar radiation improve thermal comfort. The presence of vegetation can significantly improve the habitability of a particular area by enhancing the air’s capacity to absorb humidity, particularly in dry climates. Unfortunately, the potential benefits of vegetation in such places have not been fully explored or studied. The potential benefits of vegetation in arid environments have not been fully explored due to the scarcity of water resources. Water stress results in the reduction of plant size and leaf-area index (LAI).




3.3. Block-Scale Research


This level of analysis provides an in-depth understanding of microenvironment dynamics, spatial arrangements, very particular variables, and interactions within a localized metropolitan region.



The block-scale study comprehensively examines the features of specific areas. Previous investigations into the cooling effects of green spaces at the block level have analyzed public open spaces (49, 41.9%) and civic areas (38, 32.5%), with a notable emphasis on streets (32, 27.4%) and parks (32, 27.4%). However, less researched space types include service space, visible private space, private open space, external private space, private “public” spaces, and hypothetical spaces; therefore, places like squares, urban forests, front gardens, private gardens, and parking lots have been less analyzed.



This study provides an in-depth analysis of the role of vegetation in public open spaces and civic areas. Well-designed spaces of this type are essential for daily life and play a critical role in promoting healthy urban environments [48] and supporting active lifestyles [49] of all communities, while private spaces typically focus on particular needs. Thus, the wide range of research in these fields may be due to an emphasis on enhancing microclimatic conditions to increase habitability rather than explicitly addressing the urban-heat-island effect.



There is still considerable potential to investigate how vegetation might cool other areas in urban environments, enhancing livability and helping reduce the urban-heat-island effect. In this regard, Asikin et al. [50] and Tsiros and Hoffman [51] declare that private gardens contribute to improving the microclimate and could provide a high cooling effect in residential areas and reduce energy use [52,53,54,55,56,57,58]. Further studies are necessary to investigate the correlation between urban heat islands on streets and parking lots [59,60]. This exploration promises to improve the thermal comfort and overall quality of life in cities.



Studies have mainly focused on the cooling properties of vegetation by analyzing clusters of vegetation elements (90, 76.9%), and, regarding vegetation types, high vegetation is the most studied (65, 55.6%). The investigations have analyzed various distributions of vegetation, with mixed arrangements (48, 41.0%), aligned arrangements (23, 19.7%), and individual plant elements (12, 10.3%) being the most extensively studied. High vegetation has received particular attention (65, 55.6%). Limited research has been conducted on dense, scattered, and clustered arrangements, along with medium and low-level vegetation.



Studies by El-Bardisy et al. [61], Lechner [62], Li and Song [63], Su et al. [64], Wu and Chen [65], Yu et al. [66], Zhang et al. [67], and Zhou et al. [68] mention that the spatial distribution of vegetation has different effects on the microclimate parameters that can improve the thermal environment. Research has shown that analyzing the air temperature of vegetation arrangements reveals that grouped elements tend to perform better, with a temperature difference of 0.6 °C to 0.9 °C compared to individual elements. Furthermore, the cooling effect of plant groups is more extensive in terms of area.



Most studies on vegetation arrangement focus on aligned arrangements because it is easier to distribute vegetation in a way that provides better cooling effects in narrow and linear streets and corridors. Green-space arrangements are challenging to classify, with limited studies categorizing them as scattered, clustered, or dense. Although green spaces naturally exhibit mixed or random arrangements, more research is needed. Future studies can use simulations to evaluate vegetation distribution’s impact on the thermal environment, energy efficiency, and overall comfort.



Regarding vegetation parameters, the main emphasis has been placed on physical characteristics, with particular attention to tree height (48, 41.0%) and leaf-area index (LAI) (41, 35.0%). Spatial parameters, such as the presence or absence of trees and tree cover, have been given secondary importance (71, 60.7%), while biological parameters have been less-frequently considered (30, 25.6%). See Figure 3 for further details.



Researchers are focusing on understanding the factors that affect the cooling capacity of vegetation in parks and streets, since their cooling effect is well established. This study highlights the importance of vegetation parameters in urban areas, mainly focusing on physical types such as tree height and leaf area index (LAI) and considering spatial and biological parameters as secondary. Physical characteristics are essential for measuring the advantages of green infrastructure; Zhang et al. [69] identified a polynomial correlation between Mean Radiant Temperature and tree physical characteristics through linear regression. Huang and Li [56], Krayenhoff et al. [70], Santamouris et al. [13], and Zhang et al. [67] have identified that vegetation’s effectiveness in mitigating the temperature is related to LAI and tree height; this could explain the analysis of these parameters. Breda [71] mentions that the presence of LAI in the plant structure is integral to its role in the ecosystem. Zhang et al. [72] have identified it as a crucial factor in the plants’ cooling capabilities. It is worth mentioning that other research in Iran found that wide canopies and tall trunks might enhance comfort in an arid area [73].



Experimental studies mostly show regular changes in spatial variables (24, 51.1%), with the presence or absence of vegetation being the most common (17, 36.2%). Examples include the studies by Ouyang et al. [74] and Lee et al. [75], that apply different vegetation strategies, such as green roofs, green walls, street trees, and others. Changes in mixed variables (19, 40.4%) are also common in these studies.



The spatial distribution and arrangement of vegetation are critical factors that demand attention in experimental studies. The emphasis on spatial factors underlines the importance of understanding vegetation’s spatial distribution and arrangement of such studies. It is crucial to appreciate the significance of these factors to achieve accurate and reliable results. The presence or absence of vegetation can have effects on environmental processes and habitat suitability; due to the impact of vegetation has already been identified, research should focus on determining the influence of each of the variables that interfere with temperature mitigation, taking into account spatial, physical, and biological issues, and the context itself to have a more holistic or complete vision of the phenomenon.



The vegetation cooling effect is analyzed at different times. The studies mainly focused on single seasons (74, 63.2%) and multiple seasons (30, 25.6%), particularly summer (102, 87.2%) and winter (29, 24.8%). Regarding the time of day, the studies focus on all-day monitoring (65, 55.6%), with very few concentrating on morning, afternoon, or night.



The primary emphasis of these investigations has been on air temperature (49, 41.9%) and comfort index (37, 31.6%) as indicative measures of the cooling impact; only very few studies focus on surface temperature (8, 6.8%) at this scale. According to the research, green areas can decrease air temperatures by an average of 0.7–2.7 °C. Park vegetation typically reduces temperatures by 0.81–2.68 °C, while in streets, it falls between 0.41–2.15 °C. Regarding surface temperatures, green spaces in city blocks have a cooling effect ranging from 0.75 to 6.76 °C in parks and 3.0 to 6.0 °C in streets.



By reducing air temperatures, vegetation significantly improves thermal comfort, air quality, energy savings, and overall livability in cities. The average capacity to reduce air temperature of 0.7–2.7 °C was obtained from 22 studies, which is mainly consistent with Balany et al. [76], Oke [77], and Saaroni et al. [78], but also differs from Bowler et al. [39], Lai et al. [79], Zupancic et al. [42], Shashua-Bar and Hoffman [80], and Wong et al. [21]. The variation in temperature reduction across different types of urban spaces highlights the importance of context-specific urban planning and green infrastructure design.




3.4. Neighborhood-Scale Research


To understand urban areas, it is vital to comprehend the neighborhood scale, which refers to a group of urban blocks that comprise a distinct area. Analyzing this scale provides insight into the social, economic, and cultural dynamics of a particular urban setting.



Research conducted at the neighborhood scale explores the unique characteristics, dynamics, and issues of a specific area. The research has primarily focused on civic (41, 61.2%) and open public spaces (32, 47.8%) as key areas of interest for mitigating temperature through green areas on a neighborhood scale. Places like neighborhoods are important areas (47, 70.1%) to explore temperature mitigation in residential areas that impact the local microclimate; less researched space types include service space, apparent private space, private open space, external private space, private “public” spaces, and hypothetical space; therefore, places like streets, parks, square, urban forests, front gardens, private gardens, buildings, and parking lots are less analyzed.



Previous research has focused on investigating vegetation’s cooling effects by studying vegetation clusters (61, 91.0%), specifically on mixed-vegetation types (42, 62.7%). Neighborhood studies often focus on mixed-vegetation arrangements (38, 56.7%), indicating the diverse and intricate characteristics of urban green spaces at this scale; aligned, single, dense, scattered, and clustered arrangements have a deficient presence, as do medium and low vegetation.



The researchers analyze green areas at this scale as a unified entity. While studying individual elements, their differences decrease, so examining their interaction remains a critical factor of interest. As the observation scale expands, the degree of detail reduces. The spatial parameters (59, 88.1%), particularly the green cover (20, 29.85%), have been identified as crucial factors that positively impact temperature reduction at this scale. These findings are presented in Figure 3.



In experimental studies, researchers have altered spatial factors (19, 48.7%). It is important to comprehend the influence of vegetation’s spatial configuration on temperature reduction. At this scale, mixed variables have been altered (15, 38.5%), while physical, contextual, and biological variables are sporadically analyzed, as demonstrated in Figure 4.



Saito et al. [81] found that increasing green cover can enhance thermal conditions. Alchapar et al. [82] discovered that in Mendoza, Argentina, and Campinas, Brazil, this enhancement could reach 2.0 °C and 5.0 °C presently. Emmanuel and Loconsole [83] stated that raising green cover by 20% above current levels might reduce a significant portion of the anticipated urban-heat-island effect in Glasgow, UK, by 2050. These findings show the positive impact of increasing green cover on urban thermal conditions and mitigating the urban-heat-island effect at this scale.



Regarding the vegetation cooling-effect analysis period, the studies primarily examined a single season (44, 65.7%), predominantly the summer season (58, 86.6%). Regarding the time of day, most studies monitored the entire day (31, 46.3%), with only a few studies specifically targeting morning, afternoon, or night periods.



The main emphasis of these investigations has been on air temperature (35, 52.2%) and comfort index (16, 23.9%) as representative indices of the cooling impact. The findings suggest that green areas substantially reduce temperatures at the neighborhood level, with an observed average range of 1.1 to 2.9 °C.



Neighborhood and block-based methods produce comparable outcomes, indicating that methodology minimally influences results. The cooling effect of green spaces on air temperature is reliable and measurable, allowing researchers to investigate at both levels. Consistent outcomes enable conclusions to be applied to similar situations. This could help in developing urban policies and guidelines for landscape design.



The cooling impact of vegetation differs depending on the specific characteristics of each community. The average cooling effect in parks varies between 1.4 and 3.7 °C; in streets, it ranges from 0.3 to 1.0 °C, and on sets of urban blocks, from 1.03 to 2.7 °C. Furthermore, studies have demonstrated that green areas substantially impact reducing surface temperatures on streets, resulting in temperature reductions ranging from 2 to 5 °C. The surface temperature in urban blocks can be reduced by an average range of 1.75 to 2.9 °C, emphasizing the significant cooling advantages of greenery in neighborhood environments.




3.5. City Scale Research


Researchers at the city scale aim to understand interconnected urban systems, their dynamics, trends, and difficulties. The city scale comprehensively analyzes an entire city, including its various neighborhoods, districts, and urban regions. Numerous studies have aimed at reducing the temperature of cities by implementing green areas in public open spaces (20, 30.3%). Among the various types of settings analyzed, most research was conducted in urban areas (36, 54.5%) and parks (23, 34.8%). However, more research must be conducted in other areas, such as neighborhoods, squares, and urban forests. The cooling properties of vegetation have been analyzed in clusters (64, 100%), with a specific focus on mixed distributions (56, 84.8%).



Urban areas are typically studied using satellite measurements to assess the impact of parks on the surrounding environment. Recent research by Das et al. [84] in India found that parks cool nearby areas. The findings revealed that the mixed-vegetation type (56, 84.8%) was the most dominant among the identified varieties. Regarding the vegetation-parameter type, the spatial one (61, 92.4%) at the city level is the most analyzed, with land cover (35, 53.0%) being the principal parameter analyzed; there is a deficiency of studies on physical parameters (12, 18.2%) (Figure 3).



As previously stated, the level of detail decreases when the scale increases. In this case, the vegetation can only be examined as a group, and the researcher cannot observe the individual components of green areas for their analysis. The focus is on analyzing its spatial distribution through one of the vital urban variables used for this purpose, land cover, as mentioned by Kowe et al. [85]. Satellite data have been valuable in studying the effects of land-cover patterns on land-surface temperature (LST) due to their capacity to identify specific thermal characteristics on the Earth’s surface.



However, limited experimental studies have been conducted at the urban level (Figure 4). Some of them are simulations by Žuvela-Aloise et al. [86] that evaluate the impact of incorporating green areas in Vienna. Similarly, Brown et al. [87] used climate simulations to study the effects of microclimatic modifications on air temperature, radiation, and thermal comfort. However, prior research has primarily concentrated on surface temperature (49, 74.2%) as the most indicative measure of the cooling impact, followed by air temperature with a shallow presence (12, 18.2%).



Satellite remote sensors capture surface-temperature data. This research provides valuable insights into the impact of urbanization on the environment, human health, and energy consumption. Li et al. [88] conducted a large-scale longitudinal study on mitigating surface temperature in green areas using remote sensing over 20 years. Their findings indicate a positive impact of green areas. Implementing the remote sensing approach facilitates the execution of longitudinal studies, which is not feasible with minor scales such as neighborhoods or blocks due to the access to monitoring for extended periods; carrying out this type of research at smaller scales represents a significant challenge.



The vegetation’s cooling-effect analysis primarily concentrated on a specific period, especially a single season. Most of the studies were conducted in the summer (60.6%), with a minority in the spring, autumn, and winter. These results show a more significant cooling trend in summer. According to Cohen et al. [89], the largest cooling impact occurs during the summer and winter daytime hours. While Hamada and Ohta [90] and Zhang et al. [91] find a high-temperature difference between urban and green areas in the summer and a low difference in the winter, it is recommended to carry out studies in each of the seasons (e.g., spring, autumn, and winter) or longitudinal studies to understand the changes in the effects of the vegetation on the thermal microclimate in each season. Additionally, it was observed that 22.0% of the studies were monitored all day; however, in some cases, the mitigation reports did not specify the monitoring time. Nevertheless, reporting this data can facilitate the meta-analysis.



These research findings indicate that green areas at the city scale play a substantial role in reducing air temperatures, with an observed average range of 0.5 to 2.2 °C (Figure 5). The results indicate that typical temperature reduction provided by vegetation in parks varies between 0.5 and 2.5 °C, whereas in urban areas, it ranges from 1.1 to 2.4 °C.



The analysis indicates a correlation between measurements at the city scale and averages obtained at the block and neighborhood level. These findings support the validity of existing methodologies for analyzing the impact of vegetation on air temperature. They therefore suggest that research methods can be matched with caution, implying adequate comparability between approaches used at different scales of analysis to assess the thermal mitigation effects provided by greenery.



Examining surface temperature, the average range of reduction in parks is significantly higher, varying from 1.85 to 7.3 °C. Within urban blocks, the average temperature range is typically between 2.55 and 3.14 °C, although in cities, the range is typically between 2.65 and 3.9 °C.





4. Conclusions


Urban vegetation offers effective cooling, UHI mitigation, and enhanced city comfort. This research identifies trends and gaps in cooling strategies at various urban scales, emphasizing research methods and vegetation variables. The findings contribute to the evolving field of knowledge by tracking research progress since 2010 and exploring vegetation’s cooling effects. This study analyzes vegetation’s thermal contribution across three urban scales: block, neighborhood, and city. The main results were the following:




	
Green spaces, notably parks, are crucial in mitigating urban-heat-island effects and enhancing microclimates across block, neighborhood, and city scales;



	
The cooling effect of vegetation significantly impacts air and surface temperatures, with variations influenced by spatial distribution and site attributes;



	
Maintaining methodological consistency in research is essential for effective urban planning and landscape design, facilitating the optimization of cooling benefits derived from green infrastructure;



	
Overall, the research emphasizes the vital role of vegetation in improving urban living standards, promoting sustainability, and enhancing resilience against climate change.








The objective of this research was to present significant findings from studies conducted at varying scales, such as block, neighborhood, and city, to clarify the impact of vegetation on cooling effects and surface temperatures. By examining distinct site types, vegetation parameters, and cooling effects across these scales, we have gained valuable insights into the efficacy of green infrastructure in urban environments.



Block-Scale Findings:




	
Predominant site type: public open spaces, particularly parks;



	
Most studies focused on grouped vegetation with mixed or aligned distribution;



	
Key physical vegetation parameters: tree height and leaf area index (LAI);



	
The cooling effect was assessed primarily through air temperature, with an average reduction of 0.7 to 2.7 °C. The cooling effect in parks ranged from 0.81 to 2.68 °C, and in streets from 0.41 to 2.15 °C;



	
Surface temperatures in parks ranged from 0.75 to 6.76 °C, and in streets from 3.0 to 6.0 °C.








Neighborhood-Scale Findings:




	
Predominant site type: open public spaces, mainly sets of blocks;



	
Most studies focused on mixed vegetation with mixed and aligned distribution;



	
The presence/absence parameter was primary for the spatial vegetation factor;



	
The cooling effect was assessed primarily through air temperature, with reductions ranging from 1.09 to 2.89 °C. The cooling effect in streets ranged from 0.3 to 1 °C and in sets of blocks from 1.0 to 2.7 °C;



	
Surface temperatures on streets ranged from 2.0 to 5.0 °C and in sets of blocks from 1.75 to 2.9 °C.








City-Scale Findings:




	
Predominant site type: open public spaces;



	
Most research examined mixed vegetation with mixed distributions;



	
Land cover was the key spatial vegetation parameter;



	
The cooling effect was assessed primarily through surface temperature, with average reductions between 0.48 and 2.17 °C. The cooling effect in parks ranged from 0.5 to 2.85 °C, and in cities from 1.1 to 2.4 °C;



	
Surface temperatures varied from 1.85 to 7.3 °C in parks, 2.55 to 3.14 °C in sets of blocks, and 2.65 to 3.9 °C in the city.








Analyzing green spaces at different scales can be complex, but maintaining methodological consistency is crucial for informed urban planning and landscape design. This approach optimizes the cooling benefits of green infrastructure and is important for future research and customized methods. Greenery affects microclimates and mitigates urban heat islands and climate change, improving living conditions.



This review has limitations due to differences in the methods used to collect data, the spatial scales analyzed, the statistical analyses performed, and the incomplete data reported in the literature. These limitations call for cautious interpretation and highlight areas for future research to address gaps in understanding urban microclimate dynamics.



Future research is recommended to prioritize developing countries in hot and arid climates. Studying the cooling effects of greenery in different countries and climates is important for understanding its effectiveness in diverse environmental contexts. Researchers can develop customized strategies to mitigate urban-heat-island effects and improve urban microclimates worldwide by analyzing these effects across different regions. Future studies should focus on urban areas such as streets, parking lots, and residential gardens. It is advisable to use experimental methods and simulation tools to examine the relationship between vegetation and space type. It is suggested that microscale monitoring networks be established to collect longitudinal data, and standardizing research methods are highly recommended. For meta-analyses, it is essential to include reported data such as research location, morphological characteristics of urban space, building typology, and vegetation parameters.
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Figure 1. Review process. 
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Figure 2. Keywords reported in the literature. 
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Figure 3. Presence of vegetation parameters in publications from 2010 to 2023. 
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Figure 4. Presence of experimental vegetation variables in publications 2010–2023. 
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Figure 5. Urban-greenery cooling potential reported from 2010 to 2023. Analysis based on 52 articles [10,11,12,20,65,72,74,82,86,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129]. 
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Table 1. Urban-scale classification.






Table 1. Urban-scale classification.





	Scale
	Elements





	Block
	Land lots and public urban space



	Neighborhood
	Set of urban blocks



	City
	Cities and metropolitan areas










 





Table 2. Most studied climates and locations on urban scales.
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Urban Scale

	
Köppen–Geiger’s Climate

	
Publications (%)

	
Country






	
Block

	
Cfa

	
31 (26.5%)

	
China (Nanjing, Shanghai, and Guangzhou), Japan (Osaka, Ishikawa, Nagoya, and Saitama), and Italy (Rome, Bari, and Bolzano)




	
Cfb

	
21 (17.9%)

	
Germany (Mainz, Berlin, and Munich), Netherlands (Arnhem, Utrecht, and Assen), UK (Manchester)




	
Csa

	
16 (13.7%)

	
Greece (Athens), Iran (Tehran and Urmia), Israel (Tel Aviv), and Italy (Rome)




	
Af

	
7 (6%)

	
Malaysia (Putrajaya and Shah Alam) and Singapore (Singapore)




	
BWh

	
6 (5.1%)

	
USA (Phoenix and Tempe), and Egypt (Cairo and El-Sherouk)




	
Neighborhood

	
Cfa

	
18 (26.9%)

	
China (Shanghai, Guangzhou, and Nanjing), Japan (Nagoya and Saga), and Brazil (São Paulo, Campinas)




	
Cfb

	
13 (19.4%)

	
UK (London and Glasgow), Germany (Berlin, Oberhausen, and Freiburg), and Italy (Milan)




	
Cwa

	
8 (11.9%)

	
China (Hong Kong and Tsuen Wan)




	
Csa

	
7 (10.4%)

	
Greece (Athens and Chania), and Iran (Tehran)




	
City

	
Cfa

	
22 (33.3%)

	
China (Nanjing, Shanghai, and Shenzhen), USA (Baltimore, Atlanta, Tampa), and Australia (Sydney and Gold Coast)




	
Cfb

	
15 (22.7%)

	
UK (Edinburgh, London, and Wrexham), Denmark (Copenhagen, Aarhus, and Odense), and Germany (Munich and Leipzig)




	
Af

	
9 (13.6%)

	
Singapore (Singapore), Malaysia (Kuala Lumpur), and Indonesia (Jakarta)








Source: compiled by author. Abbreviations: climate zone: Af (tropical rainforest climate); BWh (hot desert climate); Csa (hot summer mediterranean climate); Cfa (humid subtropical climate); Cfb (oceanic climate); and Cwa (monsoon-influenced humid subtropical climate).
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