1 – Adaptation: Green infrastructure takes an adaptation route to mitigate the worst effects of climate change. We don’t need to win reverse causal. 
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The Role of Green Infrastructure for Adaptation of Cities to Climate Change Adaptation of cities to climate change refers to the implementation of means to reduce the impact of climate change. By timely preparing the city to face the impact of a changing climate, economic and social costs and potential damage costs can be reduced while synergies can be realized, for instance by developing more attractive and livable cities [43]. Development of the green infrastructure is an effective strategy both for adaptation to and mitigation of climate change. Adaptation to Rising Temperatures – The Heat-Island Effect The local climate in urban areas differs from the surrounding open land [44]. Of particular relevance in the context of climate change is the increase of air temperatures in urban areas by 1–3°C on annual average compared to the surrounding open land. On warm summer days, the difference can be up to 5–12°C [45]. This is commonly referred to as the urban heat-island effect. The intensity of the heat-island effect is dependent on the size of the city: the larger the city the stronger the heat-island effect. This is relevant as many urban areas in the world are strongly growing, and the resulting increase of air temperatures in inner cities may be stronger than that caused by global climate change. However, climate change is expected to further intensify the heat-island effect. For instance, a modeling study predicted intensification of the heat-island effect for London by 0.5°C by the 2050s [25]. In warmer cities, it will be more difficult to work and sleep properly without cooling and ventilation systems. This will increase energy demands; it will cost money and cooling systems are only available to people who can afford it. In the USA, peak urban electric demands were estimated to rise by 2–4% for each 1°C rise in daily maximum temperature. The additional use of air-conditioning is responsible for 5–10% of urban peak electric demand in the USA, at a direct cost of several billion dollars annually [46]. Increased temperatures in urban areas can have negative consequences for human health and well-being. In particular, small children and elderly people as well as persons suffering from cardiovascular diseases are at risk from hot spells of weather. An example is the extreme summer of 2003 in Europe where more than 70,000 deaths in excess have been reported [47]. Most casualties occurred in urban areas where most people live and the heat-island effect intensifies. As outlined above, such hot summers with extreme heat waves will become more frequent and intense in the future [28]. In addition to direct impacts through raised temperatures, the heat-island effect also deteriorates air quality. For instance, the heat-island effect in Los Angeles, California, has been estimated to increase ozone concentrations by 10-15 [48]. It should be noted, however, that climate change impacts on urban areas will play out very differently according to location and type of city and a decline of winter mortality can be expected in urban areas in colder climates. The heat-island effect is a result of the altered climatic balance in urban areas and it is caused by a number of factors, such as the reflection, storage, and convection of solar energy and emission of heat from anthropogenic process (Fig. 3, [41, 45, 49, 50]). The main reason, however, is the replacement of vegetated, evaporating surfaces by built and paved surfaces. Vegetation consumes much of the solar energy for evaporating water. This imbalance is fortified by the fact that buildings, roads, and pavements are made of materials with a higher capacity to accumulate and store heat than living tissues. Measurements show surface temperatures do not decrease continuously along urban to rural transects but vary strongly within the urban area depending on the physical characteristics of the different land uses along this gradient (Fig. 4). Temperature peaks can be observed in densely built parts of the city, while temperatures are considerably lower in well-greened areas. Therefore, there is not one heat island but in reality a city consists of a small-scale archipelago of heat and cool islands which corresponds well to patterns of urban form. Although air and surface temperatures can be lower in green spaces than in the surrounding built areas, the effect varies depending not only on the location, size, and design of the green space but also their management (e.g., whether lawns are irrigated). In a large park, annual average air temperatures may be 1–2°C lower than the surroundings. During clear windless nights, temperature differences can be as big as 5–6°C. Moreover, heat is trapped in narrow street canyons of densely built areas. However, parks must have a certain size to develop a distinct climate. According to measurements in public green spaces in Berlin, temperature differences could only be found when the park was bigger than approximately 3.5 ha [51]. Larger parks can also moderate air temperatures in adjacent built areas. The study on green spaces in Berlin (Germany) established that very large parks such as Tiergarten (212 ha) can lower air temperatures on clear summer days with low wind speeds (<2 m/s) up to 1,300 in lee and up to 200 m windward [51]. Yet, while these figures may be impressive, the effect is much less for smaller green spaces where effects may be limited to distances of 100–200 m. The cooling effect also depends on the surrounding built structures. Corridors in the main wind direction may lead cool air from the park into adjacent built areas whereas closed built structures around the park block the cool air [52]. Therefore, mitigation of the urban heat island cannot rely on single large green spaces. Instead, a dense network of green spaces should permeate the built fabric. Moreover, greening of the urban matrix is crucial to provide for comfortable climatic conditions close to where people live and work. Air temperatures clearly differ between urban land uses dependent on the degree of greening. Even in very densely built areas, shade trees can be planted in streets to control climates at site levels while roof and wall greening reduce the heating up of built surfaces and heat storage. Trees are particularly effective in cooling the city as they have a shading effect. Therefore, parks with a high provision of trees and urban forests are usually the coolest outdoor areas during daytime. While there is ample evidence from urban climate studies to establish the relationships between urban form, green space, and climates at various scales – from city to streets – research on the likely consequences of climate change on urban climates and the potential of green infrastructure to mitigate these effects are still scarce. One of the few exceptions is a study undertaken in Greater Manchester, UK. In the project “Adaptation Strategies for Climate Change in the Urban Environment” (ASCCUE) [53, 54], a modeling approach was employed to explore the impacts of climate change on urban temperature patterns and establish the relationships with urban form. In Greater Manchester, a large conurbation of approximately 2.5 million inhabitants on a surface area of approximately 1,300 km2 was selected as it suitably represents the different forms of built and open spaces that are typical for large urban areas in the UK. Greater Manchester is also an interesting case as it undergoes a rapid process of transformation from a former industrial to a postindustrial city where land-use dynamics are high. It also offers opportunities for development of a green infrastructure for climate change mitigation and adaptation. In the ASCCUE project, the researchers developed an approach for the assessment of climate-related risks with reference to three exposure units: built, green space, and human comfort. However, only the results from research on urban green space will be reported. This study consisted of three main steps: 1. Characterization of the urban environment based on mapping of urban morphology types from aerial photographs [55]: Overall, the area was classified into 29 “urban morphology types” (Fig. 5). These were further characterized by nine land cover attributes, including cover of built, paved, and vegetated areas by interpretation of aerial photographs. For the latter, detailed estimates were derived for trees, shrubs, rough grasslands, lawns, and arable land. 2. Modeling surface temperatures (and stormwater runoff, which will not be reported here) based on an energy exchange model [40, 54]: Surface temperatures are a useful climate indicator for urban planning as information can be derived from remote sensed imagery or – as was the case here – from models with complete spatial, highly resolved coverage of urban areas whereas measurement of air temperatures is confined to point data or transects from where it is difficult to spatially extrapolate. Moreover, surface temperatures can be taken as a proxy for mean radiant temperatures, which have a strong influence on human comfort and health in outdoor environments, especially on hot days with little wind [56]. For instance, impacts of the heat waves in 2003 in Paris showed that increased levels of human mortality were closely related to heat islands of surface temperature derived from remote sensed data [57]. In the Manchester study, the surface temperature model’s main input were land cover data, on the one hand, and climate data from the local weather station, on the other. Climate data were obtained from a parallel project, where climate scenarios were derived for the weather station of Manchester airport for 2020, 2050, and the 2080s [58, 59]. Only results for the most extreme emissions scenario called “2080 high” will be reported here. 3. Urban development scenarios to compare the impacts of “green” versus “densification” strategies under climate change until 2080: In the green strategy, cover of vegetated and water surfaces would be increased by 10% in terms of surface cover while the densification strategy would lead to a reduction in cover of evapotranspiring surfaces by 10%. The share of green space varies between urban morphology types. In the inner urban areas, the share of green space is usually low (less than 20%); in single-family housing estates, the provision of green space is 50–60%. Overall, formal and informal green spaces (including woodlands) cover approximately 10% of the city surface; another 10% is covered by vegetated areas on derelict land of former industrial sites. Yet the largest green space resources are residential areas where approximately 40% of all vegetated areas can be found. Large differences, however, could be observed between densely built-up residential areas (e.g., terraced houses), and the medium and low-density types. These differences generally coincide well with the socioeconomic status of the areas with deprived areas being at the lower end of green space provision. Moreover, they often lack in mature trees with large crowns, which are particularly effective in reducing surface and air temperatures via their shading effect. Surface temperatures greatly differ between the urban morphology types on hot summer days, and these differences are clearly related to the cover of green space (Fig. 6). The highest surface temperatures were identified in the inner city, where buildings, roads, and pavements predominate and where the provision of parks, trees, and other types of vegetation is lowest. Temperatures were also very high in densely built residential areas and industrial and commercial estates. In well-greened neighborhoods with single-family houses, the temperature is considerably lower, whereas woodlands offered the coolest places. The study measured 32.1°C in the urban center, while the temperature in a large park was only 18.4°C. In the Manchester study, climate scenarios for the year 2080 predicted a rise of air temperatures of more than 4°C during heat waves. The rise in temperature is significantly lower in areas with a high provision of green spaces. While surface temperatures would increase by 4.3°C in the city centers, they would only rise by 3.1°C in low-density residential areas. This shows that the cover of vegetated areas has potential to buffer the effects of climate change to some degree. These results compare favorably with the predicted intensification of the heat island in London mentioned before [25]. The climate scenarios for 2080: the “green strategy,” where the provision of green space in the densely built town centers was increased by 10%, and the “grey strategy,” where the provision of green space was reduced by 10%, resulted in further support for the important role of green space to increase the coping capacity of urban areas to climate change. It was estimated that 10% more green space would almost compensate for the rising temperatures expected to result from global warming by 2080 even in the worst scenario. In contrast, by reducing the provision of vegetated areas by 10%, the temperature in dense urban areas would rise by 8.2°C (Fig. 7).
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