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Cities are home of about 70% of the European population, and it is expected that by 2050 this number will be achieved around the world. As a result, cities are facing important challenges related to pressures induced by changes on urban metabolism and by climate change (CC) effects. Understanding the key factors determining the vulnerability of a city provides a framework to consider resilience. These issues become more and more relevant since changes in urban structure and metabolism together with CC will start affecting atmospheric emissions, urban air quality and consequently human health. Cobenefits of an urban air quality and CC approach need to be further addressed taking into consideration that CC 

creates both risks and opportunities. Therefore, an integrated assessment of the interaction between resilience factors and CC effects, and its influence on the urban microclimate and air quality, is required to better adapt to future climate. This knowledge is fundamental to support policy makers and stakeholders helping them to choose the best strategies to manage resources, to mitigate extreme weather events and to predict air pollution episodes. This article offers a systematic review on CC impacts in cities, providing some adaptation strategies and suggesting future research topics. 
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The effects of urbanization and climate change (CC) are converging in a critical way. Cities are major contributors to CC, although they cover less than 2% of earth’s surface, since they consume 78% of the world’s energy and produce more than 60% of all carbon dioxide and significant amounts of other greenhouse gas emissions [1–5]. At the same time, cities and towns are highly vulnerable to CC due to the high population density and diversity, complexity of the built environment and dependence on the technological systems for survival. In addition, over 90% of all urban areas are coastal areas, and therefore are prone to flooding due to both rise in sea level and changes and intensity of storms [6]. Moreover, the majority of the vital economic and social infrastructures, government facilities and assets are located in cities, then CC affects negatively all the urban infrastructures threatening the so far guaranteed access to basic urban services and quality of life [7]. Furthermore, in the last two decades, population health is becoming more and more threatened by extreme weather events in urban areas [8]. 

Urban land use and urban sprawl can influence local meteorology [9], atmospheric emissions and pollutant concentrations, as well as the water and energy fluxes [10]. As a result of high population density, cities tend to have a high fraction of impervious cover and a low fraction of green spaces. Green areas represent a determinant key of the energy balance [6]. 

In addition to the physical nature of the built environment, people’s behaviour, i.e. how they live, work, move from a place to another etc., influences the weather patterns and climate variability [11, 12]. 

Related to the need of cities adaptation to CC effects, the concept of resilience has arisen, defined as the capacity of a system to absorb disturbance and re-organize while undergoing change so as to still retain essentially the same function [13]. Resilience is directly related 
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to city vulnerability to urban climate effects and to weather extreme events. Increase urban resilience is widely cited in the European Climate Policy as a key target in adaptation and mitigation strategies. Besides, it is mentioned that the nature-based solutions and renatura-tion of cities put forward the development of methodologies on ‘Innovating with Nature’ 

areas, making more sustainable and resilient societies. These so-called nature-based solutions provide sustainable responses, low-cost, multi-purpose and flexible alternatives to face CC impacts. Using nature solutions helps to promote a sustainable use of resources and to achieve an efficient, competitive and greener economy. Nature-based solutions also support the establishment of new jobs, through the production and supply of new products and services that increase the natural capital rather than exhausting it. 

A better understanding of the changes in urban structures and metabolism combined with CC and their effects on atmospheric emissions, urban air quality- and health-related issues, has encouraged a widespread range of multidisciplinary research in the last decades [2]. 

An integrated assessment of the interactions between resilience factors and CC effects, and their influence on urban microclimate and air quality is crucial to better adapt urban areas to future climate. A throughout evaluation of resilience measures effectiveness requires accurate measurements, physical and numerical models. 

The main purpose of this article is to compile conceptual issues concerning CC in cities focusing on essential areas that have been investigated around the world. These research lines, owing to its relevance to urban sustainability and human health, still requires further attention by the world research community. 

2  CLIMATE CHANGE IN CITIES

2.1  Impacts of CC

According to the recent Intergovernmental Panel on Climate Change (IPCC) 5th Assessment Report [14], warming of the climate system is unequivocal. The atmosphere and ocean have warmed, the amounts of snow and ice have diminished and the sea level has risen. The past three decades have been successively warmer at the earth’s surface than any preceding decades since 1850 and surface temperature is projected to rise over the 21st century under all assessed emission scenarios. 

Surface temperature increase depends on three main factors: (i) the level of stabilization of carbon emissions, (ii) the pace of de-carbonization of the global economy and (iii) the patterns of demographic and economic development [14]. The nature of the built environment, structural aspects such as streets, buildings and infrastructures, modify significantly the emission of GHGs and amplify CC impacts [6, 15]. Without significant changes in policy, the trend in global emissions of GHGs and associated CC will continue. These changes will lead to wide-ranging impacts and economic costs across different sectors and regions. At the same time, there is an increasing recognition of the potential impacts of CC in cities [16]. 

According to Revi et al. [17], urbanization alters local environments via a series of physical phenomena that can result in local environmental stresses and pressures. These include urban heat islands (UHI) and local flooding that can be exacerbated by CC. It is critical to understand the interplay among the urbanization process, current local environmental change and accelerating CC. CC can influence this microclimate and localized regional climate dynamics. The majority of studies undertaken to date have identified a set of potential impacts of CC 

in cities. A review of these impacts can be found in [17]. Their consensus conclusions are that the most important effects of CC on cities are likely to be: (i) sea level rising on coastal cities; 
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(ii) issues related to water availability and resources (i.e. energy); (iii) extreme events on built infrastructures; and (iv) higher average temperature and extreme events on health. In the next sections, the main impacts of CC on the urban microclimate and air quality are described. 

2.1.1  Impacts of CC on energy fluxes

A recent key issue for urban investigations is related with the understanding of how energy in the form of radiation and heat (energy fluxes) influences the urban climate, as well as, in the understanding of how urban geometry, the properties of urban materials, the anthropogenic heat and the presence of vegetation influence the magnitude and the behaviour of these fluxes 

[18]. These factors are well known as the main contributors to urban heat island formation and to the increment of the heat waves intensity [19]. This information has to be known to address the challenges of urban planning and sustainability, for example, to the management of resources, mitigation and adaptation to CC or air pollution/air quality [18]. Additionally, the understanding and the study of the energy fluxes could be used as a tool to evaluate the occurrence of extreme episodes, heat or cool waves, due to the link between the way in which occur the energy exchanges among the surface and the atmosphere and its influence at the local climate system. 

Although the growing interest in urban energy fluxes associated with the importance of urban areas, and the existence of a set of models, which allows the estimation of their magnitude, still few studies have investigated the influence of CC in the behaviour and magnitude of these fluxes. Wild et al. [20] examined the flux changes in global climate model simulations with increased levels of greenhouse gases and related them to the systematic errors found in the simulation under a current climate. Sheng et al. [21] identified regions with strong changes in climatic variables and surface energy fluxes through identification of their long-term trends and inter-annual variability from 1948 to 2000. Lindberg et al. [1] 

used LUCY to assess changes in anthropogenic heat flux over a 20-year period  (1995–2015) across Europe. Ma et al. [22] estimate the heat flux changes caused by the projected land transformation over the next 40 years across China to improve the understanding of the impacts of land dynamics on regional climate. Rafael et al. [23] analysed the influence of the change of the meteorological variables due to CC (for a medium-term climate considering the  Representative Concentration Pathways – RCP8.5 scenario) in the surface energy balance, for the greater Porto urban area (Portugal). The most important conclusions of these works can be systemized as follows: (i) decrease in the latent heat flux, through a reduction in the evaporation rate and so a reduction in the water released to the atmosphere; this will imply a reduction in the global mean precipitation [16, 21]; (ii) increase in the sensible heat flux, which will lead to an atmosphere warm and dry, as well as, to an increase in the globally averaged surface temperature [23]; (iii) increase in the storage heat flux, which could increase surface air temperature at night and decrease the diurnal temperature range; and (iv) changes in air temperature (either by its increase or decrease) will have an impact on the energy consumption, either through heating or cooling, and consequently will affect the behaviour and magnitude of  Q  (anthropogenic heat flow). 

F

2.1.2  Impacts of CC on air quality

Extreme weather events have remarkable impacts on air quality degradation from global to local scale [24]. Despite some improvements promoted by the establishment of progressively stricter emission standards for atmospheric pollutants, several world cities, particularly densely populated urban areas, are currently facing air pollution episodes, with frequent 
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exceedances to legislated air quality levels. The major air pollutants problems are associated with ozone (O ), nitrogen dioxide (NO ) and particulate matter (PM) exceedances, thus sev-3

2

eral air quality assessment studies have been carried out to identify the main causes and to support the design of mitigation plans [9]. In Portugal, over the past few years, air quality records point out several exceedances to the legal limit values, in terms of O  [25], NO  [26] 

3

2

and PM [27] concentrations, mainly over two main regions, the Lisboa e Vale do Tejo region and the Northern region. The annual mean of PM10 and NO  was surpassed in Portugal. 

2

There were also an important number of exceedances regarding the O  target in several air 3

quality stations over the country. 

Changes in future climate will affect future air quality patterns since air pollutants dispersion is highly driven by climate-related events [28]. Meteorology plays a major role in air pollutants formation, dispersion, transport and dilution, then changes on local meteorology conditions, i.e. wind speed and direction, temperature and humidity, may affect the time and spatial distribution of air pollutants [29]. In particular, climate variability may induce changes in the chemical transformation process, that is, in the boundary layer depth, which directly affect pollutants vertical mixing, and in synoptic circulation, which influence pollutants transport [30]. These changes will affect the concentrations and dispersion of air pollutants, consequently increasing the magnitude and frequency of air pollution episodes. 

Furthermore, climate-driven changes in meteorology may also modify the natural emissions patterns. Besides, CC will also affect human activities, leading to an impact over the anthropogenic emissions. Future projections of air quality patterns need to take into account changes in both future climate and future emission scenarios, in terms of primary atmospheric pollutants and the precursors of secondary pollutants, due to their closely coupled impacts on air quality [31]. 

The interaction between CC, atmospheric pollutant emissions and concentrations is still an utmost challenge under research requiring urgent progress in order to understand and to predict accurately the changes in air pollutant levels, affecting regional and urban air quality patterns, in future climate scenarios at different spatial and time scales. The vast majority of studies assessing the impacts of CC on air quality patterns are focused on O  [32]. Despite the 3

relevance of an improved knowledge about surface PM concentration sensitivity under CC, only a few studies have been conducted. Carvalho et al. [33] found that throughout  Portugal the maximum increase in PM10 concentrations are foreseen for the northern coastal region. 

Recently, Sá et al. [34] have shown evidences regarding the increase in extreme values for O  and PM10 concentrations under future climate, in 2050. Considering only CC effects, 3

NO  and PM10 annual average concentrations will increase in Portugal and in Porto urban 2

area, while O  concentrations will increase in suburban areas and decrease in urban areas. 

3

On the other hand, considering also projected anthropogenic emissions combined with climate effects, NO  annual average concentrations will significantly decrease in Portugal and 2

over Porto urban area, mainly due to the reduction in the projected emissions (accordingly to the IPCC projections). In this case, PM10 annual average concentrations will increase over  Portugal and reduce over Porto urban area, while O  concentrations will increase in the 3

surrounding areas and decrease within urban areas, mainly due to the  reduction of O  precur-3

sors. Sá et al. [34] indicate that for Porto urban area PM10 and O  concentrations will record 3

increases in occurrences, duration and intensity of extreme values, surpassing the annual legislated values, recording a higher number of daily exceedances. This air quality degradation pattern is likely related with the trends found for future climate, which implies warmer and dryer conditions, followed by an increase in background concentrations of O  and PM10. 

3
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2.2  Assessment of CC impacts

Numerical models have emerged as a useful and powerful tool to understand and assess the physical and chemical processes of the atmosphere at local, regional and global scales. The capability to study different areas at different scales (resolution, a key issue to approach the scientific results to the persons in streets) and the ability to study multi-pollutant and multiyear integrated analysis (i.e., long-term simulations for different scenarios) are highly advantageous characteristics for policy makers and stakeholders’ decision making. 

Projections of changes in the climate system are made using a hierarchy of climate models ranging from simple climate models, models of intermediate complexity, comprehensive climate models and Earth System Models (ESMs). These models simulate changes based on a set of scenarios of anthropogenic forcing. A new set of scenarios, the representative concentration pathways (RCPs), was described in 5th IPCC Assessment Report [14]. Global climate models (GCM) has been used to study the impact of anthropogenic emission of GHG effect on global CC scenarios. Although it is important to understand global trends and CC  behaviour, its low spatial resolution cannot resolve meso- to local-scale phenomena. 

Therefore, to assess the impact of CC at a local scale, regional CC modelling is needed. 

Regional climate models (RCMs) need initial and boundary conditions set by GCMs to produce results. RCMs do not change the large-scale atmospheric circulation of GCMs, while adding regional detail in response to the large-scale forcing, simulating more realistically surface winds and temperatures over complex terrain and coastlines, as well as mesoscale processes and its variability. A highly detailed and accurate model solution over the region of interest is then achieved [35]. Each step of projecting climatic variables includes uncertainties, but by choosing more than one emission scenario, working with an ensemble of GCMs and using different techniques to obtain regional projections, we could minimize these uncertainties to levels that enable us to use the projections to identify consequences of climate impacts and needed adaptations [36]. 

The assessment of future air quality patterns can be performed considering the effect of future climate, keeping pollutant emission scenarios constant [37]; considering the changes on the pollutant emission scenarios and maintaining the meteorological conditions  constant 

[38]; and considering both the effects of CC and the modification of the pollutant  emissions in future scenarios [32]. Concerning the future emission scenarios, most of the  studies  performed so far take into account the future-year simulation based on the IPCC RCP  scenarios. In urban areas, this assessment can be performed using high-resolution models. In the last two decades, the characterization of the atmospheric turbulent flow and the pollutants dispersion in urban areas has been performed using physical models such as wind-tunnels [39],  experimental campaigns [40] and numerical models [41]. The continuous  improvement of computational resources capacities has supported the development of more and more complex numerical models followed by a noteworthy increase in the number of numerical studies of the turbulent flow dynamics and pollutants dispersion in highly complex urban areas.  Currently, there is a wide range of numerical models available with distinct levels of complexity suitable for the evaluation of the urban microclimate, including the energy fluxes exchanges and the pollutants dispersion, allowing to determine air quality patterns in highly complex urban areas. 

Different models can be used to investigate air quality at different spatial (at urban, local and microscale) and temporal scales (ranging from seconds to a few hours), each one of them with distinct advantages and disadvantages. In particular, the computational fluid dynamics (CFD) models have been used to compute the turbulent flow dynamics and the atmospheric 
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pollutants dispersion within the urban surface layer. These models allow taking into account the  morphological complexity specificities of the urban environment, and consequently, they are able to simulate the flow dynamics perturbations caused by distinct urban obstacles. Recent reviews on the numerical modelling of the flow dynamics and the passive tracer dispersion in urban areas using CFD models are presented by Lateb et al. [42]. 

In terms of representation of urban surface energy balance in mesoscale models, there has been an explosion of development over the last decade [43]. This has been a result of the need of better resolve the atmospheric process at the urban scale on numerical weather and air quality models. The recent International Urban Energy Balance Comparison Project [44] was a collective effort to compare modelled fluxes using 32 different surface schemes with high-quality measured data. The project concluded with two main aspects: (i) no single model had the best performance across all fluxes and (ii) the results were highly sensitive to the quality of the input (i.e. thermal characteristics of urban materials and morphology of buildings), which is often difficult to obtain. In this sense, the importance of accurate representation of vegetation was highlighted in simulating correct portioning of the turbulent fluxes (sensible and latent). This is especially important for modelling urban boundary layer (UBL) dynamics, as growth rate and depth of the UBL is determined primarily by the sensible heat flux. 

Different models can be used to investigate urban energy balance fluxes, each one of them with different advantage/disadvantages and with different applicability. Examples of these models are (i) Advanced Canopy-Atmosphere-Soil Algorithm (ACASA) [45] developed by University of California, which is a multilayer model that extends to 100 m above the canopy elements to ensure applicability of the turbulence assumptions; the model uses mass conser-vation with the absorbed available energy partitioned into sensible and latent heat flux; (ii) Surface Urban Energy and Water Balance Scheme (SUEWS) [11], which allows both energy and water balances at urban scale to be calculated; (iii) Town Energy Balance (TEB) [46], which simulates the energy and water exchanges between the city and the atmosphere; and (iv) Large-scale Urban Consumption of Energy (LUCY) [1], which estimates the anthropogenic heat flux and its spatial and temporal distribution. 

3  COBENEFITS BETWEEN GLOBAL CLIMATE  

CHANGE AND URBAN POLLUTION

Pollutants emitted by human activities have caused declines in air quality and drastic changes to climate. Despite being inextricably linked, these two major environmental issues tend to be viewed separately by policy (in the EU, air quality and climate change are dealt with by separate policy frameworks in different Directorates General: DG Environment (air quality) and DG Climate Action (CC)). However, in certain instances, considering these issues together could lead to strategies that benefit both [47]. These challenges are connected in many ways, and it is impossible to separate emissions into clear groups of air borne pollutants and climate forcers, as most emissions have effects on both. 

Air quality and climate policies can provide mutual benefits: CC mitigation actions can help reduce air pollution, and clean air measures can help reduce GHG emissions leading to reductions in global warming. There can also be trade-offs, if reducing a particular pollutant emission leads to additional atmospheric warming rather than cooling. Furthermore, air pollution and CC influence each other through complex interactions in the atmosphere. Recent research studies investigate the trade-offs and cobenefits that may be gained from reducing both long-lived GHGs, responsible for CC and air pollutants, with impacts on human health, ecosystems and the climate [48]. 
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According to several authors, PM is the atmospheric component that best illustrates the air quality–climate change connection. The overall impacts of reductions are complex because PM is made up of many different chemical components with different physical properties, some of which lead to warming of temperatures (i.e. black carbon) by absorbing heat from the sun, while others (i.e. sulphates) bring about cooling effects by reflecting sunlight. Emission control policies to improve air quality, by reducing PM10, for example, could reduce the number of premature deaths due to air pollution but increase future climate warming. This is an example of a mitigation option that benefits one side (air pollution) but may worsen the situation in another (climate) [49]. However, there are mitigation options related to PM 

that could improve both [50]. Adequate black carbon control measures would therefore have multiple benefits [51]. Ground-level O3 is also a serious pollutant, which at high levels, damages human health and vegetation, including crop yields. In addition, O  is a short-lived GHG 

3

contributing to CC. Policies and management strategies to reduce O  levels must be designed 3

in the light of evidence that there is a ‘climate penalty’ since increased temperatures make it more difficult to reach targets for O  in summertime. 

3

Andersson and Engardt [52] compared the costs and benefits of implementing reductions in local air pollution and CC actions separately or in combination. The message, again, is that simultaneous achievements in welfare and CC are possible when decision-makers integrate both sets of policies. Bollen et al. [53] compared the costs and benefits of separate strategies for global CC mitigation and reductions in local air pollution (LAP), in addition to the impacts from combining these two sets of policies. Benefits of LAP policy focused on avoided early deaths from long-term exposure to PM pollution produced by fossil fuel combustion, while benefits of CC policy focused on the avoided loss of GDP as a result of CO emissions. Overall, the study found that environmental policies that mitigate CO  emis-2 

2

sions and PM pollution, either alone or combined, provide greater benefits than the costs of the policies. Nemet et al. [54] presented an analysis of the barriers and opportunities for incorporating air quality cobenefits into climate policy assessments. In a survey of previ-ous studies, they found a range of estimates for the air quality cobenefits of CC mitigation of $2-196/t CO  with a mean of $49/t CO  and the highest cobenefits found in developing 2

2

countries. These values, although of a similar order of magnitude to abatement cost estimates, are only rarely included in integrated assessments of climate policy. Full inclusion of these cobenefits would have pervasive implications for climate policy in areas including: optimal policy stringency, overall costs, distributional effects, robustness to discount rates, incentives for international cooperation and the value of adaptation, forests, and climate engineering relative to mitigation. Because policy debates are framed in terms of cost minimization, policy makers are unlikely to fully value air quality cobenefits unless they can be compared on an equivalent basis with the benefits of avoided climatic damages. While air quality cobenefits have been prominently portrayed as a hedge against uncertainty in the benefits of CC abatement, this assessment finds that full inclusion of cobenefits depends on better valuation of climate damages. 

Ongoing research can provide opportunities for decision-makers to choose policies that not only reduce GHGs but improve air quality and meet health goals [34]. And these potential additional benefits can be an extra incentive for countries to participate in a future climate agreement. Integrated assessment modelling techniques, for example, are used to identify the cobenefits of combined air pollution and CC mitigation strategies [55]. These techniques can help to avoid trade-offs, for example where increased use of biomass for residential heating reduces carbon footprint but contributes to PM emissions. It is important that future policies 
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avoid these adverse effects and maximize the cobenefits. Pursuing optimal policies will require careful management and political cooperation. An example was the European Directive that implemented Euro 5 and 6 light-duty vehicle emissions standards, which required the use of diesel particulate filters, and which led to a small increase in fuel consumption (and therefore CO  emissions) which was met with some concern by the climate community. 

2

Similar negotiations will become increasingly important in the future. 

4  CITIES RESILIENCE TO CLIMATE CHANGE

4.1  Examples of resilience measures

The notion of resilience is gaining increasing prominence across a diverse set of literatures on cities and CC [1]. The knowledge acquired in the last decades related to the strategies to adapt urban areas or to improve their adaptive capacity, provided the tools for the development of a resilience framework for decision-makers understand how their cities are able to respond to the impacts of CC and thereby identify the most critical vulnerabilities and the measures to enhance its natural property. An urban resilience framework can be obtained through the use of basic principles of decision-making and vulnerability analysis in order to answer two ques-tions: What are the climate vulnerabilities that may affect the decisions to be taken? What are the measures needed to increase the resilience and when they should be implemented [15]? 

The main expected impacts of CC in cities are related to increasing temperature and its extreme events and to air quality degradation; therefore, the selection of resilience measures should aim to mitigate these impacts. There is growing recognition and awareness that nature can help provide viable solutions that use and deploy the properties of natural ecosystems and the services that they provide in a smart, ‘engineered’ way. These nature-based solutions provide sustainable, cost-effective, multi-purpose and flexible alternatives for a set of goals. Working with nature, rather than against it, can further pave the way towards a more resource-efficient, competitive and greener economy. It can also help create new jobs and economic growth, through the manufacture and delivery of new products and services, which enhance the natural capital rather than deplete it. Nature-based solutions have been widely applied in European cities with interesting results [2]. The most reported strategy related with the nature-based solution is the integrating grey with green and blue infrastructure, such as green walls and roofs, urban brownfields, social agriculture and biomimicry – innovation inspired by nature and novel design [56]. 

4.2  Assessment of resilience measures in cities

Adaptation strategies to CC have the potential to increase resilience of urban areas to extreme weather events. An improved knowledge about the highly complex urban microclimate is thus of extreme importance to circumvent CC impacts at urban scale, either by assisting on the design of efficient resilience measures or by allowing a more insightful topologi-cal organization of novel urban areas. An improved understanding of the urban microclimate requires accurate measurements, physical and numerical modelling of the turbulent exchanges between surface, urban canopy and atmosphere, which strongly depend on the characteristics of the UBL [57]. 

Currently, there are a wide range of numerical models with distinct levels of complexity and with different research focus, as discussed in Section 2.2. Numerical simulations using 
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CFD models at local scale have been performed to assess the effect of a set of resilience measures on temperature during a heat wave [58]. Physical models, like wind tunnels, have been used to study the atmospheric flow dynamics around obstacles and the pollutants dispersion patterns within complex urban environments. Wind-tunnel simulation outputs allow the identification of the main causes of poor air quality in urban areas and the assessment of distinct resilience factors [59]. On the basis of the comparison between different future planning scenarios, it is possible to determine the effectiveness of the selected resilience measures. 

Both modelling tools and physical simulation, such as wind-tunnel experiments, represent the ultimate framework to assess the effectiveness of distinct resilience measures. Through the development of a set of future scenarios, numerical and physical simulations allow the evaluation of distinct resilience measures. The assessment of the effectiveness of a set of resilience measures provides to policy makers and stakeholders the needed data to select the most adequate measures in order to better adapt to CC. 

4.3  Expected impacts of resilience measures in future climate scenarios

Several studies have been conducted to assess the influence of resilience measures, in meteorology and air quality. In this section, the expected impacts of three different resilience measures (individually and combined together) are presented: (i) increase in green urban areas; (ii) application of green roofs; (iii) application of white roofs; (iv) increase in green urban areas plus application of green roofs; and (v) increase in green urban areas plus application of white roofs. 

The effectiveness of these measures will be assessed regarding the impacts on meteorology and on heat fluxes, for an extreme event, specifically a heat wave, in a medium-term future climate (2050). Studies performed with a high spatial resolution were analysed. Carvalho et al. [60] 

investigate the effects of the selected resilience factors on the surface temperature fields (mean and maximum), through the differences between a control simulation (without the application of resilience measures) and the different tested resilience measures. Carvalho et al. [60] show that the increase in green urban areas scenario  produces a reduction on the mean and maximum temperatures, due to an increase in the surface moisture availability and a local cooling associated with evapotranspiration.  However, these  temperature differences are mostly located in the vicinity of the added green urban areas. This study clearly shows that increasing green roofs coverage will progressively reduce the surface temperatures. Regarding the application of white roofs as a resilience measure,  Carvalho et al. [60] present a lower reduction on the urban temperature than the green roofs scenario. The application of green roofs, alone or combined with the increase in urban green areas, is the more effective scenario for the maximum temperature. 

In addition, the effectiveness of the resilience factors is more evident for thermal comfort of the urban population in the  maximum temperature, which is up to 1ºC. 

Furthermore, the large-scale application of the proposed resilience measures will significantly contribute for the mitigation of air pollution. On the one side, the lower-energy requirements for cooling will lead to lower emissions of CO , NOx and particulate matter 2

produced by electrical power plants. On the other side, the increase in urban green areas and application of vegetated roofs will lead to the conversion of CO  into O  due to photo-2

2

synthesis.  Furthermore, the production of hazardous urban ozone smog and its precursors is promoted by high-temperature records then lower urban temperatures will mitigate this ozone production. 

Rafael et al. [2] performed a study where the influence of green urban areas and application of white roofs to the components of the energy balance were assessed. The following 
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conclusions were obtained: (i) the increase in green urban areas promotes an increase in the magnitude of the latent heat flux, which is result of the increase in the evaporation  process; (ii) more latent heat flux means that a higher proportion of solar radiation is used in the evaporative process, thereby a reduction in sensible heat flux is obtained contributing to a reduction in the energy released into the atmosphere and for the cooling of the surface; (iii) the introduction of white roofs implies that less solar radiation is absorbed by the surfaces, which promotes a reduction of the sensible and storage heat flux, contributing also to a reduction in the surface temperature. 

5  FORTHCOMING RESEARCH

The current projections of urban population, in particularly its continuous growth, will determine the forthcoming research. The full understand of the links between CC and different sectors (air quality, ecosystems, human health, energy and water management), will be the challenges of the future research. It is vitally important for our cities to function efficiently in the future, and therefore, a set of key policies and initiatives should be taken, namely related to the: (i) creation of mechanisms for prevention, detection, alert and management the risks of extreme weather events; this should include preparedness of citizens, institutions and  systems; (ii) development of tools to quantify the costs related to material and human damages caused by extreme weather events, and develop financial/economic mechanisms for adaptation, restoration and compensation of such damages; (iii) better understanding of CC impacts on urban supply systems and infrastructures (energy, electricity, food, water and sewage, wastes, TIC) and development of strategies and technological solutions to increase the resilience of those systems and guarantee their proper function in order to satisfy future particular human needs; (iv) raise public awareness related with their consumption patterns and the importance of stimulate local economy (i.e. urban agriculture, preference for products and goods produced within the region) as a way to reduce our ecological and carbon footprint; (v) review of urban planning and local policies, including the key aspects of CC going behind the existing tools like Covenant of Mayors and Mayors Adapt in order to achieve a more sustainable city. 

In terms of air quality, the research should be focused in following main topics: (i) understand the influence of CC on air pollution due to fine PM, since current assessment of this pollutant still have a set of uncertainties; (ii) understand the interactions in the atmosphere between naturally emitted compounds and new man-made pollutants (related to nanoparticles and nanotechnologies); (iii) identify cobenefits of reducing air pollutants that also reduce the impacts of climate change and promotes the green and low-carbon economy; (iv)  developing adaptation measures, from urban to districts and street level, according to each city  characteristics (geography, dimension, environmental problems, among others); (v) since CO  concentrations are expected to continue to increase in the future, it is a priority 2

to assess the impact of high CO  levels on living organisms and particularly in human health. 

2

To encourage more innovation and research on ways to improve cities resilience to climate change, the European Union should continue to promote the investments on ‘smart’ cities to pioneer green technologies and to showcase the new generation of buildings and alternative energy sources and increase energy efficiency. Last but not the least, we need to rethink the cities and their focus – cities should serve the citizens more than accommodate them.  Putting citizens in the centre of decision, engage them on decision-making process through their active participation and include their vision to shape the cities of the future should be the ultimate challenge. 
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AIR QUALITY, URBAN FLUXES AND CITIES RESILIENCE
UNDER CLIMATE CHANGE - A BRIEF OVERVIEW
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ABSTRACT
Cities are home of about 70% of the European population, and it is expected that by 2050 this number
will be achieved around the world. As a result, cities are facing important challenges related to pressures
induced by changes on urban metabolism and by climate change (CC) effects. Understanding the key
factors determining the vulnerability of a city provides a framework to consider resilience. These issues
become more and more relevant since changes in urban structure and metabolism together with CC will
start affecting atmospheric emissions, urban air quality and consequently human health. Cobenefits of
an urban air quality and CC approach need to be further addressed taking into consideration that CC
creates both risks and opportunities. Therefore, an integrated assessment of the interaction between
resilience factors and CC effects, and its influence on the urban microclimate and air quality, is required
to better adapt to future climate. This knowledge is fundamental to support policy makers and stake-
holders helping them to choose the best strategies to manage resources, to mitigate extreme weather
events and to predict air pollution episodes. This article offers a systematic review on CC impacts in
cities, providing some adaptation strategies and suggesting future research topics
Keywords: air quality, cities, climate change, cobenefits, energy fluxes, resilience, weather patterns

1 INTRODUCTION

The effects of urbanization and climate change (CC) are converging in a critical way. Cities
are major contributors to CC, although they cover less than 2% of earth’s surface, since they
consume 78% of the world’s energy and produce more than 60% of all carbon dioxide and
significant amounts of other greenhouse gas emissions [1-5]. At the same time, cities and
towns are highly vulnerable to CC due to the high population density and diversity, complex-
ity of the built environment and dependence on the technological systems for survival. In
addition, over 90% of all urban areas are coastal areas, and therefore are prone to flooding
due to both rise in sea level and changes and intensity of storms [6]. Moreover, the majority
of the vital economic and social infrastructures, government facilities and assets are located
in cities, then CC affects negatively all the urban infrastructures threatening the so far guar-
anteed access to basic urban services and quality of life [7]. Furthermore, in the last two
decades, population health is becoming more and more threatened by extreme weather events
in urban areas [8].

Urban land use and urban sprawl can influence local meteorology [9], atmospheric emis-
sions and pollutant concentrations, as well as the water and energy fluxes [10]. As a result
of high population density, cities tend to have a high fraction of impervious cover and a low
fraction of green spaces. Green areas represent a determinant key of the energy balance [6].
In addition to the physical nature of the built environment, people’s behaviour, i.e. how they
live, work, move from a place to another etc., influences the weather patterns and climate
variability [11, 12].

Related to the need of cities adaptation to CC effects, the concept of resilience has arisen,
defined as the capacity of a system to absorb disturbance and re-organize while undergoing
change so as to still retain essentially the same function [13]. Resilience is directly related
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