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Abstract

:

This article addresses the sustainable urbanization model of urban valley-bottom areas, focusing on the Jaguaré stream basin in São Paulo, Brazil. It tackles the challenge of integrating environmental criteria into the management of urbanized watersheds to promote urban and environmental resilience through adaptive infrastructures. São Paulo, the largest and most populous city in Brazil, has often overlooked the natural characteristics of watersheds, resulting in significant flooding and necessitating a reassessment of urban practices. The study, through the analysis of a referential project, qualitative analyses, and geoprocessing techniques, proposes an urbanization model in valley bottom areas that combines adaptive infrastructures—green-blue and gray infrastructures. It highlights the importance of a systemic, transdisciplinary, and integrated approach that considers the political-administrative, environmental, urbanistic, and infrastructural dimensions to address the challenges posed by climate change and urbanization. Specific recommendations are presented to adapt urbanized valley-bottom areas, emphasizing nature-based solutions and community participation in the management of hydrological risks towards the promotion of sustainable and fair urban spaces.
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1. Introduction


The UN Sixth Report of the Intergovernmental Panel on Climate Changes (IPCC-AR6) evinces that global climate change and extreme events such as heat waves, intense rainfalls, downpours, and droughts are undeniably influenced by human activity [1,2].



The relationship between climate change and urban occupation currently constitutes one of the major challenges in the development of public policies, requiring systemic, transdisciplinary, and multisectoral approaches in different scales, as well as examining the effects of anthropic actions on natural resources [3] and on the worsening of social disparities, with an emphasis on less favored populations [4,5].



In Brazilian cities, facing this challenge requires confronting several sectoral and technocratic public policies implemented over a century, as well as proposing solutions that integrate the city, the society, and the environment.



The main gaps in the context of Brazilian cities regarding climate change and urbanization can be summarized as follows:




	
Integrated understanding of impacts: There is a lack of integrated understanding of how urbanization affects and is affected by extreme weather events. This includes the need for studies that simultaneously address climate, urban, and socio-economic dimensions.



	
Local data and research: There is a shortage of detailed local data and research that allow for precise analysis of the effects of climate change on Brazilian cities. This scarcity hampers adaptive urban planning and the formulation of effective public policies.



	
Sustainable urbanization practices: There is a gap in the implementation of urbanization practices that consider environmental sustainability, especially in the management of permeable areas and the preservation of urban green spaces.



	
Risk area management: Inadequate management of risk areas, particularly flood-prone valley bottoms, reflects a significant gap. Often, these areas are improperly urbanized without considering associated risks.



	
Adaptive infrastructure: There is an absence of urban infrastructure designed to be resilient and adaptive to climate change, including efficient drainage systems and measures to mitigate heat islands.



	
Integrated public policies: There is a need for more integrated public policies that simultaneously address urbanization, climate change, and social justice. Fragmented policies hinder effective approaches to mitigate and adapt to climate impacts.



	
Community participation and awareness: There is a gap in community participation and awareness of the interactions between urbanization, climate change, and their local impacts. Increasing awareness and involving local communities are essential for promoting urban resilience.








These gaps highlight the urgent need for a holistic and integrated approach in urban planning and management, considering the complex interactions between urbanization, climate change, and social inequalities to promote more resilient and sustainable cities in Brazil. Far from attempting to address all these gaps, this article will focus on the emerging problems related to valley-bottom areas, with an emphasis on the management of hydrological risk areas and the possibilities of adaptive infrastructure, especially green and blue.



In valley-bottom areas, frequent flooding resulting from the overflow of rivers during periods of more intense rain could be normal if floodable areas remained preserved, that is, permeable and vegetated. However, the urbanization model of several Brazilian cities has taken up space in river floodplain areas for a much-desired “urban development”. In several cities, the management of urban waters throughout the 20th century has adopted a purely “technocratic” approach, focusing on the construction of large infrastructure works for the rapid drainage of rainwater, river covering and/or channeling, and road construction on valley bottoms. Thus, greater water flow and the mobility of people and goods were prioritized over environmental quality.



In São Paulo, the largest and most populated Brazilian city, with an urbanized area of 914.56 km2, a population of 11,451,245 inhabitants, and a demographic density around 7527.76 inhabitants/km2; main rivers have had their geomorphologies deeply altered to control flooding and quickly remove wastewater, according to a model that constituted an urban and infrastructure solution at the same time [6,7] Channeling riverbeds and building riverside avenues, or even “erasing” several watercourses and replacing them with road systems, were predominant solutions in valley bottoms, turning rivers into elements of urban infrastructure. Combined with this model, “urban voids” that result from the straightening of riverbeds were occupied by precarious settlements in many places, contributing to the recurrent worsening of inundations, causing hydrological disasters with major impacts.



Such procedures are seen as structural in nature and are part of technical solutions with heavy infrastructure artifacts—termed gray infrastructure by many authors—and have not solved the conflict between urbanization and floods in the medium and long term.



Due to the limitations and inefficiency of the current model, public policy, scholars, and creators have been advocating for a “non-conventional” approach, with a focus on regeneration, preservation, environmental conservation, and sustainable managing of water and river landscapes in valley-bottom areas. This concept of integrated management of water resources (GIRH), also known as risk management, enables the necessary sustainable environmental development for city infrastructure [8] one that pursues urban and environmental resilience from a perspective that integrates the population, rivers, and floodable areas [7,9,10,11].



In general, such an approach regards the hydrographical basin as a planning and management unit, combining structural measures and infrastructural engineering solutions with non-structural measures and, when necessary, the implementation of Nature-based Solutions (NbS) and short and long-term institutional preventive actions —environmental monitoring, regulation, control, and education [8,12]. In other words, it is an approach that conciliates “gray and green-blue infrastructures” in favor of an “adaptive infrastructure”.



This article reflects on the urbanization model of valley-bottom areas, with an emphasis on the case study of the Jaguaré stream, located in the southwest zone of the city of São Paulo. From a series of reference plans and successful projects, which relied on the concept of integrated water resources and risk management, we seek to build a set of principles and recommendations for implementing an environmental approach in the adjustment and adaptation of infrastructure and land use in this watershed.



The study is the product of academic research advocating for an integrated and systemic urban planning process. It considers the hydrological and socio-environmental characteristics of river basins, aiming to promote their sustainability and regenerate watercourses as structural elements of the landscape. This analysis is conducted in light of four dimensions of sustainability: political-administrative, environmental, urbanistic and infrastructural.



The text is organized into five parts: (1) theoretical framework—a brief revision of literature, highlighting concepts, theories, and studies; (2) methodology describing the methodological procedures of the study that gave origin to the article, considering its replicability; (3) results and discussion—main results of the study and highlighting the case study of the Jaguaré stream, in São Paulo; (4) synthesis of the main recommendations that can be applied to other valley-bottom areas with similar characteristics; (5) conclusion, which sums up the major features of the article, reinforcing the need to build sustainable paths that promote engagement between the population and urban rivers.




2. Theoretical Framework


The urban transformations caused by the rapid expansion of cities pose significant challenges for environmental sustainability, especially regarding water resource management and flood control. Intensive urbanization, with its disorderly densification and occupation of naturally flood-prone areas, such as floodplains and valley bottoms, requires a critical re-evaluation of traditional drainage strategies and urban water management. These strategies, historically focused on rapidly removing rainwater to prevent flooding in urbanized areas, often do not consider the multifaceted benefits of water for urban ecosystems and quality of life of the population.



Traditional infrastructural drainage systems based on the quick removal of rainwater consider this precious resource as a mere residue. They aim to reduce the impacts of water runoff with structural measures composed of robust elements to conduct rainwater, applied in predominantly local solutions. Although they do reduce conflicts between drainage and urbanization in affected areas, they often transfer floods to downstream areas. These problems are worsened by the occupation of originally floodable areas in a strategy of “space allocation” [13] quite common in the urbanization processes. The occupation of floodplains and the inappropriate densification of valley-bottom areas, supported by the installation of large infrastructures, jeopardize the natural capacity of retaining rainwater, making it necessary to find other places to this end.



In general, these built systems are considered a kind of defense against risks, but they do not consider the complexities of rapid urbanization and the several socio-economic and biophysical processes involved [14,15]. They include physical infrastructures, management, and urban services, which are subject to external governance and whose interactions can encompass different areas in local and remote operations, often leading to unintended consequences due to a lack of understanding of systemic connections. The ability to plan and govern with a systemic, intersectoral, and multi-scaled approach is of major importance to deal with this complexity [14,16] and to reach the desired urban sustainability.



Flood control exclusively by means of local structural measures fails and is easily overcome by trying to change rivers’ natural state to reduce flooding. This control requires huge investments in ever-larger works that are never successful [5,17,18,19,20,21,22].



Urban rainwater management has become more and more complex in recent decades, evolving from flood control and risk reduction to consider rainwaters as a resource subject to quality control and capable of restoring flow regimes and promoting microclimatic resilience in the current context of climate change [23].



Faced with the limitations of traditional drainage systems, which often result in transferring flood problems downstream and do not contribute to urban sustainability, there is a need to explore innovative and unconventional approaches. In this context, “adaptive infrastructure”, which encompasses elements of both green and blue infrastructure, emerges as a promising solution. Wright and Furlong [24] and McDonald et al. [25] emphasize that integrating these elements into the urban fabric not only mitigates flood risks but also promotes biodiversity, improves air and water quality, and enhances aesthetics and well-being in urban spaces.



According to Fletcher at al [23] the implementation of green and blue infrastructures goes beyond stormwater management, contributing to the restoration of natural flow regimes and fostering microclimatic resilience in the face of climate change. These adaptive strategies are essential for addressing the challenges posed by urbanization and climate change in an integrated and sustainable manner [26].



Therefore, the adoption of drainage systems that combine green and blue infrastructure, along with community participation and a systemic approach in urban planning, is essential to promote a harmonious coexistence between the city and its water resources, aligning urban development with sustainability principles [27,28,29].



This way, methods and strategies that adopt nature conservation and adaptation of urban areas to flooding as a principle, establishing parameters of coexistence with flooding situations, of evaluating and managing risks, and of recovering after extreme events have been emerging as much more resilient and efficient [30].



They include approaches that adopt adaptability and resilience to floods as a paradigm to reduce their adverse consequences, adapting cities and buildings to flooding events in view of the regime of climate change and extreme meteorological phenomena [30,31]. Such changes include the integration of naturally floodable areas as a premise, as well as guidelines for planning urban land use and occupation; they unfold in projects for the recovery of waterfronts, implementation of linear parks [19,32,33,34,35] and other strategies that value “Nature-based Solutions”.



As for the environmental approach, urban drainage unfolds into two systems that operate in an integrated and simultaneous way: the gray and the green-blue systems. The former is constituted by networks of traditional heavy infrastructure artifacts—reservoirs, dikes, and watercourse channels—and the latter is formed by natural drainage and infiltration systems—natural riverbeds, floodable floodplains, and green and permeable areas [12,36,37].



According to McDonald et al. [24] green infrastructure, which includes parks, rain gardens, green roofs, and other strategically planned vegetations, can play a vital role in reducing surface runoff, improving air quality, and promoting cooler and more pleasant urban spaces. Additionally, blue infrastructure, which encompasses aquatic elements, such as detention ponds, bio-swales, and constructed wetlands, is essential for effective water management.



The environmental approach operations are developed through mixed systems of gray infrastructure—channels, pipes, and —and blue-green infrastructure—beds and ditches, lakes and buffering areas, and vegetated floodplains. By superficially conducing or damming rainwater in an association with green spaces, natural drainage networks, buried and hidden by traditional systems, are made visible and tangible in urban environments.



Gray infrastructure networks are usually located and concentrated in valley-bottom areas, while green-blue infrastructure networks are spread throughout the whole river basin surface. In this way, to create resilient, low-maintenance, and failure-resistant systems, it is advisable to explore the qualities and characteristics of both and, if necessary, to combine their possibilities.



Promoting a systemic approach is crucial to face up to socio-environmental conflicts generated by urbanization processes, which do not manifest in the same way throughout the territory. This implies understanding the origin of the current systems structure—social, economic, ecological, and political—within and beyond the city, exploring new arrangements and new forms for a possible future.



The environmental strategy approach for urban infrastructure consists in promoting a co-design and co-production process that presents innovative ideas and solutions, combined with collective adherence to goals shared by a wide range of decision-makers and other interested parties regarding urban planning and management, either in the public, private, or community sectors [14,15]. An effective systemic approach can empower disadvantaged groups by addressing the causes of inequalities and disparities.



Regarding issues related to drainage management in cities, the environmental infrastructural approach has advanced towards a view that aims to coordinate environmental, social, and economic development by adopting strategies and solutions to reach a sustainable development that includes green-blue infrastructures [31].



These strategies comprise interventions that unfold in many scales, define river basins as planning and management units, and adopt macro and micro drainage solutions adequately combined with patterns of land occupation and mixed systems of drainage infrastructure [17]. Generally, they integrate social housing, sanitation, drainage, and green area plans and designs, treating valley-bottom areas as systems of green-blue parks with leisure and outdoor activities so they can be fully occupied, accepted, and cared for by riverside communities [6,33,38,39,40,41].




3. Methodology


The research methodology that gave rise to this study involved three fundamental and interconnected stages: (1) conceptual framework and theoretical references; (2) understanding the urbanization process of the study area; and (3) definition of principles and recommendations for the sustainable occupation of valley-bottom areas, focusing on the Jaguaré stream basin, São Paulo.



Stage 1 was extensively discussed in the previous section and allowed for the identification of the general principles that should guide the systematic planning of a watershed, particularly in valley-bottom areas.



Stage 2 aimed to deepen the empirical subject through documentary research and collection of secondary data developed by various institutions, with an emphasis on the “Jaguaré Project” [42] developed by the Hydraulic and Technological Center of the University of São Paulo, which was fundamental for understanding the possibilities of this watershed. This study provided us with socio-economic, political, and environmental data, georeferenced information, measurements, and biochemical analyses, as well as essential hydrological modeling for the research development. It also proposed guidelines for socio-environmental recovery projects and infrastructures in the watershed, based on the central concept of urban quality through the restoration of physiographic and environmental elements, guiding infrastructure policies and land-use planning in the basin.



Its aim was to understand the processes of land occupation, the decisions regarding planned sectoral works, and their impacts on flooding. For this purpose, cartographic databases were constructed, and through the method of overlaying maps with layers of specific information, it was possible to understand the territorial and environmental characteristics of the urbanization process, especially the hydrological dynamics, as well as the frameworks of the urbanization processes in the basin area [43,44,45,46,47]. The results of these analyses are summarized in Section 4.1.



Next, in Stage 3, building upon the synthesized theoretical references mentioned earlier, and the cross-referencing with the physical and hydrological characteristics of the Jaguaré basin, a set of principles was defined that should be observed in the planning process of valley-bottom areas. From the general principles, a set of recommendations was proposed, which had as their starting point the case study of the Jaguaré stream, but which can be replicated for other basins given their singularities, nature, and mode of operation. Each recommendation corresponds to a set of actions that impact the land-use pattern of the basin and therefore should be viewed systematically.



The recommendations were organized into a matrix structured in four dimensions political-institutional, environmental, urbanistic, and infrastructural. These dimensions, appear to be operational, but aim to reinforce the need for implementing a set of interdependent and systemic actions [47], especially in valley-bottom areas, as discussed in Section 2.



The political-institutional dimension considers the laws and standards regulating land use and occupation, water use, and conservation issues in the three federative tiers Brazil is organized into: federal, state, and municipal entities. They represent the set of federal and state laws that regulate and protect rivers, watercourses, and protection areas (Water and Forest Codes), federal and state agency standards (National Agency of Water-ANA—and the São Paulo State Sanitation and Energy Regulation Agency—ARSESP), and the standards defined by companies and authorities that operate basic infrastructure services (Municipal Water and Sewage Service—SEMAE and the São Paulo State Basic Sanitation Authority—SABESP). Regarding these laws and regulations, the proposals aim to define their jurisdictions, mainly with reference to the application and enforcement of this legal framework.



The environmental dimension looks at the natural elements that form the natural environment in valley-bottom areas: watercourses, beds and banks, and the river flora in its physiographic aspects, considering the different degrees of anthropic change to which these elements are subjected in urbanization processes.



The urbanistic dimension considers how the analysis of the features of land use and occupation have an impact on issues regarding drainage and water quality in valley-bottom areas. Those features are street layout (streets, sidewalks, and type of paving); buildings, considering their location and the activities developed there (land use and occupation); the existence or absence of trees and other sets of green areas; free spaces, such as squares and (public or private) gardens, linear parks and permanent protection areas, and geologically vulnerable areas (slopes and hillsides).



The infrastructural dimension analyzes the elements of basic environmental sanitation systems (water supply and sewage collection networks), drainage systems, solid waste collection, and sweeping systems.



The circular diagram represents each dimension and the whole set of elements and/or actions that allow the river basin context to be analyzed. The circular format reinforces the systemic and multidimensional approach of these analyzes [44] (Scheme 1).




4. Results and Discussions


The history of São Paulo’s rivers is marked by challenges arising from intense urbanization. Initially, these rivers were essential elements of the local ecosystem, crucial for both the original indigenous communities and the early settlers. However, the rapid growth of the metropolis, especially from the late 19th to the 20th century, negatively impacted these watercourses.



The rivers of São Paulo, characterized as “plain rivers”, have extensive flat areas prone to flooding, including their floodplains. The straightening and channelization of these rivers facilitated the occupation of previously flood-prone areas, transforming them into urbanized zones with a variety of uses. These interventions, although they altered the natural flow of the rivers, intensified the effects of floods, increasing their frequency and strength.



One of the chronic problems is pollution. With urban expansion and the lack of appropriate infrastructure for sewage treatment and waste management, the rivers became receptors of pollutants. The situation worsened with industrialization, which added chemical effluents and other industrial waste to the waters, further compromising their quality.



Straightening and channelization, strategies adopted to facilitate water drainage and prevent urban floods, resulted in the reduction of biodiversity and alteration of river ecosystems, in addition to reducing the rivers’ capacity to absorb flow variations. Urban expansion also led to soil sealing, exacerbating the risks of flooding—a problem that such interventions initially sought to mitigate.



The irregular occupation of riverbanks, especially in flood-prone areas, represents another significant challenge. The lack of regulation and oversight allowed the establishment of communities in risk zones, where floods are common and access to basic services, such as sanitation, is limited, further contributing to river pollution.



The Jaguaré stream watershed exemplifies these problems and allows us to rethink sustainable processes for its occupation.



4.1. The Jaguaré Stream River Basin in São Paulo and Proposals for Reducing Floods


The Jaguaré stream watershed is in the western zone of the municipality of São Paulo, covering an area of 28.2 km2, corresponding to 1.9% of the municipality’s total area [42]. This region of São Paulo, called the southwestern vector, has transitioned from historically intensive industrial and residential use to a significant global financial hub. It boasts high employability and high land value, making it a subject of disputes in the context of a metropolis marked by great socio-spatial inequalities [1,45].



The study of the Jaguaré stream hydrographic basin is justified because (i) it is completely situated within the limits of the city of São Paulo; (ii) its diversity of occupation has allowed for studies on different urbanization scenarios with conservation areas in the headwaters and natural beds protected by vegetation in the main contributors; with low- and medium-density neighborhoods made up of single-family and multi-family homes in the middle portion of the basin, which coexist with preserved natural beds and sections occupied by precarious settlements; with industrial occupation, which has been changing due to the construction of vertical residential condominiums and the presence of institutions, such as the University of São Paulo (USP) and the Institute of Technological Research (IPT), in its lower region next to the river mouth; and (iii) the basin has been the subject of interventions in order to protect and restore environmental quality with the implementation of some stretches of linear parks and environmental sanitation government programs (Córrego Limpo) [Clean Stream] promoted by the Water Supply and Sanitation Services Company (Sabesp) and by state and municipal governments.



The main hydrography consists of the Jaguaré and Itaim streams, along with important tributaries. The length of the main axis is 11.8 km, and the total length of watercourses in the Jaguaré stream basin is approximately 90 km. As for its geological units, it is characterized as an alluvial plain with valley-bottom areas with low slope (less than 5%), sandy and clayey soils of varying thickness, and shallow water levels, which are areas prone to flooding. With a population of approximately 250,000 inhabitants and an average population density of 37.24 in/ha, its land use and occupation characteristics include a predominance of horizontal and vertical residential use, commerce and services, and incipient industry. There is a significant percentage of preserved green areas, mainly upstream but also associated with road and infrastructure systems. There are favelas located in high-risk and environmentally fragile areas (Table 1).



The Jaguaré stream basin has areas prone to flooding (see Figure 1 Map of flood-prone areas in the Jaguaré stream basin) with critical areas located upstream at the confluence of the Itaim stream bed with the Raposo Tavares highway, resulting from a section restriction in the crossing of this infrastructure. In the Jaguaré stream, critical flood-prone areas occur in the headwater region and at the confluence with a tributary (Jacarezinho stream). At these two points, there is also a section restriction due to the crossing of the road system, which highlights conflicts arising from the implementation of mobility infrastructure systems in relation to the hydrological dynamics of the basin. Additionally, there are flood-prone areas in the low-lying region adjacent to the estuary, influenced by the backwater of the Pinheiros river, to which the Jaguaré stream contributes.



For flood-prone areas, the Jaguaré Project presented measures aimed at controlling surface runoff and reducing flooding to the level of hydrological risk for 100-year return (RT = 100) period rains. Mixed structural solutions were adopted, including gray infrastructures (strengthening of drainage systems, construction of reservoirs, and channelization of streams) and green-blue infrastructures (linear parks), and hydraulic modeling was carried out with three alternatives to be implemented in three stages (current situation, stage 1, and stage 2).



Alternative 1 included two storage reservoirs, four linear parks, stream channelization, drainage system reinforcement, elevation of two bridges, and a forced drainage system. Alternative 2 included four storage reservoirs, one linear park, stream channelization, and drainage-system reinforcement. Alternative 3 included two storage reservoirs, six linear parks, stream channelization, drainage-system reinforcement, elevation of two bridges, and a forced drainage system. Table 2 below, generated from a mathematical model of the studied alternatives, shows the respective flood areas and the number of affected lots for each stage. Cartographies were also produced to represent the calculation of flood areas resulting from rainfall, as they are an efficient method of visualizing the effect of proposed control measures (Figure 2).




4.2. General Principles and Recommendations for Redevelopment and Adaptation in Urbanized Botton Valley


The studies presented by the Jaguaré Project aimed to provide support for future discussions within the municipality of São Paulo regarding solutions to address hydrological risk situations and watershed management, especially to subsidize the basin notebooks that comprise the Drainage Master Plan of the municipality of São Paulo. We opted for a qualitative interpretation instead of measurements. By adopting new paradigms for proposing mixed infrastructure solutions, the Jaguaré Project demonstrated the technical feasibility of adopting adaptive infrastructure solutions.



For the research presented in this article, the studies supported investigations and propositions by providing data that sought to expand analyses at the watershed scale beyond the issue of risk reduction. This systemic approach incorporated other dimensions of sustainability, integrating them into land-use management, aiming to propose guidelines and recommendations of a socio-environmental nature that comprehensively cover the territory of the watershed [46,47].



Areas subject to floods were analyzed based on hydrological and socio-environmental studies on the Jaguaré basin and considering urbanistic and infrastructure aspects. The goal was to propose solutions to make urban structures and buildings safer, adjusting them to environmental features, and evaluating the need for adjustment to existing legal standards and urban plans.



From the analysis of the Jaguaré Project, additional data from the basin were analyzed through surveys and on-site visits from aerial photos, allowed for a necessary systemic approach to evaluate the multiple dimensions and relationships in the region of the Jaguaré stream basin. This enabled the extraction of principles and recommendations that can be generalized to other basins.



The principles were selected to compose analytical tables by topics and organize the recording of the communications in a direct manner, identifying key issues to be pondered and evaluated.



The recommendations were organized according to the four dimensions of sustainability (urbanistic, environmental, political-administrative, and infrastructure), which structured the final stage of the research.



Such recommendations cover structural and non-structural measures, i.e., the environmental approach, considering occupation patterns that are compatible with the environmental features of the valley-bottom areas; participatory management processes; and recasting programs, plans, and specific standards to reduce flood impact and risks in these areas. These recommendations encourage a systemic involving several scales and promote a collaboration between local authorities (state companies and regional municipal governments), local communities, and private owners to implement interventions in public spaces and adjustments in private properties, with public technical and financial support.



The results are presented in Table 3 and Table 4.



The general principles outlined in Table 3 aim to guide the creation of urban planning for areas located in valley bottoms, emphasizing the integration of green and blue infrastructure as an essential part of a systemic approach in urban environmental planning and management. This methodology proposes merging drainage and stormwater management strategies based on both structural and non-structural solutions, including the use of parks, rain gardens, restored wetlands, and green and blue corridors to enhance water and waste management, as well as to restore the natural water cycles and promote biodiversity. Furthermore, it emphasizes the importance of active participation from all stakeholders in the land-use and occupation process, including public authorities, public service and infrastructure companies, community members and residents, as well as the general population, aiming to create more resilient, sustainable, and harmonious urban environments with environmental dynamics.



Based on the general principles, the recommendations systematized in Table 4 can be replicated provided that the specifics and modes of operation of each basin are considered. It is emphasized that all recommendations unfold into actions that consider the basin in an integrated manner, especially the relationship between land use and the implementation of adaptive infrastructures (green-blue and grey, when necessary). These suggestions highlight actions that require involvement from both the public and private sectors, respecting anthropic and natural contexts to promote harmony between urbanization and environmental dynamics. In other words, they must align with the hydrological and environmental characteristics of the basin, promoting public uses and the adaptation of structures in already urbanized areas prone to flooding in a way that does not compromise individual and collective safety.



The recommendations were organized into four integrated dimensions, as pointed out in the methodology (Section 2): political-institutional, environmental, urban planning, and infrastructural.



In the political-institutional dimension, watershed planning, and governance model, a systemic, multi-scale, and participatory model of urban planning and governance is presumed, implying the effective participation of various players—public officers, public service concessionaires, local communities, and the population in general.



For the environmental dimension, the recommendation is to implement new sustainable rainwater management systems, which have been adopted in several countries under different names (LID, SuDS, WSUD) but are all based on the same concepts and principles that emphasize nature-based solutions, acknowledging the fundamental importance of restoring and preserving the natural cycles of water and vegetation in urban environments. The need for environmental design for valley-bottom areas is reinforced.



For the urbanistic and infrastructural dimensions, the recommendations include the mapping and zoning of flood-prone areas and the implementation of mixed infrastructures, with an emphasis on blue-green, to reduce situations of risk (strictly for public officers) and adjustments in flood and drainage areas in both the public and the private realms.



Without aiming to exhaust the complexity of the topic, these recommendations contribute to reclaiming/recovering riparian spaces, fostering a connection between people and water, anticipating flood risks, reducing socio-environmental damages and losses, and promoting urban space resilience.





5. Conclusions


Urban and environmental planning must adapt to periodic flooding. This requires the development of innovative social and technical frameworks based on a shared governance model between the state and society, especially considering the effects of climate change that have been challenging for managers and have impacted life in cities across the world.



In the context of extreme climate events, it is pressing to reconsider the urbanization models and infrastructure solutions adopted in Brazilian cities and to point to sustainable paths that can promote a closer relationship between urban rivers and the population.



The analyses of the Jaguaré stream basin in São Paulo have contributed to the creation of a set of general planning principles and recommendations that can be replicated in valley -bottom areas, aiming to promote the regeneration of river landscapes, improve the quality of the water, and establish sustainable balances between society and the environment.



This study aimed to contribute to urban studies that link infrastructure, urbanization, and the environment, especially in terms of overcoming entrenched conceptual and functionalist paradigms. It also highlighted the need to adopt systemic and multi-scale approaches to integrate socio-environmental complexities. In this sense, a revision of the territorial management and governance approach is essential so that local cultures can be valued through participatory processes. Valley-bottom regions with floodable areas, like the Jaguaré stream case study, play a vital role in hydrological regimes, in climate balance, and in the quality of urban life when adaptive infrastructure is incorporated, especially integrating non-structural measures, particularly green-blue systems. The idea is to value the biomes and watercourses that have a significant role in absorbing the impacts of basin waterproofing, in filtering and infiltrating rainwater, and in restoring balance in the hydrological regime, in addition to privileging the public use of green spaces.



In a metropolis as large and complex as São Paulo, strengthening local management can offer clarifications for implementing more viable, more economical, and more efficient infrastructure and land-use solutions. This approach contrasts with large-scale construction works that require heavy public investment and are subject to political pressures and influences, which are often external and unrelated to the interests of local groups.



Promoting sustainable and integrated management of urban waters, drainage, and the built environment in Brazilian cities may seem, at first glance, like a utopian proposition. However, it entails a shift in the dominant paradigm in urbanization and signals that the revitalization of urbanized valley-bottom areas is a crucial step towards social sustainability.



It is recognized that there is a long way to go in improving measures aimed at establishing environmental justice situations in the valley-bottom regions in Brazilian cities. This path is marked by significant challenges and limitations. The effective implementation of these measures is conditioned by the political-administrative sphere, placing our research within the academic realm, replicable through experiments, modeling, and mathematical calculations, and subject to theoretical-experimental analyses.



For their effective incorporation into the territory, these measures depend not only on the implementation of land-use laws and regulations but also on a change in society’s mindset. Additionally, it is crucial to establish a continuous monitoring process to ensure the adaptation and adjustment of strategies as new information and contexts emerge.



Finally, we want to reiterate our conviction that the regeneration of valley-bottom areas is vital for the future and quality of life in cities, representing one of the most important strategies to address extreme events resulting from climate change.
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Scheme 1. The dimensions of sustainability. Source: [39]. Adapted by the authors. 
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Figure 1. Map of flood-prone areas in the Jaguaré stream basin. Source: Compiled by the authors. 
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Figure 2. Flood areas in the Jaguaré stream basin in the 3 described alternatives. Source: [42]. Adapted by the authors. 






Figure 2. Flood areas in the Jaguaré stream basin in the 3 described alternatives. Source: [42]. Adapted by the authors.



[image: Sustainability 16 03018 g002]







 





Table 1. Uses observed in the Jaguaré stream basin with their respective areas and percentage in relation to the total area of the basin. Source: [42]. Adapted by the authors.






Table 1. Uses observed in the Jaguaré stream basin with their respective areas and percentage in relation to the total area of the basin. Source: [42]. Adapted by the authors.





	
Uses Registered in the Jaguaré Stream Watershed




	
Land Use and Occupation

	
Area (km2)

	
% Watershed Area






	
residencial—horizontal

	
7.84

	
27.83




	
preserved green area

	
6.04

	
21.44




	
Roads

	
3.53

	
12.52




	
commercial and service—built-up area

	
2.17

	
7.71




	
residential—vertical

	
1.57

	
5.59




	
industrial—built-up area

	
1.54

	
5.46




	
sidewalks and others

	
1.32

	
4.70




	
green area- associated with commercial and service

	
1.29

	
4.57




	
Slum

	
0.64

	
2.27




	
commercial and service—paved area

	
0.61

	
2.16




	
industrial—paved area

	
0.48

	
1.72




	
green area—associated with roads

	
0.36

	
1.28




	
green area—park

	
0.25

	
0.88




	
green area—associated with industrial

	
0.18

	
0.63




	
green area—associated with residential

	
0.14

	
0.50




	
green area—associated with transmission line

	
0.13

	
0.46




	
water body

	
0.08

	
0.29











 





Table 2. Effects of alternatives 1, 2, and 3 in the Jaguaré stream basin. Source: [42]. Adapted by the authors.
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Stage

	
Alternative

	
Impacts




	
Flooded Area (km2)

	
Affected Lots






	
Current

	
No Intervention

	
0.84

	
1.368




	
1st Stage

	
Alternative 1

	
0.66

	
1.099




	
Alternative 2

	
0.53

	
601




	
Alternative 3

	
0.46

	
615




	
Final Stage

	
Alternative 1

	
-

	
-




	
Alternative 2

	
-

	
-




	
Alternative 3

	
-

	
-











 





Table 3. General principles for redevelopment and adaptation in urbanized valley-bottom areas. Source: [39]. Adapted by the authors.
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General principles for the requalification and adaptation of occupations in urbanized valley bottom areas

	
Incorporate environmental objectives and goals into the planning of valley bottom areas, reconciling them with urban and economic development goals.




	
Demonstrate that the reconciliation of these goals only brings social and environmental benefits




	
Protect and restore the characteristics and functions of the natural resources of rivers and streams




	
Regenerate, recover, and redesign riverfronts as a territory with environmental qualities for the use of communities




	
Establish commitments with all stakeholders (government, public service concessionaires, and local population) to achieve multiple objectives and benefits




	
Promote and ensure broad public participation in the planning and projects for the recovery and requalification of valley bottom areas











 





Table 4. Regeneration and adjustment recommendations for urbanized valley-bottom areas. Source: [39]. Adapted by the authors.
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Environmental Dimension

	
Project And Design Recommendations for Valley Botton Areas

	
Public

	
Protect resources and functions of natural rivers




	
Create or keep natural flood (and other anthropic impact) buffering areas




	
Restore river and riverfronts areas




	
Use nonstructural alternatives to manage water resources (LID, SuDS, WSuDS strategies)




	
Reduce impervious areas




	
Manage rainwater in the area and use non-structural approaches (LID, SuDS, WSuDS strategies)




	
Balance playful and public access activities with river protection




	
Integrate information on rivers natural resources and environmental role with the cultural importance and history of waterfront projects, public art and expressions that show the importance of rivers.




	
Private

	
Maintenance of land use occupation limits to guarantee permeability and integrate afforested area (climate improvement, fauna and flora refuge, biodiversity)




	
Increase permeability and rainwater retention (reduction of runoff and groundwater replenishment)




	
Political-Administrative Dimension

	
Public Authorities Responsibilities and Duties

	
Public

	
Demonstrate the importance of maintaining the characteristics of the city’s rivers and creeks with the river




	
Plan invariably at river basin scale and redesigning the waterfront




	
Provide the public with access opportunities, connections and inspiring activities in waterfront areas




	
Disseminate the river environmental and cultural history, through public education programs, graphic signage and events




	
Create a flood map




	
Hold Public Authorities responsible for deaths, damages and losses resulting from the floods




	
Permanent and preventive integration among sectors of municipal administration (Flood prevention working group)




	
Risk Management Preventive Plan non-stop update and Preventive Actions Support Fund




	
Creation and Permanent Maintenance of Environmental Education Programs and activities




	
Creation of a centralized autonomous administrative unit to plan and manage actions related to risk situations




	
Shares of financial participation of concessionaires in the Support Fund (Transportation + Garbage + Sanitation)




	
Participation in public consultation processes




	
Private

	
Adherence to and participation in Environmental Education government programs




	
Coordination with representatives in public management (councilors, deputy mayors, etc.)




	
Organization of residents’ and neighborhood associations, etc.




	
Urbanistic Dimension

	
Risk Management Recommendations

	
Public

	
Flooding mapping with permanent update




	
Creation of an integrated Risk Management Plan for the city of São Paulo supported by preparation, mitigation, prevention, and recovery actions




	
Creation of a Risk Zoning in line with flood mapping (use/heights/typologies/occupation/permeability rate)




	
Alarm System and Evacuation Plan in risks areas




	
Removal and Control Plan in risk areas




	
Population training for risk situations




	
Recommendations for Adjustments in Flood Areas (LidSuDS)

	
coco

Public

	
Technical and financial support to partial or integral building adjustment (second floor, use adjustment)




	
Creation of flood insurance with governmental subsides




	
Financing adaptations in buildings located in flood zones




	
Granting benefits and tax exemptions to properties located in risk zones




	
Retention tanks (LID, SuDS strategies)




	
Staggered banks (Floodabel aresa)




	
Riverbeds expansion




	
Creation of buffering strips




	
Basin permeability increase




	
Private

	
Creation of a protected 2nd floor (floor level) with priority activities regarding live, equipment, and assets protection while keeping non-essential activities on ground floor




	
Increase private units permeability




	
Partial or integral adjustment of properties to flood events




	
Infrastructural Dimension

	
Recommendations for Drainage Adjustment

	
Public

	
Increase floodable lanes x reduce paved roads




	
Increase afforestation with drainage flowerbeds




	
Expand riverbeds with implementation of staggered floodable banks




	
LID, SuDS strategies (in structural works)




	
Improvement in household waste and rubble collection systems




	
Increase sweeping coverage




	
Implementation of sedimentation basins (solid waste containment)




	
Private

	
Increase soil coverage




	
Implementation of sedimentation basins (solid waste containment)




	
Increase soil permeability




	
LID, SuDS strategies (increase permeability, rainwater retention, reuse)




	
Proper disposal of waste and debris




	
Non polluting uses
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