


Urban Green Infrastructure for Climate Change Adaptation and Mitigation: Roles, Innovations, and Challenges in Sustainable Cities
Abstract
Urban green spaces have become increasingly recognized as essential components in the adaptation and mitigation of climate change impacts within rapidly urbanizing environments. This review critically examines the multifaceted roles of urban green infrastructure-encompassing parks, urban forests, green roofs, vertical gardens, and permeable landscapes-in enhancing urban resilience to climate extremes. The paper synthesizes recent advances in the understanding of how urban vegetation and landscape interventions contribute to reducing the urban heat island effect through evapotranspiration, shading, and albedo modification, with empirical evidence demonstrating local temperature reductions of up to 4°C. Additionally, the review explores the effectiveness of green spaces in managing stormwater runoff via bio-swales, rain gardens, and permeable pavements, which collectively reduce peak flow rates and improve groundwater recharge. The carbon sequestration potential of urban green infrastructure is assessed, highlighting the capacity of mature urban forests and innovative green roof systems to capture and store atmospheric carbon. The integration of smart technologies, such as IoT-based soil moisture sensors and remote sensing for vegetation health monitoring, is discussed as a means to optimize the management and performance of urban green spaces. The review also addresses the socio-economic co-benefits, including improved air quality, enhanced public health, increased property values, and greater social cohesion. Key challenges are identified, such as fragmented governance, limited funding, and inequitable access to green infrastructure, particularly in marginalized urban communities. Case studies from global cities illustrate successful strategies for mainstreaming nature-based solutions and integrating green infrastructure into urban planning frameworks. The paper concludes by emphasizing the need for interdisciplinary collaboration, policy innovation, and community engagement to maximize the adaptive and mitigative potential of urban green spaces. This comprehensive synthesis aims to inform urban planners, policymakers, and researchers about the strategic importance of green infrastructure in fostering climate-resilient and sustainable cities.
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1. Introduction
Cities worldwide are progressively exposed to intensified climate impacts thus advance urban climate adaptation is required. City climates are dominated by the urban heat island (UHI) (Akbari and Kolokotsa, 2016). The surface energy balance alters when natural and semi-natural land cover types become impermeable surfaces and built-up regions (Senosiain, 2020). Anthropogenic heat emissions and surface longwave radiation increase, solar radiation absorption and storage increase, and evapotranspiration decreases (Quan et al., 2016; Monteiro et al., 2016; Belčáková et al., 2019). The UHI may increase heat stress, air pollution, and carbon dioxide emissions, negotiating health and comfort of urban residents, especially during extreme heat events (Beniston and Diaz, 2004; Gabriel and Endlicher, 2011; Singh et al., 2020; Wong et al., 2016). Climate change and growing urbanisation are global human welfare and development challenges. Global urbanisation has increased from 13% in 1900 to 56% in 2021. According to the UN's World Bank report today, 4.4 billion inhabitants which is 56% of the world’s population live in cities (De la Sota et al., 2019). The urban population is expected to more than doubling its current size by 2050, at which point about 70% population will live in cities. Due to the increase in urban impermeable surfaces and surface material thermal characteristics, surface sealing is one of the most significant structural changes in urban regions (Yu et al., 2015). The 2022 IPCC report shows a 0.86 °C global surface temperature increase. By next two decades, the temperature will rise 1.5 °C. In most cities, excessive heat and heat stress are likely (Pörtner, 2022). To adapt to climate change with urbanisation, one must comprehend urbanization's climatic consequences (Sturiale & Scuderi, 2019). Urban vegetation regulates latent and sensible heat exchange anOked selectively absorbs and reflects incident radiation through photosynthesis, evapotranspiration, and shadowing (Oke, 2002; Salata & Yiannakou, 2016). Greenspace reduces temperatures and creates a cool island in urban settings, cooling adjacent areas (Bowler et al., 2010). The urban green-blue system can also reduce the UHI and is linked to the urban cooling island (UCI) effect (Bowler et al., 2010; Yu et al., 2015). Trees, bushes, and grassland have the greatest UCI effect on greenspace (Kong et al., 2014). The UCI effect of greenspaces associated to plant cover size, form, structure, and configuration is still debated (Monteiro et al., 2016; Gaffin et al., 2012). Greenspace size affects studies differently due to data collection methods. Rosenfeld et al. (1998) found that even shade trees cool and save energy. As climate change continues to exert its influence on the planet, urban areas face escalating challenges in mitigating and adapting to its effects (Demuzere et al., 2014). Rising temperatures, extreme weather events, and the urban heat island effect are some of the consequences impacting cities worldwide. To combat these challenges, the integration of urban green spaces becomes paramount. This paper delves into the critical role of urban green spaces in climate change adaptation and mitigation, highlighting their benefits, challenges, and potential strategies for maximizing their impact.
2.	The Significance of Urban Green Spaces in Mitigating Climate Change
Urban green spaces play a pivotal role in mitigating the impacts of climate change by offering a range of ecological and social benefits to urban environments (James et al., 2009; Maimaitiyiming, 2014). As cities continue to expand and face the challenges of rising temperatures, air pollution, and changing weather patterns, the strategic integration of green spaces becomes increasingly crucial (Figure 1). These areas, including parks, gardens, urban forests, and green roofs, contribute to climate change mitigation efforts in several key ways.
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Figure. 1.  Urban Green Space Types and Associated Benefits
2.1 	Carbon Sequestration
Carbon sequestration is the process of capturing and storing carbon dioxide (CO2) and other greenhouse gases from the atmosphere, preventing their release back into the atmosphere. It is one of the most widely discussed climate mitigation strategies, as rising CO₂ levels remain the primary driver of global warming (Shahbazi and Nasab, 2016). Carbon sequestration occurs through both natural and engineered pathways and remains a major focus of climate change research (Shahbazi and Nasab, 2016).
Natural systems like forests, soils, and oceans are vital for carbon storage. Forests absorb CO₂ through photosynthesis and store carbon in biomass and soil. Soils act as long-term carbon reservoirs via organic matter decomposition. Oceans, the largest carbon sink, absorb CO₂ through physical and biological processes.(Friedlingstein et al. 2020). In addition to natural processes, several technologically enhanced approaches contribute to carbon sequestration. Carbon Capture and Storage (CCS) captures CO₂ from industrial or power-generation sources and stores it in geological formations such as depleted oil reservoirs or saline aquifers. Afforestation and reforestation further increase global carbon uptake by expanding forest cover. Bioenergy with Carbon Capture and Storage (BECCS) is another emerging strategy in which biomass is used for energy generation and the resulting CO₂ emissions are captured and permanently stored, resulting in net-negative emissions (Figure 2). 
Carbon sequestration in urban areas contributes to climate change mitigation and also improves the overall well-being and livability of cities by creating healthier and more resilient environments for residents. While cities are significant sources of greenhouse gas emissions due to industrial activities, transportation, and energy consumption, they also offer opportunities for carbon sequestration through various strategies: urban green spaces, urban forests and tree canopy, urban agriculture, sustainable urban planning and etc. Urban green spaces, including community gardens, parks, and urban forests, act as carbon sinks, capturing CO2 from the atmosphere and storing in underground. Trees, in particular, play an important role in carbon sequestration. Their ability to absorb carbon helps greenhouse gas emissions reduction and combat climate change. Studies on the carbon sequestration potential of urban green spaces will be explored, along with initiatives to increase tree canopy cover in urban areas (Zhang et al., 2022; Ariluoma et al., 2021; Amoatey and Sulaiman, 2020). 
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 2.2 	Cooling Effects and Energy Reduction
The urban heat island (UHI) effect is a well-documented and widely observed phenomenon in cities worldwide. It refers to the tendency of urban areas to experience higher temperatures compared to their surrounding rural or natural environments. This temperature disparity arises due to a combination of human activities and the physical characteristics of urban landscapes. As urbanization continues to increase, the UHI effect becomes more pronounced and presents unique challenges for cities and their inhabitants. Various studies and research papers have explored the causes and impacts of the urban heat island effect in different cities. One study conducted by the U.S. Environmental Protection Agency (EPA) analyzed UHI effects in several major cities in the United States. The research found that urban areas consistently experienced higher temperatures, with the magnitude of the UHI effect varying depending on the population density, city size, and land use land cover (Lee at al., 2019). Another comprehensive study published in the journal Nature Communications examined the UHI effect in multiple cities across the globe. The researchers concluded that the urban heat island effect is a pervasive and consistent phenomenon, affecting cities of varying sizes and geographic locations. Addressing the effect of UHI become a priority for urban planners, policymakers, and researchers. Numerous studies have explored potential mitigation strategies, like implementing cool roof technologies, increasing urban green spaces, promoting energy-efficient buildings, and adopting sustainable urban planning and design practices. Urban green spaces offer cooling benefits through shade and evapotranspiration, mitigating the heat island effect. As a result, the demand for energy-intensive cooling systems decreases, leading to reduced energy consumption and associated greenhouse gas emissions. 
2.3 	Air Quality Improvement
Air pollution is a significant concern in urban environments and contributes to climate change (Schmitz et al., 2018). Urban green spaces act as natural filters thus helps in improving air quality by removing pollutants and particulate matter from the air (Kumar et al., 2019). Here are several ways in which urban green spaces contribute to air quality improvement:
Air Pollutant Absorption: Plants, especially trees and shrubs, can absorb various air pollutants, such as sulfur dioxide (SO2), nitrogen dioxide (NO2), particulate matter (PM) and ozone (O3). Through a process known as phytoremediation, plants take up these pollutants through their leaves and roots, helping to reduce their concentration in the air.
Particulate Matter Filtration: Urban greenery serves as a natural filter for particulate matter, which includes tiny particles suspended in the air. The leaves and branches of plants can trap and capture these particles, preventing them from becoming airborne and contributing to respiratory and cardiovascular health issues.
Oxygen Production: Photosynthesis, the process in which carbon dioxide is converted into oxygen by plants in presence of sunlight, results in the release of oxygen into the atmosphere. The existence of greenery and trees in urban areas increases the overall oxygen content, which is crucial for human and animal respiration.
Cooling Effect: Urban green spaces offer shade and reduce the "urban heat island " effect.  The urban heat island phenomenon in which cities are warmer than nearby rural areas due to lack of vegetation and human activities. Cooler temperatures can lead to reduced emissions of air pollutants, as some pollutants are more likely to form under high temperatures.
Reduction of Ground-Level Ozone: Urban green spaces help mitigate the ground-level ozone formation, which intensifies respiratory problems. Trees release volatile organic compounds (VOCs), that react with ozone precursors and reduce ozone formation.
Microclimate Improvement: Urban green spaces create microclimates that are often more favorable than surrounding built-up areas. They can moderate temperature extremes and help maintain more stable humidity levels, which can impact the dispersion and concentration of air pollutants.
Biodiversity Promotion: A diverse range of plant species in urban green spaces can attract various insects and birds. These creatures can contribute to pollination, ecosystem health, and natural pest control, reducing the need for chemical pesticides that can contribute to air pollution.
Noise Reduction: Some urban green spaces, particularly those with dense vegetation, can act as noise barriers, absorbing and reflecting sound waves. This noise reduction can indirectly contribute to better air quality by reducing stress and promoting overall urban livability.


3. 	The Role of Urban Green Spaces in Climate Change Adaptation
Urban green spaces play important role in climate change adaptation by helping cities and their residents to cope with the changing climate. Table 1 shows detailed reviews of the impact of green spaces in urban areas. 
Table 1. Summary of Recent Studies on the Role of Urban Green Spaces in Mitigating Urban Heat and Enhancing Environmental Quality
	Authors (Year)
	Study Area
	Method used
	Findings
	limitations

	Sinnett, 2018
	Rotterdam, Netherlands
	Literature review on ecosystem services from urban trees; discussed tree characteristics and placement for maximizing benefits
	Urban trees reduce air pollution and urban heat; global efforts to increase canopy cover for environmental and health benefits
	Did not discuss implementation challenges or limitations of using trees for regulation

	Reis et al., 2019
	Lisbon, Portugal
	Used Landsat satellite images and remote sensing to estimate urban biomass; linear regression analyzed vegetation density vs. air temperature; kriging for temperature interpolation
	Urban vegetation significantly enhances cooling and human thermal comfort; biomass higher in winter; 50 m² vegetation can reduce air temp by 1°C
	Did not account for local topography/climate; satellite resolution too coarse for detailed vegetation estimation

	Kamble et al., 2022
	Raipur, India
	Used land use change detection, fragmentation and accessibility indices to assess UGS status (2010–2020)
	Built-up area increased by 24.3%; UGS availability index declined; fragmentation increased from city center to outskirts
	UGS distribution is uneven across the city

	Yaşlı et al., 2023
	Global
	Synthesized global evidence on urban green spaces and cooling; reviewed planning and restoration strategies
	Extensive shade trees and afforestation reduce urban temperatures and urban heat island effect; strategic planting is key
	No explicit discussion of challenges in implementing shade species in cities

	Ettinger et al., 2024
	Tacoma, Washington
	Measured air temperature across locations with varying tree canopy cover; analyzed probability of exceeding high temp thresholds; compared areas with 0% vs. 100% canopy cover
	Tree canopy creates significant cooling (2.57°C difference); linear decrease in air temperature with more nearby tree cover
	Data limited to summer 2022; lacks multi-season/multi-year trends

	Singh et al., 2024
	Bhopal, India
	Geospatial analysis using remote sensing to map and assess Urban Green Spaces (UGS) distribution (2010–2020)
	UGS in Bhopal declined, became fragmented and degraded; highlights urgent need for targeted urban greening strategies
	Only two time points analyzed (2010, 2020)


 
3.1 	Temperature Regulation and Heat Stress Reduction
Climate change exacerbates heatwaves and heat-related illnesses in urban areas. The existence of green spaces helps in regulate temperatures, reduce heat stress, and improve overall urban livability (Turner‐Skoff and Cavender, 2019). Here are some of the key mechanisms by which green spaces help mitigate heat stress and their significance in adapting to climate change:
Shade: Trees and vegetation in green spaces provide natural shade, reducing direct exposure to sunlight and lowering ambient temperatures. This shade is particularly important in densely developed urban areas where buildings and pavements can trap heat.
Evapotranspiration: Plants release water vapor into the atmosphere through a process called evapotranspiration (Khose et al., 2022). This cools the surrounding air, similar to the cooling effect of sweat evaporating from our skin. Evapotranspiration from green spaces helps counteract the heat generated by buildings, roads, and other surfaces.
Thermal Mass: Green spaces have a lower heat-absorbing capacity compared to concrete and asphalt. As a result, they don't retain heat as much, contributing to cooler microclimates within urban areas.
Albedo Effect: The albedo effect measures the reflectivity of surface. Natural surfaces like grass and soil have higher albedo values than concrete or asphalt, meaning they absorb less heat and reflect more sunlight. Green spaces contribute to reducing the overall heat absorption in urban areas.
Cooling through Irrigation: Well-maintained green spaces often require irrigation, which can provide additional cooling benefits through the water's evaporative cooling effect.
Heat Dissipation: Green spaces act as "heat sinks" during the day, absorbing heat and gradually releasing it during the cooler nighttime hours. This moderate temperature fluctuation and can provide relief during heatwaves.
Airflow Enhancement: Vegetation can improve air circulation, allowing cooler air to flow through urban areas. This is especially important in reducing heat stagnation in areas with limited natural airflow.
Localized Cooling: Green spaces create localized cooling effects, creating pockets of cooler air that offer relief for residents and reduce the overall heat island effect.
Carbon Sequestration: Green spaces trees and plants capture and store CO2, a greenhouse gas that contributes to climate change. This mitigating effect on greenhouse gas emissions is important for overall climate change adaptation.
3.2 	Stormwater Management and Flood Prevention
Due to climate change, extreme weather events, like heavy rainfall and flood are more frequent than ever. Urban green spaces, when designed as multifunctional green infrastructure, can aid in stormwater management and flood prevention (Green et al., 2021). Here's how they are effective in managing stormwater and reducing flood risks:
Absorption and Infiltration: Green spaces, including lawns, gardens, and vegetated swales, have permeable surfaces that allow rainwater to be absorbed into the soil. This process, called infiltration, reduces the volume of stormwater flowing into drainage systems and enhance groundwater recharge. 
Retention and Delay: Green spaces can retain stormwater for a period of time, allowing it to gradually infiltrate the ground or be taken up by plants. This delay in stormwater release can help reduce the peak flow rates in drainage systems during heavy rainfall events, mitigating the risk of flooding.
Water Storage: Shrubs, trees, and other vegetation in green spaces can capture and store water in their root systems and canopies. This reduces the overall volume of runoff and slows down the rate at which water enters drainage systems.
Soil Improvement: Green spaces with healthy soils can absorb more water and facilitate better infiltration. These areas act like natural sponges, helping to manage excess rainwater.
Erosion Control: The roots of plants and trees help bind soil together, preventing erosion and reducing sediment runoff into water bodies. This, in turn, helps maintain the capacity of drainage systems and reduces the risk of watercourse blockages.
Water Quality Improvement: Green spaces can filter and treat stormwater by allowing it to percolate through soil and vegetation. This natural filtration process helps remove pollutants and contaminants from the water before it reaches water bodies.
Floodplain Restoration: Some green spaces are designed as floodplains or wetlands. These areas have the capacity to temporarily hold and gradually release large amounts of stormwater, reducing downstream flood risks.
Combined Sewer Overflow Reduction: In urban areas with combined sewer systems, green spaces can help reduce the frequency of combined sewer overflows (CSOs) by absorbing and storing stormwater during heavy rainfall events, thus minimizing the release of untreated sewage into water bodies.
3.3 	Biodiversity and Ecosystem Services
Urban green spaces offer opportunities to promote biodiversity within cities. Biodiverse ecosystems contribute to climate change adaptation by increasing urban resilience and supporting ecological balance (Bush and Doyon, 2019). Preserving and enhancing biodiversity in urban areas is of paramount significance for both environmental and human well-being. Biodiversity is diversity of life forms, from plants and animals to microorganisms, and the ecosystems they form. While urbanization can lead to habitat loss and fragmentation, actively promoting and protecting biodiversity in cities offers numerous benefits:
Ecosystem Services: Biodiverse urban ecosystems provide vital ecosystem services such as air and water purification, crops pollination, soil fertility, climate regulation, and natural pest control. These services contribute to the overall health and functioning of urban environments.
Improved Air and Water Quality: Biodiverse green spaces can act as filters, removing pollutants from the air and water. Plants absorb pollutants and release oxygen, leading to better air quality, reduced heat islands, and improved overall environmental health.
Climate Change Mitigation: Urban biodiversity helps mitigate the climate change effects. Trees and vegetation capture carbon dioxide through photosynthesis, mitigating greenhouse gas emissions and aiding in temperature regulation.
Pollinator Support: Biodiverse urban environments provide habitat for pollinators like butterflies, bees and birds. Pollinators are crucial for the reproduction of various plants, including food crops, contributing to food security and ecosystem health.
Natural Pest Control: A diverse range of species in urban ecosystems can help control pests naturally, reducing the need for chemical pesticides. Predatory insects and birds can keep pest populations in check.
Resilience to Disturbances: Biodiverse ecosystems are often more resilient to disturbances including invasive species, disease outbreaks, and extreme weather events. Species diversity can enhance the capacity of ecosystems to recuperate from such disruptions.
Genetic Diversity: Urban biodiversity can preserve genetic diversity in plant and animal species, that is crucial for their long-term survival and ability to adjust to changing conditions.
4. 	Challenges and Barriers to Implementing Urban Green Spaces
Implementing urban green spaces can offer several benefits, such as improving air quality, providing recreational opportunities, enhancing biodiversity, and promoting mental well-being. However, there are several challenges and barriers that cities often face when trying to establish and maintain these spaces. Some of the key challenges include:
Limited Space and Land Availability: Urban areas have high population densities and limited available land. Finding suitable areas for green spaces can be difficult, especially in densely built-up cities where land is already in high demand for housing, commercial development, and infrastructure.
High Land Acquisition and Development Costs: Real estate values in urban centres make land acquisition for parks and green corridors financially prohibitive. Public agencies often prioritise revenue-generating development over green infrastructure investments, leading to budgetary conflicts.
Infrastructure and Development Pressure: Rapid urbanization can lead to pressure on available land for infrastructure development. As cities expand, the demand for roads, buildings, and other structures can encroach upon potential green space areas.
Community Engagement and Participation: Participation of local community is essential for successful planning and design of urban green spaces. However, achieving consensus among diverse stakeholders, addressing conflicting preferences, and ensuring that the needs of all residents are considered can be challenging.
Maintenance and Management: Once green spaces are established, ongoing maintenance is necessary to ensure they remain attractive and functional. This requires financial resources, skilled labor, and effective management strategies. Without proper maintenance, green spaces can become neglected and lose their appeal.
Bureaucratic and Regulatory Hurdles: Navigating the regulatory processes, obtaining permits, and meeting various legal requirements can be time-consuming and complex. Bureaucratic hurdles can slow down the implementation of green space projects.
Equitable Access: Ensuring equitable access to green spaces is important, as certain communities may have limited access due to factors like socio-economic disparities or geographical location. Addressing these inequalities requires deliberate planning and resource allocation.
Environmental and Ecological Concerns: Introducing green spaces can have unintended ecological consequences, such as disrupting local ecosystems, introducing invasive species, or altering natural drainage patterns. Balancing environmental preservation with the creation of new green spaces is a challenge.
Funding and Resources: Financial investments is required for establishment and sustaining green spaces which includes land acquisition, infrastructure development, landscaping, and constant maintenance. Securing funding from public and private sources can be difficult, especially in times of budget constraints.
Changing Climate: Urban green spaces can be affected by climate change, including extreme weather events like floods, heatwaves, and storms. Designing resilient green spaces that can adapt to changing climate conditions is a significant challenge.
Perception of Value: Some policymakers and urban planners may not fully appreciate the value of green spaces or may prioritize other development goals over creating or preserving these areas.
To overcome these challenges, cities can adopt strategies such as conducting thorough planning and community engagement, leveraging public-private partnerships, adopting sustainable design principles, and prioritizing long-term funding for maintenance and management. The successful implementation of flexibility, innovation, and comprehensive tactic to urban planning are key to sustaining urban green spaces.
5. 	Strategies for Maximizing the Impact of Urban Green Spaces
Maximizing the impact of urban green spaces involves thoughtful planning, design, and management to ensure that these spaces effectively contribute to the well-being of the community and the environment. Here are some strategies to consider:
Integrated Planning and Design:
· Embed green infrastructure in city master plans, zoning regulations, and development control rules.
· Ensure interdepartmental coordination among municipal corporations, urban planning authorities, environment agencies, and local communities.
· Link green space planning with climate action plans, disaster management strategies, and public health policies.
Community Engagement:
· Involve the local community in the planning and design process to ensure that green spaces meet their needs and preferences.
· Create opportunities for community members to participate in maintenance and programming activities, fostering a sense of ownership.
· Conduct awareness campaigns for communities and capacity building programs for ground workers on the practical steps that could be taken by societies, communities like terrace gardens (to add up the extra area for green cover)
Accessibility and Inclusivity:
· Design green spaces with universal accessibility in mind, ensuring they are usable by people of all ages and abilities.
· Consider the diverse needs and preferences of different cultural and socioeconomic groups when designing and programming green spaces.
Biodiversity and Native Planting:
· Incorporate native and climate-resilient species to reduce maintenance needs and increase ecological stability.
· Restore natural ecosystems and create wildlife-friendly habitats.
· Design vegetated buffers, wetlands, and green corridors to improve ecological connectivity.
Multifunctional Design:
· Combine recreation, biodiversity conservation, stormwater management, and cultural functions in design.
· Integrate green roofs, rain gardens, bioswales, and permeable surfaces to support urban sustainability.
· Incorporate shaded seating, water features, and cooling structures to enhance comfort.
Sustainable Infrastructure and Climate Adaptation:
· Implement sustainable design practices, such as permeable surfaces and rain gardens, to manage stormwater runoff and reduce the urban heat island effect.
· Utilize green infrastructure elements that contribute to water conservation and purification.
· Create awareness on insulated infrastructure and reduce the energy demand for cooling, which can further avoid pumping heat in surroundings.
Programming and Activities:
· Organize diverse programs and events in green spaces, such as fitness classes, workshops, markets, and cultural celebrations, to attract a wide range of users.
· Create spaces that can accommodate a variety of activities, from relaxation to active sports.
Education and Interpretation:
· Incorporate educational elements within green spaces to teach visitors about local ecology, sustainability, and the importance of green spaces.
· Install signage, displays, and interactive features that engage visitors and encourage learning.
· Incorporate this information in school curriculum so that the young generation are equipped with necessary knowledge for future interventions to find innovative solutions for this crisis.
Maintenance and Management:
· Develop a comprehensive maintenance plan to ensure that green spaces remain well-kept and attractive.
· Involve community members in maintenance activities through volunteer programs or partnerships with local organizations.
Public-Private Partnerships:
· Collaborate with private entities, nonprofits, and community organizations to share the responsibilities of funding, designing, and managing green spaces.
· Leverage resources from various stakeholders to enhance the impact of green space projects.
Continuous Monitoring and Adaptation:
· Regularly monitor the usage and condition of green spaces to identify areas for improvement.
· Adapt green space management strategies based on changing community needs and evolving environmental conditions.
Demonstrate Economic Value: 
· Quantify benefits such as improved property values, reduced healthcare costs, enhanced tourism potential, and energy savings.
· Use economic valuation studies to justify long-term investments in green infrastructure.
By implementing these strategies and fostering a collaborative approach among various stakeholders, urban green spaces can accomplish their full potential in improving the quality of life for city residents while contributing positively to the environment and local communities.
6. Contributions of This Review
This review contributes to the expanding literature on urban green infrastructure (UGI) and climate resilience by offering a synthesized and integrative understanding of how urban green spaces function as both mitigation and adaptation solutions. Unlike existing descriptive overviews, this work provides the following key contributions:
6.1 Integrated Classification of UGI Benefits Across Mitigation, Adaptation, and Ecosystem Health
The document organizes the roles of urban green spaces into a coherent framework—carbon sequestration, thermal regulation, air quality improvement, stormwater management, and biodiversity enhancement—highlighting how these functions intersect and jointly contribute to climate resilience. This categorization clarifies the multi-functionality of UGI for planners and decision-makers.
6.2 Comparative Assessment of Empirical Studies
By summarizing recent global and regional empirical studies (Table 1), the review provides comparative insights into how vegetation structure, spatial configuration, and species composition influence cooling performance, environmental quality, and human comfort. This cross-comparison strengthens understanding of context-specific outcomes and research gaps.
6.3 Identification of Persistent Urban Challenges
The review consolidates diverse challenges—inequitable access, governance fragmentation, funding constraints, and climate vulnerability—which are often discussed separately in literature. It moves beyond listing barriers by situating them within urban development pressures and socio-economic disparities.
6.4 Linking Nature-Based Solutions With Smart Technology Integration
The inclusion of digital innovations (IoT-based monitoring, remote sensing tools, and automated irrigation systems) demonstrates how smart, data-driven approaches can enhance the performance, monitoring, and management of UGI—a perspective underrepresented in conventional reviews.
6.5 Emerging Insights for Sustainable Urban Planning
The review highlights the role of UGI as a structural component of long-term climate strategies, emphasizing ross-sectoral coordination among land use planning, disaster risk management,
public health, and socio-environmental equity frameworks.
7. Policy Instruments and Implementation Mechanisms for Urban Green Infrastructure
While challenges such as funding gaps, lack of space, and equity issues are acknowledged, an understanding of how policy instruments can address these barriers is crucial. This section provides a critical review of policy and governance mechanisms necessary for effective UGI implementation.
7.1 Regulatory Instruments
Regulatory tools establish enforceable standards that guide land use, building design, and environmental protection. Key instruments include:
· Zoning and Development Control Regulations: Mandating minimum green cover, reserving land for parks, or requiring developers to incorporate green roofs, permeable pavements, or setback vegetation.
· Environmental Impact Assessments (EIA): Integrating UGI performance indicators—heat mitigation, runoff reduction, ecosystem connectivity—into approval processes.
· Tree Preservation and Urban Forestry Acts: Legal mechanisms for protecting mature trees, restricting removal, and ensuring compensatory plantation.
7.2 Economic and Financial Instruments
Economic incentives and funding mechanisms can enhance feasibility and long-term maintenance:
· Green Bonds and Climate Funds: Dedicated financing for UGI projects such as green corridors, bioswales, and wetland restoration.
· Tax Rebates/Subsidies: Incentives for households and developers installing green roofs, rainwater harvesting systems, and vertical gardens.
· Public–Private Partnerships (PPPs): Mobilizing private investment in return for maintenance responsibilities, naming rights, or corporate social responsibility benefits.
· Land Value Capture: Using increased property values around green spaces to finance future UGI development.
7.3 Planning and Strategic Frameworks
Long-term coordination ensures consistent implementation:
· Green Infrastructure Master Plans: Citywide mapping of ecological networks, heat-vulnerable zones, flood pathways, and areas requiring restoration.
· Climate Action and Resilience Plans: Integrating UGI into heatwave mitigation strategies, stormwater management, and disaster risk reduction.
· Nature-Based Solutions (NbS) Guidelines: Standardizing design typologies, species selection, maintenance protocols, and performance metrics.
7.4 Community-Based and Co-Governance Mechanisms
Community participation strengthens equity and stewardship:
· Participatory Planning: Engaging citizens, resident welfare associations, and marginalized communities in design and monitoring.
· Adopt-a-Park Models: Shared maintenance responsibilities between municipalities and civil society groups.
· Educational Programs: Capacity-building on climate-resilient landscaping, composting, and rooftop gardening.
7.5 Technological and Monitoring Tools
Modern tools allow continuous assessment and adaptive management:
· IoT Sensors: Monitoring soil moisture, canopy temperature, and irrigation needs.
· Remote Sensing & GIS: Mapping UGI distribution, fragmentation, and ecosystem service performance.
· Digital Dashboards: For real-time tracking of air quality improvements, cooling benefits, and stormwater retention.
Together, these instruments provide actionable pathways for overcoming barriers and ensuring successful UGI implementation.

8. Conclusion
[bookmark: _Hlk204003461][bookmark: _Hlk213070710]Urban green infrastructure plays a pivotal role in strengthening climate change mitigation and adaptation by reducing urban heat, sequestering carbon, improving air quality, managing stormwater, and enhancing biodiversity. This review synthesizes global evidence and identifies key contributions of urban green spaces, emphasizing their multifunctional ecological and social benefits. However, persistent gaps remain, including inequitable access, limited funding, fragmented governance, and insufficient integration of nature-based solutions within planning frameworks. Addressing these shortcomings requires stronger policy instruments, innovative financing mechanisms, technological monitoring systems, and community-centered approaches to ensure long-term effectiveness. By aligning regulatory, financial, and planning strategies with inclusive urban development goals, cities can unlock the full potential of green infrastructure and advance toward climate-resilient, healthy, and sustainable urban futures. 
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