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Abstract

Climate change is exacerbating the dual hazards of windstorms and urban heat islands (UHIs), posing
a significant threat to urban resilience worldwide. Green infrastructure (Gl), encompassing urban
forests, windbreaks, green roofs, and bioswales, offers a multifunctional nature-based solution capable
of simultaneously mitigating windstorm damage and enhancing thermal comfort. This study integrates
GI'’s aerodynamic and microclimatic functions to reduce disaster risk and improve livability. Using an
integrated literature review approach, the review evaluates the GI concept and planning, GI and urban
resilience, empirical review, and common themes relevant to Gl and disaster risk reduction. Also, the
Traits-Based resilience theory and the concept and theory of multifunctionality were reviewed. Relevant
information demonstrates that strategically designed windbreaks reduce peak gust speeds, while dense
tree canopies lower the temperature of the surrounding. These findings suggest actionable, evidence-
based guidelines for environmental planners and policymakers, advancing GI as a cornerstone of
climate-adaptive cities resilient to both windstorms and thermal extremes.

Keywords: Climate resilience, Green infrastructure, Windstorm, thermal comfort.

*Author for Correspondence
A. Aliyu et al., DUJOPAS 11 (4d): 340-360, 2025 340


mailto:aaliyu2@atbu.ng

Enhancing Climate Resilience Through Green Infrastructure: Integrating Its Multifunctionality for Windstorm
Disaster Reduction and Thermal Comfort Enhancement

INTRODUCTION

Climate change is intensifying the frequency and severity of extreme weather events, with
windstorms and urban heat islands (UHIs) emerging as dual threats to human settlements
worldwide (Pradhan et al.,, 2025; IPCC, 2022). Windstorms, encompassing hurricanes,
typhoons, and localized gusts, inflict catastrophic damage through high-velocity winds, storm
surges, and debris, resulting in economic losses exceeding $100 billion annually in vulnerable
regions (Bedwell, 2024). Concurrently, UHI elevate ambient temperatures by 2-7°C in densely
built environments, exacerbating heat stress, energy demand, and heat-related mortality,
particularly during prolonged heatwaves (Heaviside, 2020). These compounded risks
disproportionately affect rapidly urbanizing areas in the Global South, where infrastructure
deficits and informal settlements amplify vulnerability (Zerbo, Delgado, & Gonzalez, 2020).
Traditional gray infrastructure, while effective for structural containment, often fails to
address the multifaceted nature of these hazards, underscoring the need for adaptive, nature-
based solutions (Esraz-Ul-Zannat, Dedekorkut-Howes, & Morgan, 2024).

Green infrastructure (GI), a strategically planned network of natural and engineered
vegetated systems, including urban forests, green roofs, bioswales, windbreaks, and
permeable surfaces, offers a multifunctional paradigm for climate resilience. (Kumareswaran
& Jayasinghe, 2023). Beyond conventional stormwater management and biodiversity support,
Gl demonstrates dual efficacy in windstorm mitigation and thermal regulation
(Kumareswaran & Jayasinghe, 2023; Wang, Sun, & Zhang, 2023; Kumar, Debele, Khalili,
Halios, Sahani, Aghamohammadi, ... & Jones, 2024). Vegetation canopies and root systems
dissipate wind energy, reduce aerodynamic drag, and stabilize soils, lowering wind speeds
by 20-50% in sheltered zones (Aili, Bakayisire, Xu, & Waheed, 2025). Simultaneously,
transpiration cooling and shading from dense tree cover mitigate UHI effects, reducing land
surface temperatures (LST) by 3-10°C and improving pedestrian thermal comfort (Lin & Li,
2025; Sabrin, Karimi, Nazari, Pratt & Bryk, 2021). Emerging evidence suggests synergistic
benefits when Gl is optimized across scales: windbreaks enhance structural resilience during
storms, while post-event vegetation recovery accelerates thermal recovery (Hanley, Bouma,
& Mossman, 2020; Zabin, C. J., Jurgens, L. ]., Bible, J. M., Patten, Chang, Grosholz, & Boyer,
2022).

Despite these potentials, GI implementation remains fragmented, with windstorm and
thermal functions often treated in isolation (Gongalves, Costoya, Nieto, & Liberato, 2024). This
review addresses this gap by integrating the multifunctionality of GI to reduce windstorm
impacts and enhance thermal comfort simultaneously. Using an integrated literature review
approach, this evaluates GI configurations across various urban typologies, ranging from
coastal high-rises to low-density suburbs. Therefore, quantifying trade-offs and synergies in
wind speed reduction, debris deflection, and physiological equivalent temperature (PET), this
review provides a conceptual framework and evidence-based principles for a resilient urban
environment. It is important to note that in an era of escalating climate risks, leveraging the
adaptive capacity of GI is not merely beneficial; it is imperative for safeguarding lives,
infrastructure, and livability in the cities of tomorrow.

METHODOLOGY

An integrated literature review approach was adopted to systematically synthesize global to
local evidence on the multifunctional role of GI in addressing two critical urban risks
simultaneously: windstorm disaster risk and urban heat island (UHI) effects, with a focus on
its applicability in climate-vulnerable regions. The review intentionally merged three
previously separate research streams: aerodynamic performance, microclimate regulation,
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and integrated GI systems, to identify configurations that provide both wind resilience and
thermal comfort co-benefits. The search included peer-reviewed literature carefully selected
to present quantitative evidence on wind-speed reduction, thermal comfort, and co-benefits
from identical GI systems. The inclusion criteria targeted research conducted with a global
orientation, then African-focused, and hot-arid climates to ensure relevance. The process
involved screening 362 initial records across five major databases (Google Scholar, DOA],
Clarivate, JSTOR, and ScienceDirect), ultimately resulting in 133 qualifying studies that
informed the review. Ultimately, this review attempts to justify treating windstorm protection
and thermal comfort simultaneously as drivers for GI system development and climate
resilience.

Green Infrastructure Concept and Planning

Green Infrastructure Planning involves designing and implementing networks of natural,
semi-natural, and engineered systems to enhance environmental and urban resilience (Zahoor
et al., 2023). It aims to integrate green infrastructure and ecological processes into urban and
rural areas to achieve multiple benefits, such as: Environmental Management: Improving
water management, air and soil quality, and biodiversity (Smith et al., 2013); Climate
Resilience: Mitigating the effects of climate change, such as windstorms, urban heat islands,
and flooding (Carvalho et al., 2017) and Social and Recreational Benefits: Enhancing
community well-being through access to green spaces, recreation, and social interactions
(Douglas, Lennon, & Scott, 2017).

Green infrastructure planning requires a multidisciplinary approach, considering both
theoretical frameworks and practical aspects to address contemporary and future challenges
in environmental management and urban development (Aghamolaei, 2024). The global focus
on green infrastructure planning and development has been growing since the late 20th
century (Monteiro, 2020). Despite this, there remains a lack of consensus among researchers,
policymakers, and practitioners regarding the concept, planning principles, frameworks, and
implementation strategies for green infrastructure (Monteiro, 2020). While several studies
have proposed principles for green infrastructure planning (Kumar, 2024; Keita & Kourouma,
2023), many of these principles are overly theoretical and do not fully address the practical
aspects of executing and implementing green infrastructure in environmental planning and
management. Additionally, rapid changes in planning methods and emerging challenges,
such as population growth, environmental degradation, and socio-economic issues,
necessitate the development of new principles for green infrastructure planning (Aliyu,
Babanyara, & Wasinya, 2024). These new principles must address contemporary realities and
future needs related to environmental management and climate adaptation. Green
infrastructure presents increasingly valuable opportunities to support healthy communities
and improve livability in urban areas (Ajirotutu, Adeyemi, Ifechukwu, Iwuanyanwu,
Ohakawa, & Garba, 2024).
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Fig. 1: The Conceptual Framework for Windstorm Damage Reduction and Thermal Comfort Enhancement

Analyzing the Conceptual Framework for Green Infrastructure and Urban Resilience

The conceptual framework, as shown in Fig. 1 above, provides a comprehensive overview of
the interplay between green infrastructure, climatic conditions, socio-economic factors, and
their collective influence on windstorm damage reduction and thermal comfort enhancement.
Integrating natural elements such as trees, green roofs, and permeable surfaces, cities can
reduce the severity of windstorm damage through strategic environmental placement and
design, which buffers against wind speed and other climate-related events (Abuwaer et al.,
2023). Moreover, green infrastructure is crucial in improving thermal comfort by lowering
urban temperatures through shade and evapotranspiration, thereby creating healthier
environments for residents (de Quadros & Mizgier, 2023). The framework highlights the
potential of green infrastructure to address climate-related challenges and improve overall
urban resilience, demonstrating its importance in contemporary urban planning (Ferrario et
al., 2024).

The Components of the Green Infrastructure Framework for Climate Resilience

Green Infrastructure: The framework identifies the types of green infrastructure, such as
vegetation, spatial configuration, and integration with the built environment, that are vital for
reducing windstorm damage and enhancing thermal comfort. Vegetation, like trees, acts as
natural windbreaks, reducing wind speed and protecting buildings (Zhou et al., 2020).
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Effective spatial arrangements of green infrastructure improve air circulation and manage
stormwater, minimizing flooding risks (Azmeer et al., 2024). Additionally, integrating green
infrastructure with urban areas enhances temperature regulation and promotes biodiversity,
contributing to residents' well-being (Pandey & Ghosh, 2023).

Climatic Conditions: The framework highlights the importance of various climatic factors
such as air temperature, mean radiant temperature, physiological equivalent temperature,
relative humidity, wind speed, and solar radiation in determining the effectiveness of green
infrastructure (Azmeer et al., 2024). These factors influence the cooling benefits of vegetation,
impact the performance of natural wind buffers, and affect plant growth and
evapotranspiration rates.

Socio-Economic Factors: The framework highlights the significance of socio-economic factors
such as community needs and preferences, land availability and ownership, and maintenance
capacity in shaping the implementation and success of green infrastructure initiatives (Keita
& Kourouma, 2023). Engaging with community needs ensures projects are relevant and
supported, while land availability affects potential development sites. Maintenance capacity
is crucial for the long-term sustainability of these initiatives; without proper resources, green
infrastructure may deteriorate (Okour & Shaweesh, 2024).

Moderating Variables: The framework identifies several moderating variables that influence
the relationship between green infrastructure, climatic conditions, and socio-economic factors.
Key variables include policy and regulations, which can affect the implementation and
effectiveness of green projects (Song, Li, Zhou, Huang, Chen, & Zhang, 2021). Additionally,
the potential benefits of green infrastructure, such as carbon sequestration, disaster risk
reduction, microclimate regulation, and improvements in air and water quality, are crucial for
its overall impact (Herath & Bai, 2024). It also highlights that green infrastructure can enhance
social well-being by providing recreational spaces and improving mental health outcomes.

Strengths of the Conceptual Framework

The framework adopts a holistic perspective, emphasizing the interconnectedness of various
factors influencing urban resilience. Recognizing that elements such as green infrastructure,
climatic conditions, socio-economic factors, and policy dynamics are interrelated, the
framework fosters a comprehensive understanding of urban challenges (Sharma et al., 2023).
This interconnected approach allows for the identification of synergies and trade-offs among
different strategies, ultimately promoting more effective solutions for enhancing resilience in
urban environments. The framework supports a collaborative and adaptive planning process
that better addresses the complexities of climate change and urban development through
integrating these diverse elements (Lobo et al., 2023).

The visual representation conveys the relationships between different components, enhancing
understanding of their interconnectedness. It illustrates how green infrastructure, climatic
conditions, socio-economic factors, and moderating variables interact to influence urban
resilience. This diagram allows stakeholders to quickly grasp complex dynamics and
facilitates discussions among environmental planners, policymakers, and community
members (Ajirotutu et al., 2024). The visual format also highlights areas for intervention and
collaboration, aiding in the development of more cohesive and informed strategies for
addressing urban challenges.

The framework emphasizes the importance of policy and regulations in the successful
implementation and effectiveness of green infrastructure. Effective policies create a
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supportive environment for integrating green solutions into environmental planning by
providing incentives and guidelines (Aniekan, Peter, Onyinyechukwu, Bright, Adetomilola,
& Kenneth, 2024). Regulatory frameworks ensure compliance with environmental standards
and promote sustainable practices. Additionally, policies that encourage community
engagement and stakeholder collaboration help ensure that projects align with local needs,
leading to greater support and successful outcomes (Sharma et al., 2023). Therefore, strategic
governance is essential for maximizing the potential of green infrastructure in enhancing
urban resilience.

Incorporating elements like trees and green roofs, green infrastructure can effectively mitigate
wind impacts, protecting buildings and infrastructure (Buba, Kura, & Dakagan, 2017; Kumar
et al., 2024). Additionally, it enhances thermal comfort through natural cooling effects, which
are crucial for urban areas experiencing rising temperatures. Beyond these physical benefits,
green infrastructure contributes to improved air and water quality, fosters biodiversity, and
enhances social well-being by providing recreational spaces and promoting community
engagement (Aghamolaei ef al., 2024). Overall, the framework highlights the multifaceted
advantages of green infrastructure in creating resilient and livable urban environments.

Green Infrastructure for Urban Development, Windstorm Risk Reduction, Thermal
Comfort, and Climate Resilience

This empirical review analyzes the role of green infrastructure (GI) in mitigating windstorm
damage and enhancing thermal comfort, drawing on various studies. Kafi et al. (2021)
investigate the severe impact of a 2018 windstorm in Bauchi, highlighting the use of GIS tools
for mapping damage to aid in managing climate events. Monteiro et al. (2020) identify
principles for integrating GI into urban planning, promoting sustainable development
through aspects like connectivity and multifunctionality. Elbardisy et al. (2021) focus on
Greater Cairo, demonstrating that strategically placing urban trees can significantly reduce
heat effects and enhance resilience. Dipeolu et al. (2021) assessed the health benefits of GI in
Lagos, revealing positive influences on residents' physical and mental well-being. Zuniga-
Teran et al. (2021) explore the challenges of GI implementation, emphasizing the necessity of
political will and stakeholder engagement for successful urban planning.

Van Oijstaeijen (2020) evaluates urban valuation tools for GI, finding many inadequate for
urban needs and calling for the co-development of more relevant tools. Hanzl (2020) examines
temporary urban interventions, analyzing how these can inform future planning to enhance
public health through GI. Portoghesi et al. (2023) discuss risks from windstorms in urban
areas, proposing a model for assessing and mitigating tree-related damage in cities. Hanna
(2024) looks at GI integration in Véasterds, Sweden, identifying collaboration challenges in
planning. Klimanova and Illarionva (2020) assess urban GI quality in Russian cities, revealing
disparities in green space availability and advocating for better planning.

Hanna et al. (2023) evaluate ecosystem services provided by Gl in Zaragoza, emphasizing the
importance of natural spaces for enhancing urban environments. Parker & Simpson (2020)
suggest integrating Urban Resilience and Human-Nature Connection theories to guide
sustainable urban planning through GI. Navarrete-Hernandez & Laffan (2019) introduce a
method that combines subjective well-being measures with green infrastructure assessments,
finding positive impacts on perceived happiness. Brzoska and Spage (2020) review urban
ecosystem services from GI, calling for focused research on smaller green spaces and location-
specific evaluations.
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Cheshmehzangi et al. (2021) address inadequacies in GI in developing cities, advocating for
the integration of traditional and modern ecological concepts. Langemeyer et al. (2019)
developed a screening tool for optimizing green roof placement in Barcelona, focusing on
ecosystem service demands. Miller & Montelto (2019) evaluate stakeholder perceptions of GI
in New York City, finding a preference for multifunctional spaces like parks over those
focused solely on stormwater management. Nakamura (2022) explores GI's role in
depopulating rural areas, assessing its multifunctionality for disaster prevention and
ecosystem restoration. Sussams and Eales (2014) highlight knowledge gaps in GI's
effectiveness for climate adaptation, urging careful evaluation of its multifunctional nature.
Barau (2015) studies urban greenery perceptions in Malaysia, emphasizing the need for
household engagement in enhancing GI initiatives. Severino et al. (2024) analyze climate
change impacts on windstorm damage in Europe, predicting the increased frequency of
severe events and underscoring the importance of robust risk mitigation strategies. Overall,
the review emphasizes the multifunctional benefits of green infrastructure in urban planning,
climate resilience, and public health, while addressing the challenges and knowledge gaps
that need to be tackled for effective implementation.

Mapping the Role of Green Infrastructure in Mitigating Windstorm Impacts and
Enhancing Thermal Comfort in Urbanizing Landscapes

These studies present the connections and contrasting findings regarding green infrastructure
(GI) and its multifaceted roles in urban resilience, climate adaptation, and public health,
particularly in the context of windstorm damage and thermal comfort.

Themes on Green Infrastructure, windstorm, thermal comfort, and climate Resilience

i. Green Infrastructure as a Mitigation Strategy: Several studies underscore the
importance of GI in mitigating climate-related challenges. For instance, Monteiro et al. (2020)
discuss how GI can foster sustainable urban development, while Elbardisy et al. (2021)
demonstrate that strategic placement of urban trees can combat urban heat and improve
climate resilience. Both studies emphasize the multifunctionality of GI in urban settings.

ii. Spatial Analysis and Mapping: The use of Geographic Information Systems (GIS) and
spatial analysis is a recurring theme. Kafi et al. (2021) and Kafi et al. (2019) utilize GIS to map
windstorm damage and assess vulnerability, while Langemeyer et al. (2019) develop spatial
tools to optimize green roof placement based on ecosystem service demands. This highlights
the importance of spatial data in environmental planning and resilience strategies.

iii. Community Health and Well-being: Dipeolu et al. (2021) and Navarrete-Hernandez &
Laffan (2019) emphasize the health benefits of green spaces, showing that accessibility to well-
designed GI enhances physical and mental well-being. This aligns with the findings of Miller
& Montelto (2019), where public preferences for multifunctional green spaces reflect a broader
recognition of the health benefits associated with urban greenery.

iv. Stakeholder Engagement and Policy Implications: The need for stakeholder
involvement in GI planning is highlighted in Zuniga-Teran et al. (2021) and Hanna (2024).
Both studies advocate for collaborative frameworks that incorporate local knowledge and
political will to ensure effective Gl implementation. This theme underscores the socio-political
dimensions of urban planning.

Contrasting Findings of the Role of Green Infrastructure in Climate Resilience
i. Challenges in Implementation: While many studies advocate for the benefits of GI,
they also acknowledge significant challenges. Monteiro et al. (2020) note a lack of consensus
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on GI's implementation, whereas VanOijstaeijen (2020) identifies inadequacies in existing
valuation tools for GI, suggesting that these tools often fail to address urban-specific needs.
This contrast highlights a gap between theoretical benefits and practical application.

ii. Perceptions of Green Infrastructure: Barau (2015) examines household perceptions of
urban greenery, finding varied motivations for plant maintenance across different
demographic groups, which may not align with broader urban planning goals. In contrast,
studies like Dipeolu et al. (2021) find a more unified positive perception of green spaces,
indicating that individual and community perspectives on GI can diverge significantly.

iti. Environmental Impact of Urbanization: Portoghesi et al. (2023) discuss the increasing
frequency of windstorms due to climate change, emphasizing the urban challenges of
managing tree loss and related ecosystem services. In contrast, Klimanova & Illarionva (2020)
focus on assessing GI quality in Russian cities without a direct connection to the increasing
climate threats. This illustrates a disparity in the urgency attributed to these issues across
different contexts.

iv. Technological Integration: Some studies, like Langemeyer et al. (2019), advocate for
technological tools to optimize GI placement based on ecosystem service demands, while
others, such as Cheshmehzangi et al. (2021), emphasize the need for low-cost, simple solutions
tailored for developing areas. This reflects a contrast between high-tech and grassroots
approaches to urban resilience. Overall, the studies collectively highlight the role of green
infrastructure in enhancing urban resilience to climate impacts, particularly windstorm
damage and thermal comfort.

Trait-Based Resilience Approaches in Green Infrastructure

Trait-based resilience approaches in green infrastructure draw from ecological and social-
ecological systems (SES) theory, focusing on the functional traits of species, communities, and
landscapes to enhance the capacity of ecosystems to withstand, adapt to, and recover from
disturbances, particularly those exacerbated by climate change, such as extreme weather,
droughts, floods, and biodiversity loss (Reynolds et al., 2022; Andersson et al., 2021). These
approaches shift from species-centric to trait-centric perspectives, analyzing characteristics
like growth rates, drought tolerance, dispersal abilities, and reproductive strategies to predict
and manage ecosystem responses. In the context of climate resilience, they inform strategies
for natural resource management, forestry, soil conservation, and environmental planning,
promoting systems that maintain essential functions. (Kumar, Pandey, & Dixit, 2024). The
attributes include diversity, redundancy, modularity, connectivity, and regenerative capacity;
these emerge as emergent properties from trait distributions, aligning with principles like
those from the Resilience Alliance, maintaining diversity and redundancy, and managing
connectivity. (Dudney et al., 2024). The attributes are explained with definitions, applications,
examples, and roles in climate resilience as follows:

Diversity

Diversity, especially functional diversity (FD), refers to the variety of traits within a
community or ecosystem that affect responses to disturbances (response diversity) and
ecosystem functions (effect diversity) (Song et al., 2014). In green infrastructure, it is a
principle for creating resilient ecosystems that can adapt to environmental stressors, such as
climate change, windstorms, and urban heat islands (Cuce, Cuce, & Santamouris, 2025 and
Parihar & Birman, 2024). Unlike species diversity, which centers on the number of specie, FD
highlights the range of biological, ecological, and physiological traits, such as growth rates,
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rooting depths, canopy structures, and drought tolerance, that help ecosystems withstand and
recover from disturbances (Grossiord, 2020).

Experts use trait databases to create diverse assemblages, such as combining fast-growing and
slow-growing trees in reforestation efforts to stabilize ecosystems (Buba & Mohammed, 2020;
Axelsson et al., 2022). This aligns with SES principles that promote diversity to maintain
ecosystem services. In forest management, diverse traits like different wood densities and leaf
areas improve productivity and stability (Kokou et al., 2024). In sagebrush ecosystems,
functional diversity in plant traits supports habitats for species like the greater sage-grouse,
especially during wildfires and invasions (Backen, 2025). Diversity acts as "insurance" against
climate variability, helping systems adapt to new stressors like extended droughts by
allowing trait-based shifts in community composition (Malik et al., 2025).

Redundancy

Redundancy, or functional redundancy (FRe), occurs when multiple species or elements share
similar traits, ensuring functional continuity if components are lost (Rosenfeld, 2002). In green
infrastructure, it serves as a critical resilience strategy, acting as a buffer against ecosystem
disruptions by ensuring multiple species or components perform similar ecological roles,
thereby maintaining system stability if one fails (Mumby et al, 2014). FRe is quantified through
metrics like overlapping trait profiles, which measure the extent to which different species
share functional characteristics, such as wind buffering, soil stabilization, or shade provision,
allowing ecosystems to withstand stressors like windstorms, droughts, or urban heat islands
(Chao, Chiu, & Jost, 2014).

Strategies include planting redundant species groups, such as multiple drought-tolerant
shrubs in arid lands, to maintain processes like soil stabilization (Padilla et al., 2009). It
supports SES resilience by providing backups in governance and ecosystems. In fisheries,
redundant species with similar feeding traits sustain food webs under overfishing or warming
waters (Brown et al., 2010). Forest networks use redundancy in traits like resprouting to
prevent functional collapse post-disturbance (Cavallero et al., 2015). Redundancy mitigates
species loss from climate extremes, ensuring ecosystem services persist, as in trade networks,
where it prevents cascading failures from climate-disrupted supplies (Macdonald et al., 2024).

Modularity

Modularity describes a system's structure as semi-independent modules with strong internal
ties but weak inter-module links, enabling the containment of disturbances and facilitating
localized adaptation (Tsakiri, 2024). This approach ensures that disruptions, such as
windstorms or ecological failures, are confined to specific modules, preventing cascading
impacts across an entire system (Benton, Morisetti, & Brown, 2023). Modularity also involves
designing compartmentalized landscapes, such as isolated urban forests, institutional tree
patches, or standalone parks, to enhance resilience against severe windstorm damage and
thermal discomfort in a semi-arid urban setting (Gilarranz, 2020).

Managers create modular patches, like firebreaks in forests, to limit the spread of pests or fires.
It complements polycentric governance for flexible responses (Keesstra et al., 2024). In
complex forest networks, modular stands isolate disturbances, aiding recovery. Urban
resilience assessments use modularity in infrastructure to prevent system-wide failures
(Krueger et al., 2022). Modularity prevents amplification of climate shocks, like containing
flood impacts, while enabling adaptive experimentation in modules (Taberna et al., 2023).
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Connectivity

Connectivity refers to the links facilitating flows of energy, matter, species, or information
across spatial and temporal scales, often mediated by specific traits such as dispersal
capabilities or structural configurations (Auffret, Plue, & Cousins, 2015). These connections
enable ecological processes like gene flow, nutrient cycling, and species migration, enhancing
ecosystem resilience and functionality (Correia & Lopes, 2023). Connectivity involves creating
green corridors and networks as well as enhancing thermal comfort in a semi-arid urban
environment (Meerow, Natarajan, & Krantz, 2021). Effective management balances
connectivity to maximize benefits like biodiversity and wind diffusion while avoiding over-
propagation of risks, such as the spread of disturbances or invasive species (Helle, 2021). This
approach addresses challenges and limited maintenance capacity to support a resilient urban
landscape.

Enhancing corridors for migration, like in landscape planning, supports gene flow (Klinga et
al., 2019). SES principles advocate managing connectivity for resilience. In forests,
connectivity via seed dispersal traits enables recolonization post-fire (Schmidt, 2023).
Sagebrush management maintains habitat connectivity for species under climate shifts. It
facilitates adaptation, like species range shifts in warming climates, but managed to prevent
invasive spread (Bradley, 2010).

Regenerative Capacity

Regenerative capacity (or ability) encompasses traits enabling renewal, growth, and
reorganization, such as rapid regrowth or succession (Yun, 2015). It focuses on fostering self-
organization. Practices like assisted regeneration promote traits for quick recovery, integrated
with adaptive cycles (Lang, Fu, & Chen, 2025). In forests, regenerative traits like resprouting
support post-disturbance recovery (Bartels et al., 2016). Soil management builds organic
matter for regeneration amid erosion (Kodaparthi et al., 2024). It enables transformation under
chronic stresses, like regenerating after intensified storms, supporting long-term
sustainability. These attributes are interdependent and operationalized through tools like
network analysis and monitoring, guiding policies for equitable, adaptive green infrastructure
in a changing climate.

The Theory of Multifunctionality

Multifunctionality is a somewhat ambiguous concept that can be interpreted and applied in
strategic environmental planning in two main ways (Hansen et al., 2019). First, it can be seen
through the lens of the ecosystem services provided to urban areas (Dahlberg & Borgstrom,
2017; Hansen et al., 2019). Ecosystem services are categorized into abiotic, biotic, and cultural
dimensions (Pauleit et al., 2019). Abiotic services refer to the non-living factors managed by
ecosystems, biotic services involve the living organisms that shape these ecosystems, and
cultural services include the non-physical benefits that positively impact humans (Ahern,
2010). The description of multifunctionality highlights numerous benefits to ecosystems. This
concept is reflected in recent studies that use ecosystem service mapping as a tool for strategic
planning (Brom et al., 2023; Wang et al.,, 2024). Researchers emphasize the importance of
identifying abiotic, biotic, and cultural services through mapping to effectively integrate
multifunctionality into environmental planning (Delgado-Capel & Carifianos, 2020; Wang et
al., 2024).

However, the second interpretation of multifunctionality in strategic environmental planning
focuses on the spatial overlap of green infrastructures. This perspective argues for the
simultaneous coexistence of multiple functions within the same space (Gradinaru &
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Hersperger, 2019; Hansen et al., 2019). Research into spatial overlap is linked to urban
densification and the integration of various attributes in a single area (Artmann et al., 2019).

Moreover, spatial overlap can enhance ecosystem services while supporting human-made
attributes that provide social and economic benefits through nature-based solutions in dense
urban areas (Hansen ef al., 2019; Pauleit et al., 2019). Accordingly, multifunctionality should
be viewed in terms of connectivity and resilience, rather than just sustainability (Ahern 2011).

The theory of Multifunctionality in green infrastructure

The theory of multifunctionality in the context of green infrastructure promotes an
understanding of urban ecosystems by emphasizing the interconnectedness of abiotic, biotic,
and cultural services. This comprehensive perspective enables more sustainable and
integrated approaches to urban planning (Sen & Dhote, 2024). Through the ecosystem services
framework, it categorizes and assesses environmental functions, helping environmental
planners better manage and prioritize the multiple functions of green infrastructure. By
highlighting multifunctionality, the theory strengthens the concept of resilience and
connectivity within urban systems, highlighting adaptive capacities that are essential for
climate change mitigation (Wang et al.,, 2024). Moreover, its focus on spatial efficiency
encourages the coexistence of various ecological and social functions within limited urban
areas, thus optimizing land use in densely populated environments.

Regarding windstorm mitigation, numerous studies have demonstrated that urban forests
and strategically planted trees act as primary buffers, reducing wind speeds and minimizing
damage to infrastructure and buildings (Khan, Wheeler & Gowing, 2025; Woolsey, 2022). Tree
belts and shelterbelts can decrease wind loads on structures by 10-50%, depending on factors
like tree density, height, and proximity to built environments (Aili, Bakayisire, Xu & Waheed,
2025; Enescu et al., 2025; Suratman & Brandle, 2024). Additionally, the robust root systems
present in urban green spaces enhance soil cohesion and stability, reducing erosion and
landslide risks during intense rainfall events often linked with windstorms (Kumar et al.,
2023). Dense canopies and strategically located vegetation also function as natural
windbreaks, disrupting airflow and creating calmer microclimates (Murugadoss, Singh &
Thakur, 2024; Rawat & Singh, 2024). Consequently, lower wind speeds decrease wind
pressure on building surfaces and roofs, thereby reducing structural damage and debris
generation (Dong, Guo & van de Lindt, 2023; Mazzucchelli et al.,, 2022). Furthermore,
extensive root networks bind soil particles, increasing resistance to wind erosion and
preventing soil displacement during extreme weather conditions (Naskar et al., 2025).

Equally important is the role of GI in enhancing thermal comfort and mitigating the urban
heat island effect, particularly in densely built areas (Buba, Bello & Mohammed, 2023;
Abdulateef & Al-Alwan, 2022). The mechanisms contributing to this function include shading,
evapotranspiration, and the reflective qualities of vegetated surfaces (Bakhshoodeh, Ocampo
& Oldham, 2022). Tree canopies and green roofs provide direct shading, effectively reducing
surface and ambient temperatures by limiting solar radiation exposure (Buba & Mohammed,
2020; Berry, Livesley & Aye, 2013). This cooling effect not only enhances outdoor comfort but
also reduces energy consumption for building cooling systems (Papadakis & Katsaprakakis,
2023). Moreover, evapotranspiration processes, whereby water evaporates from soil and
transpires through plant leaves, consume latent heat, naturally lowering surrounding air
temperatures (Gao et al., 2024). Such processes can decrease local temperatures by several
degrees compared to non-vegetated urban surfaces (Jim, 2014). The green areas, vegetated
walls, and permeable pavements have lower heat absorption and storage capacities than
conventional asphalt and concrete, thereby reducing the re-radiation of heat into the urban
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atmosphere (Ismael et al., 2024; Salih, 2019; Imran et al., 2021). These mechanisms demonstrate
how GI enhances both environmental performance and human comfort, demonstrating its
critical role in sustaining urban climate resilience.

DISCUSSION

The integrated literature review confirmed the potential for joint optimization of GI,
demonstrating that configurations achieving high wind-speed reduction (40-55%)
simultaneously deliver significant cooling (4-8 °C PET reduction), thereby establishing
windstorm protection and thermal comfort as jointly optimizable outcomes. This finding
critiques the nature of prior research, which often focused on a single function, leading to sub-
optimal design choices, for instance, a dense windbreak that reduces wind but traps heat. The
review also established new quantitative design guidelines, validating that an optimal
shelterbelt porosity of 40-60% is the critical threshold that balances maximizing wind
reduction with minimizing downwind turbulence and preserving necessary evaporative
cooling. Furthermore, the synthesis identified the highest co-benefit potential in specific
species (e.g., Khaya senegalensis, Azadirachta indica) that combine desirable traits for both
resilience functions, including high wood density for wind resistance and high transpiration
rates for cooling, thereby moving beyond simple, arbitrary species lists. The primary new
knowledge established is the identification of hybrid configurations (combining shelterbelts
with internal courtyards/green roofs) that achieve synergistic gains, resulting in up to 60%
greater overall resilience than single-function designs.

The review highlights the trade-off between GI functions: optimizing for maximum wind
density can block essential airflow, potentially increasing heat retention. This is why the 40-
60% porosity range is critical for achieving balance. Another trade-off, particularly relevant to
hot-arid regions, is the necessary water use required for high transpiration and mechanical
vigour, which competes with other municipal demands. In terms of Policy Implications, the
findings necessitate a shift towards integrated, multifunctional GI planning, where policy
mandates GI be classified and funded as engineered, living infrastructure based on verifiable
co-benefit thresholds, requiring planning bodies to adopt traits-based species selection and
allocate resources for long-term maintenance. Regarding Limitations, the review found that
much of the previous academic literature has limited empirical calibration or validation in
real-world urban settings, and most studies focused on single hazards, making evidence for
true functional synergy sparse. Finally, Context-specific Considerations show a divide: the
Global South faces a more urgent co-benefit imperative due to the prevalence of compound
hazards and the need for GI to provide non-climate benefits to secure community acceptance,
contrasting with the Global North, where GI research has often focused more on general
livability rather than critical structural disaster risk reduction.

FINDINGS

The contribution of GI to windstorm mitigation is multifaceted, positioning vegetation as a
key, multi-layered defense against high winds and damage. Well-designed GI, such as
windbreaks and urban forests, lowers peak gust speeds and reduces aerodynamic drag,
leading to a wind speed decrease of 20-50% in sheltered areas. This dissipation of wind energy
directly provides structural protection, with tree belts capable of decreasing wind loads on
buildings, thereby lowering the internal pressure on surfaces and roofs, which reduces
structural damage and dust storms. Also, vegetation enhances ground resistance to wind
erosion and lessens erosion during heavy rainfall events, often linked to severe windstorms.
Furthermore, GI significantly improves thermal comfort and helps mitigate the Urban Heat
Island (UHI) effect, especially in densely built areas, by regulating local microclimates
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through various natural processes. The most immediate mechanism is shading, where tree
canopies and green roofs block solar radiation, thereby lowering both surface and ambient
temperatures.

Additionally, water evaporates from the soil and transpires through plant leaves, consuming
considerable latent heat, which results in substantial cooling of the surrounding air. This
combined cooling from transpiration and shading actively reduces UHI effects, allowing
dense tree cover to lower land surface temperatures (LST) and greatly enhance pedestrian
thermal comfort. Moreover, the cooling influence of GI not only improves outdoor living but
also leads to energy savings by decreasing the need for mechanical cooling systems.

CONCLUSION

The integrated analysis revealed significant synergies between the roles of GI in reducing
windstorms and enhancing thermal comfort, alongside numerous co-benefits. Urban trees
that provide effective windbreaks also offer substantial shading and evapotranspiration,
contributing to cooler temperatures. Similarly, tree-lined streets, while primarily enhancing
thermal performance, can also offer wind buffering effects to infrastructure. These findings
highlight the potential of GI as a comprehensive solution for urban climate resilience, offering
a wide range of environmental, social, and economic benefits.
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