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A B S T R A C T

This study presents a transformative framework for building sustainable urban landscapes that are resilient to the 
escalating heat stress challenges exacerbated by global warming and urban heat islands. In contrast to traditional 
research that views landscapes as passive cooling tools, ignores heat damage, and adopts a static perspective on 
landscape heat resilience, this study innovatively redefines landscapes as dynamically sustainable systems, 
emphasizing their ability to withstand, recover from, and adapt to extreme heat and focusing on the dynamics of 
their cooling efficiency. The need for resilient landscape systems to support urban vitality and environmental 
health is argued by parsing the interconnections between landscape, climate, and human activities, detailing how 
user behavior patterns, exposure times, and demographic characteristics can inform planning and management. 
The framework follows the logic of the landscape industry and forms a pathway through the entire cycle, 
including heat vulnerability assessment, resilient landscape planning, spatial design, heat management practices, 
and post-evaluation. Heat vulnerability is assessed using tools such as remotely sensed data, meteorological 
observations, drone thermal imagery, and ground-based monitoring systems, with measures such as land surface 
temperature, vegetation indices, and thermal comfort indicators. Facing potential obstacles like financial con
straints, technical difficulties, and political resistance, the framework employs cost-effective designs, adaptive 
technologies, and policy incentives to ensure feasibility. The study’s insights contribute to a broader under
standing of landscape heat resilience, providing actionable guidance to enhance urban landscapes’ thermal 
comfort, ecological robustness, and overall resilience in the face of intensifying climate and impacts.

1. Introduction

Global warming and urban heat islands (UHI) are intensifying heat 

stress on urban ecosystems, with future heat waves expected to become 
more severe and frequent (Cui et al., 2024; Santamouris & Kolokotsa, 
2015). Regional disparities are pronounced: while cold stress decreases 
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in higher latitudes, tropical and subtropical regions face sharp increases 
in heat stress frequency and duration (Hamed et al., 2024). Heat waves 
have intensified particularly in tropical and polar regions, with hotspots 
in the Middle East, North Africa, and Mediterranean (Zhang et al., 
2022), while South America shows rising heat stress hours across 
climate zones (Miranda et al., 2024). These extreme heat events damage 
infrastructure, cause financial losses, and disproportionately affect 
vulnerable populations, while increased reliance on mechanical cooling 
creates negative feedback loops of energy demand (He, 2023; Xu et al., 
2016). This underscores the urgent need for sustainable, 
climate-sensitive urban heat mitigation strategies.

Nature-based solutions (NBS) offer a sustainable approach to urban 
heat mitigation by modifying urban surface energy balances through 
vegetation and water systems (Augusto et al., 2020). Defined as 
cost-effective, nature-supported responses that deliver environmental, 
social, and economic benefits (Qiu et al., 2021; Stange et al., 2022), NBS 
include green roofs, urban forests, and vegetated facades that enhance 
evapotranspiration, improve albedo, and provide shading. These mea
sures help create cooler microclimates and reduce the impact of extreme 
heat (Li & He, 2025).

In this study, “landscape” refers to both natural and artificial outdoor 
systems in urban contexts, including vegetation, water, built structures, 
and open spaces that support human activities. As key carriers of nature- 
based solutions (NBS), their thermal performance depends on design, 
construction, and management. Promoting NBS can reshape urban 
landscape form and perception, influencing both microclimate and 
public acceptance (Raymond et al., 2023). Understanding this interac
tion helps build a positive feedback loop that supports thermal comfort 
and livable spaces. Artificial components, such as shading structures and 
paving materials, also contribute to outdoor heat mitigation 
(Santamouris et al., 2012).

However, landscapes are increasingly vulnerable to heat. Vegetation 
may decline, water bodies dry out, and materials degrade during 
extreme events (Esperon-Rodriguez et al., 2025). Blue-green infra
structure faces risks like desiccation, wildfires, and structural fatigue 
(Cai et al., 2012), while poor material choices or excessive irrigation can 
worsen environmental degradation (Gober et al., 2009). These threats 
highlight the need to go beyond mitigation and integrate resilience and 
recovery strategies.

While existing research highlights the cooling function of landscapes, 
it often overlooks their ability to recover from heat-induced damage. In 
practice, urban landscapes—such as green roofs and street vegeta
tion—are vulnerable to degradation during extreme heat, leading to 
performance loss and safety concerns (Haase & Hellwig, 2022; Percival, 
2023). Without timely recovery strategies, these systems may fail to 
deliver climate services and could even worsen heat exposure risks 
(Gräf, Immitzer, Hietz, & Stangl, 2021; Kraemer & Kabisch, 2022).

To bridge this theoretical and practical gap, this study proposes a 
framework for landscape heat resilience that integrates heat resistance 
and self-organizing capacity as interdependent elements of an adaptive 
system. Rather than viewing landscapes as static assets, we conceptu
alize them as dynamic systems that buffer and respond to thermal stress 
through spatial, ecological, and operational mechanisms.

The objectives of this study are threefold: 

i) Define “heat resilience” within sustainable urban landscapes, 
clarifying its scope and functions;

ii) Explore the coupled dynamics between landscape form, urban 
heat, and human activity, revealing landscapes’ dual role in heat 
formation and mitigation;

iii) Develop a full-cycle implementation pathway—covering data 
acquisition, planning, design, operation, and post-eval
uation—for informed, resilient landscape management.

2. The role of landscape in urban heat

2.1. Landscape

Landscape serves as a "second nature" that supports human outdoor 
activities and reconnects people with natural systems. It is comprised of 
an integrated network of blue-green infrastructure (e.g., parks, rivers, 
and vegetated corridors) and grey infrastructure (e.g., buildings, roads, 
and public facilities). Effective planning, design, and management are 
key to maintaining these spaces. Urban green systems comprise diverse 
types—such as parks, residential greens, transport corridors, and per
i‑urban buffers. Landscapes provide essential ecosystem services, 
including air purification, microclimate regulation, and biodiversity 
support, as well as social benefits like aesthetics, mobility, leisure, cul
tural expression, and public well-being.

2.2. Transformative interactions in sustainable landscape systems for heat 
resilience

Landscape heat resilience emerges from the dynamic interactions 
between three interconnected subsystems: landscape, urban heat, and 
human activity (Fig. 1). These elements form a feedback triangle where 
each component simultaneously influences and responds to the others, 
creating complex adaptive cycles that determine the thermal perfor
mance and livability of urban environments.

2.2.1. Mutual feedback between landscape and urban heat
Urban landscapes and urban heat are tightly interconnected through 

mutual feedback. Landscape features—such as vegetation, water, sur
face materials, and spatial form—shape local thermal conditions, while 
urban heat stressors like elevated temperatures and moisture deficits 
affect landscape health and performance.

Vegetation serves as the primary thermal regulator through multiple 
cooling mechanisms. Shading provision reduces direct solar radiation, 
while evapotranspiration creates localized cooling through moisture 
release (Lenzholzer & Brown, 2016). Green spaces with dense canopy 
coverage, vertical greening systems, and water bodies provide cooling 
through evapotranspiration and shading, with reduced heat storage 
(Zhai, Ren, Xi, Tang, & Zhang, 2021). At the material level, surfaces with 
high albedo or permeability facilitate heat dissipation (Cao et al., 2020), 
while spatial attributes—including vegetation height, spacing, and 
connectivity—influence airflow patterns and shading effectiveness, 
directly shaping the intensity of localized heat islands (Lucchi et al., 
2024).

Conversely, persistent heat stress creates vegetation stress and 
ecosystem degradation. Prolonged heat exposure and moisture deficits 
lead to plant wilting, reduced biodiversity, and increased irrigation 
demands (Boucher-Lalonde et al., 2012; Percival, 2023). Soil desiccation 
and vegetation fragmentation amplify these stresses, while hardscape 
elements experience material degradation—cracking or warping under 
extreme temperatures—reducing both functionality and aesthetic value 
(Esperon-Rodriguez et al., 2025; Gräf, Immitzer, Hietz, & Stangl, 2021).

This bidirectional feedback has direct implications for heat resil
ience. Landscapes must not only regulate heat but also withstand and 
recover from heat stress. Accounting for this dynamic is essential to 
designing systems that integrate heat resistance with self-organizing 
capacity, enabling long-term adaptive performance under climate 
extremes.

2.2.2. Mutual feedback between landscape and human activity
The relationship between landscape and human activity is inherently 

reciprocal. Urban landscapes provide essential thermal, ecological, and 
social functions, while being continuously reshaped by human behavior 
and land-use decisions—especially under growing heat stress.

Access to shaded streets, parks, and vegetated corridors enhances 
thermal comfort, encourages outdoor activity, and reduces heat-related 
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stress (Douglas et al., 2017; Sandifer et al., 2015). In hot climates, 
vegetated environments help reduce dependence on mechanical cooling 
and promote well-being (Sanusi & Bidin, 2020). Beyond physical com
fort, landscapes also support cultural and psychological benefits, 
contributing to urban resilience and equity (Mahmoud, 2011).

At the same time, human activity strongly influences landscape 
resilience. Urban expansion often replaces green cover with impervious 
surfaces, intensifying heat accumulation. Aesthetic preferences or poor 
usage patterns—like overuse during heatwaves or vandalism—can 
degrade landscape quality and impair ecological function (Raymond 
et al., 2023). Conversely, proactive behaviors—such as tree planting, 
community gardening, and user-informed design—can enhance vege
tation health and promote stewardship (Astell-Burt & Feng, 2019). In 
heat-vulnerable areas, incorporating user behavior, mobility patterns, 
and thermal needs into planning ensures that landscapes function 
effectively as thermal refuges (Chen et al., 2021).

Recognizing this feedback loop is key to adaptive planning. Human 
behaviors reshape landscapes, and in turn, landscapes influence how 
people live and cope with heat. Designing for this mutual influence 
ensures landscapes evolve alongside shifting urban needs and climate 
realities.

2.2.3. Feedback between human activity and urban heat
Human activity both contributes to and is shaped by urban heat. At 

various scales, from urban design to daily behavior, anthropogenic ac
tions intensify heat stress—while rising temperatures, in turn, constrain 
human movement, comfort, and health (Huang et al., 2024b).

Urbanization transforms vegetated surfaces into impervious mate
rials, reducing albedo and evapotranspiration, thereby strengthening 
urban heat island (UHI) effects (Rizwan et al., 2008). Dense building 
layouts lower sky view factors and hinder natural ventilation, while 

widespread air conditioning and transport emissions further elevate 
local temperatures, creating a self-reinforcing feedback loop of heat and 
energy use.

Urban heat also impacts behavior. Rising temperatures reduce out
door activity, shift mobility patterns, and heighten risks for vulnerable 
populations, including the elderly, children, and those with chronic 
illnesses (Sampson et al., 2013). Prolonged exposure can lead to dehy
dration, fatigue, reduced cognitive function, and productivity loss 
(Mahmoud, 2011; Orlov et al., 2020; Sanusi & Bidin, 2020).

In areas lacking shade or green infrastructure, these effects are 
magnified, exacerbating social inequalities and increasing reliance on 
energy-intensive cooling (Sanusi & Bidin, 2020). Adaptive inter
ventions—such as passive cooling design, shaded public spaces, and 
behavior-informed planning—can help turn this feedback from negative 
to regenerative.

Understanding the interaction between heat and human behavior is 
vital for climate-resilient urban design. Integrating exposure data, 
vulnerability profiles, and behavioral insights supports equitable, 
adaptive responses in increasingly heat-stressed cities.

3. Approach to framework development

This study conducts a framework review to develop a structured 
approach to enhancing landscape heat resilience in sustainable urban 
environments. Rather than relying on empirical methods, it draws on a 
systematic and integrative literature review to synthesize existing 
knowledge, identify gaps, and construct a conceptual model. The 
following outlines the review process.

To ensure the relevance and specificity of the literature, a systematic 
search was conducted in Scopus and Web of Science. A Boolean search 
strategy was employed, combining landscape-related terms with heat 

Fig. 1. Transformative interactions in sustainable landscape systems for heat resilience.
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resilience-related terms using the “AND” operator, in order to retrieve 
studies that simultaneously address both aspects.

The landscape-related terms include: landscape, nature-based solu
tions, green infrastructure, blue infrastructure, outdoor environment, 
park, and urban design/planning.

The heat resilience-related terms include: heat resilience, thermal 
resilience, heat mitigation, thermal mitigation, heat adaptation, thermal 
adaptation, heat stress, thermal comfort, heat vulnerability, thermal 
vulnerability, heat risk, thermal risk, heat exposure, thermal exposure, 
urban heat, and urban microclimate.

This structured search strategy was designed to enhance the preci
sion of the literature selection process and ensure the inclusion of 
interdisciplinary studies that link landscape-based approaches with 
strategies for mitigating urban heat and enhancing climate resilience.

The initial search yielded a total of 9581 articles. After removing 
duplicates and non-peer-reviewed sources, 4897 records remained. Ti
tles and abstracts were then screened based on their relevance to both 
landscape-based strategies and heat resilience in urban environments. 
Articles were excluded if they focused solely on either landscape or heat- 
related issues without establishing a clear connection between the two, 
or if they addressed rural rather than urban contexts. Full-text screening 
was subsequently conducted for 1697 articles that met the inclusion 
criteria. Finally, 105 articles were selected for inclusion, prioritizing 
highly cited and recently published studies due to the large volume of 
relevant literature.

The framework was developed in stages: (i) defining core concepts 
(Section 4.1), (ii) establishing hierarchical objectives bridging theory 
and practice (Section 4.2), and (iii) proposing implementation pathways 
informed by landscape planning, urban climatology, and sustainability 
literature (Section 5).

4. Landscape heat resilience system for sustainable urban 
environments

4.1. The connotation of heat resilience in landscapes

In the face of intensifying climate change, landscape heat resilience 
has emerged as a critical framework for sustainable urban environments. 
Unlike conventional approaches that treat landscapes as passive cooling 
agents, landscape heat resilience refers to the dynamic capacity of urban 
landscape systems to withstand, adapt to, and recover from extreme heat 
events while maintaining their ecological integrity and social functions. 
This resilience encompasses two interdependent dimensions: heat 
resistance and self-organizing capacity.

Heat resistance addresses how landscape components withstand 
elevated temperatures through strategic design interventions. Effective 
resistance requires optimizing vegetation layouts, selecting heat- 
tolerant materials, and configuring spatial arrangements that mitigate 
urban heat island effects and promote microclimatic regulation.

Self-organizing capacity represents the system’s ability to autono
mously restore ecological functions following heat stress. This dimen
sion emphasizes designing landscapes with intrinsic adaptability, 
enabling natural processes to facilitate recovery through ecological 
connectivity and diversity.

The integration of both dimensions is essential for urban sustain
ability. Heat-degraded landscapes can trigger cascading impacts—ele
vated temperatures, biodiversity loss, increased energy demand, and 
reduced livability—particularly affecting vulnerable communities. 
Therefore, embedding comprehensive resilience capacity into landscape 
planning is critical for ensuring both immediate urban safety and long- 
term climate adaptation.

4.1.1. Heat resistance
Heat resistance encompasses how landscapes endure extreme tem

perature fluctuations through two interrelated dimensions: exposure 
and vulnerability. These dimensions reveal complex interactions 

between natural systems and human interventions (Depietri, 2020; Yu 
et al., 2021).

Exposure represents the degree and spatial extent of landscape sub
jection to elevated temperatures, influenced by internal and external 
factors. Internally, vegetation cover provides crucial cooling through 
shading, significantly reducing heat exposure. Topographical features 
(valleys versus open areas) influence heat distribution and retention, 
while soil type and moisture content determine heat absorption and 
release capacity. Externally, climate change and UHI effects increase 
extreme heat frequency, elevating exposure risk. Microclimatic condi
tions create spatial variability in heat stress experience.

Vulnerability encompasses the sensitivity of both natural and artifi
cial landscape elements to heat stress. For blue-green infrastructure, this 
is expressed as ecological degradation: heat and drought can cause plant 
mortality, reduce biodiversity, and deplete water resources, with limited 
ecological connectivity hindering recovery. For grey infrastructure, 
vulnerability involves both material and systemic failures. High tem
peratures can lead to discoloration, cracking, and deformation of ma
terials. More critically, extreme heat can cause pavement buckling, 
thermal expansion in bridges and railway tracks, and place significant 
strain on energy grids due to heightened cooling demands. Additionally, 
the layout of built elements, such as dense building configurations, can 
trap heat and exacerbate local stress, compromising the functionality of 
critical urban systems. Inadequate heat warning systems intensify these 
vulnerabilities across all landscape types during extreme events.

4.1.2. Self-organizing capacity
Self-organizing capacity refers to a system’s ability to autonomously 

restore functional and structural balance following stress without 
relying solely on external interventions (Shen et al., 2023). In landscape 
heat resilience, this emphasizes not merely returning to pre-disturbance 
states, but adapting and re-establishing critical services—microclimate 
regulation, biodiversity support, and thermal comfort—after extreme 
heat events. This capacity depends on internal feedback mechanisms 
and varies with landscape composition, ecological connectivity, and 
regenerative resources availability.

Natural elements possess inherent self-organizing mechanisms 
through ecological processes like seed dispersal, root sprouting, and 
nutrient cycling under favorable conditions (Vloon et al., 2022). Arti
ficial elements lack regenerative potential and require human mainte
nance. Parks exemplify this contrast: heat-tolerant shrubs may 
regenerate within one growing season, restoring cooling functions 
(Urban et al., 2023), while damaged artificial elements need external 
resources for functionality recovery.

Evaluating self-organizing capacity requires assessing: (i) recovery 
level—fraction of pre-event canopy signal regained, and (ii) recovery 
cycle—time until stabilization (Fig. 2). Multi-temporal studies show 
three-band Slope vegetation index (SVI) outperforms two-band NDVI/ 
EVI by suppressing soil, asphalt, and water backgrounds, accurately 

Fig. 2. Differentiated self-organizing responses of natural and artificial ele
ments after heat events.
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tracking vegetation stress and rebound in heterogeneous urban mosaics 
(Zhao, Pan, Ren et al., 2024, 2024). 

SVI = ρNIR −

(

ρgreen +
ρSWIR1 − ρgreen

λSWIR1 − λgreen
×
(
λNIR − λgreen

)
)

(1) 

where ρ is surface reflectance (sr) and λ is band centre-wavelength (µm).
To accurately account for seasonal vegetation dynamics in the 

assessment of recovery, the recovery level (RLt) using SVI at any 
checkpoint t is defined as: 

RLt =
SVIt − SVIpost

SVIbaseline, t − SVIpost
× 100% (2) 

Where:
SVIt is the SVI value at the observation checkpoint t.
SVIpost is the SVI value from the first cloud-free scene acquired ≤7 

days after extreme heat events, representing initial post-disturbance 
vegetation state.

SVIbaseline,t is the phenological baseline representing historical 
average SVI for the same calendar period as checkpoint t. This baseline 
derives from multi-year (5–10 years) historical data from years without 
significant heat events, reflecting expected SVI for healthy vegetation 
during that time period. Observation checkpoints include +30d, +90d, 
and +180d post-event (Rynkiewicz et al., 2025; Zhang et al., 2024).

Recovery studies show RL curves flatten when increment between 
consecutive composites falls below 2 %—coinciding with field- 
measured LAI and ecological recovery. The first date meeting this con
dition (Δt = one composite, e.g., 30 days) defines the recovery cycle.

This SVI-based framework provides robust, replicable methodology 
for measuring self-organizing capacity across urban settings. However, 
due to inherent differences in landscape composition, ecological con
nectivity, and built environment context, urban areas experiencing 
identical extreme heat intensity may exhibit significantly different self- 
organizing capacity outcomes.

4.2. Objectives of landscape heat resilience systems

Climate change and UHI pose unprecedented challenges to urban 
landscapes, necessitating clear heat resilience objectives in landscape 
planning. We identify three hierarchical objectives transforming passive 
heat response into proactive adaptation (Fig. 3): 

1) Maintaining structural integrity: Preserve landscape stability under 
heat stress through robust self-protection mechanisms preventing or 
enabling recovery from heat damage to vegetation (mortality, wilt
ing) and infrastructure (material degradation, deformation).

2) Sustaining essential functions: Ensure continuous ecosystem services 
and social benefits delivery during heat stress, maintaining land
scape capacity to provide environmental services and support human 
activities despite heat perturbations.

3) Providing cooling benefits: Maximize landscape microclimate regu
lation potential. Resilient landscapes actively modify local thermal 
conditions, serving as critical cooling agents protecting other urban 
systems during heat waves.

These objectives represent progressive shift from survival to active 
urban heat adaptation contribution. When unmet—due to delayed re
covery, design failure, or inadequate institutional support—vulner
abilities cascade through urban systems, causing intensified UHI effects, 
increased health risks, degraded infrastructure performance, and 
growing social inequities. This reinforces designing landscapes that 
resist heat stress while enabling autonomous and policy-supported re
covery as integral components of holistic urban adaptation strategies.

5. Pathways to implementing landscape heat resilience systems

Most existing frameworks adopt fragmented approaches treating 
landscapes as static cooling tools, overlooking dynamic capacities for 
heat resistance and self-organizing recovery. Our proposed framework 
explicitly integrates these core aspects—heat resistance (exposure and 
vulnerability) and self-organizing capacity (recovery level and cycle)— 
into a systematic implementation process (Fig. 4).

The pathway begins with detailed vulnerability assessment clarifying 
landscape exposure and vulnerability, forming the basis for enhancing 
heat resistance through planning and design interventions. Strategic 
planning and spatial design steps directly minimize exposure, mitigate 
vulnerability, and optimize ecological conditions promoting efficient 
recovery. Recognizing that extreme heat events may exceed natural 
recovery thresholds, the framework includes targeted operational 
management applying artificial interventions, ensuring rapid restora
tion when landscapes’ intrinsic self-organizing capacities prove insuffi
cient. Finally, rigorous post-evaluations continuously assess landscape 
performance, informing adaptive improvements that strengthen capac
ities for both resistance and autonomous recovery under future climatic 

Fig. 3. Objectives of landscape heat resilience systems.
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stresses.

5.1. Identification of heat vulnerability scenarios for landscapes

Effectively identifying heat vulnerability scenarios is fundamental to 
enhancing landscape heat resistance by characterizing exposure and 
vulnerability at multiple scales. We propose a multi-scale downscaling 
framework integrating urban-scale thermal analyses, district-level 
microclimate characterization, site-specific monitoring, and predictive 
climate simulations to evaluate and prioritize heat resilience strategies 

(Fig. 5).
At the urban scale, heat exposure patterns are assessed using remote 

sensing and open-source datasets—LST, vegetation indices, land cover, 
and population density—to identify areas with highest exposure and 
vulnerability (Chen et al., 2023). Macro-level analyses prioritize stra
tegic interventions addressing critical hotspots. In Seville, Spain, Land
sat 9 data with Local Climate Zone mapping identified 11 % of 
residential areas as high heat hotspots (Sola-Caraballo et al., 2025). In 
Alabama, USA, LST integration with population density and social 
vulnerability metrics produced effective city-scale heat vulnerability 

Fig. 4. Pathways to implementing landscape heat resilience systems.

Fig. 5. Heat vulnerability identification framework based on multi-source data and scale transitions.
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maps (Fall, Coulibaly, Quansah, & El Afandi, 2023).
At the district scale, vulnerability is refined through high-resolution 

thermal imaging and drone-collected point cloud data, identifying crit
ical microclimatic zones with sparse vegetation or poor ventilation 
requiring targeted strategies. Continuous 24-hour drone monitoring 
captures dynamic heat exposure variations at neighborhood levels. 
Dimitrov et al. (2024) developed UAV-based approaches detecting 
microscale urban heat islands and ranking intervention areas based on 
local temperature differentials.

At the site scale, minute-by-minute meteorological monitoring in
tegrates with user questionnaires and behavioral observations to char
acterize vulnerability through environmental conditions and human 
thermal experiences. This provides pedestrian-level insights enabling 
highly localized interventions enhancing specific landscape heat resis
tance. Kim and Brown (2022) combined weather stations and cameras to 
obtain thermal conditions in a street canyon and analyzed their effects 
on pedestrian behavior.

Predictive scenario modeling using ENVI-met, WRF, and CFD en
hances heat resilience planning by anticipating vulnerability pattern 
evolution under different climate trajectories. Liu et al. (2025) proposed 
a downscaling framework combining WRF-UCM and ENVI-met to pre
dict pedestrian-layer air temperature and humidity with high accuracy, 
supporting future heat vulnerability distribution predictions.

5.2. Planning for heat-resilient landscape systems

Effective planning of heat-resilient landscape systems requires 
addressing two core resilience dimensions: heat resistance through 
reduced landscape exposure and vulnerability, and self-organizing ca
pacity through enhanced recovery level and shortened recovery cycles. 
Our methodology systematically integrates spatial heterogeneity of 
three essential landscape elements—impervious surfaces, green spaces, 
and water bodies—with advanced multi-source remote sensing in
dicators and physical parameter models. This integration enables precise 
quantitative analysis and spatial representation of each element’s ca
pacity to withstand heat stress and autonomously recover following 
extreme heat events (Fig. 6).

Building upon the Local Climate Zone (LCZ) classification frame
work, we introduce an enhanced indicator system at the fundamental 
parameter level (including building height, building density, NDBI, 
NDVI, and MNDWI) (Zou et al., 2025). This system provides targeted 
improvements specifically designed to strengthen landscape resistance 
and recovery capabilities.

The framework addresses three critical urban elements through dy
namic parameter integration. Water bodies incorporate surface area to 
depth ratio, hydrologic connectivity, evapotranspiration rate, and water 
temperature, moving beyond static measures like MNDWI to explicitly 
model dynamic cooling potential and support rapid ecological recovery. 
Green spaces are characterized through aspect ratio, ecological con
nectivity, leaf area index (LAI), and evapotranspiration rate to maximize 
heat resistance and self-organizing capacities, directly informing stra
tegies to enhance vegetative cover and ecological connectivity. Imper
vious surfaces utilize new indicators including surface reflectance, 
specific heat capacity, windward surface density, and building curva
ture, surpassing traditional two-dimensional analysis to address how 
building morphology intensifies urban heat island effects.

A hybrid modeling approach coupling surface energy balance 
equations and fluid dynamics quantifies landscape resilience perfor
mance. The water body system simulates thermal diffusion pathways 
through hydrologic connectivity networks, delineating cooling radiation 
zones based on temperature gradients. The green space system dynam
ically simulates shading and evapotranspiration cooling effects using 
LAI and solar altitude angle models combined with canopy turbulence 
exchange modeling. The impervious surface system captures synergistic 
impacts of building curvature, reflectance, and thermal capacity, illus
trating how building morphologies amplify local heat intensity and 
informing morphological planning strategies.

Implementation of this integrated methodology is achieved through 
GIS platform overlay analysis. By combining cooling capacity index 
(CCI) and effective radius (ER) data for blue-green cooling sources with 
high-temperature heat-source distribution (Han et al., 2023), a 
comprehensive thermal risk level map is generated to explicitly guide 
planning and decision-making processes. This approach enables tar
geted interventions that systematically strengthen both resistance and 
self-organizing recovery capabilities of urban landscape systems.

5.3. Heat resilience design for diverse landscape spaces

The design of landscape spaces plays a critical role in directly 
enhancing urban heat resilience by strategically strengthening their 
capacities for heat resistance (reducing exposure and vulnerability) and 
self-organizing recovery (improving recovery level and shortening re
covery cycle). Recognizing that different landscape typologies exhibit 
distinct thermal responses and resilience capacities, this section sys
tematically synthesizes resilience mechanisms from previous studies and 
proposes targeted optimization pathways for enhancing each typology’s 

Fig. 6. Heat-resilient landscape planning based on multi-source data and hybrid thermal models.
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heat resilience (Fig. 7).

5.3.1. Urban parks
Urban parks are central to green infrastructure, providing cooling 

benefits through their size and spatial layout. Moderately sized, elon
gated parks can significantly reduce surrounding temperatures, chal
lenging the common belief that larger parks have greater cooling effects 
(Chen et al., 2012). Vegetation configuration is essential for optimizing 
cooling (Q. Li et al., 2024). Employing native plant species adapted to 
local climatic conditions can effectively improve both vegetation re
covery level and shorten recovery cycles following heat stress (Parmesan 
& Hanley, 2015). Incorporating water bodies covering significant park 
areas (>70 %) can further augment heat resistance through evapo
transpiration and air circulation, creating stable microclimatic condi
tions (Deng et al., 2023; Sharma et al., 2016). Integrated blue-green 
systems, such as wetlands, optimize synergistic cooling and ecological 
recovery, significantly enhancing parks’ autonomous resilience capa
bilities (Li et al., 2024b).

5.3.2. Residential green spaces
The heat resilience of residential areas hinges on the synergistic 

design of green spaces and the built environment (grey infrastructure). 
High building density and impervious surfaces are known to exacerbate 
heat stress, increasing cooling energy demand by 20–30 % compared to 
well-vegetated areas (Qi & He, 2023). Therefore, a holistic approach 
that integrates both green and grey strategies is essential.

Resilience can be enhanced by directly addressing the grey infra
structure itself. This includes adopting passive cooling designs for 

buildings, such as optimizing orientation for natural ventilation and 
using external shading devices (e.g., awnings and louvers) to minimize 
solar heat gain. Furthermore, innovative materials for building enve
lopes play a crucial role; strategies such as cool roofs and high- 
reflectance facades can significantly reduce heat absorption and trans
fer into the building, thereby lowering indoor temperatures and cooling 
energy demands (Tyagi & Danish, 2025).

The deep integration of green and grey elements offers further ben
efits. Rooftop gardens and vertical greening systems should be viewed 
not just as aesthetic additions, but as direct modifications to the thermal 
performance of buildings. They provide an insulating layer that reduces 
energy consumption while actively cooling the surroundings through 
evapotranspiration (Nasr, El Zakhem, Hamami, El Bachawati, & Belarbi, 
2024; Pisello, 2017) . This synergy is critical, as plants themselves can 
experience stress from heat radiated by grey infrastructure, such as air 
conditioning units (Qin, 2015), necessitating careful selection of 
heat-tolerant species.

Ultimately, a comprehensive strategy combining passive building 
design, advanced materials, and integrated green systems can system
atically reduce heat exposure and vulnerability in residential spaces. 
Supporting these physical designs with adaptive technologies like smart 
irrigation and drought-resistant plant selection ensures both the resis
tance of the built environment and the self-organizing recovery capacity 
of the living landscape (Kim et al., 2023; Livesley et al., 2021; Qi et al., 
2021; Tan et al., 2020).

5.3.3. Green transportation corridors
Green transportation corridors are critical for urban heat resilience, 

Fig. 7. Typology-based heat resilience design strategies for landscape spaces.
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requiring an integrated design of both green and grey infrastructure to 
protect pedestrians and ensure system functionality (Li & He, 2025). 
While vegetative components like street trees can significantly reduce 
local temperatures (by up to 2.3 ◦C) (Shashua-Bar et al., 2006), their 
effectiveness is amplified when combined with resilient grey infra
structure design.

A key strategy is the use of advanced materials for surfaces. Instead 
of conventional asphalt, cool pavements with high solar reflectance 
should be employed to lower surface temperatures, reduce heat storage, 
and improve pedestrian thermal comfort (Muniz-Gäal et al., 2020). The 
design of heat-resilient street furniture is also crucial, such as bus shel
ters with insulated or green roofs and ample shaded seating areas.

Furthermore, vegetation plays a protective role for the grey infra
structure itself. Strategically placed trees not only shade pedestrians but 
also cool the microenvironment around critical roadside equipment, 
such as utility boxes and communication nodes, thereby reducing their 
risk of overheating and failure during heatwaves. Therefore, a holistic 
approach that combines the optimization of street canyon geometry, the 
use of advanced materials, the strategic design of street furniture, and 
the selection of multi-layered, heat-tolerant vegetation is essential. This 
integration systematically reduces heat exposure and vulnerability for 
both people and infrastructure, enhancing the corridor’s overall resil
ience and self-organizing capacity (Karimimoshaver, Khalvandi, & 
Khalvandi, 2021; Morakinyo et al., 2020; Shamsaei et al., 2022; Sharifi, 
2021).

5.3.4. Peri-urban green spaces
Peri-urban green spaces, typically located at the urban fringe, serve 

as crucial buffers against heat extremes by providing substantial vege
tative cover that reduces exposure and enhances local microclimates. 
These areas—such as shelterbelts, ecological farmland, or urban-edge 
forest patches—are physically situated within the city’s ecological 
infrastructure, though often spatially close to rural boundaries. Their 
dense vegetation and ecological diversity contribute significantly to 
reducing urban vulnerability by moderating temperature gradients and 
providing temporary cooling refuges during heat waves (Amorim-Maia 
et al., 2023; Kirschner et al., 2023). While climate change increases their 
vulnerability through heightened fire risk and drought, targeted design 
strategies—such as fire breaks, fire-resistant planting, and smart 

irrigation—can enhance their heat resistance. These measures also 
support self-organizing recovery capacity, enabling rapid ecological 
regeneration after disturbances and strengthening the long-term resil
ience of the urban ecological network (Miller et al., 2024).

5.4. Operations and maintenance approaches to enhance heat resilience

Operational management and maintenance practices are essential 
components of landscape heat resilience, playing a crucial role partic
ularly when extreme heat events surpass landscapes’ inherent self- 
organizing recovery capacities. Proactive operational interventions 
can significantly reduce landscape exposure and vulnerability (heat 
resistance), while targeted maintenance enhances ecological recovery 
by improving the recovery level and reducing the recovery cycle (self- 
organizing capacity). Thus, effectively integrating spatial trans
formation, maintenance practices, and supportive governance poli
cies—supplemented by precise human activity data (e.g., user 
vulnerability and activity patterns)—is crucial for reliably maintaining 
and enhancing resilience during and after heat events (Fig. 8).

5.4.1. Spatial transformation
Spatial transformation explicitly targets enhancing landscape heat 

resistance by significantly reducing exposure and vulnerability, espe
cially in densely built or outdated urban areas. Traditional landscape 
designs frequently lack adequate shading, airflow, and vegetation cover, 
resulting in elevated heat exposure. Spatial transformations—such as 
implementing rooftop gardens, vertical greening systems, and micro- 
parks—directly reduce local heat vulnerability, positioned based on 
human activity and vulnerability data (e.g., locating micro-parks near 
playgrounds or rooftop gardens on low-income housing). In areas 
challenged by limited water access, heat- and drought-tolerant plant 
species further reduce vulnerability by ensuring sustained vegetation 
health under extreme heat (Sadok et al., 2021). Incorporating reflective 
materials, misting systems, and closed-loop water features provides 
additional artificial cooling interventions, effectively reducing heat 
exposure beyond the landscape’s natural capacity (Cuce & Riffat, 2016; 
Harmáčková et al., 2022). Combined applications of vegetation, shading 
structures, and soil amendments further support enhanced recovery by 
fostering ecological stability, ensuring sustained landscape resilience 

Fig. 8. Strategies for managing and maintaining heat resilient urban landscapes.

B. Huang et al.                                                                                                                                                                                                                                  Sustainable Cities and Society 131 (2025) 106684 

9 



and rapid ecological recovery after heat disturbances (Amores et al., 
2023).

5.4.2. Maintenance practices
Maintenance practices are crucial to long-term landscape resilience, 

directly enhancing self-organizing recovery capacity by maintaining 
healthy vegetation and resilient infrastructure. Extreme heat stress 
frequently leads to vegetation wilting, reduced canopy density, and 
infrastructure deterioration, significantly increasing landscape vulner
ability and lengthening recovery cycles. Targeted maintenance meas
ures—such as applying water-retaining mulches, soil aeration, and 
organic amendments—directly mitigate heat stress effects, enhancing 
ecological recovery levels and reducing vegetation recovery cycles 
(Cheung et al., 2024; Demirel & Kavdır, 2013). Reflective materials 
applied to tree trunks minimize direct heat damage, further enhancing 
vegetation resilience (Ophardt & Hummel, 2020). Continuous moni
toring of radiation, temperature, and moisture via sensor networks fa
cilitates proactive management, quickly identifying and addressing 
vulnerabilities, particularly in landscapes frequented by vulnerable 
populations (e.g., elderly) (Sato et al., 2024). Regular inspections and 
maintenance of structural elements (e.g., green walls, awnings) addi
tionally ensure continuous heat resistance and robust self-organizing 
capacity, providing timely artificial interventions when landscape con
ditions exceed natural recovery thresholds (Zhao et al., 2023).

5.4.3. Government action and policy support
Governmental policies significantly enhance landscape heat resil

ience by addressing heat resistance and supporting self-organizing re
covery through strategic institutional frameworks. Proactive measures, 
such as early heat-warning systems utilizing predictive analytics, alert 
landscape managers to extreme heat threats, facilitating timely artificial 
interventions and prioritizing protection of vulnerable communities 
(Cui et al., 2024). Strengthening local municipalities’ operational ca
pabilities, particularly in smaller cities, enhances their preparedness and 
responsiveness, directly improving landscape resistance during heat 
extremes. Public awareness and educational campaigns explicitly 
address community vulnerability, reducing exposure by informing citi
zens about heat mitigation and safety practices. Building emergency 

infrastructure systems—including establishing cooling centers, shaded 
seating areas, and water stations in high-traffic urban zones—further 
reduce community heat vulnerability, especially during heatwaves 
exceeding landscapes’ inherent cooling capabilities (Kearl & Vogel, 
2023). Policies mandating green infrastructure integration (e.g., 
water-efficient landscaping, mandatory shade provisions) and financial 
incentives (e.g., tax credits for green roofs) institutionalize proactive 
resilience-building practices, enhancing landscapes’ capacities to with
stand and recover from extreme heat events (Liberalesso et al., 2020). 
Finally, community involvement in policy development ensures inclu
sive decision-making, further aligning governance frameworks with 
diverse community needs and strengthening overall landscape heat 
resilience (Chapman & Schott, 2020).

5.5. Comprehensive post-evaluation strategies for heat resilience

Post-evaluation is essential for ensuring sustained landscape heat 
resilience. This evaluation integrates advanced microclimate moni
toring technologies, user feedback mechanisms, and routine inspection 
practices, thereby establishing a dynamic feedback loop that continu
ously informs adaptive landscape management and improves future 
resilience outcomes (Fig. 9).

5.5.1. Microclimate monitoring with advanced technologies
Advanced monitoring technologies, including weather stations and 

drone-based thermal imaging systems, significantly enhance our ability 
to measure, evaluate, and optimize landscape heat resistance. Drones 
equipped with thermal sensors precisely identify landscape areas with 
elevated heat exposure and vulnerability, pinpointing hotspots where 
existing cooling strategies may be inadequate or failing (Duffy et al., 
2021). These detailed aerial assessments guide targeted interventions 
aimed specifically at reducing exposure and vulnerability. Additionally, 
ground-based weather stations continuously record microclimatic data. 
This high-resolution, real-time data directly supports the proactive 
management and adaptive maintenance of landscapes, ensuring in
terventions effectively reduce heat vulnerability and maintain optimal 
conditions for ecological recovery, thus enhancing landscapes’ 
self-organizing capacity following heat disturbances.

Fig. 9. Workflow for post evaluation of urban landscape heat resilience.
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5.5.2. User feedback as a driver of adaptation
User feedback plays a critical role in evaluating the effectiveness of 

heat resilience strategies, particularly by providing real-world insights 
into landscape performance concerning human exposure and perceived 
vulnerability during heat events. Surveys, interviews, and online 
engagement platforms directly capture user experiences and highlight 
specific resilience gaps, such as insufficient shading, uncomfortable 
conditions, or inadequate cooling infrastructure. When feedback reveals 
shortcomings, landscape architects, climate specialists, and local poli
cymakers collaborate promptly to pinpoint underlying causes and 
implement targeted improvements. Quick adaptive adjustments, such as 
altering maintenance practices, enhancing vegetation cover, or adding 
shading structures, immediately reduce user vulnerability and enhance 
local heat resistance. Continuous engagement with community members 
ensures interventions remain aligned with public needs and expecta
tions, significantly reinforcing long-term resilience through adaptive co- 
management.

5.5.3. Routine inspections for long-term resilience
Regular and rigorous routine inspections are crucial for maintaining 

and enhancing landscapes’ heat resilience over time. Consistent moni
toring of plant health provides timely indications of stress—such as 
wilting, reduced canopy density, or reduced vegetation vigor—allowing 
landscape managers to proactively enhance vegetation recovery levels 
and reduce recovery cycles through targeted maintenance interventions, 
such as increased irrigation, organic soil amendments, and proactive 
plant replacements. Similarly, regular inspections of structural compo
nents—such as misting systems, shading devices, and reflective surfa
ces—ensure these artificial resilience-supporting features remain fully 
functional, especially when landscape conditions exceed natural re
covery capacities. Heat-induced wear and deterioration of landscape 
features can significantly compromise heat resistance; thus, continuous 
preventive maintenance and timely repairs are essential. Staff training in 
advanced technology usage, microclimatic data interpretation, and 
adaptive management techniques further supports effective imple
mentation of interventions, systematically strengthening both heat 
resistance and self-organizing capacity through ongoing adaptive man
agement and continuous improvement.

6. Discussion

6.1. Redefining landscape heat resilience: a complex adaptive systems 
perspective

This study redefines landscape heat resilience from the perspective of 
complex adaptive systems by explicitly integrating two critical resilience 
dimensions: heat resistance (addressing exposure and vulnerability) and 
self-organizing capacity (focusing on recovery level and recovery cycle). 
Through a comprehensive analysis of landscape-climate-human in
teractions, we highlight that traditional landscape frameworks pre
dominantly emphasize immediate cooling functions, often neglecting 
landscape vulnerability and intrinsic ecological recovery dynamics after 
heat stress (Huang et al., 2024b). In contrast, our framework explicitly 
considers landscapes as dynamic, adaptive socio-ecological systems, 
inherently responsive to climatic conditions and human activities. By 
incorporating detailed vulnerability assessments and emphasizing the 
importance of autonomous ecological recovery, this new perspective 
expands beyond the conventional static role of landscapes as passive 
cooling elements (Zou & Zhang, 2021). Instead, landscapes are viewed 
as active agents capable of dynamically reducing vulnerability, 
enhancing local microclimatic conditions, and supporting ecological 
and social recovery through self-organizing mechanisms (Nazarian 
et al., 2022).

6.2. Uniting landscapes for urban cooling and resilience

Integrating diverse urban landscapes—including parks, residential 
areas, transportation corridors, and peri‑urban green spaces—is essen
tial for creating a cohesive urban cooling and resilience network (Rezaei 
et al., 2024). Unlike traditional fragmented planning methods (Aram 
et al., 2020; Xiong & He, 2024), a unified approach fosters synergistic 
effects that systematically strengthen both landscape resistance and 
recovery capacities. Strategically linking parks with residential areas 
maximizes shade, reduces vulnerability through evapotranspiration 
cooling, and promotes ecological connectivity that enhances landscapes’ 
self-organizing capacity. Similarly, carefully designed green trans
portation corridors improve airflow and shading, directly lowering local 
exposure and vulnerability to heat (Q. Q. Li et al., 2024). Consequently, 
our holistic approach explicitly integrates planning, design, operational 
management, and evaluation stages, ensuring landscape resilience 
across multiple spatial scales and typologies.

6.3. Contextualizing resilience strategies

Effective implementation of heat resilience strategies must be 
tailored explicitly to local contexts, directly addressing the variability in 
landscape vulnerability and recovery capacities across different climatic 
and socio-ecological conditions (Joshi & Teller, 2024). For instance, the 
design and implementation of green roofs differ significantly between 
tropical and arid climates due to variations in exposure, plant species 
suitability, and ecological recovery potentials. Similarly, distinct land
scape types (parks, residential green spaces, transportation corridors, 
peri‑urban green spaces) inherently have varied resilience objectives. 
Parks prioritize cooling, ecological connectivity, and social recovery; 
residential spaces aim to minimize local vulnerability and improve 
human thermal comfort; transportation corridors emphasize pedestrian 
exposure reduction and ecological recovery; and peri‑urban green 
spaces prioritize fire prevention and ecosystem health. Recognizing 
these contextual nuances allows landscape managers and planners to 
clearly set resilience objectives, optimize local heat resistance, and 
systematically enhance self-organizing recovery capacities (Huang 
et al., 2024a).

6.4. Rethinking plant selection and biodiversity

Current landscape management practices primarily emphasize 
native species, potentially overlooking resilient non-native species 
capable of effectively reducing vulnerability and enhancing recovery 
under changing climatic conditions. A more flexible approach—inte
grating both native and carefully selected non-native plant species with 
high heat and drought tolerance—can significantly improve biodiver
sity, ecological stability, and self-organizing recovery capacity following 
heat events (Alberti, 2024). Promoting polycultures and companion 
planting can optimize resource utilization, reduce ecological vulnera
bility, and enhance overall landscape resilience by improving ecological 
connectivity, accelerating vegetation recovery levels, and shortening 
recovery cycles after disturbances (Molénat et al., 2023).

6.5. Integrating social equity resilience planning

Social equity must be integral to heat resilience strategies due to the 
heightened vulnerability experienced by marginalized populations, such 
as low-income residents, the elderly, and children (Ballester et al., 2023; 
Bedi et al., 2022; Sandholz et al., 2021). Often, these groups face com
pounded vulnerability from insufficient landscape infrastructure, 
further increasing heat exposure and vulnerability (Astell-Burt & Feng, 
2019; Nesbitt et al., 2019). Explicitly prioritizing resilience inter
ventions—such as community gardens, shaded playgrounds, accessible 
cooling centers, and barrier-free shaded seating—directly addresses 
social vulnerability and supports autonomous community recovery 
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following extreme heat events (Cheng et al., 2021; Pfautsch et al., 2022). 
Age-friendly landscape features, particularly in schools and elderly care 
centers (Huang et al., 2021; Ma et al., 2021), further reduce exposure, 
support ecological and social recovery, and significantly enhance 
community-level self-organizing capacities (Jiao et al., 2023; Kükrer & 
Eskin, 2021; Otto & Thieken, 2024).

6.6. Revisiting the temporal and spatial linkages of policy

Current climate policy efforts predominantly address global-scale 
warming through long-term emission reduction targets, yet often over
look short-term, localized vulnerabilities and recovery needs (Azam 
et al., 2022; Emodi et al., 2019). Recognizing the increasing frequency 
and intensity of heatwaves (Li & Zha, 2020), policies must also explicitly 
support short-term, spatially targeted interventions—such as temporary 
shading structures, cooling centers, and targeted vegetation enhance
ment—to quickly reduce immediate landscape vulnerability. These 
localized measures can significantly lower heat exposure and vulnera
bility in priority areas, while simultaneously supporting self-organizing 
recovery through adaptive ecological strategies. Combining short-term 
targeted interventions with long-term strategic planning ensures that 
immediate landscape resilience needs are addressed without compro
mising longer-term sustainability and adaptive capacity (Turner et al., 
2023).

6.7. Bridging the gap between research and application

A significant gap persists between advanced landscape resilience 
research and its practical application. This gap stems from two primary 
challenges: the complexity of accessing and interpreting high-resolution 
climate and landscape data, and the difficulty of applying sophisticated 
resilience modeling tools (e.g., WRF, ENVI-met) in real-world scenarios 
(Liu et al., 2021). To bridge this gap, the development of accessible, 
coherent decision-support tools and digital platforms is critical. These 
platforms can significantly simplify real-time monitoring, resilience 
evaluation, and adaptive landscape management practices, enabling 
practitioners to readily integrate strategies that explicitly strengthen 
landscape resistance and facilitate rapid ecological recovery after heat 
disturbances.

6.8. Aligning landscape heat resilience with sustainable development goals 
(SDGs)

Our landscape heat resilience framework explicitly aligns with 
multiple United Nations Sustainable Development Goals (SDGs), sys
tematically addressing urban sustainability, climate adaptation, public 
health, biodiversity, and collaborative governance (Jia et al., 2024).

SDG 3 (Good health and well-being): Reducing heat exposure and 
vulnerability through shaded spaces, cooling centers, and misting sys
tems, enhancing public health resilience especially for vulnerable 
populations.

SDG 11 (Sustainable cities and communities): Comprehensive resil
ience planning reduces heat vulnerability, improves ecological recovery, 
and enhances urban sustainability (He et al., 2024).

SDG 13 (Climate action): Directly supports proactive climate adap
tation through urban forests and water-based cooling strategies that 
reduce vulnerability and strengthen ecological recovery capacities.

SDG 15 (Life on land): Incorporating diverse, heat-tolerant vegeta
tion significantly enhances biodiversity, ecological connectivity, and 
self-organizing recovery capacity, protecting terrestrial ecosystems from 
climate-driven disturbances.

SDG 17 (Partnerships for the goals): Promotes collaborative gover
nance through inclusive, adaptive decision-making platforms that 
explicitly integrate resilience assessment, stakeholder engagement, and 
targeted landscape interventions.

6.9. Integrating green and grey infrastructure for holistic resilience

Effective heat resilience requires the deep integration of green and 
grey infrastructure, treating them as synergistic partners rather than 
competitors. This integration is twofold. First, green and grey systems 
become mutually supportive at a functional level. Green infrastructure 
provides multiple cooling and ecological benefits, such as stormwater 
management and biodiversity support (Meerow & Newell, 2017; Nilon 
et al., 2017), while also shielding grey infrastructure from extreme heat. 
For instance, tree canopies protect pavements and building facades from 
solar radiation. In return, grey systems, like smart irrigation or storm
water harvesting structures, provide the essential water and support 
needed to sustain the health and cooling capacity of urban vegetation 
(Livesley et al., 2021).

Second, this integrated approach yields powerful social-ecological 
synergies. Aligning heat interventions with community priorities 
through participatory design can create multifunctional spaces. Com
munity gardens, shaded gathering areas, and other cooling in
frastructures not only reduce heat exposure but also promote social 
cohesion, physical activity, and mental well-being (Clarke et al., 2023). 
This ensures that investments in resilience create landscapes that are 
simultaneously cooler, more ecologically robust, and socially inclusive, 
directly addressing the core goals of urban sustainability.

7. Conclusions

Amid intensifying climate challenges, this study presents a compre
hensive framework for enhancing landscape heat resilience, grounded in 
two core dimensions: heat resistance (reducing exposure and vulnera
bility) and self-organizing capacity (improving recovery level and 
shortening recovery cycle). Unlike traditional views of landscapes as 
passive cooling tools, this framework redefines them as adaptive systems 
capable of actively withstanding, recovering from, and adapting to heat 
stress while sustaining essential ecological and social functions.

This study proposes a full-cycle implementation pathway comprising 
five stages: (1) identifying heat vulnerability scenarios, (2) planning 
urban landscape systems, (3) designing resilient landscape spaces, (4) 
managing and transforming landscape spaces, and (5) conducting 
thorough post-evaluation. This model supports data-driven, adaptive, 
and participatory landscape governance, enabling interventions to 
evolve with climate dynamics.

The framework also acknowledges regional disparities. Cities vary in 
climatic conditions, governance capacity, and socioeconomic resources. 
For instance, resource-constrained regions like Jakarta face infra
structural limits, while dense cities such as Tokyo require complex co
ordination (Ufaira et al., 2023; Yu et al., 2024). Thus, flexibility and 
inclusiveness are essential for contextual adaptation.

By centering resistance and recovery within a cohesive system, this 
study offers a strategic roadmap for designing and managing climate- 
resilient landscapes. It bridges theoretical understanding and practical 
application, contributing to urban sustainability, social equity, and 
climate adaptation across diverse settings.
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