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Introduction: Extreme heat events intensify health risks among vulnerable 
populations, raising concerns regarding climate justice. However, most existing 
assessments remain at the citywide scale and seldom examine inequities across 
different types of outdoor cooling spaces.
Methods: This study integrates the Exposure–Sensitivity–Adaptive Capacity 
(VSD) framework with the dimensions of distributive, recognition, and procedural 
justice to construct a climate justice assessment model. Outdoor cooling spaces 
were classified into linear and areal forms. Using Gulou District in Fuzhou as the 
case study, we developed a multi-source indicator system based on remote 
sensing imagery, street-view data, points of interest, and demographic statistics. 
The entropy weight method was used to determine indicator weights, and 
K-means clustering was applied to identify climate injustice space types.
Results: The findings show that 37.18% of linear cooling spaces and 44.45% of 
areal cooling spaces face significant climate injustice risks. High-risk areas are 
concentrated in dense built-up zones, aging neighborhoods, and peripheral 
areas with limited public services. Cluster analysis identified three distinct deficit 

categories: distributional justice deficit, recognitional justice deficit, and systemic 

justice deficit, reflecting overlapping vulnerabilities and uneven adaptive capacities.
Discussion: These results highlight the need for differentiated interventions 
to reduce spatial inequities. Key actions include enhancing shading along 
traffic corridors, improving service accessibility in aging neighborhoods, and 
strengthening adaptive resources in systemic deficit areas. The proposed 
framework offers an evidence base for equity-oriented urban governance and 
supports resilient urban planning and public health strategies under extreme heat.
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1 Introduction

With global climate warming and rapid urbanization, extreme heat events are becoming more 
frequent and intense in cities worldwide (1). Such climatic extremes have been shown to influence 
not only ecological systems but also economic performance (2), posing serious challenges to the 
health and well-being of urban residents. Problems such as surface hardening, restricted 
ventilation, and a lack of green space intensify the urban heat island effect. As a result, urban 
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residents, especially the old adult, outdoor workers, and low-income 
groups, face concentrated heat exposure and heightened health risks (3). 
Urban outdoor cooling spaces play a critical role in providing short-term 
thermal relief and rest under high-temperature conditions. The quality 
of their spatial supply and the equity of their services have become focal 
issues in adaptive urban planning and climate justice research (4). In this 
study, urban outdoor cooling spaces are defined as publicly accessible 
open spaces with cooling and heat-mitigation functions during 
heatwaves. They mainly include three typical types: streets, squares, and 
parks. These spaces operate at a micro-scale to serve daily resident needs. 
They typically reduce heat exposure risks and improve outdoor thermal 
comfort through vegetation shading, evaporative cooling from water 
bodies, ventilation enhancement, or the provision of supportive facilities.

Although climate justice has recently become an important value 
framework in environmental policy and climate adaptation research 
(5, 6), its assessment in relation to urban cooling spaces remains 
underdeveloped. Both the theoretical system and empirical 
approaches still need to be established. Recent studies have overlaid 
spatial patterns of heat exposure with the distribution of socially 
vulnerable groups to identify areas of heat inequity, highlighting the 
social disparities in heat exposure (7). Some research has examined 
urban green spaces, parks, and public facilities such as restrooms to 
analyze unequal provision and service coverage gaps. These studies 
have proposed spatial optimization strategies from a distributive 
justice perspective (7–9). Other scholars have focused on the 
participatory rights of disadvantaged groups in spatial governance, 
proposing ways to integrate procedural justice and participatory 
mechanisms into adaptive urban planning (10–12), while recent 
research has also emphasized the importance of institutional 
collaboration and social identity in achieving equitable adaptation (13, 
14). Overall, current climate justice research remains concentrated on 
national- or city-level policy responses and adaptive capacity 
assessments (15–17). A comprehensive, multi-dimensional assessment 
framework is still lacking. Such a framework should integrate spatial 
resource allocation, population vulnerability, and service accessibility 
to fully reveal climate justice deficits at the micro scale (18, 19).

Current research on heat vulnerability assessment is continuously 
advancing. A clear trend is the shift from macro-level risk identification 
to fine-grained analysis at the micro spatial scale of cities (20–22). Most 

studies are based on the IPCC framework of “exposure–sensitivity–
adaptive capacity.” They often build composite indicator systems, such 
as the Heat Vulnerability Index (HVI), to quantify risks (23, 24). 
Research methods have also extended from the macro scale to urban 
micro spaces. By integrating remotely sensed land surface temperature, 
points-of-interest (POI) data, and mobile phone signaling, scholars have 
spatialized key elements such as heat exposure, population distribution, 
and accessibility of medical resources (25–28). Among these approaches, 
the Vulnerability Scoping Diagram (VSD) framework has become a core 
method in urban heat vulnerability analysis due to its clear structure and 
strong operability (29, 30). However, most existing studies still 
emphasize risk identification. They pay insufficient attention to justice 
disparities underlying the risks (31, 32). Analytical approaches that 
integrate the heat vulnerability framework with concepts of social equity 
remain underdeveloped. As a result, current assessments provide limited 
support for the design of equity-oriented spatial intervention strategies.

To address the above research gap, this study integrates the VSD 
framework with climate justice theory. It links the “exposure–
sensitivity–adaptive capacity” analysis with the dimensions of 
distributive, recognition, and procedural justice. This integration 
reframes vulnerability assessment from a descriptive risk identification 
tool into a normative framework for diagnosing spatial inequity. 
Focusing on micro-scale urban outdoor cooling spaces in Fuzhou’s 
Gulou District, the study develops tailored indicator systems for both 
linear and areal spaces. It then applies GIS-based clustering to reveal 
typical justice-deficit patterns. Theoretically, it extends the VSD 
framework toward a justice-oriented paradigm that bridges vulnerability 
research and climate equity theory. Methodologically, it operationalizes 
abstract justice concepts through measurable spatial indicators. 
Practically, it provides a replicable pathway for equity-oriented adaptive 
planning and governance under intensifying urban heat.

2 Methodology

2.1 Study area

Gulou District of Fuzhou was selected as the case study area 
(Figure 1). Fuzhou is located on the southeast coast of China and serves 

FIGURE 1

Study area.
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as the capital of Fujian Province. Gulou District lies at the city center 
and is the political, economic, and cultural hub of the city. The district 
has a population of approximately 678,000, with a density of 19,635 
persons per square kilometer. Fuzhou is one of China’s four “furnace 
cities,” where extreme summer heat occurs frequently. The city faces 
severe urban thermal environment problems, providing a typical 
climatic context for this study. As the core built-up area of Fuzhou, 
Gulou District is characterized by dense building development, 
impervious surfaces, and limited green space. These factors jointly 
contribute to a strong urban heat island effect, making it a representative 
area for heat exposure risk studies. Nationally, Fuzhou represents the 
dual pressures of high thermal exposure and uneven adaptive capacity 
common to many Chinese cities undergoing old-city renewal. 
Internationally, its humid subtropical climate, coastal setting, and 
mixed socio-spatial structure resemble those of rapidly growing cities 
in the Global South, such as Bangkok and Ho Chi Minh City. The 
coexistence of high-end developments and aging neighborhoods 
within Gulou provides an ideal micro-scale setting for examining 
spatial inequities and adaptive governance under intensifying heat.

2.2 Data sources

This study quantifies climate justice in urban outdoor cooling spaces 
using multiple data sources (Table 1). The research framework is shown 
in Figure 2. First, drawing on the VSD framework and a climate justice 
perspective, this study translates the tri-dimensional logic of vulnerability 
(comprising exposure, sensitivity, and adaptive capacity) into three 
evaluation dimensions: distributive, recognition, and procedural justice. 
On this basis, an indicator system for assessing climate justice in urban 
outdoor cooling spaces was established. The indicators were calculated 
using the ArcGIS visualization platform. Second, the entropy weight 
method and functional model approach were applied to generate a 
spatial distribution map of climate justice in urban outdoor cooling 
spaces in Gulou District, Fuzhou. Finally, by identifying dominant risk 
factors, the study proposes management measures for addressing high-
temperature risks in urban outdoor cooling spaces.

The data used in this study include: (1) street-view panoramas 
obtained from Baidu Maps API (collected in August 2023) for calculating 

the Sky View Factor and Green View Index; (2) Landsat 8/9 and Sentinel-2 
satellite imagery (10 m resolution, July 2023) for deriving land-surface 
temperature and NDVI; (3) Point-of-Interest (POI) data from Baidu Maps 
API (collected in July 2023) for identifying indoor cooling and medical 
facilities; (4) Baidu Heat Map data (July 2023, hourly mean 15:00–16:00) 
for representing population aggregation; (5) housing-price data from 
Anjuke (July 2023) as a proxy for neighborhood socio-economic status; 
(6) demographic data from the National Population Census of China 
(2020) to determine the proportions of old adult and children representing 
sensitive populations; and (7) administrative boundaries and road 
networks from OpenStreetMap (accessed in 2023). All spatial datasets 
were processed and integrated in ArcGIS for coordinate unification, 
normalization, and consistency checking prior to analysis.

2.3 Construction of the index system

2.3.1 Construction of the index system
Climate justice theory critiques the disproportionate negative 

impacts of climate change on socially vulnerable groups and advocates 
for fairness in adaptation strategies (33). Vulnerability assessment 
frameworks serve as analytical tools of climate justice (25, 34). By 
systematically analyzing exposure, sensitivity, and adaptive capacity, this 
study identifies urban outdoor cooling spaces that are most vulnerable 
to climate hazards. The results provide a scientific basis for promoting 
equitable resource allocation and guiding policy interventions. The 
system considers climate justice in three core dimensions. First, 
distributive justice addresses the uneven spatial distribution of heat 
exposure. It emphasizes that thermal loads are not neutral natural 
phenomena but unequal environmental burdens shaped by both urban 
form and social structure. In this study, land surface temperature was 
selected as a direct quantitative indicator (35). Additional spatial 
morphological indicators, including sky view factor, street canyon ratio, 
green view index, and vegetation coverage, were used to reveal the 
physical drivers of high land surface temperatures (36–38). Second, 
recognition justice emphasizes the importance of acknowledging social 
diversity. It also calls for greater attention to the specific needs of 
vulnerable groups in policy-making. It reflects the inherent 
characteristics that make certain groups more susceptible to harm 

TABLE 1  The data sources.

Data type Data content Data source and annotation

Geospatial data

Street View panoramic images
Baidu Maps. Used for calculating Sky View Factor, Green View Index, etc., via machine learning semantic 

segmentation.

Satellite remote sensing data
Landsat/Sentinel satellites. 10-meter resolution data used to calculate NDVI for vegetation coverage 

assessment.

Surface Temperature Landsat 8/9 Thermal Infrared Sensor (TIRS). Used to directly measure the heat load on different surfaces.

Administrative boundaries, road 

network
OpenStreetMap. Used for defining the study area and spatial analysis framework.

Socioeconomic data

Point of Interest (POI)
Baidu Maps Database. Used Python web scraping techniques to obtain locations of medical facilities and 

indoor cooling facilities.

Population Aggregation Baidu Heat Map. Used to represent the spatial density of population activity.

Housing Prices Public real estate platforms. Used as a proxy indicator for the socio-economic status of neighborhoods.

Sensitive Population
National Population Census data. Used to determine the proportion of sensitive groups such as the old 

adults and children.
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under the same heat exposure due to their socio-economic status and 
demographic attributes. Two dimensions were assessed in this study. 
Housing prices were used as a proxy for socio-economic conditions, as 
they strongly correlate with household income, community resources, 
and social stratification (39). In addition, the proportion of sensitive 
populations and population aggregation were employed to capture the 
unequal risks of exposure caused by demographic vulnerability and 
uneven population distribution (40–42). The share of old adults and 
children effectively represents population vulnerability because these 
groups have lower thermoregulatory efficiency, higher metabolic 
sensitivity, and limited behavioral adaptability to heat (43). Compared 
to working-age adults, they spend more time in local outdoor 
environments. This leads to a greater reliance on public cooling 
facilities, which are often inequitably distributed across urban 
neighborhoods (44, 45). Finally, procedural justice concerns the fairness 
of access to adaptive resources and participation in decision-making 
processes. It stresses that all groups should enjoy equal rights in 
accessing cooling resources and emergency services. To quantify 
differences in opportunities for accessing indoor cooling facilities and 
emergency medical assistance, two indicators were selected: the number 
of nearby indoor cooling facilities and the number of nearby medical 
institutions. The spatial variation of these facilities directly reflects 
inequalities in adaptive capacity (46, 47). Details are shown in Table 2.

2.3.2 Comprehensive climate justice assessment

2.3.2.1 CRITIC method for weight determination
This study employs the entropy weight method to determine the 

weights of indicators in the evaluation system for urban outdoor 
cooling spaces (Table 3). The Jenks natural breaks method is used to 

classify the comprehensive evaluation results and to identify the spatial 
distribution of climate justice across the study area. The entropy weight 
method relies on the statistical distribution of the indicator data, which 
minimizes the influence of subjective judgment in weight assignment. 
All raw data were standardized prior to the calculation of indicator 
weights. The quantitative assessment framework used in this study is 
formalized through Equations 1–7, which define the procedures for 
normalization, entropy-based weight calculation, criterion-layer index 
computation, and the construction of the Climate Justice Index.

The normalization formulas are expressed as follows:
Positive normalization:

	 ( ) ( )= − −/ij ij jmin jmax jminY X X X X 	 (1)

Negative normalization:

	 ( ) ( )= − −/ij jmax ij jmax jminY X X X X 	 (2)

Here, ijX , jmaxX , jminX  and ijY  denote the original value, 
maximum, minimum, and normalized value of the vulnerability 
indicators, respectively; i = 1, 2…, m; j = 1, 2…, n.

The entropy weight method was then applied to derive 
indicator weights:

	 =
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FIGURE 2

A research framework for this study.

https://doi.org/10.3389/fpubh.2025.1724719
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Cao et al.� 10.3389/fpubh.2025.1724719

Frontiers in Public Health 05 frontiersin.org

	
( ) ( )ω

=
= − −∑

1
1 / 1

n

j j j
j

e e
	

(5)

Here, ijP  is the proportion of the i-th sample under the j-th 
indicator; je  represents the information entropy of indicator j; and ω j  
is the weight assigned to indicator j.

After the weights were obtained, weighted scores for 
distributive justice, recognition justice, and procedural justice 
were calculated. These scores were integrated in GIS to generate 
spatial distribution maps for each dimension. The Jenks natural 
breaks method was then used to classify each dimension into five 
levels (low, lower, medium, higher, high), thereby revealing spatial 
patterns of climate justice.

2.3.2.2 Modeling of the climate justice assessment system
To capture the interactions among distributive, recognition, 

and procedural justice, a functional model was developed to assess 
climate justice in urban outdoor cooling spaces (29). The index of 
each criterion layer was first calculated as:

	
( )ω

−
= = …∑ 1 1,,,2,,, ,,,n

k ij jjC Y i m
	

(6)

where kC  denotes the index of each criterion layer, and the other 
variables are as previously defined.

The Climate Justice Index (CJI) was then constructed by 
integrating the three dimensions, as expressed by:

	 α β γ= + +i i i iCJI DJ RJ PJ 	 (7)

where iDJ , iRJ  and iPJ  represent the scores of unit i for distributive, 
recognition, and procedural justice, respectively α, β and γ are their 
assigned weights. A higher CJI indicates a higher level of climate 
justice in the spatial unit.

2.3.2.3 Identify the dominant risk factors
To further identify the dominant factors underlying different 

vulnerability patterns, the K-Means clustering algorithm was 
applied. All spatial units were grouped into several categories with 
similar characteristics based on their standardized scores in 
distributive justice, recognition justice, and procedural justice. 
Subsequently, analysis of variance (ANOVA) was employed to test 
whether the mean values of the three dimensions differ significantly 
across categories. By comparing the relative values of each category, 
the dominant factors that define and differentiate each climate 
justice pattern were identified.

TABLE 2  Indices for climate justice assessment within the VSD assessment framework.

Assessment 
dimensions

Relevant interpretation Selection of indices

Distributive justice
Evaluates the unequal spatial distribution of heat stress arising from 

disparities in the physical environment.

Land Surface Temperature (68), Sky View Factor, Street Canyon Ratio 

(69), Green View Index, Vegetation Coverage (68)

Recognition justice

Identifies population groups disproportionately exposed to heat-

related risks due to socioeconomic status and demographic 

characteristics, and examines their spatial clustering.

Population Aggregation (40), Proportion of Sensitive Population (41), 

Housing Prices (39)

Procedural justice

Assesses community capacity to access and utilize public cooling 

facilities and healthcare services during heatwaves, reflecting fairness 

in the distribution of essential public resources.

Number of Indoor Cooling Facilities (46), Number of Medical 

Facilities (47)

TABLE 3  Index system for climate justice assessment.

Target layer Space type Guideline 
dimension

Representative indicators 
(with indicative weights)

Description

Assessment of climate 

justice in outdoor cooling 

spaces

Linear cooling spaces (A1)

Distributive justice (B1)

Sky View Factor (0.190); Street Canyon 

Ratio (0.550); Green View Index 

(0.131); Surface Temperature (0.129)

Indicators reflect physical 

exposure to heat and shading 

conditions along linear spaces.

Recognition justice (B2)

Population Aggregation (0.187); 

Sensitive Population (0.527); Housing 

Prices (0.286)

Capture demographic and 

socioeconomic sensitivity to heat 

stress.

Procedural justice (B3)
Indoor Cooling Facilities (0.623); 

Medical Facilities (0.377)

Represent accessibility and 

fairness in cooling and medical 

services.

Areal cooling spaces (A2)

Distributive justice (B1)
Vegetation Coverage (0.648); Surface 

Temperature (0.352)

Represent ecological cooling 

capacity and thermal exposure.

Recognition justice (B2)

Population Aggregation (0.390); 

Sensitive Population (0.399); Housing 

Prices (0.211)

Reflect social vulnerability around 

areal cooling spaces.

Procedural justice (B3)
Indoor Cooling Facilities (0.533); 

Medical Facilities (0.467)

Measure equitable access to public 

facilities supporting heat 

adaptation.
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3 Results

3.1 Quantitative values of assessment 
indices

Figures 3, 4 illustrate the quantified results of 16 indicators for 
assessing climate justice in urban cooling spaces across Gulou 
District, Fuzhou. The patterns indicate marked spatial differences 
in thermal risk within the built environment. In linear cooling 
spaces, land surface temperature (C4) is generally higher in the 
central area and lower toward the periphery, with hotspots located 
along major roads, traffic-intensive zones, and streets lacking 
vegetation. The sky view factor (C1) and street enclosure (C2) 
display opposite patterns, as streets with lower SVF and higher 
enclosure tend to trap more heat. The green view index (C3) is most 
prominent in the northwestern part of the district and along several 
secondary roads, highlighting the cooling benefits of street 
vegetation. Population density (C5) and the proportion of 
vulnerable groups (C6) display similar spatial patterns, with high 
concentrations in traditional residential neighborhoods such as 
Dongjiekou, Jintai, and Nanhou Street. These areas face greater 
health risks during extreme heat events. Housing prices (C7) form 
high-value clusters around Dongjiekou and Wusi Road. This pattern 
reflects the relative advantage of these areas in adaptive capacity 
allocation, largely due to their accessibility to resources. The 

distribution of indoor cooling facilities (C8) and medical services 
(C9) declines gradually from the urban core toward the periphery. 
Central areas are well served, while peripheral streets show limited 
service coverage, revealing inequities in resource allocation.

In areal cooling spaces, land surface temperature (C11) is 
significantly higher in built-up areas that are distant from water 
bodies and green spaces. The most pronounced hotspots occur 
in the southwestern sector and several inland communities. In 
contrast, areas near Jinniu Mountain and Wenshan Park 
demonstrate stronger thermal regulation capacity, with relatively 
lower temperatures overall. Vegetation coverage (C10) shows a 
clear negative correlation with temperature, underscoring the 
role of high vegetation density in improving local thermal 
environments. Population aggregation (C12) and the proportion 
of sensitive populations (C13) are also high in old urban districts 
and along park boundaries, indicating a spatial mismatch 
between heat exposure and the availability of green resources. 
Housing prices (C14) follow a similar distribution pattern, with 
high-value areas concentrated in the eastern and southern parts 
of Gulou District, adjacent to traditional high-quality residential 
neighborhoods. Indoor cooling facilities (C15) and medical 
facilities (C16) are primarily concentrated in the central urban 
area. Notably, green-adjacent zones demonstrate significant 
deficiencies in service coverage and response capacity, revealing 
a spatial deficiency in procedural justice.

FIGURE 3

Quantitative values of climate justice assessment indices for linear cooling spaces.
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3.2 Spatial identification of climate injustice 
dimensions

3.2.1 Distributive justice dimension
Figure 5a and Table 4 present the assessment results of linear 

cooling spaces under the distributive justice dimension. Spaces with 
low and relatively low levels of distributive justice account for 38.48% 
of the total. These spaces are mainly distributed along major 
commuting corridors, including Baima Middle Road, the eastern 
section of Wusi Road, and the southern section of Hudong Road. These 
streets feature dense building enclosure, limited shading, and high 
vehicular heat emissions, functioning as primary channels for 
concentrated heat release. Targeted actions such as developing green 
corridors and installing microclimate regulation facilities are urgently 
needed in these zones.

Figure 5d and Table 5 display the distributive justice results for 
areal cooling spaces. High heat exposure is concentrated in the 
southern and central built-up areas. Low-level spaces account for 
17.31%, mainly clustered around Nanmendou Square, Wuyi Square, 
and the Wenshan Road intersection. Extensive paving, limited 
shading, and poor ventilation together intensify heat accumulation 
and radiation. Spaces with relatively low distributive justice levels 
account for 23.08%, extending into surrounding areas and constituting 
the core heat risk zones of planar spaces.

3.2.2 Recognition justice dimension
Figure 5b and Table 4 present the assessment results of linear 

cooling spaces under the recognition justice dimension. Spaces with 

recognition justice deficits account for 32.49%, forming a radial 
distribution pattern centered on the western old town and extending 
along major roads. Typical linear spaces with pronounced deficits 
include Wushan Road, Dadao Road, and the northern section of 
Gongye Road. These areas host a high concentration of aging 
residents whose demographic characteristics make them more 
vulnerable to heat stress. However, their specific needs have long been 
overlooked in spatial planning and policy resource allocation, 
reflecting a notable lack of social recognition.

Figure 5e and Table 5 display the results for areal cooling spaces. 
Recognition justice deficits are found in 29.63% of the areas, mainly 
concentrated in the Wushan district and older residential 
neighborhoods west of Bayiqi Road. These communities have dense 
populations and a large share of aging residents. Areas with relatively 
low recognition justice (18.52%) are distributed along the southeastern 
edge of West Lake Park and within several urban village settlements.

3.2.3 Procedural justice dimension
Figure 5c and Table 4 present the procedural justice assessment of 

linear cooling spaces. The results reveal a clear spatial gradient, with 
higher values concentrated in the central areas and progressively lower 
values toward the periphery. Low-level procedural justice areas 
account for 52.69%, including Hualin Road, the southern section of 
Qunzhong Road, and Fufei North Road. These areas lack continuous 
green corridors and sufficient cooling facilities, suggesting that service 
provision has not effectively addressed accessibility and equity for 
vulnerable groups. This pattern reflects procedural shortcomings in 
policy implementation and resource allocation.

FIGURE 4

Quantitative values of areal cooling space climate justice assessment indices.
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Figure 5f and Table 5 show the distribution of procedural justice 
in planar cooling spaces. Low-level spaces account for 16.67%, 
primarily located along the eastern side of Gongye Road, the northern 
section of Tongpan Road, and several small squares along Nantai 
Road. Facilities in these spaces are sparse, leaving residents with 
limited resources and restricted access to emergency support during 
heat events, which undermines the establishment of effective response 
mechanisms. In contrast, high-level areas (14.81%) are concentrated 
in resource-rich urban cores, highlighting the spatial imbalance in 
service distribution.

3.3 Comprehensive climate justice 
assessment and inequity patterns

Figure 6 illustrates the spatial distribution of climate justice in 
Gulou District based on the integrated assessment of distributive, 
recognition, and procedural justice. The overall level of climate justice 
in linear cooling spaces is relatively low (Figure 6a). Streets with low 
and lower justice levels account for 19.86 and 20.94%, mainly 
concentrated in the southern and southeastern parts of the district and 
in areas with dense arterial roads. These zones are adjacent to major 
traffic corridors, densely populated neighborhoods, and commercial 
clusters, where environmental burdens are high and vegetation and 
shading are relatively insufficient. In contrast, streets with high and 
higher climate justice levels are mainly distributed in the northwestern 
part and along ecological boundaries such as Jiangbin Road, 
accounting for 22.38 and 14.8%, respectively. These areas demonstrate 
stronger ecological buffering capacity (Table 6).

In areal cooling spaces, the assessment reveals marked variations 
in climate justice levels (Figure 6b). The results show that approximately 
31.48% of these areas face serious climate justice issues, concentrated 
in the central and eastern built-up zones of the city, including the 
Dongjiekou commercial district and the surroundings of Wuyi Square. 
These areas are characterized by high population density, limited green 
coverage, and insufficient public services. Conversely, about 44.45% of 
the areas exhibit relatively high levels of climate justice. These are 
concentrated along ecological corridors and green systems at the urban 
periphery, such as Jinniu Mountain, Wushan, and Zuohai park. Such 
areas possess strong environmental carrying capacity and spatial 
adaptability to extreme heat events (Table 7).

Further cluster analysis divided the linear cooling spaces into four 
categories (A1–A4), each exhibiting distinct justice deficit 

FIGURE 5

Distribution, recognition and procedural justice assessment classification. (a) Distributive justice in linear cooling spaces. (b) Recognition justice in 
linear cooling spaces. (c) Procedural justice in linear cooling spaces. (d) Distributive justice in areal cooling spaces. (e) Recognition justice in areal 
cooling spaces. (f) Procedural justice in areal cooling spaces.

TABLE 4  Proportion of level across dimensions for linear cooling spaces.

Level Distribution 
justice

Recognition 
justice

Procedural 
justice

Low 6.83% 11.91% 52.69%

Lower 31.65% 20.58% 33.11%

Medium 34.53% 24.91% 9.32%

Higher 19.44% 21.30% 3.58%

High 7.55% 21.30% 4.30%

TABLE 5  Proportion of level across dimensions for areal cooling spaces.

Level Distribution 
justice

Recognition 
justice

Procedural 
justice

Low 17.31% 24.07% 16.67%

Lower 23.08% 16.67% 22.22%

Medium 23.08% 14.81% 18.52%

Higher 21.15% 18.52% 27.78%

High 15.38% 29.63% 14.81%
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characteristics (Figure 7a). Category A1 corresponds to Distribution 
and Recognition Deficit Spaces, Category A2 to Distributive Justice 
Deficit Spaces, Category A3 to Justice-Balanced Spaces, and Category 
A4 to Systemic Justice Deficit Spaces (Table 8). Areal cooling spaces 
were also classified into four types (B1–B4), including All-Dimension 
Justice Fulfilled Spaces, Recognition Justice Deficit Spaces, Distributive 
Justice Deficit Spaces, and Systemic Justice Deficit Spaces (Figure 7b). 
Variance analysis confirmed that inter-category differences were 
statistically significant for both linear and areal spaces (p < 0.001), 
validating the robustness of the clustering results (Table 9).

4 Discussion

4.1 Comparison with previous studies

Our findings identify high-density built-up areas, aging 
neighborhoods, and commercial cores as major hotspots of climate 
injustice. This result is consistent with a broad body of research linking 
compact urban morphology, restricted ventilation, and insufficient 
greenery to amplified thermal stress (20, 48, 49). We also found that 
socioeconomic vulnerability and uneven access to resources 
exacerbate inequitable exposure. This finding is consistent with 
evidence reported in urban heat studies in both Asian and Western 
contexts (50, 51). However, unlike previous macro-scale assessments 
(20, 21), our micro-scale, justice-oriented approach reveals significant 
intra-urban heterogeneity within these known risk zones.

This study’s primary contribution lies in its micro-scale insights. 
We found that large commercial plazas and open squares (e.g., The 
Mixc) exhibit pronounced distributive justice deficits, despite being 
highly accessible. This is largely due to extensive impervious surfaces 
and a lack of shading. This finding aligns with microclimate research 
demonstrating that open plazas often accumulate extreme heat and 
suffer from poor pedestrian usability (52, 53). This directly challenges 
the common assumption that the mere presence of open or green 
space automatically enhances thermal comfort.

Furthermore, this study distinguishes between linear and areal 
cooling spaces, whereas previous studies often treat public or green 
spaces as homogeneous environments (54, 55). This distinction is 

critical. We found that linear cooling spaces are more strongly 
influenced by morphological parameters that govern heat exposure, 
such as height-to-width ratio, Sky View Factor, and orientation. In 
contrast, areal cooling spaces show patterns more closely related to 
governance and social accessibility. This latter finding supports 
research that emphasizes procedural and recognition justice as key 
dimensions of equitable climate adaptation (56, 57).

4.2 Driving mechanisms of climate injustice

The identified patterns of climate injustice are not randomly 
distributed but are driven by underlying urban development 
trajectories and governance processes. The findings of this study point 
to three key mechanisms shaping these inequities.

	(1)	 Historical path dependency explains the persistent vulnerability 
of old urban districts. The clustering of Systemic Justice Deficit 
Spaces (A4, B4) in traditional neighborhoods such as Sanfang 

FIGURE 6

Comprehensive climate justice assessment. (a) Comprehensive climate justice in linear cooling spaces. (b) Comprehensive climate justice in areal 
cooling spaces.

TABLE 6  Comprehensive evaluation statistics for linear cooling spaces.

Level Count Percentage

Low 41 14.8%

Lower 62 22.38%

Medium 61 22.02%

Higher 58 20.94%

High 55 19.86%

TABLE 7  Comprehensive evaluation statistics for areal cooling spaces.

Level Count Percentage

Low 10 18.52%

Lower 14 25.93%

Medium 13 24.07%

Higher 13 24.07%

High 4 7.41%
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Qixiang reflects the inertia of past planning. Narrow streets, low 
sky view factors, and limited greenery have been structurally 
locked in, and these morphological constraints now compound 
with demographic aging to intensify risks (58).

	(2)	 Market-driven urban renewal generates new forms of climate 
injustice. In contrast to historical vulnerabilities, the distributive 
deficits (B3) observed in modern commercial centers such as The 
Mixc stem from design priorities that favor commercial esthetics 
and accessibility over thermal comfort. This reflects broader 
climate gentrification trends, where climate-resilient green 
infrastructure concentrates in affluent areas, while public and 
peripheral spaces face inadequate adaptation (59, 60).

	(3)	 Governance and procedural failures directly produce a spatial 
mismatch between resource supply and population needs. 

Peripheral zones with poor access to medical and cooling 
facilities illustrate a top-down, supply-oriented model that 
neglects vulnerable groups and limits community 
participation. The resulting lack of procedural justice 
reinforces both recognition and distributive inequities in a 
self-reinforcing cycle (61).

4.3 Governance strategies for climate 
justice: differentiated interventions for 
linear and areal spaces

Outdoor cooling spaces in Gulou District exhibit significant 
disparities across the three dimensions of distributive, recognition, 

FIGURE 7

Visualization of cluster analysis results. (a) Cluster types for linear cooling spaces. (b) Cluster types for areal cooling spaces.

TABLE 8  Linear cooling space cluster analysis results.

Dimension Type

Distribution & 
recognition deficit 

space (A1)

Distributive justice 
deficit space (A2)

Justice-balanced 
space (A3)

Systemic justice 
deficit space (A4)

Distributive justice dimension 0.28 0.362 0.408 0.279

Recognition justice dimension 0.213 0.733 0.425 0.339

Procedural justice dimension 0.946 0.938 0.934 0.429

Count of spaces 108 84 76 19

Total 279

TABLE 9  Areal cooling space cluster analysis results.

Dimension Type

All-dimension justice 
fulfilled space (B1)

Recognition justice 
deficit space (B2)

Distributive justice 
deficit space (B3)

Systemic justice 
deficit space (B4)

Distributive justice dimension 0.874 0.721 0.457 0.208

Recognition justice dimension 0.894 0.372 0.754 0.192

Procedural justice dimension 0.912 0.661 0.747 0.355

Count of spaces 13 11 11 19

Total 54
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and procedural justice. These disparities directly affect residents’ 
capacity to respond to extreme heat and their access to adaptive 
resources. To address the uneven distribution of climate vulnerability, 
this study applies the K-means clustering method to identify 
representative high-risk types in both linear and areal cooling spaces. 
Based on these findings, targeted governance pathways for promoting 
climate justice are proposed.

In linear cooling spaces (62, 63), Distributive Justice Deficit 
Spaces (A2) exhibit weaknesses in the distributive dimension but 
perform relatively well in recognition and procedural justice. These 
streets demonstrate some level of participation mechanisms and 
sensitivity to vulnerable groups, yet the allocation of cooling 
resources remains insufficient. A2 spaces are widely distributed in the 
western, central, and southeastern parts of Gulou District, commonly 
occurring along main roads, transitional zones, and older alleyways. 
They represent a concentrated manifestation of resource shortages. 
Priority interventions should focus on improving shading, 
ventilation, and microclimate regulation facilities, while embedding 
procedural mechanisms such as resident participation and 
community co-construction (64). Justice-Balanced Spaces (A3) 
perform evenly across all three dimensions, representing a relatively 
ideal type of cooling street. They combine adequate resource supply 
with responsiveness to community needs and compliance with 
procedural norms. These spaces a are mainly located in central and 
eastern districts, particularly in mixed residential–commercial areas 
and community corridors. They should be prioritized for inclusion 
in systematic upgrading programs, such as ecological streets and 
healthy pathways, to strengthen climate justice demonstration and 
institutional integration. Systemic Justice Deficit Spaces (A4) score 
low across all three dimensions, reflecting resource scarcity, 
marginalized populations, and weak governance participation. A4 
spaces are primarily concentrated at the edges of central districts and 
in high-density southern areas. They are characterized by enclosed 
environments, poor ventilation, and limited greenery, forming blind 
spots in urban climate risk governance. High-priority interventions 
should include the opening of green corridors, functional 
redistribution, intelligent monitoring, and targeted services for 
vulnerable groups to enhance overall climate justice.

In areal cooling spaces, All-Dimension Justice Fulfilled Spaces 
(B1) achieved high scores across all three dimensions of justice, 
characterized by equitable resource distribution, strong recognition 
of social groups, and transparent governance. These spaces are 
mainly located in the western and northern parts of the city, 
concentrated in large open green areas and lakeside parks, such as 
Jinniu Mountain Park and West Lake Park. With abundant 
environmental resources and service capacity, they should be 
prioritized as high-quality cooling spaces for protection. Recognition 
Justice Deficit Spaces (B2) perform well in distributive and 
procedural justice but score considerably lower in recognition 
justice. This indicates that, despite relatively favorable environmental 
conditions, the needs of vulnerable groups are not sufficiently 
considered. Such spaces are primarily distributed around old 
residential communities and include areas near West Lake Park and 
Yushan Scenic Park. Targeted interventions should focus on 
enhancing attention to heat-vulnerable populations such as the old 
adult and children through inclusive design and service provision. 
Distributive Justice Deficit Spaces (B3) are defined by low scores in 
the distributive dimension, reflecting insufficient allocation of 

physical environmental resources such as shading and ventilation. 
These spaces are typically located in peripheral built-up areas, 
including squares and exposed plots, such as The Mixc and the 
Sports Center. With substantial heat loads, they require interventions 
such as supplementary greening and facility retrofitting to improve 
climate adaptation (65). Systemic Justice Deficit Spaces (B4) scored 
low across all three justice dimensions, representing the most severe 
form of climate justice deficit. These spaces are often found in old 
neighborhoods and commercial cores, such as Three Lanes and 
Seven Alleys, and are characterized by high population demand, 
intense environmental stress, and weak governance capacity. They 
should be treated as priority areas for intervention. Policies should 
focus on establishing cooling service networks, enhancing medical 
response capacity, and strengthening social support mechanisms 
(66). This would prevent vulnerable groups from being marginalized 
under extreme heat conditions and reflect the principle of 
distributive justice: “the more vulnerable, the higher the 
priority” (67).

4.4 Advantages and contributions of the 
assessment framework

This study reconstructs the traditional “Exposure–Sensitivity–
Adaptive Capacity” (VSD) model by embedding justice dimensions 
into the indicator framework to develop a multi-source system for 
assessing climate justice. In the distributive justice dimension, 
attention is given to the equitable allocation of heat-mitigation 
resources across spatial units. This assessment is spatially specific: 
for linear spaces, the framework uses Sky View Factor (SVF), street 
enclosure, Green View Index (GVI), and Land Surface Temperature 
(LST) to capture heat exposure, reflecting both accumulation and 
shading potential. For areal spaces, it employs vegetation cover and 
LST to represent microclimatic regulation capacity. In the 
recognition justice dimension, population aggregation, the share 
of sensitive groups, and housing prices identify the spatial 
distribution of heat-vulnerable populations, revealing how social 
inequality shapes exposure. In the procedural justice dimension, 
the number of indoor cooling facilities and medical institutions 
measures the fairness of public service provision and access to 
emergency support.

At the evaluation scale, micro-level units such as streets, 
squares, and green areas were adopted, extending the applicability 
of the VSD framework to urban micro-spaces and public domains. 
By integrating K-means clustering with analysis of variance 
(ANOVA), a typology of spatial classifications and justice-deficit 
categories was developed. These results provide a graded basis for 
targeted policy interventions and spatial governance. Moreover, this 
study broadens the practical application of climate justice 
assessment at the urban spatial scale, offering both theoretical 
support and empirical validation for the localized adaptation of 
assessment methods.

4.5 Research limitations

This study has several limitations that warrant further refinement in 
future research. First, the evaluation relied on a static indicator system 
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and did not fully account for the temporal dynamics of human behavior. 
Heat risk is inherently time-dependent, yet the current indicators are 
derived from single time points or averaged states, which cannot capture 
the dynamic relationships between exposure and health impacts across 
different periods. Future studies could incorporate time-series 
indicators, such as real-time population mobility from mobile phone 
data or temporal analyses of heat-related content on social media, to 
better reveal the spatiotemporal variability of heat risk. Second, the 
subjective dimension of thermal perception remains insufficiently 
addressed. The present framework is largely based on objective physical 
and demographic data, but it fails to reflect the lived experiences and 
challenges of vulnerable groups such as outdoor workers, children, and 
the old adults under extreme heat. Future work could integrate 
approaches such as social media text mining, questionnaire surveys, and 
emotion recognition from street-view images to enrich indicators of 
perceived heat stress and adaptive behavior.

5 Conclusion

This study developed a climate justice assessment framework for 
urban outdoor cooling spaces based on heat vulnerability, integrating the 
three dimensions of distributive, recognition, and procedural justice. An 
empirical analysis was conducted for both linear and areal cooling spaces 
in Gulou District, Fuzhou. The main findings are as follows:

	(1)	 The assessment results reveal pronounced spatial inequities in 
the capacity of cooling spaces to withstand heat risks. In linear 
cooling spaces, 37.18% showed low justice levels, mainly in the 
southern and southeastern parts of the district and along major 
traffic corridors. These areas bear heavy environmental loads, 
dense populations, and limited greening. In areal cooling 
spaces, 44.45% were categorized as unjust, primarily located in 
central and eastern built-up areas, historic neighborhoods, and 
public activity hubs, such as the Dongjiekou business district, 
Wuyi Square, and the dense eastern urban core.

	(2)	 K-means clustering further classified cooling spaces into four 
vulnerability types. Linear spaces were grouped as Distribution 
& Recognition Justice Deficit (35.84%), Distributive Justice 
Deficit (30.11%), Justice-Balanced (27.24%), and Systemic 
Justice Deficit (6.81%). Areal spaces were categorized as 
All-Dimension Justice Fulfilled (24.07%), Recognition Justice 
Deficit (20.37%), Distributive Justice Deficit (20.37%), and 
Systemic Justice Deficit (35.19%).

	(3)	 The analysis revealed a spatial mismatch between adaptive 
infrastructure and vulnerable populations. Areas with better 
facilities do not necessarily coincide with high-risk or 
low-income neighborhoods, reinforcing intergenerational and 
group-based inequalities. This finding highlights the need for 
equitable resource allocation and inclusive governance to 
support vulnerable groups under heat stress.

Overall, this study introduces a quantifiable framework for 
integrating climate justice into urban heat risk governance. Future 
research could incorporate dynamic indicators of thermal stress and 
social perception data to enhance temporal sensitivity and 
responsiveness, thereby providing sustainable support for urban 
health resilience planning under intensifying heatwave conditions.

Data availability statement

The datasets presented in this article are not readily available 
because the datasets generated for this study are not publicly available 
because they contain location-based or personally sensitive 
information. Data may be available from the corresponding author 
upon reasonable request and with institutional approval. Requests to 
access the datasets should be directed to yangjs@fjut.edu.cn.

Author contributions

FC: Writing – review & editing, Formal analysis, Writing – 
original draft, Investigation, Visualization. YZ: Writing – review & 
editing, Conceptualization, Writing  – original draft, Formal 
analysis, Data curation. YL: Writing – review & editing, Writing – 
original draft, Software, Formal analysis. YS: Writing – review & 
editing, Data curation, Resources, Writing  – original draft. JY: 
Writing – original draft, Writing – review & editing, Resources, 
Project administration, Supervision. DY: Supervision, Writing – 
original draft, Funding acquisition, Writing – review & editing, 
Project administration.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by the Key Laboratory of New Technology for Construction of Cities 
in Mountain Area, Ministry of Education, Chongqing University, 
under Grant No. LNTCCMA-20240101, and the Key Laboratory of 
Ecology and Energy Saving Study of Dense Habitat (Tongji 
University), Ministry of Education (GY-S23119).

Acknowledgments

The authors would like to thank the Key Laboratory of Monitoring, 
Evaluation and Early Warning of Territorial Spatial Planning 
Implementation, Ministry of Natural Resources, and the Key 
Laboratory of Ecology and Energy Saving Study of Dense Habitat 
(Tongji University), Ministry of Education, for their support in 
carrying out this research.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 

https://doi.org/10.3389/fpubh.2025.1724719
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
mailto:yangjs@fjut.edu.cn


Cao et al.� 10.3389/fpubh.2025.1724719

Frontiers in Public Health 13 frontiersin.org

intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 

reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.1724719/
full#supplementary-material

References
	1.	Gao, S, Chen, Y, Chen, D, He, B, Gong, A, Hou, P, et al. Urbanization-induced 

warming amplifies population exposure to compound heatwaves but narrows exposure 
inequality between global north and south cities. Npj Clim Atmos Sci. (2024) 7. doi: 
10.1038/s41612-024-00708-z

	2.	Li, L, Zheng, Y, Ma, S, Ma, X, Zuo, J, and Goodsite, M. Unfavorable weather, 
favorable insights: exploring the impact of extreme climate on green total factor 
productivity. Econ Anal Policy. (2025) 85:626–40. doi: 10.1016/j.eap.2024.12.027

	3.	Anguelovski, I, Kotsila, P, Lees, L, Triguero-Mas, M, and Calderón-Argelich, A. 
From heat racism and heat gentrification to urban heat justice in the USA and Europe. 
Nat Cities. (2025) 2:8–16. doi: 10.1038/s44284-024-00179-6

	4.	Liu, J, Tang, H, Zheng, B, and Sun, Z. A study on the summer microclimate 
environment of public space and pedestrian commercial streets in regions with hot 
summers and cold winters. Appl Sci Switz. (2023) 13:5263. doi: 10.3390/app13095263

	5.	Schlosberg, D. Climate justice and capabilities: a framework for adaptation policy. 
Ethics Int Aff. (2012) 26:445–61. doi: 10.1017/S0892679412000615

	6.	Juhola, S, Heikkinen, M, Pietilä, T, Groundstroem, F, and Käyhkö, J. Connecting 
climate justice and adaptation planning: an adaptation justice index. Environ Sci Pol. 
(2022) 136:609–19. doi: 10.1016/j.envsci.2022.07.024

	7.	Hsu, A, Sheriff, G, Chakraborty, T, and Manya, D. Disproportionate exposure to 
urban heat island intensity across major US cities. Nat Commun. (2021) 12:2721. doi: 
10.1038/s41467-021-22799-5

	8.	Park, Y, and Guldmann, J-M. Understanding disparities in community green 
accessibility under alternative green measures: a metropolitan-wide analysis of 
Columbus, Ohio, and Atlanta. Georgia Landsc Urban Plan. (2020) 200:103806. doi: 
10.1016/j.landurbplan.2020.103806

	9.	Wang, R, Cao, M, Yao, Y, and Wu, W. The inequalities of different dimensions of 
visible street urban green space provision: a machine learning approach. Land Use 
Policy. (2022) 123:106410. doi: 10.1016/j.landusepol.2022.106410

	10.	Rot, C, Tan, W, Tempels, B, and Patuano, A. Is it just planning? Unpacking markers 
of justice in spatial planning literature. J Plan Lit. (2025). doi: 10.1177/08854122251328259

	11.	Rusconi, I, Paio, A, Nogueira, F, and Mota, JC. Democratic innovations in urban 
governance: a comparative analysis of participatory practices in three Mediterranean 
cities. AESOP Annu Congr Proc. (2024):36.

	12.	Dabrowski, MM. Multi-level and multi-actor governance: why it matters for spatial 
planning In: R Rocco, G Bracken, C Newton and MM Dabrowski, editors. Teaching, 
learning & researching spatial planning. Delft (NL): TU Delft OPEN Publishing 
(2022). 56–67.

	13.	Li, X, Li, L, and Ma, S. Identifying the role of contracts in driving value cocreation 
between the internet of things platform and smart product manufacturer. Technovation. 
(2025) 140:103157. doi: 10.1016/j.technovation.2024.103157

	14.	Ma, S, Jin, X, Gong, J, and Li, X. China’s national image in the classroom: evidence 
of bicultural identity integration. Curr Psychol. (2025) 44:4596–604. doi: 10.1007/
s12144-025-07460-4

	15.	Mohtat, N, and Khirfan, L. The climate justice pillars vis-à-vis urban form 
adaptation to climate change: a review. Urban Clim. (2021) 39:100951. doi: 10.1016/j.
uclim.2021.100951

	16.	Lager, F, Coninx, I, Breil, M, Bakhtaoui, I, Branth Pedersen, A, Mattern, K, et al. 
Just resilience for Europe: towards measuring justice in climate change adaptation. ETC 
CA. (2023). doi: 10.25424/CMCC-BATP-3M95

	17.	Shi, L, Chu, E, Anguelovski, I, Aylett, A, Debats, J, Goh, K, et al. Roadmap towards 
justice in urban climate adaptation research. Nat Clim Change. (2016) 6:131–7. doi: 
10.1038/nclimate2841

	18.	Grecksch, K, and Klöck, C. Access and allocation in climate change adaptation. Int 
Environ Agreements. (2020) 20:271–86. doi: 10.1007/s10784-020-09477-5

	19.	Chang, S, Su, Q, and Chen, YS. Establish an assessment framework for risk and 
investment under climate change from the perspective of climate justice. Environ Sci 
Pollut Res. (2021) 28:66435–47. doi: 10.1007/s11356-021-15708-2

	20.	Ellena, M, Melis, G, Zengarini, N, Di Gangi, E, Ricciardi, G, Mercogliano, P, et al. 
Micro-scale UHI risk assessment on the heat-health nexus within cities by looking at 
socio-economic factors and built environment characteristics: the Turin case study 
(Italy). Urban Clim. (2023) 49:101514. doi: 10.1016/j.uclim.2023.101514

	21.	Hulley, G, Shivers, S, Wetherley, E, and Cudd, R. New ECOSTRESS and MODIS 
land surface temperature data reveal fine-scale heat vulnerability in cities: a case study 
for Los Angeles County. California Remote Sens. (2019) 11:2136. doi: 10.3390/rs11182136

	22.	Li, L, Zheng, Y, Ma, X, Ma, S, Zuo, J, and Goodsite, M. Clear skies after the haze: 
how the climate policy uncertainty impacts urban resilience in China. J Asian Public 
Policy. (2025):1–22. doi: 10.1080/17516234.2025.2544122

	23.	Niu, Y, Li, Z, Gao, Y, Liu, X, Xu, L, Vardoulakis, S, et al. A systematic review of the 
development and validation of the heat vulnerability index: major factors, methods, and 
spatial units. Curr Clim Chang Rep. (2021) 7:87–97. doi: 10.1007/s40641-021-00173-3

	24.	Zou, Q, Yang, J, Zhang, Y, Bai, Y, and Wang, J. Variation in community heat 
vulnerability for Shenyang City under local climate zone perspective. Build Environ. 
(2025) 267:112242. doi: 10.1016/j.buildenv.2024.112242

	25.	Ii, BLT, and Zhou, B-B. Reflections on a vulnerability framework for sustainability 
science. Jàmbá J Disaster Risk Stud. (2023) 15:10. doi: 10.4102/jamba.v15i1.1335

	26.	Zhu, X, Song, X, Leng, P, and Hu, R. Spatial downscaling of land surface 
temperature with the multi-scale geographically weighted regression. Natl Remote Sens 
Bull. (2021) 25:1749–66. doi: 10.11834/jrs.20211202

	27.	Quesada-Ganuza, L, Garmendia, L, Alvarez, I, and Roji, E. Vulnerability 
assessment and categorization against heat waves for the Bilbao historic area. Sustain 
Cities Soc. (2023) 98:104805. doi: 10.1016/j.scs.2023.104805

	28.	Kim, Y, Li, D, Xu, Y, Zhang, Y, Li, X, Muhlenforth, L, et al. Heat vulnerability and 
street-level outdoor thermal comfort in the city of Houston: application of google street 
view image derived SVFs. Urban Clim. (2023) 51:101617. doi: 10.1016/j.uclim.2023.101617

	29.	Szagri, D, Nagy, B, and Szalay, Z. How can we predict where heatwaves will have 
an impact? – a literature review on heat vulnerability indexes. Urban Clim. (2023) 
52:101711. doi: 10.1016/j.uclim.2023.101711

	30.	Zheng, XM, Wang, Y, Wu, XY, Qi, X, and Qi, XH. Comparison of heat wave 
vulnerability between coastal and inland cities of Fujian Province in the past 20 years. 
Prog Geogr. (2016) 35:1197–205. doi: 10.18306/dlkxjz.2016.10.003

	31.	Tedesco, M, Hultquist, C, and de Sherbinin, A. A new dataset integrating public 
socioeconomic, physical risk, and housing data for climate justice metrics: a test-case 
study in Miami. Environ Justice. (2022) 15:149–59. doi: 10.1089/env.2021.0059

	32.	Darden, JT, and Wooldridge, KT. Risk communication and climate justice 
planning: a case of Michigan's Huron River watershed. Urban Plan. (2017) 2:34–50. doi: 
10.17645/up.v2i4.1045

	33.	Paul, TMD. Climate change and induced marginalization: perspectives. Glocalism. 
(2024). doi: 10.54103/gjcpi.2023.1.22350

	34.	Boone, CG, and Fragkias, M. Connecting environmental justice, sustainability, and 
vulnerability. In: Urbanization and sustainability. Dordrecht: Springer (2013). 49–59.

	35.	Yang, J, Ren, J, Sun, D, Xiao, X, Xia, J, Jin, C, et al. Understanding land surface 
temperature impact factors based on local climate zones. Sustain Cities Soc. (2021) 
69:102818. doi: 10.1016/j.scs.2021.102818

	36.	Hua, J, Zhang, X, Ren, C, Shi, Y, and Lee, T-C. Spatiotemporal assessment of 
extreme heat risk for high-density cities: a case study of Hong Kong from 2006 to 2016. 
Sustain Cities Soc. (2021) 64:102507. doi: 10.1016/j.scs.2020.102507

	37.	Pérez-Arévalo, R, Jiménez-Caldera, JE, Serrano-Montes, JL, Rodrigo-Comino, J, 
Ortiz Royero, JC, and Caballero-Calvo, A. Impacts of urban morphology on 
micrometeorological parameters and cyclonic phenomena in northern Colombian 
Caribbean. Climate. (2025) 13:87. doi: 10.3390/cli13050087

	38.	Chao, L, Li, Q, Dong, W, Yang, Y, Guo, Z, Huang, B, et al. Vegetation greening 
offsets urbanization-induced fast warming in Guangdong, Hong Kong, and Macao 
region (GHMR). Geophys Res Lett. (2021) 48:e2021GL095217. doi: 10.1029/ 
2021gl095217

https://doi.org/10.3389/fpubh.2025.1724719
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1724719/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1724719/full#supplementary-material
https://doi.org/10.1038/s41612-024-00708-z
https://doi.org/10.1016/j.eap.2024.12.027
https://doi.org/10.1038/s44284-024-00179-6
https://doi.org/10.3390/app13095263
https://doi.org/10.1017/S0892679412000615
https://doi.org/10.1016/j.envsci.2022.07.024
https://doi.org/10.1038/s41467-021-22799-5
https://doi.org/10.1016/j.landurbplan.2020.103806
https://doi.org/10.1016/j.landusepol.2022.106410
https://doi.org/10.1177/08854122251328259
https://doi.org/10.1016/j.technovation.2024.103157
https://doi.org/10.1007/s12144-025-07460-4
https://doi.org/10.1007/s12144-025-07460-4
https://doi.org/10.1016/j.uclim.2021.100951
https://doi.org/10.1016/j.uclim.2021.100951
https://doi.org/10.25424/CMCC-BATP-3M95
https://doi.org/10.1038/nclimate2841
https://doi.org/10.1007/s10784-020-09477-5
https://doi.org/10.1007/s11356-021-15708-2
https://doi.org/10.1016/j.uclim.2023.101514
https://doi.org/10.3390/rs11182136
https://doi.org/10.1080/17516234.2025.2544122
https://doi.org/10.1007/s40641-021-00173-3
https://doi.org/10.1016/j.buildenv.2024.112242
https://doi.org/10.4102/jamba.v15i1.1335
https://doi.org/10.11834/jrs.20211202
https://doi.org/10.1016/j.scs.2023.104805
https://doi.org/10.1016/j.uclim.2023.101617
https://doi.org/10.1016/j.uclim.2023.101711
https://doi.org/10.18306/dlkxjz.2016.10.003
https://doi.org/10.1089/env.2021.0059
https://doi.org/10.17645/up.v2i4.1045
https://doi.org/10.54103/gjcpi.2023.1.22350
https://doi.org/10.1016/j.scs.2021.102818
https://doi.org/10.1016/j.scs.2020.102507
https://doi.org/10.3390/cli13050087
https://doi.org/10.1029/2021gl095217
https://doi.org/10.1029/2021gl095217


Cao et al.� 10.3389/fpubh.2025.1724719

Frontiers in Public Health 14 frontiersin.org

	39.	Hamstead, ZA, and Sauer, J. Mapping vulnerability to weather extremes: heat and 
flood assessment approaches In: ZA Hamstead, DM Iwaniec, T McPhearson, M Berbés-
Blázquez, EM Cook and TA Muñoz-Erickson, editors. Resilient Urban Futures. Cham: 
Springer International Publishing (2021). 47–66.

	40.	Cheng, W, Li, D, Liu, Z, and Brown, RD. Approaches for identifying heat-
vulnerable populations and locations: a systematic review. Sci Total Environ. (2021) 
799:149417. doi: 10.1016/j.scitotenv.2021.149417

	41.	Xumin, W, Peng, Z, and Erfu, D. High temperature risk assessment at the municipal 
scale in China. J Resour Ecol. (2023) 14, 399–409. doi: 10.5814/j.issn.1674-764x.2023.02.018

	42.	Kasthala, S, Parthasarathy, D, Narayanan, K, and Inamdar, AB. Classification and 
evaluation of current climate vulnerability assessment methods. Soc Indic Res. (2024) 
171:605–39. doi: 10.1007/s11205-023-03271-x

	43.	Mayrhuber, EAS, Dückers, MLA, Wallner, P, Arnberger, A, Allex, B, 
Wiesböck, L, et al. Vulnerability to heatwaves and implications for public health 
interventions – a scoping review. Environ Res. (2018) 166:42–54. doi: 10.1016/j.
envres.2018.05.021

	44.	Kim, YJ, Park, C, Lee, DK, and Park, TY. Connecting public health with urban 
planning: allocating walkable cooling shelters considering older people. Landsc Ecol Eng. 
(2023) 19:257–69. doi: 10.1007/s11355-023-00543-z

	45.	Malmquist, A, Lundgren, T, Hjerpe, M, Glaas, E, Turner, E, and Storbjörk, S. 
Vulnerability and adaptation to heat waves in preschools: experiences, impacts and 
responses by unit heads, educators and parents. Clim Risk Manag. (2021) 31:100271. doi: 
10.1016/j.crm.2020.100271

	46.	Kim, K, Jung, J, Schollaert, C, and Spector, JT. A comparative assessment of cooling 
center preparedness across twenty-five U.S. cities. Int J Environ Res Public Health. (2021) 
18:4801. doi: 10.3390/ijerph18094801

	47.	Jay, O, Capon, A, Berry, P, Broderick, C, de Dear, R, Havenith, G, et al. Reducing 
the health effects of hot weather and heat extremes: from personal cooling strategies to 
green cities. Lancet. (2021) 398:709–24. doi: 10.1016/S0140-6736(21)01209-5

	48.	Cao, Q, Huang, H, Hong, Y, Huang, X, Wang, S, Wang, L, et al. Modeling intra-urban 
differences in thermal environments and heat stress based on local climate zones in Central 
Wuhan. Build Environ. (2022) 225:109625. doi: 10.1016/j.buildenv.2022.109625

	49.	Mitchell, BC, Chakraborty, J, and Basu, P. Social inequities in urban heat and 
greenspace: analyzing climate justice in Delhi, India. Int J Environ Res Public Health. 
(2021) 18:4800. doi: 10.3390/ijerph18094800

	50.	Voelkel, J, Hellman, D, Sakuma, R, and Shandas, V. Assessing vulnerability to 
urban heat: a study of disproportionate heat exposure and access to refuge by socio-
demographic status in Portland, Oregon. Int J Environ Res Public Health. (2018) 15:640. 
doi: 10.3390/ijerph15040640

	51.	Atkins, L, Brown, HE, Keith, L, Austhof, E, Lin, H, Chambers, SN, et al. A co-
produced workflow for addressing inequities in cooling center access. Community. 
Science. (2024) 3:e2023CSJ000038. doi: 10.1029/2023CSJ000038

	52.	Lai, D, Lian, Z, Liu, W, Guo, C, Liu, W, Liu, K, et al. A comprehensive review of 
thermal comfort studies in urban open spaces. Sci Total Environ. (2020) 742:140092. doi: 
10.1016/j.scitotenv.2020.140092

	53.	Yu, H, Fukuda, H, Zhou, M, and Ma, X. Improvement strategies for microclimate 
and thermal comfort for urban squares: a case of a cold climate area in China. Buildings. 
(2022) 12:944. doi: 10.3390/buildings12070944

	54.	Verma, R, Zawadzka, JE, Garg, PK, and Corstanje, R. The relationship between 
spatial configuration of urban parks and neighbourhood cooling in a humid subtropical 
city. Landsc Ecol. (2024) 39:34. doi: 10.1007/s10980-024-01818-y

	55.	Li, HC, and Yang, X. Impact of street built environment on human thermal 
comfort in summer. J Landscape Res. (2023) 15:1–5.

	56.	Wolch, JR, Byrne, J, and Newell, JP. Urban green space, public health, and 
environmental justice: the challenge of making cities ‘just green enough’. Landsc Urban 
Plan. (2014) 125:234–44. doi: 10.1016/j.landurbplan.2014.01.017

	57.	Korpilo, S, Kaaronen, RO, Olafsson, AS, and Raymond, CM. Public participation 
GIS can help assess multiple dimensions of environmental justice in urban green and 
blue space planning. Appl Geogr. (2022) 148:102794. doi: 10.1016/j.apgeog.2022.102794

	58.	Sorensen, A. Taking path dependence seriously: an historical institutionalist 
research agenda in planning history. Plan Perspect. (2014) 30:17–38. doi: 
10.1080/02665433.2013.874299

	59.	Cucca, R, Friesenecker, M, and Thaler, T. Green gentrification, social justice, and 
climate change in the literature: conceptual origins and future directions. Urban Plan. 
(2023) 8:283–95. doi: 10.17645/up.v8i1.6129

	60.	Zheng, H, Jia, H, and Lu, J. Study on green gentrification mechanisms and 
residents’ satisfaction in Chinese new urban areas: a case study of the area surrounding 
Julong Lake Park. Sustainability. (2024) 16:150. doi: 10.3390/su16010150

	61.	Amorim-Maia, AT, Anguelovski, I, Chu, E, and Connolly, J. Intersectional climate 
justice: a conceptual pathway for bridging adaptation planning, transformative action, 
and social equity. Urban Clim. (2022) 41:101053. doi: 10.1016/j.uclim.2021.101053

	62.	Ferranti, E, Cook, S, Greenham, SV, Grayson, N, Futcher, J, and Salter, K. 
Incorporating heat vulnerability into local authority decision making: an open access 
approach. Sustainability. (2023) 15:13501. doi: 10.3390/su151813501

	63.	Derkzen, ML, van Teeffelen, AJA, and Verburg, PH. Green infrastructure for urban 
climate adaptation: how do residents’ views on climate impacts and green infrastructure 
shape adaptation preferences? Landsc Urban Plan. (2017) 157:106–30. doi: 10.1016/j.
landurbplan.2016.05.027

	64.	Gargiulo, C, and Zucaro, F. A method proposal to adapt urban open-built and 
green spaces to climate change. Sustainability. (2023) 15:8111. doi: 10.3390/su15108111

	65.	Zhu, S, Yang, Y, Yan, Y, Causone, F, Jin, X, Zhou, X, et al. An evidence-based 
framework for designing urban green infrastructure morphology to reduce urban 
building energy use in a hot-humid climate. Build Environ. (2022) 219:109181. doi: 
10.1016/j.buildenv.2022.109181

	66.	Vanos, J, Guzman-Echavarria, G, Baldwin, JW, Bongers, C, Ebi, KL, and Jay, O. A 
physiological approach for assessing human survivability and liveability to heat in a 
changing climate. Nat Commun. (2023) 14:7653. doi: 10.1038/s41467-023-43121-5

	67.	Fung, KY, Yang, ZL, Martilli, A, Krayenhoff, ES, and Niyogi, D. Prioritizing social 
vulnerability in urban heat mitigation. PNAS Nexus. (2024) 3:360. doi: 10.1093/
pnasnexus/pgae360

	68.	McDonald, RI, Biswas, T, Sachar, C, Housman, I, Boucher, TM, Balk, D, et al. The 
tree cover and temperature disparity in US urbanized areas: quantifying the association 
with income across 5,723 communities. PLoS One. (2021) 16:e0249715. doi: 10.1371/
journal.pone.0249715

	69.	Pan, H, Luo, Y, Zeng, L, Shi, Y, Hang, J, Zhang, X, et al. Outdoor thermal 
environment regulation of urban green and blue infrastructure on various types of 
pedestrian walkways. Atmos. (2023) 14:1037. doi: 10.3390/atmos14061037

https://doi.org/10.3389/fpubh.2025.1724719
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2021.149417
https://doi.org/10.5814/j.issn.1674-764x.2023.02.018
https://doi.org/10.1007/s11205-023-03271-x
https://doi.org/10.1016/j.envres.2018.05.021
https://doi.org/10.1016/j.envres.2018.05.021
https://doi.org/10.1007/s11355-023-00543-z
https://doi.org/10.1016/j.crm.2020.100271
https://doi.org/10.3390/ijerph18094801
https://doi.org/10.1016/S0140-6736(21)01209-5
https://doi.org/10.1016/j.buildenv.2022.109625
https://doi.org/10.3390/ijerph18094800
https://doi.org/10.3390/ijerph15040640
https://doi.org/10.1029/2023CSJ000038
https://doi.org/10.1016/j.scitotenv.2020.140092
https://doi.org/10.3390/buildings12070944
https://doi.org/10.1007/s10980-024-01818-y
https://doi.org/10.1016/j.landurbplan.2014.01.017
https://doi.org/10.1016/j.apgeog.2022.102794
https://doi.org/10.1080/02665433.2013.874299
https://doi.org/10.17645/up.v8i1.6129
https://doi.org/10.3390/su16010150
https://doi.org/10.1016/j.uclim.2021.101053
https://doi.org/10.3390/su151813501
https://doi.org/10.1016/j.landurbplan.2016.05.027
https://doi.org/10.1016/j.landurbplan.2016.05.027
https://doi.org/10.3390/su15108111
https://doi.org/10.1016/j.buildenv.2022.109181
https://doi.org/10.1038/s41467-023-43121-5
https://doi.org/10.1093/pnasnexus/pgae360
https://doi.org/10.1093/pnasnexus/pgae360
https://doi.org/10.1371/journal.pone.0249715
https://doi.org/10.1371/journal.pone.0249715
https://doi.org/10.3390/atmos14061037

	A VSD-based framework for assessing climate justice in urban outdoor cooling spaces: a case study of Fuzhou, China
	1 Introduction
	2 Methodology
	2.1 Study area
	2.2 Data sources
	2.3 Construction of the index system
	2.3.1 Construction of the index system
	2.3.2 Comprehensive climate justice assessment
	2.3.2.1 CRITIC method for weight determination
	2.3.2.2 Modeling of the climate justice assessment system
	2.3.2.3 Identify the dominant risk factors

	3 Results
	3.1 Quantitative values of assessment indices
	3.2 Spatial identification of climate injustice dimensions
	3.2.1 Distributive justice dimension
	3.2.2 Recognition justice dimension
	3.2.3 Procedural justice dimension
	3.3 Comprehensive climate justice assessment and inequity patterns

	4 Discussion
	4.1 Comparison with previous studies
	4.2 Driving mechanisms of climate injustice
	4.3 Governance strategies for climate justice: differentiated interventions for linear and areal spaces
	4.4 Advantages and contributions of the assessment framework
	4.5 Research limitations

	5 Conclusion

	Acknowledgments
	References

