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Climate adaptation policies have received attention in major due to the dual
challenges of external factors like global warming, and internal factors related to
the transition from rapid urbanization to sustainable development. However,
previous research on heat or climate mitigation has often focused on external
factors, neglecting the internal factors throughout the process of urban
development and planning history. Research has revealed that city center
where urban heat island phenomena is prominent, are subjected to external
factors of intense heat exposure, as well as deeply influenced by the internal
factors “urban development legacy.” An increasing body of research note that the
inequitable legacy from urban development could impact environmental equity
outcomes of cities. Based on this, we argue that urban heat mitigation research
should adopt the perspective of the urban development process. We then utilize
the Heat Mitigation Framework to examine the tangible outcomes of
environmental equity over an extended period of urban development. This
study focuses on the Charlotte city center that have undergone multiple
processes of redlining policies and rapid urbanization, using a research
framework for environmental equity-oriented urban heat management to
examine whether a series of heat mitigation policies have effectively reduced
heat exposure and whether they have truly benefited heat-vulnerable groups.
Based on 20 years ofmulti-source heat exposure and urban spatial data, this paper
provides evidence of ongoing enhancements to the heat exposure environment in
the Charlotte city center. However, despite these improvements, heat vulnerable
group that are particularly susceptible to the negative effects of heat exposure did
not experience commensurate benefits. The conclusion of this article validates the
ongoing trends of global sustainable studies in nature-based solutions and social-
ecological systems, highlighting the issue of environmental equity evaluation.
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1 Introduction

Global climate change and the rapid process of urbanization
have intensified environmental consequences, leading to frequent
urban heat island (UHI) problems (McCarthy et al., 2010; Chapman
et al., 2017), and heated discussion arouse in climate adaptation
strategies all over the world (Baniassadi et al., 2019; Augusto et al.,
2020; Ascenso et al., 2021). Long-term exposure to hot
environments not only has adverse effects on human health
(Tong et al., 2021), exacerbated heat exposure for residents in
disadvantaged communities could easily worsen environmental
inequity in cities (Harlan et al., 2007). To alleviate the adverse
effects of UHI and address the environmental inequality, urban heat
management has become an increasingly important for urban heat
mitigation as well as climate adaptation (Zhou et al., 2017; Sanchez
and Reames, 2019; Herath et al., 2021).

In practice, urban heat management involves a range of urban
heat mitigation techniques. The planning practice has been
informed by a conceptual model of vulnerability to heat, which
highlights exposure, sensitivity, and adaptive capacity as key factors
(Turner et al., 2003; Wilhelmi and Hayden, 2010). Direct measures
primarily involve improving urban fabrics like urban greenspace
and green infrastructure (Augusto et al., 2020; Kraemer and Kabisch,
2022; Li et al., 2022). While indirect measures are enhancing
adaptability and sensitivity, which are closely linked to socio-
economic and demographic factors (Voelkel et al., 2018). At the
conceptual level, there is a growing trend to incorporate the legacy of
previous policies into the research framework (Grove et al., 2018;
Wilson, 2020; Roberts et al., 2022) as the rapid urbanization has a
profound impact on the urban environment, which is not only a
historical legacy issue but also a current situation problem that
urban management must face. Finally, at the methodological level,
heat management increasingly relies on high spatiotemporal
resolution (Eastin et al., 2018; Xu C. et al., 2022a; Lyu et al.,
2022) and long-term (Xiong et al., 2022) remote sensing, as well
as urban socio-economic data to conduct simulations based on
objective changes and trends to enhance the specificity and
effectiveness of urban heat management.

In response to real-world issues, cities across the world are
progressively inclined to a more comprehensive and sustainable
methodological approach in the context of climate adaptation and
heat management. Nature-based solutions (NBS), as a research
direction that has garnered increasing attention in recent years, aim
to achieve a more intricate comprehension of urban strategies geared
towards addressing climate challenges bymeans of integrating ecosystem
services, implementing place-based modeling, and accounting for both
immediate and long-term impacts. This concerted effort collectively
contributes to an enriched understanding of urban strategies aimed at
mitigating climate challenges (Augusto et al., 2020; Ascenso et al., 2021;
Liu et al., 2022; Cong et al., 2023). Furthermore, in addition to addressing
climate adaptation and enhancing urban environments, the issues
intertwined with societal and economic inequality and unbalanced
development are deemed amenable to systematic resolution through
the adoption of a social-ecological system (SES) approach. This approach
is increasingly being recognized as a methodological framework that
systematically addresses such issues (Fedele et al., 2019; Mafi-Gholami
et al., 2021). SES progressively evolves into a methodological framework
aimed at holistically assessing vulnerabilities, considering the intricate

interplay between social and ecological factors. This kind of
comprehensive methodological and strategic approach, prevalent on a
global scale, aligns harmoniouslywith the emerging strategies adopted by
cities, emphasizing the imperative of comprehensive solutions that
account for the intricacies of urban environments and the overall
wellbeing of their inhabitants.

Therefore, when focusing on urban heat mitigation, research has
emerged concerning with the process and legacy of urban
development (Bolin et al., 2013), starting to highlight the long-
term impacts of urban legacies on environmental inequity (Jenerette
et al., 2011; Wilson, 2020). It must be acknowledged that high-
precision spatiotemporal data (Grilo et al., 2020; García and Diaz,
2023; Derakhshan et al., 2023) and long-term observations (Wilson,
2020; Li et al., 2022) provide comprehensive contextual information
for revealing the temporal and spatial changes in urban
environmental inequality. This also assists in substantiating the
enduring effects of policy legacies on environmental inequality,
and in providing precise guidance for the formulation of
comprehensive heat exposure mitigation strategies that take into
account economic, social, and ecological integrated benefits
(Jenerette et al., 2011; Mafi-Gholami et al., 2021; Zhu et al.,
2022). Similar to the urbanization process of other countries
worldwide, the legacies experienced in the course of urban
development in the United States have been substantiated to
exert profound impacts on environmental and equity concerns.
In recent years, research into heat management within the
context of environmental equity in the United States has
increasingly focused on the legacy of Redlining, in its enduring
implications for urban heat management efforts aimed at promoting
environmental justice (Lynch et al., 2021; Lane et al., 2022).

Duting the past two decades, despite a series of urban retrofitting
measures aimed at addressing extreme weather events and
promoting urban sustainability (Wong and Lau, 2013; Akkose
et al., 2021), including heat mitigation strategies implemented in
the original city center (Gaber et al., 2020), where rapid urbanization
is still occurring, and the effects of the redlining legacy have not
dissipated (D’Aquila, 2022). In this context, urban heat management
urgently needs to consider the environmental changes and their
equitable impacts brought about by complex urbanization processes
over a long-time scale. Although there have been some studies on the
equity impacts of redlining legacy on urban heat exposure in the past
two decades (Wilson, 2020; Lynch et al., 2021), less attention has
been paid to the rapid urbanization process and land surface changes
in the redlining areas, as well as the application of heat mitigation
frameworks. This has limited our understanding of the heat
exposure experienced by vulnerable locations and populations
over the past few decades. In addition, the measurement of heat
exposure based on environmental equity requires high-precision
spatiotemporal data and long-term observations, which demands
more accurate measurement of heat exposure across different
regions, populations, and time periods.

Therefore, this study, based on the research framework of urban
heat management and using high-precision spatiotemporal data,
measured the heat exposure experienced by the redlined areas over
the past two decades and evaluated whether heat mitigation
strategies implemented during this time period have led to
improvements in environmental equity. This study selected a
American city Charlotte as the case study area, which has
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experienced redlining legacy since 1930s and has witnessed rapid
urbanization in the past two decades. Heat management measures in
Charlotte has arisen discussion (Eastin et al., 2018; Westernorff,
2020), but the environmental inequity outcome remains
unanswered. The study focused on the changes in heat exposure
in Charlotte’s redlining areas over the past 20 years, revealing the
multiple effects of policy legacy and heat mitigation strategies on
improving environmental equity in this area. This study aims to
implement a comprehensive research framework for climate
mitigation in the context of legacy policies and provides a
detailed and comprehensive interpretation of environmental
equity research in a long-lasting and complex urbanization
processes.

2 Literature review

In recent years, research on heat exposure for climate adaptation has
increasingly focused on heat vulnerability and environmental equity
issues. Methodologically, the study of heat mitigation indexes focuses
particularly on low-income and African American populations in urban
areas. However, in the planning practice of heat management, there is a
lack of targeted research for heat-vulnerable populations living in city
centers. Most of the downtowns of southern US cities experienced
redlining legacies and rapid urbanization, andmany studies have focused
on redlining’s reshaping of urban environments and the resulting
environmental inequity issues. However, whether heat management
nowadays in historical redlining areas could environmental justice
requires long-term, high spatiotemporal resolution heat exposure
measurements, as well as adopting the heat management framework.

2.1 Heat management framework in
megacities

Sustainable adaptation and social equity have been recognized as
important considerations in local climate adaptation planning,
including for UHI mitigation strategies (Harlan et al., 2007;
Wilson and Chakraborty, 2019; Tong et al., 2021; Xu et al.,
2022b). Fiack et al. (2021) discussed social equity and local
climate adaptation planning in US cities, while Sanchez and
Reames (2019) conducted the socio-spatial analysis of equity in
green roofs as an urban heat island mitigation strategy. Amorim-
Maia et al. (2022) proposed intersectional climate equity as a
conceptual pathway for bridging adaptation planning,
transformative action, and social equity. Previous literature has
also investigated the effects of heat vulnerability on heat-related
emergency medical service incidents. Seong et al. (2023) examined
the effects of heat vulnerability on heat-related emergency medical
service incidents in Austin, Texas, while Li et al. (2022) modeled the
relationships between historical redlining, urban heat, and heat-
related emergency department visits in 11 Texas cities. D’Aquila
(2022) examined the legacy of redlining and the disproportionate
exposure to extreme heat in Seattle, Washington.

Heat vulnerability indices (HVIs), which integrate exposure,
sensitivity, and adaptive capacity to extreme heat, have been
incorporated into urban public health management. Examples
include the HVIs developed for San Juan, Puerto Rico (Méndez-

Lázaro et al., 2018), Santiago de Chile (Inostroza et al., 2016),
Milwaukee and Wisconsin (Christenson et al., 2017), and
Ludwigsburg, Germany (Birkmann et al., 2021). Daniel et al.
(2018) discusses the role of watering practices in large-scale
urban planning strategies to face the heat-wave risk in the future
climate, while Yuan et al. (2022) explore the drivers of heat-induced
health impacts and implications for accurate heat-health plans and
guidelines.

The understanding of equity in urban heat mitigation often
starts from spatial equity. On the one hand, the increasingly
sophisticated spatiotemporal measurements have improved the
precision of urban heat exposure research. Zhou et al. (2017)
improved the assessment of the effects of configuration on land
surface temperature (LST) by controlling tree cover. Xu et al. (2022a)
discussed the potential influence of the spatial equity of urban green
space (UGS) distribution on the urban heat island (UHI) using
remote sensing data and the Gini coefficient. On the other hand, the
exploration of spatial equity contributes to the implementation of
heat mitigation strategies. Urban heat management often relies on
the transformation of the physical spatial environment of the city to
mitigate the health risks brought by extreme heat. Qin et al. (2012)
proved that green roof could be effective strategies for reducing
urban heat, Oliveira et al. (2011); Wang et al. (2022) both found that
urban green space could be another effective cooling strategy. Also,
green belts and blue space are effective environmental planning
toolbox, argued by Zhu et al. (2017); Gunawardena et al. (2017).

Environmental equity has gained significant attention in climate
change adaptation and mitigation efforts. Adger (2001) emphasizes
the importance of governance scales in achieving environmental
equity. In the context of heat management, Zhu et al. (2022) have
explored environmental justice in heat-related health risks by
integrating anthropogenic heat emissivity and cooling
accessibility in Shanghai, China. Additionally, Ernstson (2013)
provides a framework for studying environmental justice and
ecological complexity in urban landscapes, highlighting the social
production of ecosystem services. Recent studies, including Xu et al.
(2022b); Xiong et al. (2022) in Guangzhou et al. (2021) in Dera
Ghazi Khan, Pakistan, have utilized remote sensing and GIS data to
assess urban heat islands and their associations with land use/cover
change. Sobrino et al. (2004); Li et al. (2022) conducted studies that
investigated the relationship between land surface temperature
(LST) and vegetation fraction, taking into full consideration the
complexity of land cover in urban environments. By utilizing their
LST retrieval approaches, the heat exposure of urban residents can
be quantified with greater precision. However, to shed light on the
impact of environmental equity, there is a need for more precise,
long-term scale measurements of heat exposure and targeted
incorporation into heat management frameworks to provide
accurate evidence for heat mitigation strategies.

While sustainable urban retrofitting has indeed improved the
urban environment in specific areas, they have also increased the
costs of living, resulting in historical marginalized groups being
forced to relocate. As a result, these heat-vulnerable groups are
actually unable to benefit from the positive effects of environmental
improvements. Gould and Lewis (2018) exposed the cruel process of
“green gentrification” in New York, where people of color were
unable to enjoy the beautiful waterfront after renovation and may
continue to bear the risks of extreme weather in the city.
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Anguelovski et al. (2019) further summarized this unjust trend as
“green climate gentrification” which poses a threat to the poor and
vulnerable populations. Therefore, it is urgent to understand the
effects of urban heat mitigation strategies from the perspectives of
spatial equity and social equity, in order to better promote human-
centered environmental planning.

2.2 Urban legacy, urban retrofitting and
environmental inequity

The legacies within the urban development process often exert
significant influence on the current environmental adaptation
strategies of cities. Strategies such as Europe’s sustainable urban
transformation (Addanki and Venkataraman, 2017) and China’s
urban carbon neutrality initiative (Hepburn et al., 2021) must take
into account the physical environment inherited from urban history
and the socially constructed spatial structures that have accumulated
over time.

Urban policies along with the urban development, such as
redlining in the US context, had far-reaching impacts on later
issues of social segregation and environmental inequity, even after
decades of urbanization. When urban extremes occur, many studies
have shown that redlining is a historical policy that deserves blame (Li
and Yuan, 2022). Studies have shown that historical redlining
practices have played a role in the disproportionate distribution of
heat-related health outcomes across neighborhoods, with low-income
communities of color, who were redlined in the past, being the most
affected (Wilson, 2020; Lee et al., 2022; Swope et al., 2022). Wilson
(2020) discusses the legacy of redlining and the role of urban heat
management, while Lee et al. (2022) reviews the literature on health
outcomes in redlined versus non-redlined neighborhoods. Swope et al.
(2022); Cross et al. (2023) examine the relationship of historical
redlining with present-day environmental and health outcomes
and present research agendas. What’s more, the past redlining
policies still have a profound impact on the current environmental
extreme exposure of historical marginalized areas. Hoffman et al.
(2020) proved that land surface temperatures in redlined areas are
approximately 2.6°C warmer than in non-redlined areas in U.S., and
reveals that historical housing policies may, in fact, be directly
responsible for disproportionate exposure to current heat events.
Lane et al. (2022) illustrated how redlining continues to shape
systemic environmental exposure disparities in the United States in
perspective of air pollution disparities.

Also, historical heat vulnerable groups, include African
American (Hamstead et al., 2018), low-income citizens
(Osberghaus and Abeling, 2022), rental households (Uejio et al.,
2011), senior citizens (Rosenthal et al., 2014) have proved to be heat
vulnerable group and arouse great attention especially on health
outcomes of other environmental inequities, such as of exposure to
crucial environment and worse health conditions. Nardone et al.
(2021) proved that the historical redlined group shares highly
association with greenspace decrease. Lynch et al. (2021) found
that redlined neighborhoods with high sustained disinvestment
had worse physical and mental health than neighborhoods with
high investment. Sandlos and Keeling (2016) discuss toxic
legacies, slow violence, and environmental inequity at Giant
Mine, Northwest Territories, while Gonzalez et al. (2023)

examine the historic redlining and the siting of oil and gas
wells in the United States.

In the past few decades, all countries in the world have actively tried
environmental improvement and climate adaptation strategies, and
urban retrofitting has also been actively carried out in Europe (Vall-
Casas et al., 2011), the United States (Dixon et al., 2014) and other
regions. Some environmental adaptation changes and green tactics in
urban space have indeed been proved to bring good environmental and
social benefits. Ascenso et al. (2021) provide a valuable case study
investigating the impacts of nature-based solutions on the urban
atmospheric environment. Focusing on Eindhoven, Netherlands, the
authors analyze the effects of these solutions on air quality and
temperature regulation. This study contributes to the understanding
of how nature-based interventions can influence urban microclimates,
emphasizing the broader implications of these approaches beyond
localized heat management. Cong et al. (2023) offer a modeling-
based exploration of place-based nature-based solutions, aiming to
facilitate urban carbon neutrality. The paper demonstrates the role of
nature-based solutions in not only mitigating heat but also in achieving
broader carbon reduction targets, further supporting the idea of an
integrated approach to urban climate challenges. Based on this,
emerging studies hope to investigate the comprehensive effectiveness
of these series of climate adaptation strategies, and whether the new
improvement measures align with urban expansion (Liu et al., 2022).
While whether they can take into account the social benefits of urban
development and benefit more groups, especially the environmentally
disadvantaged groups, which is also the focus of this paper.

3 Methodology

3.1 Research area

The research area, illustrated in Figure 1, primarily concentrates
on a US city, Charlotte’s downtown area. The city has to deal with
both the legacy of spatial inequity in the process of urbanization and
the ongoing strategies at urban retrofitting and heat mitigation over
the past two decades. These areas are located in the heart of
Charlotte city, with the total redlined area spanning 54.66 km2,
accounting for more than 80% of the urban area back in the 1930s.
Due to the imprecise nature of historical redlining boundary
delineation in cities like Charlotte, which lacked real estate cases
at that time (Winling and Michney, 2021), the boundaries do not
perfectly align with past and current blocks and block group
boundaries. Considering the growth of the road network, we
have extended the redlining boundaries by 1 km (~0.6 mile)
based on walking distance in this study. The 1 km distance is
similar to walking distances commonly used to measure
neighborhood environments, such as greenspace accessibility
(Song and Wu, 2016), which is a significant factor in mitigating
heat exposure (Chakraborty and Li, 2022). As a result, our expanded
research area encompasses 96.7 km2, covering the majority of
Charlotte’s downtown.

Historically, Charlotte’s Home Owners’ Loan Corporation
(HOLC) grade map was divided into four grades as shown in
Figure 1: A (Best), B (Desirable), C (Definitely Declining,
Redlined), and D (Hazard, Redlined), with their respective area
proportions being 16% for Grade A, 19% for Grade B, 30% for Grade
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C, and 35% for Grade D. Deviating slightly from the pattern
observed in other cities, Charlotte did not exhibit a concentric
circle structure from the city center to suburban areas with
Grade D transitioning to Grade A. Instead, apart from Grade A,
Grades C, D (Redlined), and B (Not Redlined) were interspersed
from the city center to the city’s outskirts at the time. This spatial
distribution pattern may result in less pronounced differences in
land surface temperature patterns between various redlining area
grades in Charlotte, as well as a less evident heat legacy compared to
cities like Baltimore and Kansas City, which have been studied in
existing research (Wilson, 2020; Liu et al., 2021).

Over the past two decades, Charlotte has experienced rapid urban
population growth, making it one of the fastest-growing metropolitan
areas in the United States (Tosé, 2023). Within this rapid population
growth process, the population in the study area, which serves as the
center of the entiremetropolitan area, has also increased by over 35% in
the past 20 years, reaching a total of 127,972 residents in 2019. Amid
this swift urban population growth, the area has undergone significant
urban center redevelopment, including urban regreening projects for
environmental development, light rail construction, and new housing
redevelopment (Yonto and Thil, 2020). These landscape changes in the
study area will alter the distribution pattern of urban land surface
temperatures (LST), potentially affecting the heat vulnerability and
heat management effectiveness for residents in the area.

3.2 Workflow

The aim of this study is to address two main research questions:
1) Have areas in Charlotte, US that were redlined (Grade C and
Grade D) in the 1930s experienced greater increases in heat exposure

over the past 20 years in the context of climate change? 2) How do
changes in the association patterns between heat exposure and heat
vulnerability in these areas over the past two decades inform climate
change adaptation, particularly within the heat management
framework? To tackle these questions, this study follows the
workflow illustrated in Figure 2.

First, the research unit is defined, and the dependent variable,
heat exposure, is constructed and calculated. Heat exposure is
measured using land surface temperature (LST) during summer
in Charlotte. Based on the LST retrieval from the digital number
(DN) of Landsat sensors’ “four-step framework” described by
Sobrino et al. (2004) and developed by Li et al. (2022), we
retrieved the summer LST of the research area for 2001 and
2020. Due to the low temporal resolution of Landsat data, high
temporal resolution MODIS data is used to cross-validate the
estimation results, ensuring that the Landsat data collection dates
from 2001 to 2020 reflect a general summer day’s LST spatial
distribution pattern. Next, the difference in cross-validated LST
variables between 2001 and 2020 serves as the input for the
subsequent Kruskal–Wallis test to compare the average LST
change over the 20 years among the four HOLC grades (Wilson,
2020). The results will indicate whether the LST change is
significantly different among the four grade areas and address the
first research question. To answer the second research question, this
paper refers to the heat management conceptual framework (Hess
et al., 2002) and applies the socioeconomic and demographic factors
from Chakraborty and Li, (2019)’s work to quantify the residents’
heat vulnerability in the research area. Finally, an interaction effect
regression model is conducted to explore the association between
heat exposure change and heat vulnerability changes from 2001 to
2020, considering the combined effect of HOLC grades (Simensen

FIGURE 1
Map of research area in Charlotte (Note: blank block group are mainly commercial sites).
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et al., 2010). The results will answer the second question and offer
suggestions for future metropolitan heat mitigation strategies.

The results of the regression will reveal the association between
changes in heat exposure in redlining areas over the past 20 years and
changes in residents’ heat vulnerability. This association will inform the
implications of the relationship between urban environmental changes
leading to heat exposure variations and socioeconomic changes among
redlining residents in the context of rapid urbanization and climate
change from 2001 to 2020. By addressing the second research question,
this study will provide policy implication for future environmental
planning and heat management initiatives.

3.3 Dataset

To define the research unit, we take into account the research
context of this case, which includes: the relatively small total area of
Charlotte’s historical redlining areas, the comparatively large size of
each redlining parcel in Charlotte, and the availability of
socioeconomic attributes related to heat vulnerability for the
years 2001 and 2020 in social census data. Consequently, we
define our research unit as the block group in 2001. The block
group is a unit employed in the U.S. social census system, serving as
a geographic subdivision for aggregating population and
demographic data. Regarding the changes in block group
boundaries over the past 20 years, we discovered that all
alterations were due to rapid population growth, leading to the
decomposition of block groups from 2001 into several new block
groups. Therefore, we use the block groups from 2019 as our
research units. In this study, the sample size comprises 104 block
groups. Among these 104 block groups, 22 were classified as Grade

A, 27 as Grade B, 30 as Grade C, and 25 as Grade D. Overall, the
distribution across the four grades is relatively balanced, and the
proposed interaction-effect regression model is feasible in this study.

After defining the research units, we primarily utilized satellite
images and social census data to construct variables for this study, as
outlined in Table 1. Three types of variables were constructed. The first
typemeasures changes in heat exposure from 2001 to 2020, as indicated
by land surface temperature (LST). Higher LST values are associated
with higher potential heat exposure (Huang et al., 2011). We selected
Landsat 7 ETM+ and Landsat 8OLI images from June 1 toAugust 31 in
2001 and 2020, ensuring cloud coverage was less than 5%. Then, based
on the approaches of Sobrino et al. (2004), Li et al. (2022), and Xu et al.
(2022a), we retrieved the LST of the research areas. Simultaneously, we
collected corresponding MODIS daily daytime LST data for the same
periods. The dataset is a widely used remote sensing product that
provides global coverage of land surface temperature, featuring a spatial
resolution of 1 km and a temporal resolution of daily observations (Liu
et al., 2021). TheMODIS LST dataset has been available since 18March
2001, and well covers the whole research period. After removing poor-
quality pixels to calculate the spatial patterns of daily LST in the 2 years,
we applied this dataset to validate the representativeness of the selected
dates’ spatial patterns.

The second type of variable is dummy variables constructed
based on the HOLC map. We referred to the divisions of the four
HOLC grades on Charlotte’s 1935 HOLC redlining map from
Mapping Inequality historical redlining map data portal1,

FIGURE 2
Research workflow.

1 https://dsl.richmond.edu/panorama/redlining/#loc=5/39.1/-94.58
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constructing binary dummy variables for Grade B, Grade C, and
Grade D.

The third type of variable involves socioeconomic factors. Based
on the heat management framework, case studies of heat
management in U.S. metropolitan statistical areas (Stone et al.,
2014; Chakraborty and Li, 2022), and the criteria for HOLC map
grade divisions (mainly the proportion of African Americans and
income), we identified four relevant socioeconomic variables
reflecting heat vulnerability in Table 1. The senior city rate and
African American rate represent heat sensitivity, with higher
proportions indicating increased heat sensitivity (Chakraborty
and Li, 2022). Income and poverty rate serve as measurements of
individual heat adaptivity. As income levels increase, residents’ heat
adaptivity tends to be higher, primarily because higher-income
individuals typically have greater access to resources, such as air
conditioning and better-insulated housing, which enable them to
better adapt to and cope with urban heat (Moore et al., 2017). In
contrast, a high poverty rate indicates poor heat adaptivity among
residents. It should be noted that, due to our sample size of 104, we
should avoid having too many independent variables. Additionally,
poverty rate and rent exhibit strong collinearity, and given that the
median rent in Charlotte is generally high, along with higher
incomes in downtown areas exceeding the poverty line
established for North Carolina (Yan et al., 2012), we used the
poverty rate as a control variable and did not interact it with the
subsequent HOLC Grade dummy variables. These four variables
were constructed based on the 2001 Decennial Social Census data
and the 2019 American Community Survey (ACS) data.

3.4 LST retrieval

Due to the relatively small study area, we opted for fine spatial
resolution Landsat satellite images to estimate land surface
temperature. Given the relatively low temporal resolution of
Landsat satellites, it is crucial to ensure that the selected dates are
representative. We referred to the historical daily LST pattern
calculated from MODIS data, which boasts high temporal
accuracy (daily) but lower spatial resolution, to cross-validate and
ensure that the chosen dates’ LST patterns reflect the general
conditions during the summer. Table 2 presents the details of the
two Landsat scenes employed in this study to retrieve land surface
temperature. We selected scenes with cloud coverage below 5%
between June 1 and August 31 in 2001 and 2020. Since the available
images in 2001 are fewer than 2020, we first determine the image of
2001. Then based on its collection date, we selected the image from
candidate images in 2020 ensuring that its date is sufficiently close to
the 2001 date. As shown in Table 2, the selected scenes are free from
cloud interference, and the satellite transit times are close to noon
(corresponding to the time of MODIS daily daytime LST).

In this study, land surface temperature was estimated based on
selected Landsat scenes, after removing all bad quality pixels. The
land surface retrieval approaches by Sobrino et al. (2004) and Li et al.
(2022) were primarily referred to, and MODIS daily daytime data
was employed for cross-validation. A flowchart illustrating the
process and cross-validation of LST retrieval can be found in
Figure 2.

The digital number (DN) was first converted to radiance, followed
by the calculation of the brightness LST, which represents temperature
without considering land cover conditions. This calculation utilized Eq.
1, where Lλ is the spectral radiance converted from DN, and K1 and
K2 are parameters derived from Landsat 7 and Landsat 8 handbooks
(Landsat 7: K1 666.09; K21282.71; Landsat 8 K1: 774.8853, K2:
1321.0789).

TB � K2

ln K1
Lλ
+ 1( )

− 273.15 (Eq.1)

Subsequently, the brightness LST was transferred to LST by
considering real-world land cover conditions, as described in Eq. 2.
The emissivity (ε) was calculated in Eq. 3 for Landsat 7 (Nicol, 2009)
and Eq. 4 for Landsat 8 (Mehmood, 2022). λ is the wavelength of
emitted radiance, taking a value of 11.5 μm (Markham and Barker,
1985); and α = hc/b (1.438 × 10−2 m·K), h is the Planck’s constant
(h = 6.626 × 10−34 J·s), b is the Boltzmann constant (b = 1.38 ×
10−23 J/K), c is the speed of light (2.998 × 108 m/s); ε is the surface
emissivity and was estimated using the method proposed by Li et al.
(2022), which can be calculated for Landsat 7 by Eq. 3 (Li et al., 2022)
and Landsat 8 by Eq. 4 (Mehmood, 2022) with Fv being vegetation
fraction derived from Normalized Difference Vegetation Index
(NDVI) (Li et al., 2022)

Ts � TB

1 + λpTB
α( )p ln ε (Eq.2)

εLS7 � 0.02644 p Fv + 0.96356 (Eq.3)
εLS8 � 0.004 p Fv + 0.986 (Eq.4)

Once we converted the brightness temperature to LST, we could
apply it to measure heat exposure after conducting the cross-
validation.

3.5 Regression model with interaction effect

To investigate the relationship between heat exposure changes
represented by LST and heat vulnerability in historical redlining
areas, this study constructs a regression model with interaction effect
as shown in Eq. 5. In the equation, both dependent and independent
variables are denoted as ΔY and ΔXi, respectively, measuring the
changes in corresponding variables from 2001 to 2020.

ΔY � ∑m

i�1βi p ΔXi +∑k

j�1δj p Dj+∑m

i�1∑
k

j�1γij p ΔXi p Dj + ε

(Eq.5)
In the regression model, the heat vulnerability variables are

denoted as ΔXi, ranging from 1 to k, and the dummy variables
representing HOLC grades are denoted as Dj, ranging from 1 to m.
The coefficients of the changes in continuous independent variables
are βi. The significance of these coefficients indicates that the
changes in the corresponding heat vulnerability variables are
significantly related to heat exposure changes across the entire
study area. The coefficients of the dummy variables, δj, reflect
the significant relationship between heat exposure changes and a
specific HOLC grade area. The coefficients of the interaction terms
between the changes in continuous independent variables and the

Frontiers in Environmental Science frontiersin.org07

Li et al. 10.3389/fenvs.2023.1218819

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1218819


dummy variables, γij, represent the significant relationship between
the changes in a specific heat vulnerability variable and heat
exposure changes within a particular HOLC grade area. The
error term in the model is represented by ε. As all variables are
scaled for direct comparison among regression coefficients, there is
no intercept in this model.

4 Results

In this paper, the results section is organized into three sections,
based on the study design. First, we calculate and cross-validate the
spatial distribution pattern of Land Surface Temperature (LST) in
the study area. Second, we provide a summary of the LST among the
four HOLC grades and test for any significant differences in the
average values. Lastly, we examine the relationship between changes
in heat exposure and variations in heat vulnerability variables within
the study area.

4.1 Heat exposure change patterns and
cross validation

Figure 3 illustrates the land surface temperature (LST)
distribution patterns calculated from Landsat 7 and Landsat
8 images in (A) 2001 and (B) 2020, respectively. Referring to
Figure 3, which depicts the summer daily LST patterns measured
by the MODIS daily LST dataset over 20 years, the LST values of the
two dates when the Landsat images were captured are not outliers.
Additionally, the correlation coefficients between MODIS-
calculated LST and Landsat LST in the 104 block groups are
0.662 and 0.771, indicating that the spatial distribution patterns
of LST measured by Landsat are typical and can be applied to
quantify heat exposure.

From 2001 to 2020, the average summer LST for the Research
Area was 34.73°C, while the average for Mecklenburg County was
31.12°C, and for the MSA, it was 30.21°C. It is worth noting that the
Research Area’s LST on 15 July 2001, was 33.93°C, and on 11 July
2020, it was 34.96°C. The standard deviation for the Research Area
is 3.24°C, as shown in Figure 3. Therefore, regarding the heat
exposure pattern, metropolitan heat mitigation strategies should
specifically address urban downtown areas with historical racial
inequality planning legacies. However, as reflected by standard
deviation values, the LST values in the research area exhibit greater
spatial heterogeneity in 2001. Many high values exceeding 50°C areTA
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TABLE 2 Details of Landsat images data source for LST retrieval.

2001 2020

Sensor Landsat 7 ETM+ Landsat 8 OLI

Image ID LE07_017035_20010715 LC08_017035_20200711

Acquisition time (local) 2001/07/15 10:55 2020/07/11 11:02

Spatial Resolution 30 m 30 m

Temporal Resolution 16 days 16 days

Cloud coverage 0 0
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present in the urban center’s redlined neighborhoods in 2001 but
are absent in 2020. This change, particularly the high LST
mitigation in redlined neighborhoods, is associated with a
significant increase in NDVI, which is used to calculate the Fv
parameter. The increase in NDVI values may imply the
improvements in the urban environment, tree planting, and
greening activities. Lastly, Figure 4 presents the spatial
distribution of LST changes over 20 years among the 104 block
groups. Generally, LST has significantly decreased in the urban
center and the northwest area, corresponding to Grade C and
Grade D on the HOLC map. In contrast, LST has significantly
increased in the southeast area, which includes Grade A and Grade
B regions.

4.2 LST change in redlining areas

The LST change pattern in Figure 5 exhibits noticeable spatial
heterogeneity. When aggregating the retrieved LST into redlining
parcels, this study identifies a significant difference among HOLC
grades in Figure 5 Table 3. In 2001, it is evident that the LST in
redlined areas (Grade C and Grade D) is significantly higher than
in non-redlined areas, passing the Kruskal–Wallis (K-W) test.
This suggests that redlining has a significant legacy on heat
exposure, confirming the findings of previous studies and Rust
Belt cities (Wilson, 2020). In contrast, by 2020, the LST in redlined
and non-redlined areas fails to pass the Kruskal–Wallis test,
indicating no significant difference between them. Over the 20-
year period, the average LST in redlined areas has decreased,
particularly in Grade D regions as shown on the HOLC map. This

observation implies that heat exposure inequality among the four
HOLC grades has been considerably mitigated. As a result, it
appears that the negative legacy of redlining is being eliminated,
and the physical environment of urban downtown areas is
improving.

4.3 Association between heat exposure and
heat vulnerability change

Over 20 years, environmental improvements and heat exposure
mitigation have occurred in redlining neighborhoods, particularly in
historically redlined areas, as shown in Figure 3. This has led to
changes in heat vulnerability variables, with noticeable variations
among the four HOLC grade areas. The results of the regression
model used in this study aim to address the second research
question: “How do the association patterns between heat
exposure and heat vulnerability change in these areas over the
past two decades inform climate change adaptation, particularly
within the heat management framework?"

The results from Table 4 show that heat exposure changes in
redlining areas are significantly associated with heat vulnerability
variables, as indicated by the F-value and overall p-value. This
suggests that at least heat vulnerability change variables, HOLC
grades, or their interaction effect have a significant correlation with
heat exposure changes. The redlined dummy variables (Grade C
and Grade D) are negatively associated with heat exposure,
consistent with the results of the Kruskal–Wallis test. Among
the heat vulnerability variables, their relationships with heat
exposure differ and vary among HOLC grades. The changes in

FIGURE 3
LST distribution pattern in 2001 and 2020 [(A) 2001, (B) 2020 both derived from the emissivity and Fraction of vegetation].
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senior citizen rate are not significantly related to heat exposure
changes, but the changes in the African American population and
income, which are highly related to HOLC grade divisions on the
redlining map, have a significant yet opposite relationship with
heat exposure changes. Over the past 20 years, as heat exposure in
the research area has decreased, high heat sensitivity and low
adaptivity social groups have left these environmentally improved
areas, not benefiting from the implemented heat mitigation
strategies. This phenomenon indicates a potential
environmental gentrification or displacement effect (Checker,
2011). Since all variables have been standardized and the
regression coefficients can be directly compared, the interaction
effect’s regression coefficients between redlined areas and heat
vulnerability imply that, compared to other urban areas, redlined
areas may experience more obvious and severe environmental
gentrification triggered by heat mitigation strategies. This pattern

is worth discussing in conjunction with the environmental
improvements in historical redlining areas over the past two
decades in the following section.

5 Discussion

The LST pattern results reveal that from 2001 to 2020, the land
surface temperature in Grade D areas has significantly decreased
during the summer, reducing heat exposure. However, the nested
regression model uncovers that the decrease in heat exposure in
redlined areas is associated with the reduction of low heat adaptivity
and high vulnerability social groups in these regions. To explain the
change in heat exposure, this study examines the changes in land
cover and local heat mitigation strategies in the redlined areas over
the past 20 years. Furthermore, to account for the change of heat

FIGURE 4
Spatial distribution of LST change (Cross-validated by daily LST).
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vulnerable groups as heat exposure decreases, we discuss this
phenomenon from the perspective of environmental
gentrification and explore its planning implications.

5.1 Heat exposure mitigation and urban
regreening

Between 2001 and 2020, changes in heat exposure, as
reflected by land surface temperature (LST), have been
observed, and this study posits that these changes may be
linked to improvements in urban environments, particularly
urban heat mitigation projects like urban greening projects.
Research on the biophysical processes of the urban heat
island effect demonstrates that urban LST is closely related to
land cover, especially impervious surfaces and vegetation land
cover. As urban greening activities are carried out, land cover
transitions from impervious surfaces to vegetation land cover,
leading to a significant change in LST. According to Oke (1982)
Song and Wu (2016), the energy mechanisms underlying the
urban heat island effect involve a shift from sensible heat to
latent heat as land cover changes. Before urban greening
initiatives, impervious surfaces primarily contributed to
sensible heat, which is the heat energy directly exchanged

between the ground and the atmosphere. However, as land
cover transitions to vegetation, the heat transfer mechanism
shifts to latent heat, which is the energy absorbed or released
during phase changes of water, such as evaporation or
condensation. This transformation results in a significant
decrease in surface temperature. Furthermore, previous
research has shown that even small, scattered urban
regreening projects can have a substantial neighborhood
effect on heat mitigation. According to Cheng et al. (2015),
these projects can reduce heat exposure in larger surrounding
areas, demonstrating the potential impact of urban greening
initiatives on a broader spatial scale.

In Charlotte, the land cover changes in Grade C and Grade D
areas can be illustrated by the changes in the annual maximum
NDVI values of each pixel, as different vegetation types within the
city exhibit unique phenological characteristics. Consequently,
the maximum NDVI values better reflect urban vegetation
coverage (Song and Wu, 2016; Tong et al., 2021). Based on
this, the study first examines the general land cover changes
and regreening patterns by calculating the changes in the
annual maximum NDVI values of each pixel between 2001 and
2020. As seen in Figure 4, the annual largest NDVI of Grade C and
Grade D areas in Charlotte increased considerably between
2001 and 2020, while Grade A and Grade B areas experienced
a reduction in many places. Grade C and Grade D areas are
generally closer to the city center and, in 2001, are predominantly
covered by impervious surfaces (Westendorff, 2020). Various
urban regreening projects have significantly changed land cover
and reduced the neighborhood LST over a larger area. For
instance, Figure 6 highlights numerous scattered regreening
projects, such as eco-housing projects and strip-like greenbelts
in these areas.

LEED (Leadership in Energy and Environmental Design) is
the most widely used green building rating system in the world.
Available for virtually all building types, LEED provides a
framework for healthy, efficient, and cost-saving green
buildings. The city of Charlotte has been promoting the LEED
for Neighborhood Development (LEED ND) project and LEED
eco-housing project since 2007, which is a national initiative
designed to encourage and support the creation of more
sustainable, well-connected neighborhoods. Point A in the
picture shows a green belt built in the center of a multi-family
residential neighborhood, while point B represents an eco-
building constructed as a replacement of an existing downtown
parking lot, featuring a building-wide cooling system and meeting

FIGURE 5
Box plot of blocked level LST average in redlining areas.

TABLE 3 LST changes in redlining areas.

2001 LST 2020 LST LST change

Grade A 34.740°C 35.493°C 0.753°C

Grade B 35.866°C 36.041°C 0.174°C

Grade C 36.050°C 35.917°C −0.133°C

Grade D 35.651°C 35.147°C −0.503°C

K-W test (Redlined vs. not-redlined) 5,628.0*** 663.22 1905.5***

Air T. (Ref.*) 29.3°C 29.4°C 0.1°C
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sustainable building standards. These typical heat mitigation
strategies often occur in the original redlined area (marked in
red in Figure 5), where the low renovation costs have significantly
improved the NDVI level after regreening. We used the maximum

LST obtained at regular intervals to demonstrate that the greatest
reduction in the highest heat exposure over 20 years occurred in
the historical redlined area where the regreening project was
concentrated.

TABLE 4 Regression results.

Variables Coefficient Std. Error

Senior rate change 0.028 0.128

Income change −0.350*** 0.097

Poverty rate change −0.185** 0.081

African American rate change 0.633* 0.331

Grade D −0.615*** 0.146

Grade C −0.399*** 0.096

Grade B 0.205** 0.089

Senior rate change*Grade D −0.024 0.351

Senior rate change*Grade C −0.131 0.188

Senior rate change*Grade B 0.167 0.323

African American rate change*Grade D 1.812*** 0.429

African American rate change*Grade C 1.459*** 0.354

African American rate change*Grade B 0.863** 0.435

Income change *Grade D −1.433*** 0.423

Income change *Grade C −1.066*** 0.251

Income change *Grade B 0.427 0.283

R-square: 0.559 (0.466) F statistics: 8.716 (df: 16,88) p-value: 2.4*e-09

FIGURE 6
Representative re-greening projects with cooling effect. [The map displayed the NDVI changes over 20 years, (A) and (B) are two sample sites with
urban re-greening projects mitigating the heat exposure in the redlined areas].
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Although most regreening projects were not directly aimed at
heat mitigation but rather focused on urban water conservation,
reducing the impact of transportation routes, and saving energy
(Charlotte Master Plan), their implementation has objectively
lowered the LST in these areas due to the biophysical mechanisms
of the urban heat island effect. Through this analysis, it becomes
evident that urban regreening projects in Charlotte’s redlined
areas over the past two decades have generated substantial
ecological benefits, significantly reducing urban LST and
residents’ heat exposure. If these heat mitigation effects can
benefit heat-vulnerable groups, namely, those social groups
with low adaptivity and high sensitivity, the city’s heat
management goals can be achieved. By prioritizing the needs
of these vulnerable populations, urban planners and
policymakers can help ensure that regreening initiatives
continue to enhance environmental quality and reduce heat-
related risks for all residents.

5.2 Heat exposure mitigation and
environmental inequity

The results of the regression model considering the interaction
effect reveal that although heat mitigation strategies, such as urban
greening projects, have effectively reduced urban LST and heat
exposure for residents in Charlotte, the decrease in LST within
redlined areas is significantly correlated with the reduction of heat
vulnerable groups, particularly African Americans and low-
income populations. Overall, heat mitigation strategies might
not have benefited the heat vulnerable groups within the study
area, ultimately failing to achieve the goals of urban heat
management.

The relationship between changes in heat exposure and heat
vulnerability group distribution over 20 years in Charlotte may
reflect an environmental gentrification process driven by urban
heat mitigation strategies. Environmental gentrification refers to a
process where urban neighborhoods experience revitalization and
improvements in environmental quality, leading to an influx of
more affluent residents and the displacement of lower-income
residents (Checker, 2011). This concept has gained traction in
recent years as cities increasingly prioritize sustainable
development, green spaces, and environmental improvements. In
the implementation of urban heat mitigation strategies, urban
regreening projects occurring in Grade C and Grade D areas may
improve the urban environment while attracting higher-income
individuals and white communities to these formerly declining
areas with redlining legacies. During this process, housing prices
and living costs increase significantly, but the improved
neighborhood physical environment does not directly translate
into economic benefits (Wu and Rowe, 2022). The previously
urban vulnerable groups, who are also socio-economically
disadvantaged, may be enforced to leave their original
communities due to the rising costs of living, thus preventing
them from benefiting from heat mitigation strategies. This is
consistent with the regression analysis, where the increase in
income as a measure of heat adaptivity is significantly correlated
with the decrease in LST in Grade D and Grade C areas.

In particular, Charlotte has been one of the fastest-growing cities in
the United States in terms of population and metropolitan area
expansion over the past two decades. For the downtown area, a
trajectory of urban retrofitting spanning nearly two decades has
contributed to consistent improvements in environmental quality
and urban greenery, culminating in an increasingly habitable
residential environment. However, concomitant with the
enhancement of living conditions has been the escalation of land
prices. As the downtown district concurrently experiences
environmental amelioration through retrofitting, it also undergoes
redevelopment, signifying the encroachment of an escalating number
of high-return investment projects, vying for the urban core’s real estate.
Consequently, marginalized communities with heightened vulnerability
to urban heat exposure, who once resided in the downtown area,may be
compelled to relocate from the ameliorated regions due to rising living
costs. As a result, the outcomes of environmental enhancement are
challenging to extend to these thermally vulnerable groups. This
phenomenon resonates with the international trend of green
gentrification that has garnered attention in recent years. In global
metropolises such asNewYork (Pearsall, 2010), Toronto (Parish, 2020),
and Hong Kong (Ye et al., 2015), the consequences of environmental
improvement do not universally benefit the entirety of the resident
population. This result also echoes with notion of equity while reaching
the sustainable and comprehensive goal through NBS and SES (Mafi-
Gholami et al., 2021; Liu et al., 2022).

6 Conclusion

The study’s results suggest that, despite the alleviation of heat
exposure in Charlotte’s city center in the past two decades, thanks to
urban retrofitting and heat mitigation strategies. However,
improved environmental conditions may have resulted in social
disadvantage groups being forced to relocate, thereby not benefiting
from heat management efforts. This raises the potential risk of
exacerbating environmental inequity within larger urban spaces,
which is consistent with the trend of green gentrification observed in
megacities. Another critical insight is that the influence of policy
legacy on the urbanization process cannot be disregarded in the heat
management process, even in the late urbanization phase of the
megacity’s urban retrofitting. Therefore, heat management research
in metropolitan areas requires more precise and long-term heat
exposure analysis, as well as the integration of urban heat
management frameworks to achieve the vision of environmental
equity.

The implications of this research echoes with the increasing shift
toward a more holistic and sustainable methodological approach in
cities worldwide. Nature-based solutions, adaptive modeling, and
considerations of social equity emerge as pivotal strategies for
effective climate adaptation (Augusto et al., 2020; Ascenso et al.,
2021; Liu et al., 2022; Cong et al., 2023). We believe that the
integration of a consideration of both short and long-term
impacts, inward and outward factors collectively contribute to a
nuanced understanding of urban strategies aimed at tackling climate
challenges. As cities continue to adapt to the realities of climate
change, these insights become instrumental in shaping effective and
inclusive urban environmental mitigation policies.
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