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While ambitious carbon reduction policies are needed to avoid dangerous levels of
climate change, the costs of these policies can be balanced by wide ranging health
benefits for local communities. Cities, responsible for ~70% of the world’s greenhouse
gas (GHG) emissions and home to a growing majority of the world’s population, offer
enormous opportunities for both climate action and health improvement. We aim to
review the current state of knowledge on key pathways leading from carbon mitigation
to human health benefits, and to evaluate our current ability to quantify health benefits
for cities around the world. For example, because GHGs and air pollutants are both
released during fuel combustion, reducing fuel burning can reduce both GHGs and air
pollutants, leading to direct health benefits. Air quality improvements may be particularly
important for city-scale climate action planning because the benefits occur locally and
relatively immediately, compared with the global and long-term (typically, decades to
centuries) benefits for the climate system. In addition to improved air quality, actions
that promote active transport in cities via improved cycling and pedestrian infrastructure
can reap large cardiovascular health benefits via increased physical activity. Exposure to
green space has been associated with beneficial health outcomes in a growing number of
epidemiological studies and meta-analyses conducted around the world. Finally, noise is
an underappreciated environmental risk factor in cities which can be addressed through
actions to reduce motor vehicle traffic and other noise sources. All of these environmental
health pathways are supported by well-conducted epidemiological studies in multiple
locales, providing quantitative exposure-response data that can be used as inputs to
health impact assessments (HIAs). However, most epidemiologic evidence derives from
studies in high-income countries. It is unclear to what extent such evidence is directly
transferable for policies in low- and middle-income countries (LMICs). This gap calls
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for a future focus on building the evidence based in LMIC cities. Finally, the literature
suggests that policies are likely to be most effective when they are developed by
multidisciplinary teams that include policy makers, researchers, and representatives from

affected communities.

Keywords: climate action plans, urban health, green space, air quality, physical activity, noise exposure, health

equity

INTRODUCTION

There is growing awareness that urgent global action is needed
to avoid dangerous levels of climate change this century. To
keep global mean temperature change from exceeding the 1.5°C
threshold established by the 2015 Paris Agreement will require
major transformations across a range of sectors including energy,
industry, transportation, buildings, agriculture, waste, and land
use (IPCC, 2018; International Energy Agency, 2021). While
challenging to achieve, the transformative changes that are
needed represent an insurance policy against future catastrophic
levels of climate change and extreme events. Importantly, many
of the actions needed to achieve a net zero carbon world economy
by 2050 will bring immediate and local benefits to society in terms
of health, jobs, energy security, and quality of life (ClimateWorks
Foundation World Bank Group, 2014). As noted in Figure 1,
climate mitigation can lead to improved health outcomes while
also achieving greenhouse gas (GHG)/carbon emission goals
(Jack and Kinney, 2010; Hess et al., 2020; C40 Cities, 2021a;
Watts et al., 2021). These health benefits, often referred to
as “co-benefits” in the literature, tend to accrue quickly, and
in close proximity to where the carbon reduction actions are
implemented, thereby benefiting local communities.

Sectors targeted for carbon mitigation may be linked to
adverse health outcomes through a variety of pathways, including
clean air and water, opportunities for physical activity and
exposure to green space, reduced noise, and others. Cities, which
are responsible for ~70% of the world’s GHG emissions (Moran
etal., 2018) and are home to about half of the world’s population,
offer enormous opportunities for both climate action and health
improvement. Cities are thus seen as vital to climate mitigation
efforts and environmental health strategies (Rosenzweig et al.,
2010). A fuller understanding of, and accounting for, the health
benefit pathways that flow from carbon action can help build
stronger political will to tackle climate change mitigation at
the local level. At the 2015 United Nations Climate Change
Conference, COP21, in Paris, UN-Habitat launched the “Guiding
Principles for City Climate Action Planning” which notes that
climate mitigation is not mutually exclusive with development
(UN-Habitat., 2015). The human health argument for action
however was not well-articulated, due in part to the fragmentary
nature of the recent literature on health benefits, and the range of
inputs and analytical methods represented across studies (Hess
et al., 2020).

The goal of this paper is to summarize health evidence on
four key exposure-response pathways that can be modified in
health-beneficial ways via climate action: reduced air pollution,
reduced noise, increased green space, and increased physical

activity. While the focus is on mitigation, some mitigation
actions also can be viewed as building adaptive capacity or
resilience to ongoing or worsening climate extremes. We
review each pathway, summarize the underlying environmental
health literature, and reach conclusions regarding which health
outcomes have sufficiently robust support in the epidemiological
literature to justify their application in health impact assessments
(HIAs) of carbon mitigation strategies. Using the C40 Cities
Climate Leadership Group (also referred to as C40 Cities) as an
example, we conclude with an illustration of how analyses of
health benefits of climate mitigation actions can be used as inputs
to policy decisions in cities.

FRAMEWORK FOR ASSESSING HEALTH
BENEFITS OF URBAN CLIMATE
MITIGATION ACTIONS

Urban actors engaged in developing climate mitigation actions
usually begin with a quantitative assessment of current carbon
emission sources within their city (C40 Cities, 2021a). Source
categories can then be prioritized for action based on a range
of factors, including their emission magnitudes, economic
importance, availability of substitutes, and health and equity
considerations. As suggested in Figure 1, once taken, a control
action (e.g., conversion to a low carbon energy source for
power generation) can lead to “outputs” consisting of changes
in the system (e.g., fuel conversion or technology incentives),
and one or more “outcomes’ that are necessary for the
impact to occur (e.g., a reduction in CO, emissions and
reductions in air pollution emissions and exposure), and
finally to “impacts” related to both emissions and health (e.g.,
achieving near-term carbon emission goals, and reducing health-
damaging air pollution). For this review, we focus on four
pathways for which the health literature is currently most
robust: air quality, green space, noise, and physical activity
(Figure 2).

Changes in exposure may lead directly to health benefits,
as is the case for clean air or noise reduction, indirectly
through reducing other environmental risks such as decreased
heat exposure with increased access to green spaces, or may
operate through downstream behavioral changes that are made
possible by the change in exposure, such as an increase in
physical activity in response to building bike lanes. While other
studies have conducted systematic reviews of the evidence for
individual environmental health exposure-response pathways
(most often with a focus on air quality), our goal is to
explore the applicability of the epidemiological evidence for
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FIGURE 1 | Framework linking mitigation actions and health benefits in cities. The boxes outlined in red are the subject of the current paper.
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FIGURE 2 | Overview of pathways by which climate mitigation actions in cities can lead to health benefits. The portions outlined in red are the subject of the current

quantifying health benefits of urban climate actions across
a range of relevant exposure-response pathways available to
cities. We do not address the challenging, upstream task
of modeling the impacts of mitigation actions on changes
in exposures.

The method of HIA is used to estimate potential changes
in health outcomes associated with carbon mitigation actions.
Health impact assessment is an increasingly common tool in the
analysis of current health burdens, as well as health implications
of proposed environmental policies (Mindell and Jofte, 2003).
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The widely cited global burden of disease (GBD) study is
one prominent example (GBD 2019 Risk Factors Collaborators,
2020). In the case of estimating the health benefits of GHG
mitigation, HIAs quantify changes in health outcomes (e.g.,
all-cause mortality; disease-specific morbidity) associated with
changes in exposure to risk factors (e.g., air pollution; lack of
physical activity) that could result from actions taken to reduce
carbon emissions (e.g., shifting from coal-fired to renewable
energy generation).

Essential inputs include data on current rates of the health
outcome of interest in the population being analyzed, the change
in exposure that would occur following the mitigation action,
and the exposure-response function (ERF) linking changes in
exposure to changes in the health outcome. The ERF is derived
from robust epidemiologic studies that report quantitative
summaries of the association between exposure and outcome.
Preferably, ERFs are derived from multiple epidemiology studies
or related “meta-analysis” studies, ideally including studies from
regions relevant to the population being analyzed.

HEALTH BENEFITS PATHWAYS
Air Quality

Many GHGs and air pollutants share common sources, as
products of fossil fuel combustion. Fuel consumption for
power generation, industrial processes, transportation (including
airplanes, shipping, and heavy-, medium-, and light-duty
vehicles), agriculture, and residential energy use (e.g., heating,
cooking, and lighting), releases CO, and a mixture of air
pollutants (e.g., black carbon, organic carbon), and air pollution
precursor emissions (e.g., nitrogen oxides, volatile organic
compounds, sulfur dioxide) that form secondary pollutants
like fine particulate matter (PM;5) and ozone. Globally, over
half of the PM,5 mortality burden is attributable to coal
combustion (McDuffie et al., 2021). Emissions from residential,
industrial, and energy sectors contribute an estimated 19, 12,
and 10% of global PM, 5 mortality. However, these fractions
differ dramatically around the world, depending on nearby
emissions of dust and wildfire smoke, level of development
and associated use of solid fuels for residential energy use,
and degree of emissions regulation in energy, industry, and
transportation sectors.

Many national governments have set health-based standards
for ambient levels of these pollutants, such as the National
Ambient Air Quality Standards (NAAQS) in the U.S. The
World Health Organization (WHO) has also set guidelines for
individual ambient (outdoor) and indoor air pollutants. These
guidelines state that pollutant concentrations (1-h, 24-h, and/or
annual mean concentrations) should not exceed certain levels.
For example, the WHO’s 2021 guideline for annual average PM; 5
concentrations is 5 jLg/m> (World Health Organization, 2021).
Because GHGs and air pollutants are both released during fuel
combustion, reducing fuel burning would reduce both GHGs
and air pollutants. Air quality improvements may be particularly
important for city-scale climate action planning, because the
benefits occur locally and relatively immediately, compared with

the global and long-term (typically, centuries) benefits for the
climate system.

Thousands of studies have explored relationships between
short- and long-term exposure to PM, 5, ozone, and other air
pollutants and a range of health outcomes. Most have been
carried out in North America and Europe, though studies are
increasingly focusing on other parts of the world where pollution
levels remain high. The most recent systematic reviews by
the USEPA found that long-term PM;5 exposure is causally
associated with mortality and cardiovascular effects, and is likely
to be causally associated with respiratory effects (US EPA, 2019).
For ozone, the USEPA found that long-term exposure is likely
to be causally associated with respiratory effects, and short-term
exposure is causally associated with respiratory effects and likely
to be causally associated with metabolic effects (US EPA, 2020).
The Institute for Health Metrics and Evaluation, which leads the
prominent GBD Study, has determined that long-term PM; s
exposure is also associated with diabetes, short gestational age,
and low birth weight (GBD 2019 Risk Factors Collaborators,
2020). Other systematic reviews and meta-analysis have been
performed. Associations have been quantified for traffic-related
air pollution and asthma (Khreis et al., 2017). Heterogeneity
among studies, and publication bias, have limited quantifiable
associations between air pollution and depression (Fan et al.,
2020). Evidence is still emerging that air pollution is associated
with higher risk of cognitive decline (Zhang et al., 2018) and
dementia (Peters et al., 2019).

Results of these systematic reviews and meta-analyses provide
concentration-response factors for individual air pollutants that
can be used to assess health impacts of air pollution for
countries (e.g., Cohen et al, 2017) and cities worldwide (e.g.,
Anenberg et al., 2019). One of the most high-profile studies
assessing the health burden from air pollution is the GBD
Study, which has found that air pollution is the fourth leading
risk factor contributing to global mortality (GBD 2019 Risk
Factors Collaborators, 2020). Other studies using more linear
risk estimates across the PM, 5 concentration range indicate that
the GBD PM; 5 mortality burden could be an underestimate
(Burnett et al., 2018; Lelieveld et al., 2020). Where available,
country-specific epidemiological studies are also used in air
pollution HIAs (e.g., Fann et al,, 2012, 2017; Lehtoméki et al.,
2018). A number of quantitative tools have been developed to
systematize air pollution HIAs, including the Environmental
Benefits Mapping and Analysis Program (BenMAP) developed
by the USEPA (Sacks et al., 2018), AirQ+ (Sacks et al., 2020)
developed by the WHO, and the Air Quality Benefits Toolkit
(Sacks et al., 2020; C40 Cities et al, n.d) developed by C40
Cities and used by over 30 cities worldwide. These tools range
in methods, data inputs, and appropriateness for different
applications (Anenberg et al., 2016).

A growing body of literature uses these risk estimates to
assess the health benefits of improved air quality associated with
GHG mitigation. For example, previous studies have assessed the
health benefits of global GHG and short-lived climate pollutant
reductions through idealized scenarios (Anenberg et al., 2012;
Shindell et al., 2012; West et al., 2013; Harmsen et al., 2020;
Vandyck et al., 2020) and via nationally determined contributions
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to the Paris Agreement (Markandya et al., 2018; Sampedro, 2020).
Recent studies have also assessed air quality and health benefits
of GHG mitigation at national (Xie et al., 2020; Yang et al., 2021),
state (Wang et al., 2020), and city scales (Johnson et al., 2020).
These studies often find that the global health benefits exceed
mitigation costs, though results are more nuanced at national or
regional scales (Markandya and Sampedro, 2020).

With the strong relationship between air pollution and
mortality, and the high value society places on human health,
improvements to air quality and health from GHG mitigation
carry high economic value and can be impactful on decision-
making, including providing motivation for the implementation
of more ambitious climate mitigation actions. In a sign that
integrated assessments of GHG, air quality, and health are
moving beyond the academic literature, air quality, and health
improvements have recently been considered in regulations
targeting GHG, such as the Clean Power Plan in the U.S. (US
EPA, 2015). At the city scale, some urban climate action plans
have begun incorporating assessments of air quality and health
improvements from local GHG mitigation, either quantitatively
or qualitatively (Johnson et al., 2020). However, full quantitative
assessments of air quality and health benefits are still limited.
This outcome is in part due to the challenge of linking activity
changes to emissions, emissions to ambient concentrations, and
ambient concentrations to health impacts, which are complex
processes. It is also difficult to isolate the proportion of air
pollution originating inside vs. outside of the city, which can
complicate the use of some analysis methods that depend on
source apportionment. Aligning separate GHG and air quality
inventories for a city can also be challenging since the processes
in developing these inventories are time-consuming and may
differ from each other. Several tools are now being developed
to make it easier to quantify GHG, air quality, and health
changes from changes in activity levels or emissions, including
LEAP-IBC (Kuylenstierna et al., 2020) and Pathways-AQ (under
development by C40). These tools still need to be scaled up for
use in multiple geographical settings and policy contexts.

Globally, many cities with high air pollution levels lack
monitoring stations and the necessary data to manage air quality,
making it challenging to identify the city with the highest PM; 5
concentration in the world (Martin et al., 2019). However, it is
estimated that air pollution-related health risks at the city level
vary drastically across the globe (Apte et al., 2015; Achakulwisut
et al., 2019; Anenberg et al., 2019). Research on socioeconomic
disparities and air pollution exposure has found that people
in areas of low socioeconomic status are exposed to higher
concentrations of air pollutants in North America as well as
in Asia and Africa, though research is more limited outside of
North America, while in Europe the findings have been mixed
(Hajat et al., 2015). Evidence in the U.S. has shown that people
of color are disproportionately exposed to higher levels of PM; 5
pollution (Liu et al., 2021; Tessum et al., 2021), and that low-
income and/or minority populations within cities continue to
be inequitably impacted by the air pollution-associated health
burden (e.g., Tessum et al., 2019; Colmer et al., 2020; Castillo
etal., 2021).

Green Space

Urban green space can include a broad range of features such as
parks, gardens, street trees, trails, and green walls and roofs. In
the context of carbon mitigation, green space offers the advantage
of sequestering and storing carbon out of the atmosphere. Green
space can deliver a number of additional benefits that include
localized cooling (Wong and Yu, 2005; Rizwan et al., 2008; Onder
and Akay, 2014), reduction of runoft and flooding, improved air
quality (Nowak et al., 2014; Rojas-Rueda et al., 2019), reduced
noise (Dzhambov et al., 2018), expanded places that promote
social interactions (Maas et al., 2009), increased physical activity
(Gascon et al.,, 2016; Twohig-Bennett and Jones, 2018; Kruize
etal., 2019), and a range of related health benefits (Frumkin et al.,
2017).

Exposure to green space has been associated with
beneficial health outcomes in a large and growing number
of epidemiological studies and meta-analyses conducted around
the world. Some of the research in this field focuses on the effect
of green space exposure on specific health outcomes, such as
mortality and obesity (Twohig-Bennett and Jones, 2018). Three
major meta-analyses (Gascon et al., 2016; Twohig-Bennett and
Jones, 2018; Rojas-Rueda et al., 2019) use a variety of methods to
measure exposure to green space including normalized difference
vegetation index (NDVI), tree canopy, and street tree data, as
well as subjective measures of greenness such as self-reported
quality of neighborhood green space (Twohig-Bennett and
Jones, 2018). Normalized difference vegetation index is a widely
used metric of outdoor green space and captures chlorophyll
content in the vegetation canopy on a scale from —1 to 1 with
values closer to 0 meaning no vegetation, values closer to 1 being
very dense vegetation, and values closer to —1 indicating water
(Helbich, 2019; Georgiou et al., 2021). Normalized difference
vegetation index is now freely available with global coverage
at a 30 m resolution, and has recently been incorporated as a
new indicator for over 1,000 global cities as part of the Lancet
Countdown on Climate Change and Human Health (Watts
et al., 2021). To quantify the impacts of urban green space on
health, the WHO European Centre for Environment and Health
(ECEH) developed GreenUr, an open-source plug-in for QGIS
that helps measure availability and accessibility of green space in
cities (GreenUr, 2021).

Research suggests that the relationship between urban
vegetation and air pollution is not straightforward. Urban trees
play a role in both removing (Hardin and Jensen, 2007) and
also contributing to Jenkin et al. (2015) tropospheric ozone (O3)
concentrations. However, this relationship is complex, depends
on environmental variables such as tree type, and only affects
some air pollutants. In the systematic review by Gascon et al.
(2016), a subset of six studies considered air pollution as a
potential confounding factor for the effects of green space and
cardiovascular disease or all-cause mortality. Controlling for air
pollution, those studies still found health benefits from green
space exposure (Gascon et al., 2016).

The lack of green space and the presence of non-reflective,
impervious surfaces cause an absence of evapotranspiration to
cool the surrounding environment, and instead absorb heat and
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retain it for longer periods of time. These characteristics have
amplified changes in heat within urban landscapes (Basara et al.,
2010; Chen et al., 2014; Ziter et al., 2019). The combination
of these changes to the natural environment produces the
Urban Heat Island (UHI), which has been observed in countries
worldwide. Patterns of vegetation in cities influence the energy
balance of incoming and outgoing radiation, contributing to
localized cooling via shading and evapotranspiration. Thus, green
spaces and green roofs can be effective tools to counteract the
UHI (Solecki et al., 2005; Norton et al., 2015; Shafique et al.,
2016; Moss et al., 2019). Tools like the Heat Resilient Cities
Benefits Tool, developed by C40 Cities, can help urban planners
and policy makers quantify health, economic, and environmental
benefits of potential adaptation initiatives (Heat Resilient Cities
Benefits Tool, 2020).

The most well-substantiated quantitative association between
green space and a single health outcome is for a reduction
in all-cause mortality, with three recent meta-analysis studies
quantifying this effect. Gascon et al. (2016) reported that a
10% increase in green space led to a significant reduction
in cardiovascular mortality risk. Twohig-Bennett and Jones
(2018) found statistically significant reductions in the incidence
of Type II Diabetes, cardiovascular mortality, preterm births,
diastolic blood pressure, and stress associated with increased
greenspace exposure. More recently, Rojas-Rueda et al. (2019)
reported that, per 0.1 increment of NDVI within a buffer
of 500m of a participant's home, there was a 4% lower
risk of all-cause mortality. Local studies also show potential
relationships between lack of green space and other health
outcomes. In both Hermosillo, Mexico (Lara-Valencia et al.,
2012), and Lyon, France, researchers found an association
between high infant mortality areas and built environment
factors, while in a nationwide study in the U.S., researchers
found strong associations between women living in the lowest
quantile of satellite-measured greenness and respiratory and
cancer mortality (James et al., 2016). Due in great part to the
limited number of studies and the heterogeneity of existing
ones, the relationship between green space and mental health
outcomes (Gascon et al., 2015) and social health determinants
(Kabisch et al., 2016) are currently less consistent and need
further research. A pilot study on exposure to green and
blue spaces in Plovdiv, Bulgaria, recently found that NDVI
and blue space was correlated with better mental health in
109 university students, but the effects of physical activity
and restorative quality as important mediators requires further
research (Dzhambov, 2018). Recent evidence from a meta-
analysis by Georgiou et al. (2021) demonstrates that blue
space—visible surface water such as coastal water and lakes—
has similar salutogenic effects to green space in urban settings.
Since water surfaces produce negative NDVI values, care must
be taken in interpreting NDVI values for cities where both
blue (negative NDVI) and green (positive NDVI) spaces are
included within a single parcel, to avoid underestimation
of the positive effects of exposure on health (Georgiou
et al., 2021). Further research is needed to understand the
mechanisms by which blue space, separate from green space,
improves health.

Expansion of, and improved accessibility to, urban green space
can be especially beneficial among marginalized or economically
disadvantaged groups (Twohig-Bennett and Jones, 2018; Kruize
et al.,, 2019). Elderly residents (Burkart et al., 2016; Heaviside
et al., 2017), children (Engemann et al., 2019), and pregnant
women (McEachan et al, 2016) also may experience greater
benefits. While highly justified on both carbon mitigation and
health promotion grounds, concerns have been raised that
green space expansion could result in increased property values
and displacement of marginalized residents that stood to gain
the greatest benefits—a process known as green gentrification
(Wolch etal., 2014; Cole et al., 2019). However, the health benefits
of green space can be inclusive and reduce health inequity with
proper foresight, regulation, and community buy-in (Lohmus
and Balbus, 2015; Nesbitt et al., 2018). A number of studies
suggest evidence-based recommendations for policy planning
with equity as the central focus to prevent the inadvertent
impact that green space can have on gentrification (Cole et al,,
2019; Bockarjova et al., 2020; C40 Cities and World Resources
Institute, n.d).

Physical Activity

Fossil-fuel ~ based on-road transportation contributes
substantially to urban GHG emissions in most cities, representing
over 30% of total GHG emissions in many top-emitting cities
globally (Wei et al., 2021). Strategies to reduce vehicle miles
traveled by investing in public transportation and/or bicycle and
pedestrian infrastructure are often key components of urban
climate action plans. A recent study found that active travel
decreases mobility-related life cycle CO, emissions, meaning
there is a high potential to decrease emissions (Brand et al,
2021). Such actions bring associated health benefits not only
through cleaner air but also by promoting physical activity.
Inadequate physical inactivity is among the leading causes
of death worldwide (Kohl, 2012), and the proportion of the
population with sedentary or inactive lifestyles is increasing in
many parts of the world. In China, for example, the number
of sedentary residents has grown continuously due to rapid
expansion of urbanization; more than 80% of Chinese residents
lack physical activity (Jiang et al., 2013).

Although the mechanisms by which physical activity affects
health (e.g., duration of activity, intensity, or pace) have not been
fully understood, increasing physical activity for people who are
minimally active is associated with substantial health benefits in
both adults and children. Researchers have found strong evidence
linking increased physical activity and reduced risk of breast
cancer (Monninkhof et al., 2007) and colon cancer incidence
(Wolin et al., 2009), cardiovascular disease mortality (Hamer
and Chida, 2008), dementia (Hamer and Chida, 2009), type II
diabetes incidence (Smith et al., 2016). Increased physical activity
reduces the risk of all-cause mortality across a range of activity
levels, but especially for physically inactive people who increase
their activity levels (Woodcock et al., 2011; Kelly et al., 2014).

The relationships found through these multi-country
meta-analyses has allowed researchers to draw dose-response
relationships between physical activity and each health outcome.
These dose-response relationships are important in order to
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quantify the potential health gains of increasing physical activity
in populations with different levels of exercise, i.e., increasing
physical activity for inactive people vs. for already active people.
The resulting relative risks are increasingly being incorporated
into local and national studies, as well as in recently developed
tools that allow cities to assess the health gains from increased
physical activity at the population level.

Besides meta-analysis, other studies have assessed the health
benefits resulting from changes in physical activity in specific
population groups. Assessing public and active transport users
(compared to private transport users), resulted both significantly
and independently predictive of lower body mass index (BMI)
and percentage body fat for both men and women in the
United Kingdom (Flint et al., 2014). In school-aged children
and adolescents, studies have found greater health benefits (e.g.,
reduced risk of obesity and increased bone mineral density) with
vigorous intensity activity and aerobic-based activities (Janssen
and LeBlanc, 2010), better sleep quality with moderate-to-
vigorous physical activity (Negele et al.,, 2020), and increased
cardiovascular fitness with changes from non-cycling to cycling
to school (Cooper et al, 2008). For people with chronic
obstructive pulmonary disease (COPD), moderate and high
levels of physical activity resulted in lower risks of COPD hospital
admissions, as well as respiratory and all-cause mortality in
a group from Copenhagen, Denmark (Garcia-Aymerich et al.,
2006). Given the growing evidence of the multiple physical and
mental health benefits of increased physical activity in recent
years, the WHO recommends people across all age groups get 150
min/week of moderate-intensity activity. The WHO also stated
the benefits of being physically active outweigh the harms in its
guidelines (Global Recommendations on Physical Activity for
Health, 2010).

Recent studies have applied HIA methods to quantify the
potential health benefits of interventions to increase physical
activity. For example, Raifman et al. (2021) used the WHO HEAT
tool (https://www.heatwalkingcycling.org) to project substantial
reductions in all-cause mortality across states in the Northeastern
US under a series of low carbon transportation scenarios
that promoted increased investment in cycling and pedestrian
infrastructure (Raifman et al, 2021). In London, Symonds
et al. (2021) used the newly-developed CRAFT tool to estimate
health benefits of low carbon interventions proposed by the
London Mayor’s office, estimating that around 1,900 deaths
could be avoided due to cleaner air and increased physical
activity, with nearly 90% of the avoided deaths coming from
active transport. Other widely used tools for assessing health
benefits of active transport are the ITHIM tool (Woodcock
et al., 2009), which provides more granular assessments of both
morbidity and mortality benefits, and the C40 Cities Walking
and Cycling Benefits Tool that focuses on the health and
associated economic benefits of increased physical activity in
cities (C40 Cities, 2018). Note however that the pathways leading
from infrastructure investments to changes in physical activity
are complex (i.e., depending on a number of factors such as
quality of space, safety, and cultural norms), and so one key
challenge of an HIA is to predict the actual changes in physical
activity accurately.

Nieuwenhuijsen and Khreis (2016) found that urban plans
to become partly car free can reduce both traffic-related air
pollution, as well as noise and temperature in city centers, and
provide opportunities to increase green space and access to it.
However, some studies suggest that transit-oriented development
can create gentrification in cities depending on local dynamics
and policies, as well as built environment attributes, which
results in the displacement of already vulnerable groups (Padeiro
et al, 2019). Researchers caution that potential detrimental
effects from rerouting car traffic may exacerbate inequities in
socioeconomically disadvantaged populations. Around Europe,
over 250 cities have created Low Emission Zones (LEZ) (ULEZ,
2019). Eleven vyears after launching the LEZ in London, the
city further implemented tighter restrictions in central London
creating the world’s first Ultra Low Emission Zone (ULEZ) in
April 2019 with the goal to reduce the number of older, more
polluting vehicles (Greater London Authority, 2019). From an
equity standpoint, the ULEZ provides discounts and exemptions
for disadvantaged community members, such as disabled people,
as well as for service workers (C40 Cities and World Resources
Institute, n.d). The city created a fund of over $60 million to
help vulnerable populations switch to less-polluting vehicles and
now reinvests revenue from charging policies into the city’s public
transport system, as well as in promoting walking and cycling
for transport (WRI, n.d.). Without these actions, the ULEZ
could contribute to segregation and displacement of groups that
otherwise would not be able to afford to live or work in close
proximity to the ULEZ. To achieve environmental health justice
goals, cities, and planning must prioritize equity in their climate
mitigation plans and design their programs with proper foresight
for the social and economic effects of policies.

Noise

The WHO Environmental Noise Guidelines for the European
Region has compiled evidence and recommendations to reduce
noise exposure as well as health outcomes based on systematic
reviews (Jarosinska et al., 2018) and has found that prolonged
exposure to environmental noise is associated with increased
risk to both physiological and psychological health outcomes
(WHO Regional Office for Europe, 2018). The main sources
of urban noise pollution are related to traffic, including air,
road, rail and ship traffic, as well as to residential, industrial,
and/or occupational activities (Beutel et al., 2016). The European
Environment Agency estimates environmental noise from road,
rail, aircraft, and industry sources impacts at least 20% of
the European Union population annually, causing detrimental
impacts on public health. Noise pollution is projected to increase
as urban growth and mobility demand continue (European
Environment Agency, 2020).

Research has found that traffic noise exposure may be
associated with negative health outcomes in cities ranging
from Toronto in Canada (Shin et al., 2020), to Groningen
in the Netherlands (de Kluizenaar et al., 2007), and Karachi
in Pakistan (Siddiqui et al., 2015). Noise-induced hearing loss
(NIHL) is common in both developed and developing nations.
Noise pollution is a risk factor for annoyance and sleep
disturbance (Theakston et al., 2011). Despite the sometimes
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existing heterogeneity in the age and sex of population groups
studied, meta-analyses support the quantifiable association
between increases in average noise levels and increased risk of
hypertension (van Kempen and Babisch, 2012), coronary heart
disease (Babisch, 2014), and stroke (Dzhambov and Dimitrova,
2016). Additional literature supports evidence of associations
between changes in noise pollution and increased incidence of
myocardial infarction (Babisch et al., 2005), diabetes incidence
(Sorensen et al,, 2013), all-cause mortality (Halonen et al.,
2015; Dzhambov and Dimitrova, 2016), and major adverse
cardiovascular disease events (MACE) (Osborne et al., 2020).

The US EPA (1974) and the WHO (Berglund et al., 1999)
recommend a 24-h equivalent continuous average level [Lgq(24)]
noise exposure limit of 70 A-weighted decibels (dBA), even
though some non-auditory effects of noise, such as annoyance
and reduced quality of life, can occur at Lgq(a4) levels below
70 dBA and are very prevalent (Basner et al, 2014). In the
U.S. an estimated 104 million individuals had annual Lgqa)
higher than 70 dBA in 2013, putting them at risk for NIHL,
tinnitus, and other noise-related health consequences (Hammer
et al., 2014). In six European countries, traffic noise is estimated
to be the second leading environmental risk factor after PM; 5
pollution (Hanninen et al., 2014). Although some epidemiologic
studies highlight the potential confounding effect of air pollution
on noise pollution, especially in cardiovascular risk and road
traffic noise studies, the effects of noise pollution have been
demonstrated in scenarios where air pollutants are not a factor,
which supports the claim that noise pollution has independent
health effects (Kalsch et al., 2014; Munzel et al., 2014).

Certain population groups are more vulnerable to the effects
of noise pollution. Children are at risk of presenting processing
and language developmental challenges related to reading and
memory (Berglund et al.,, 1999). Additionally, noise pollution
is also an environmental justice issue. In 2014, a case study
in Birmingham found its black population experienced the
highest median combined daytime rail/road/airport estimated
noise levels among all ethnic groups (Brainard et al.,, 2004). A
recent study in Boston by Lee (2021) reported that spatial and
sociodemographic characteristics influence perceived loudness.
Similarly, Walker et al. (2021) demonstrated the linkage between
noise exposure and environmental justice and the importance of
exposure assessments in vulnerable communities.

Several studies have assessed the health benefits of reducing
noise pollution both directly and indirectly. For instance,
reductions in motorized traffic achieved by switching to zero-
and low-emitting transportation modes, such as public and
active transportation, and improvements in urban green
space availability and green infrastructure, may reduce
both noise and air pollution (Mueller et al, 2017). Green
space availability improves vegetation coverage, which may
function as a natural sound barrier (Van Renterghem et al,
2015) and can simultaneously reduce heat through shading
and evapotranspiration cooling of water (Raji et al., 2015).
Initiatives that increase physical activity through improved
active transportation options can simultaneously mitigate noise
pollution, thus doubling the health benefits in a population
(Woodcock et al., 2011; Mueller et al., 2017). Noise pollution

can further be mitigated through climate actions implemented
in buildings directly, as well as indirectly through the reduced
traffic and traffic-related air pollution buildings may incentivize,
such as through sustainable building designs that incentivize
minimized acoustic levels (U. S. Green Building Council, 2019)
and Urban Consolidation Centers, which consolidate goods
for transport to their final destination and commonly use
electric vehicles (Allen et al., 2012, 2014; van Heeswijk et al.,
2019).

Summary and Synthesis

Table 1 summarizes the evidence for health outcomes associated
with the four pathways above. The first category represents
exposure-outcome pairs with associations that are fully
supported by multi-country meta-analysis. The compilation
of these epidemiological studies have enabled researchers to
quantify the exposure-outcome relationships through relative
risks and confidence intervals. Thus, these relationships are
increasingly being incorporated into local and national HIAs,
as well as into newly developed tools that help decision
makers more easily quantify the health benefits of climate
mitigation actions (e.g., Pathways-AQ, LEAP-IBC). The
second category shows exposure-outcome pairs that have been
studied in limited geographical areas or population groups
and do not result in quantifiable relationships. Thus, more
rigorous studies are still needed to identify these associations
and causality.

Cardiovascular diseases and all-cause mortality are the
health outcomes that have been most extensively studied
in relation to the four pathways. Air pollution has been
extensively included in regional and global studies, particularly in
relation to all-cause mortality, mortality from cardiorespiratory
diseases, COPD, lung cancer, and asthma morbidity (i.e.,
exacerbation and hospitalizations). Increasing evidence
supports associations between air pollutants and cognitive
decline, dementia, depression, and diabetes. For green space,
several meta-analyses of epidemiological studies from many
countries support associations with all-cause and cardiovascular
mortality, diastolic blood pressure, pre-term births, stress,
and diabetes. Additional evidence is building for associations
with infant mortality, mental health, cancer mortality and
social health determinants such as viso-motoric development.
Noise has been linked in epidemiological meta-analyses with
hypertension, coronary heart disease, and stroke. Studies
with more limited geographies also indicate associations
with myocardial infarction, diabetes, all-cause mortality, and
cardiovascular disease in general. For physical activity, meta-
analyses of epidemiological evidence indicate associations
with breast cancer, cardiovascular disease, dementia, colon
cancer, all-cause mortality, and diabetes, with additional
evidence building for associations with hypertension, BMI, and
other outcomes.

Due to the small sample size in some studies or the lack
of full representation of population groups (e.g., studies that
only include children, adults or elderly groups) and as the
mixed methods used in exposure assessment studies (e.g.,
using tree cover vs. NDVI in green space studies), evidence
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TABLE 1 | Summary of the evidence for health outcomes associated with the four pathways reviewed in this paper, the direction of the association, and references for

example meta-analyses.

Epidemiologic literature

Exposure pathways

Decreased air pollution

Increased green space

Decreased noise
pollution

Increased physical
activity

Associations are fully
supported by multi-country
meta-analysis (readily

Associations are partially
supported by evidence from
limited geographies
(quantifiable in exploratory
analyses)

| Asthma incidence, ED
visits (Khreis et al., 2017)

| Asthma exacerbation
(Orellano et al., 2017)

| All-cause mortality
(Burnett et al., 2018)

| Preterm birth/low birth
weight (GBD 2019 Risk
Factors Collaborators,
2020)

| Diabetes incidence (GBD
2019 Risk Factors
Collaborators, 2020)

| Respiratory mortality
(GBD 2019 Risk Factors
Collaborators, 2020)

J Lung cancer (GBD 2019
Risk Factors Collaborators,
2020)

| Cardiovascular mortality
(GBD 2019 Risk Factors
Collaborators, 2020)

| Chronic obstructive
pulmonary disease (COPD)
(GBD 2019 Risk Factors
Collaborators, 2020)

| Cognitive decline (Zhang
et al., 2018)

| Dementia (Peters et al.,
2019)

| Depression (Fan et al.,
2020)

| Cardiovascular mortality
(Gascon et al., 2016)

| Diastolic blood pressure
(Twohig-Bennett and Jones,
2018)

1 Preterm births
(Twohig-Bennett and Jones,
2018)

| Stress (salivary cortisol;
heart rate) (Twohig-Bennett
and Jones, 2018)

| Diabetes incidence
(Twohig-Bennett and Jones,
2018)

1 All-cause mortality
(Rojas-Rueda et al., 2019)

| Infant mortality
(Lara-Valencia et al., 2012)

1 Improved mental health
(Gascon et al., 2015)

| Cancer mortality (James
et al., 2016)

J Hypertension (van
Kempen and Babisch,
2012)

J Coronary heart disease
(Burnett et al., 2018)

J Stroke (Dzhambov and
Dimitrova, 2016)

| Myocardial infarction
(Babisch et al., 2005)

| Diabetes incidence
(Serensen et al., 2013)
J All-cause mortality
(Halonen et al., 2015)

| Breast cancer
(Monninkhof et al., 2007)

| Cardiovascular disease
(Hamer and Chida, 2008)

| Dementia (Hamer and
Chida, 2009)

| Colon cancer (Wolin et al.,
2009)

| All-cause mortality
(Woodcock et al., 2011)

| Diabetes incidence (Smith
etal., 2016)

| Respiratory mortality
(Garcia-Aymerich et al.,
2006)

4 Cardio-respiratory fithness
(Cooper et al., 2008)

| Body mass index (BMI)
(Flint et al., 2014)

Colors indlicate the general strength of the evidence, as described in the first column.

ASSESSING THE HEALTH CO-BENEFITS

is still insufficient to draw strong conclusions from some
exposure—outcome pairs. However, considering the evidence
in full, reduced cases of mortality and disease associated
with changes in these four exposure pathways are currently
quantifiable for many health outcomes. As the epidemiological
literature evolves and evidence builds, quantifying additional
health outcomes associated with these exposure pathways will
likely be possible. Health impact assessments should evolve
with the epidemiological literature, and integrate exposure-
outcome pairs as the evidence supporting their association
solidifies. Doing so will enable HIAs to account for the health
benefits of improved environmental quality as comprehensively
as possible.

OF CLIMATE MITIGATION ACTIONS IN
CITIES: THE C40 CITIES EXPERIENCE

Health impact assessments and burden of disease estimates
have been performed mostly at the global or regional,
rather than national or local levels (GBD 2019 Risk Factors
Collaborators, 2020). This tendency contributes to the gap
in local-scale information for city- or country-specific policy
making, particularly in low- and middle-income countries
(LMICs). Similarly, the complexity of cities and forces that
contribute to urban inequities makes it difficult to develop
indicators. Specifically, measures that are directly related to local
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needs, and that can integrate science, policy and community,
can help to achieve greater urban health equity (Corburn and
Cohen, 2012). Examples of practices that may aid in bridging
the gaps between complex urban places and health equity
include community-led mapping, health equity in all urban
policies (or Health in all Policies—HiAP), urban ecosystem
services approaches, and integrated participatory slum upgrading
(Corburn, 2017).

Here, we describe the experience of C40 Cities, one of
the largest global city networks, in integrating co-benefits
assessments into urban climate action planning. The C40 Cities
group, which is now in its sixteenth year and works with some
of the largest and most influential global cities, has the mission to
halve, over the course of a decade, the collective carbon emissions
of its member cities while also improving resilience and equity
in each city (C40 Cities, 2021b). C40 Cities has created a guide
with resources for cities to tackle climate change and inequities
jointly. The guide makes climate action recommendations and
provides resources to support cities in advancing inclusive
engagement and planning processes; these resources can help
advance the goal of the impact of policies being inclusively
and equitably distributed (C40 Cities and World Resources
Institute, n.d.). While approaches utilized by C40 and partner
cities have uncertainties, this experience demonstrates how cities
are increasingly considering the multiple societal, environmental,
and health benefits of municipal actions undertaken to reduce
GHG emissions.

During the last decade, the C40 Cities Benefits Research
Programme has provided technical assistance to over 50 cities
across the globe. In making the case for climate action with
tangible, short-term benefits on health and well-being, equity,
economy, and security, cities have implemented climate-health
mitigation initiatives focused on a range of environmental
exposures. The most commonly tackled environmental exposure
pathway to date is air quality. With GHG mitigation actions
in the transport, building, and industry sectors, cities are
tackling air pollution simultaneously and accruing health
benefits. In other words, cities are reducing GHG emissions,
PM,; 5 levels and premature deaths at the same time. Proposed
mitigation actions include vehicle electrification, creation of
low-emission zones, building retrofits, and reducing industrial
emissions. Results from high-impact actions taken to reduce
PM,5 levels across 25 global cities show that 2,655 total
deaths and 9,275 annual hospitalizations could be prevented,
while also reducing asthma cases, increasing physical activity,
and improving well-being across all cities (C40 Cities et al.,
n.d).

The C40 Benefits of Urban Climate Action tool, Walking and
Cycling tool, and Impact Framework are available on demand
from the C40 Benefits Research Team (https://www.c40.org/
benefits). The widely used ITHIM (and the recently developed
ITHIM-Global), WHO HEAT, USEPA BenMAP, AirQ+, and
LEAP-IBC tools described above are publicly available. The most
recent HIA of changes in travel patterns using the ITHIM-
Global model was performed in Accra, Ghana. In addition
to air pollution and physical activity, it also assesses traffic
injuries. The study found that replacing long car and taxi

trips with bus trips is the most beneficial scenario for health,
i.e, a scenario that includes introducing policy actions to
improve public transportation along with measures to increase
public transport accessibility averts over 600 premature deaths
every year (Garcia et al, 2021). Some city-specific, ongoing
efforts in the transportation sector supported by C40 Cities
include Cape Town’s Transit Oriented Development Strategic
Framework (TODSF). The TODSF aims to make transport the
foundation of the city’s long-term land-use and development
plans. By prioritizing the reduction of travel distances and
costs and optimizing land-use to prevent urban sprawl, Cape
Town will greatly improve its air quality and may reduce health
consequences associated with car traffic noise (C40 Cities Climate
Leadership Group, 2016). Similarly, Auckland established a
City Centre Cycle Network program, which aims to make
cycling the transportation method of choice for Aucklanders by
building new cycleways. Climate-health benefits of this program
include reductions in air, noise, and water pollution as well
as increased physical activity (C40 Cities Climate Leadership
Group, 2017).

FUTURE RESEARCH NEEDS

As reviewed above, robust evidence now exists on health benefits
for four key pathways relevant to climate mitigation actions in
cities. This evidence base provides a useful tool box for cities
that wish to take health benefits into account in prioritizing
climate mitigation actions. However, further research is needed
to address limitations in the available evidence. For example,
heterogeneity in results for green space derives in part from
the different exposure definitions. Standardization of methods
will help support larger and more robust meta-analyses, as
well as providing locally- or regionally-relevant findings. Other
challenges in meta-analyses include the varying age groups used
(e.g., all ages, adults or elderly) and the sometimes different
duration of residency/exposure of participants that are included
in studies that assess long-term exposure to risk factors, as
well as the confounding factors that are taken into account
in the studies. Similarly, local-scale air quality studies have
identified a gap in, and the need for, high resolution data
for both pollutant concentrations and baseline disease rates to
identify intra-city inequities in attributable health risks (Castillo
et al., 2021; Southerland et al., 2021). This high-resolution data
also helps engage communities, as well as understand local
exposure to pollutants, pollution sources, and vulnerability to
exposure (e.g., Johnston et al, 2019), while it helps ensure
continued community involvement and health improvements
even after funding and studies are finalized (English et al.,
2017). Although air quality has been extensively studied globally,
systematic reviews and meta-analyses for physical activity, green
space, and noise exposures are supported by fewer studies.
In particular, although evidence suggests that increased green
space and decreased noise pollution would lead to better health
outcomes, further research, and consistent studies are needed
to infer causal associations between these pathways and specific
health outcomes.
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One challenge to effective action is that evidence from high-
income countries may not be directly transferable into applicable
policies in LMICs where urban environments differ greatly. The
lack of a strong body of literature on greenness in LMICs,
where access to green and blue urban spaces may be limited,
implies that research to-date does not reflect the reality of a
large proportion of the world’s population. Country-specific data
and research on the built environment, social behaviors, and
health outcomes are needed in order to understand the potential
success of climate and health interventions. For example, most
research on green space has been done in the Global North.
Recently, researchers found that among 11 cities in 10 countries
from Central and South America, neighborhood formality and
related built environment characteristics are associated with park
use, but observed a lack of association between perceived social
disorder (e.g., presence of gangs, crime) and park use, which
has been noted in previous studies, mostly from the Global
North, to be a barrier to park use (Moran et al., 2020). Cultural
norms, traditions, and perception of what is right and wrong in
public spaces varies greatly between countries, creating regional
knowledge gaps. In order to create cities that promote health and
well-being while avoiding widening health inequities in LMICs,
integrated planning and optimization of existing resources, as
well as evaluations before and after implementation are needed
(Giles-Corti et al., 2016).

In addition to knowledge gaps, translating emerging
knowledge into policy-making remains a challenge. City powers
over given sectors vary greatly between cities, shaping what the
city can accomplish on its own in terms of environmental risk
reductions, and making the case for vertical integration—the
need for collaboration with surrounding localities and cross-
jurisdictional agencies. A review of 29 climate action plans in
major U.S. cities found that many plans lack the breadth and
cohesiveness needed to achieve significant GHG reductions
and climate change mitigation (Deetjen et al., 2018). Policies
are likely to be most effective when they are developed by
multidisciplinary teams that include policy makers, researchers,
and representatives from affected communities. To improve
research translation and ultimately benefit communities, a system
that rewards policy-relevant research and communication is
also necessary (Giles-Corti et al, 2015). In communities
that have suffered from environmental justice issues, the co-
production of science policies, where local knowledge is taken
into consideration in the decision-making process, could be a
hopeful framework to include relevant, fine-scale knowledge
(Corburn, 2007).

Finally, while we have focused mainly on health benefit
pathways, it must be acknowledged that health “dis-benefits”
are also possible as we transition to a low carbon future. For
example, policies that increase bike and pedestrian mobility can
lead to more traffic fatalities and higher air pollution exposures
for people engaged in outdoor physical activity. Greening of
cities can bring many benefits, but may also raise concerns about
gentrification and pushing out low-income residents. Across
all low-carbon interventions, it is important to take account

of current environmental health disparities and to ensure that
interventions are designed to alleviate them to the extent possible.

CONCLUSION

As cities identify and implement policies to achieve carbon
emission reductions consistent with climate targets, quantitative
estimates of the local health benefits that flow from these policies
can provide essential information to policy makers engaged in
weighing benefits against costs, prioritizing actions that are most
cost-effective in achieving health benefits for a given degree of
carbon reduction, and evaluating other policy-related outcomes
such as improved environmental equity. Our review confirms
that air quality improvements are likely to represent an important
pathway to health benefits. In addition, the evidence to support
quantitative health benefit assessments for other environmental
health pathways that are sensitive to climate action is building,
including for physical activity, green space, and noise. All of
these environmental health pathways are supported by well-
conducted epidemiological studies in multiple locales, providing
quantitative exposure-response data that can be used as inputs to
HIAs. Going forward, the challenge for integrating quantitative
health benefits assessments into urban climate action plans will
be less about lack of evidence, and more about limited knowledge
of these benefits outside of the academic community, and limited
capacity and resources to undertake these assessments. Still,
efforts are needed to strengthen the evidence base for all of
these pathways in LMIC cities, where data limitations have
so far hindered efforts to carry out needed research. Progress
can be driven forward by creating partnerships that involve
multiple government sectors (including health, environment,
transportation, energy) along with academics and representatives
from affected communities to address the complex challenges of
achieving both climate and public health benefits in cities around
the world.
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