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Abstract: Cities worldwide are facing ever-increasing pressure to develop mitigation strat-
egies for all sectors to deal with the impacts of climate change. Cities are expected to house
70% of the world’s population by 2050 and developing related resilient health systems is
a significant challenge. Because of their physical nature, cities” surface temperatures are
often substantially higher than that of the surrounding rural areas, generating the so-
called Urban Heat Island (UHI) effect. Whilst considerable emphasis has been placed on
strategies to mitigate against the UHI-associated negative health effects of heat and pol-
lution, the World Health Organization estimates that one of the main consequences of
global warming will be an increased burden of such vector-borne diseases. Many of the
major mosquito-borne diseases are urban and thus the global population exposed to these
pathogens will steadily increase. Mitigation strategies beneficial for one sector may, how-
ever, be detrimental for another. Implementation of inter-sectoral strategies that can ben-
efit many sectors (such as water, labour and health) do exist and would enable optimal
use of the meagre resources available. Discussion among inter-sectoral stakeholders
should be actively encouraged.
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1. Introduction

Five years on from the landmark Paris agreement in 2015 to reduce global warming to below 2°C, global carbon
dioxide emissions have continued to rise steadily, with a resulting increase in the global average temperature
of 1.2°C[1,2]. With the five hottest years ever recorded coming after 2015, global warming continues to accelerate.
Impacts of climate change are omnipresent and can be observed across the different sectors (Agriculture, energy, water
supply, coasts, ecosystems, forests, society, transport and health). They are, however, unevenly distributed across the
globe, and, consequently, there are large regional differences in exposure, vulnerability, and adaptation to climate
change and impacts are disproportionally occurring in countries not responsible for our plight [2]. Climate change is
already impacting human health with the burden expected to increase over the coming decades [3]. Managing health
risks will require modifying health systems to become more resilient. Such adaptation will be required for
decades, with the degree of mitigation being a key determinant of the ability of the health systems to
manage risks projected later into the century [3, 4]. Irrespective of the success of adaptation and mitigation, residual
risks from climate change will burden health systems, particularly in low- and middle-income countries. The ensuing
costs of managing the health risks of climate variability will be very significant including not only costs associated

with increased health care and public health interventions, but also costs associated with the labour sector (lost
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work days and lower productivity) and with maintaining well-being; this latter will be particularly pronounced in the
urban setting. As an example, the health costs associated with six climate change-related events that struck the United
States between 2000 and 2009 has been estimated to exceed $14 billion [5]. As much as costs can be estimated, predictions
have suggested that they will run into billions of dollars even when only addressing the major causes of morbidity and
mortality as regional levels [4]. They also suggest that without climate-resilient development, climate change
could force more than 100 million people into extreme poverty by 2030 [6]. Perseverance with a
business-as-usual approach to climate change will endanger lives and livelihoods leading to a higher health burden
that could have been prevented. While the time scale of climate change is in the order of decades, decision frameworks
for public health officials and regional planners need to be based on much shorter time scales [7]. The climate-change-
related threat to public health and the focus of decision makers on much shorter timescales calls for an approach
combining both timescales, with both short- and long-term policy recommendations. One of the major factors hindering
the development of policy recommendations, especially those concerning health, is that there is no consensus of how

the world will develop during this century.

2. Global warming, climate change and projection scenarios

In 1988, with recognition of the global warming, the United Nations Environment Programme and the World
Meteorological Organization created the Intergovernmental Panel on Climate Change with a mandate to provide
policymakers with regular scientific assessments on climate change, its implications and potential future risks, as well
as to put forward adaptation and mitigation options [8]. Initial efforts were made in the 1990s to explore future
developments in the global environment and were published in the Special Report on Emissions Scenarios [9].
Subsequently, following the many societal changes over the past 20 years, two new initiatives were developed: The
Representative Concentration Pathways (RCPs) and the Shared Socioeconomic Pathways (SSPs). The RCPs describe
different levels of greenhouse gases and other radiative forcings that might occur in the future. To predict how much
warming would be expected to occur four pathways were envisaged. To complement the RCPs and to take into account
how socioeconomic factors (including population, economic growth, education, the rate of technological development
and especially urbanisation) would change over time and further impact on the climate, the SSPs were developed. The
SSPs look at five different scenarios in which the world might evolve in the absence of climate policy (Box 1). Which of
these scenarios is most likely to occur will be fundamental to guide short and long-term health policies. This thus

represents the major challenge for governments and cause for serious debate.
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Box 1 Shared Socioeconomic Pathways (Adapted from [10])

SSP1: Sustainability — Taking the Green Road (Low challenges to mitigation and adaptation): The world shifts
gradually toward a more sustainable path. Management of the earth's shared natural resources improves, educational
and health investments accelerate the demographic transition (evolving from high to low birth and infant death
rates) and the emphasis on economic growth shifts towards emphasis on well-being. Driven by an increasing
commitment to achieving development goals, inequality is reduced internationally. Consumption is oriented toward

a less materialistic society and lower resource and energy utilisation.

SSP2: Middle of the Road (Medium challenges to mitigation and adaptation): The world follows a path in which
social, economic, and technological trends do not shift from historical patterns. Income inequality within and among
countries persists or improves only slowly and challenges to reducing vulnerability to societal and environmental
changes remain. Global and national institutions work toward but make slow progress in achieving sustainable
development goals. Ecosystems experience degradation but the intensity of resource and energy use declines. Global

population growth is moderate.

SSP3 Regional Rivalry — A Rocky Road (High challenges to mitigation and adaptation): Increasing nationalistic
views, apprehensions about competitiveness and security, and regional conflicts lead countries to increasingly focus
on domestic issues. Policies shift to become increasingly oriented toward national security issues. Countries focus
on achieving energy and food security goals locally. Investments in education and technological development
decline. Economic development is slow, consumption is material-intensive and inequalities worsen over time.
Population growth is low in industrialized and high in developing countries. A low international priority for

addressing environmental concerns leads to strong ecosystem degradation.

SSP4 Inequality — A Road Divided (Low challenges to mitigation, high challenges to adaptation):

Highly unequal investments in human capital (economic value of the abilities and qualities of labour that influence
productivity, such as education), combined with increasing socio-economic disparities, lead to increasing
inequalities internationally. Socio-economic disparities, notably in economy, health and education, increase
exacerbating the existing gaps between high- and low-income countries. The globally connected energy sector
diversifies, with investments in both carbon-intensive fuels and low-carbon energy sources. Environmental policies

focus on local issues in middle- and high- income areas.

SSP5 Fossil-fuelled Development — Taking the Highway (High challenges to mitigation, low challenges to
adaptation): This world places increasing faith in competitive markets, innovation and participatory societies to
produce rapid technological progress and development of human capital as the path to sustainable development.
Global markets are increasingly integrated, with strong investments in health, education, and institutions to enhance
human and social capital. Simultaneously, the drive for economic and social development is coupled with the
exploitation of abundant fossil fuel resources and the adoption of resource and energy intensive lifestyles leading
to rapid growth of the global economy. Despite this, environmental problems such as air pollution are successfully

managed.
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3. Climate change impacts on health

Climatic changes has devastating impacts on many aspects of health through droughts, floods, storms, coastal
flooding, forest fires, agricultural production, natural water sources, landslides, heat waves, proliferation of microbes
and spread of arthropod vectors of pathogens [11-15]. Many diseases have climatic niches and their emergent and
epidemic dynamics are influenced by variability in the climate [16, 17]. Analyses suggest that low-income countries will
bear the brunt of the predicted health impact [2, 18, 19]. Africa and Asia, for example, bear the largest economic burden
of disease in humans [20] and are where the influence of climate variability on health is already widely recognized [21-
23]. Increasing temperatures will inevitably lead to hotter days, more frequent and longer heatwaves leading to an
increase in heat-related deaths. In addition to impacting immediate mortality, there will be an increase in heat stroke
and dehydration as well as cardiovascular (CVD), respiratory and cerebrovascular disease. The health impact will
particularly affect urban areas that are warmer than the surrounding rural areas. Warming will also affect air quality
with an increase in ground level ozone. High-levels of ozone cause breathing problems, trigger asthma, reduce lung
function and cause lung disease [24]. An increase in particulate matter is also anticipated, not least from an increase in
wildfires. This will lead to an increase in Chronic Obstructive Pulmonary Disease and CVD. Finally air quality will
worsen will respect to airborne allergens, notably pollen from plants where the season will likely be extended, leading
to an increase in allergic diseases, notably asthma and rhino-conjunctivitis. In addition to the evident impact on
agriculture in rural areas, 90% of cities are coastal and thus an increase in extreme weather events, such as floods and
storms, will have a disproportionally high impact on the urban environment. Mental health will also decline, an effect
particularly felt in urban environments due to the cumulative effects of increased heat. In addition to the negative
consequences of global warming for non-infectious diseases, infectious diseases, particularly in an urban setting, are
also a cause for concern [25-31]. Global warming will lead to a reduction in water quality and food safety with a

proliferation of microbes and an increase in bacterial and viral contamination of water and food.

4. Climate change and mosquito-borne pathogens

Many of the most important diseases affecting health are mosquito-borne, including notably malaria and the
arboviral diseases (dengue, Zika, Chikungunya). The World Health Organization estimates that one of the main
consequences of global warming will be an increased burden of such vector-borne diseases. Climate has a potentially
large impact on the incidence of mosquito-borne diseases, directly through the influence of temperature on the
developmental rates of both the mosquito and the pathogen within the mosquito, as well as on mosquito survival and
indirectly through changes in vegetation and land-surface characteristics, such as the availability of mosquito
oviposition sites [32]. Moreover, with increasing global temperatures mosquito-borne pathogens, although currently
limited to the tropics and sub-tropics are anticipated to extend their current geographical ranges, invading more
temperate regions [33]. Globalisation and increased international travel and trade will enable unwitting importation of
mosquito-borne pathogens from endemic areas into formerly disease-free regions, given that infections following
infection by many such pathogens can be symptom-free [34-36]. This potential for the spread of mosquito-borne diseases
into temperate regions has already occurred with dengue or Chikungunya virus transmission detected sporadically in
France [37, 38], Madeira [39], Croatia [40], intermittently in the USA [41, 42].

Several of the mosquito-borne diseases are of particular concern as the mosquito species in question have adapted
to the urban environment. This is the case for Aedes aegypti, the vector of dengue, Zika, Chikungunya and Yellow Fever
viruses and Anopheles stephensi, the vector of urban malaria (caused by either Plasmodium falciparum or Plasmodium vivax).
These pathogens are inflicting a huge health burden globally. More than 3.5 billion people are at risk of dengue virus

(DENV) infection in over 100 countries and recent estimates suggest that there are 390 million DENV infections every
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year, of which 100 million cause clinical symptoms [43]. The explosive 2015-16 Zika epidemic infected over a million
individuals across 73 countries and the increasing incidence of microcephaly in newborns led the WHO to declare Zika
as a public health emergency of international concern [44, 45]. That a further 35 countries recorded imported cases
underlines the facility with which viruses can be spread globally at a rapid pace. Outbreaks of Chikungunya now occur
frequently across the globe in all continents with numbers of cases reaching 100s of thousands [46]. In contrast to the
classical Anopheles species mosquito vectors of malaria parasites (for example Anopheles gambiae in sub-saharan Africa
and Anopheles dirus in Asia), urban malaria is transmitted by An. stephensi, which like Ae. aegypti has adapted to an urban
environment, breeding in water storage containers [47, 48]. Formerly restricted to South East Asia, India and the Arabian
peninsula prior to 2011, it has now been reported from Djibouti (2012), Ethiopia (2016), Sri Lanka (2017) and most
recently from the Republic of the Sudan (2019) [49-51]. This species is well capable of thriving in an urban environment
and is thus threatening to bring an additional malaria burden to that driven by the more rural mosquito vector spp. in
a world of ever-increasing urbanization.

The growth of urban populations and the large-scale migration of individuals among locations are among the
key defining environmental challenges of the 21st century, especially for human health. Over 50% of the world’s
population live in cities and this is expected to increase to approximately 70% by 2050 [52]. Cities occupy only 3% of
land surface [53] and yet they produce approximately 80% of gross world product, consume about 78% of the world’s
energy and produce more than 60% of all CO: emissions [54-56]. The expected dramatic increase in urbanization
precludes extrapolation from our current limited understanding of urban health to the future, especially at relevant
resolutions taking into account pronounced demographic, socio-economic, environmental and climatic heterogeneity.
Socially disadvantaged individuals living in urban settings have been highlighted as a major group at risk for the
adverse health consequences of climate change, which will exacerbate the current recognised urban health disparities
[57, 58]. Better quantitative frameworks for guiding regional and urban disease management are thus needed that can
take advantage of increasingly detailed geographical, environmental and epidemiological data within cities and for
networks of interconnected cities in regions.

Curbing the trajectories of the major urban vector-borne health problems therefore requires consideration of the
pronounced spatial and environmental heterogeneity of the urban domain. Urbanization is not only concentrated in the
metropolis; small cities and rural areas are also changing fast, but little is known about the mosquito-borne health
situation in such areas in highly endemic regions. It is problematical since mobilities of individuals are not only acting
as connectors among spaces with different environmental characteristics, but also because mobility clearly drives
infectious diseases propagation at city scales [32, 59, 60]. Consequently, viruses can be re-introduced systematically

from areas that are not considered central in the governance of diseases.

5. Urbanization on climate and vice versa

The most important anthropogenic influences on climate are greenhouse gas emissions and land use change,
notably urbanization where vegetation is replaced by man-made surfaces [61-63]. The extensive production of
greenhouse gases and urbanization both lead to increases in surface temperatures and can lead to urban heat islands
(UHIs), metropolitan areas that are significantly warmer than the surrounding rural areas [64]. Many factors contribute
to the creation of UHIs: population density, percent built-up area and density, the reflectivity (albedo) and thermal bulk
properties of man-made surfaces, including impervious surfaces (roads, pavements), lack of vegetation areas and water
bodies, the thermal mass that is produced by anthropogenic activities (transportation, industry) and urban morphology
(high-rise building, variation in the height of building, sky view factor, etc.) [65, 66]. All these features will affect

evaporative cooling and convection efficiency transferring heat to the lower atmosphere [67]. Whilst generally
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considered at the city vs. neighbouring rural environment scale, even at small intra-urban scales, the effects of urban
geometry, both with the shading effect in daytime and with the reduction of radiative cooling and increasing thermal
storage at night, can generate differences in UHI intensity at a very local scale [32, 68]. During the daytime, the UHI
intensity is largely influenced by convection efficiency associated with surface roughness and changes in the
partitioning of latent or sensible heat fluxes associated with local climate—vegetation characteristics [69, 70]. In addition
to the influence of urban structure and geometry on convection efficiency, humidity also has a significant negative effect
because of the increased aerodynamic resistance to heat diffusion [67].

The public health impact of UHIs has been directly implicated in exacerbating the negative effects of extreme
temperature conditions, air pollution, poorer water quality and general discomfort [71, 72]. A knock-on from these
health impacts are associated economic losses because of reduced labour productivity [73]. Therefore, any impacts of
global climate change will be amplified by the UHISs. For the top 5% populated cities, the effects of UHI are estimated
to add an additional 1.72 °C, 2.08 °C and 2.35 °C to the estimated temperature increase due to global climate change in
2015, 2050 and 2100, respectively [56]. An estimated 20% of these cities could experience a total warming of more than
4 °C in 2050 and 25% could warm by more than 7 °C by 2100.

The negative effects of UHIs have, however, largely been neglected for infectious diseases, particularly those of
urban importance with significant consequences for mitigation strategies. There is increasing evidence that temperature
modifications can have a large impact on the epidemic potential of dengue [74]. Moreover, there are an increasing
number of fine scale studies implicating an increased incidence of dengue and mosquito vector densities with Land
Surface Temperature, vegetation indices and vertical city [66, 75, 76]. Thus, for a variety of reasons, urbanization will
be associated with increased local temperatures compared to neighbouring rural areas, with resulting impact on the

burden of mosquito-borne diseases.

6. Mitigation strategies for UHIs

In recognition of the growing and predicted problem of UHIs, a considerable effort has been made to develop
mitigation strategies to alleviate the urban climate problem. The most extensive approach has been undertaken by
Singapore, which has developed over 80 different strategies [77]. These can be grouped into seven categories:
vegetation, urban geometry, water bodies, materials and surfaces, shading, transport, and energy. Strategies based
around vegetation have been highlighted as particularly effective, as well as being cost effective and relatively easily
and rapidly implemented as compared with the other categories. Hence vegetation has been used extensively as a UHI
mitigation strategy worldwide [78-80] in innumerable ways at micro (e.g. vertical gardens, planting trees along
transport axes creating green corridors) and mesoscales (e.g. increasing urban parks and encouraging urban agriculture).
Planting vegetation reduces the impact of incoming solar energy by shading and because of the relatively high albedo
of vegetation also reduces accumulation of heat. The shading effect can not only reduce the sensible heat flux but also
the latent heat flux. Green corridors can not only shade via trees, but also the use of grass reduces turbulent vertical air
movements produced by hot surfaces, thereby improving convection efficiency. One problem is, however, that in
tropical countries with high humidity, vegetation can increase thermal discomfort. In such wet climates, the extent of
green coverage necessary to reduce the temperature differential (of the UHIs compared to rural areas) would lead to
excessive thermal discomfort. Hence, it has been suggested that under such circumstances increased shading rather
than simply increased vegetal mass would be more effective [69, 70]. By contrast, in drier climates that are water-limited,
there is low evapotranspiration and low albedo and thus increased greening is predicted to be more effective [69, 70].
This underlines the point that strategies will not be expected to work the same everywhere. Another problem with

excess vegetation is that it impacts upon another health issue: mosquito-borne disease. Inner city parks and green zones
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are known to provide havens for mosquitoes and dengue risk has been shown to increase for people living in dwellings
close to such green spaces [59]. This is a key point in developing health mitigation strategies when there are many
different health issues to consider. Moreover, mitigation strategies in other sectors may also have an impact on health.
Managing water resources is predicted to become a serious problem, especially in the urban setting and inadequate
permanent access to water leads to water storage practices that enables proliferation of mosquito populations and

increased disease [68]. In this case, strategies to improve water supplies could lead to sectorial co-benefits.

7. Tackling urban mosquito-borne disease in the face of UHI mitigation

Mosquito control in urban settings is very challenging, not least because of the complexity of the environment
and the multitude of man-made containers that can provide oviposition sites for mosquitoes to lay eggs in [47]. For Ae.
aegypti mosquitoes, which are day-time biters, current control approaches focus on source reduction by improved
environmental hygiene (eliminating solid waste that offer potential oviposition sites), using larvicides in stored water
objects (vases, urns, storage jars, overhead tanks etc) to eliminate the immature stages of the mosquitoes and adulticides
to kill adult stages of the mosquito. This latter is generally employed in and around cases of dengue identified through
the public health system. Personal protective methods such as window netting and mosquito nets, coils and sprays
are used, but whose efficacy is unclear [81]. Source reduction and community-based environmental management have
shown some success [82, 83], but requires massive efforts and considerable community engagement. The need for novel
methods for reducing mosquito densities and human exposure to mosquitoes are desperately required [84]. One of the
major challenges for targeting the immature mosquito stages is the inability to find and treat the abundance of potential
breeding sites. One new method is to use the adult female mosquitoes themselves to disseminate the insecticide — auto-
dissemination — with the assumption that she will find oviposition sites better than humans [85-89]. Whilst this has been
to shown to work, at least in reducing mosquito numbers, the urban geometry has a significant impact on efficacy, for
the simple reason that mosquitoes do not fly over high walls and generally will not fly very far [88, 90]. This hampers
the dissemination of the insecticide and requires deployment of auto-dissemination devices at unacceptably high
densities. Whilst other new control methods are showing promise [91], mitigating against urban vector-borne diseases
could use the leverage of other sectors impacted upon by climate change — notably water, environmental/ecosystem
hygiene and urban geometry. Lack of piped water has been shown to be a risk factor for dengue and is likely also to be
the case for urban malaria [68]. It is also a clear concern for drinking water quality generally. Inter-sectoral co-benefits
would thus arise from focussing on access to water. Improved environmental hygiene is crucial for reducing pollutants
and maintaining a healthy urban environment. Solid waste matter provides abundant sites for mosquito breeding [92].
Thus again, strategies on environmental hygiene would lead to inter-sectoral co-benefits. Urban housing quality and
geometry impact upon the extent of exposure of man to mosquitoes and are clear determinants of heat impacts. With
careful discussion, mosquito control methods such as auto-dissemination and use of toxic baited sugar traps [93] could
benefit from the creation of green oases that lure mosquitoes to these safe havens and either locally kill the adult
mosquitoes or enable the adults to disseminate the insecticide more freely locally along green “ventilation” corridors
[94]. Improved access to permanent running water, reduced urban heat stress through improved urban geometry
amongst other approaches and a reduced burden of mosquito-borne disease need to be considered through inter-

sectorial collaboration for co-creation of resilient strategies [95, 96].

8. Conclusion
Despite the fundamental importance for public health to know the magnitude and patterns of climate impacts

and their significance for prioritization and allocation of resources to protect populations, the health research
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community largely work in isolation of the other sectors. However, to ensure sustainable development, it is imperative
that public health is included in climate change policies and climate services across sectors. Inter-sectoral collaboration
has improved over recent years through the cross-sectorial impact model inter-comparison project — ISIMIP — but health
has been, unlike other sectors, only vaguely and sporadically present in this effort [97-99]. Such collaborative inter-
sectoral work now needs to be carried out at the specific level of cities to align with the sustainable development goals
of making cities and human settlements inclusive, safe, resilient and sustainable through improvements to housing and
basic services [96]. There are a significant number of mitigation strategies that would allow cities to confront the
challenges of climate change. Inter-sectoral collaboration would optimise the meagre resources with which cities have

to manage the many foreseeable problems that will arise.
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