Aalborg Universitet AALBORG

UNIVERSITY

Global urban exposure projections to extreme heatwaves

Marcotullio, Peter J.; KeRler, Carsten; Fekete, Balazs M.

Published in:
Frontiers in Built Environment

DOl (link to publication from Publisher):
10.3389/fbuil.2022.947496

Creative Commons License
CCBY 4.0

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Marcotullio, P. J., Keller, C., & Fekete, B. M. (2022). Global urban exposure projections to extreme heatwaves.
Frontiers in Built Environment, 8, Article 947496. https://doi.org/10.3389/fbuil.2022.947496

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 04, 2025


https://doi.org/10.3389/fbuil.2022.947496
https://vbn.aau.dk/en/publications/7d0132a7-3d72-499b-8c6c-764ad6e79262
https://doi.org/10.3389/fbuil.2022.947496

:' frontiers ‘ Frontiers in Built Environment

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Mahua Mukherjee,

Indian Institute of Technology Roorkee,
India

REVIEWED BY
Kazuaki Tsuchiya,

National Institute for Environmental
Studies (NIES), Japan

Hourakhsh Ahmad Nia,

Alanya Hamdullah Emin Pasa University,
Turkey

*CORRESPONDENCE
Peter J. Marcotullio,
peter.marcotullio@hunter.cuny.edu

SPECIALTY SECTION
This article was submitted to Urban
Science,

a section of the journal

Frontiers in Built Environment

RECEIVED 18 May 2022
ACCEPTED 04 October 2022
PUBLISHED 31 October 2022

CITATION

Marcotullio PJ, KeRler C and Fekete BM
(2022), Global urban exposure
projections to extreme heatwaves.
Front. Built Environ. 8:947496.

doi: 10.3389/fbuil.2022.947496

COPYRIGHT

© 2022 Marcotullio, KeRler and Fekete.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Built Environment

TYPE Original Research
PUBLISHED 31 October 2022
Dol 10.3389/fbuil.2022.947496

Global urban exposure
projections to extreme
heatwaves
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College, Hunter College, City University of New York, New York, NY, United States, ?Department of
Geodesy, Bochum University of Applied Sciences and Department of Planning, Aalborg University,
Copenhagen, Denmark, *Grove School of Engineering, City College of New York, City University of
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Over the past decades, the world has experienced increasing heatwave
intensity, frequency, and duration. This trend is projected to increase into
the future with climate change. At the same time, the global population is
also projected to increase, largely in the world’s cities. This urban growth is
associated with increased heat in the urban core, compared to surrounding
areas, exposing residents to both higher temperatures and more intense
heatwaves than their rural counterparts. Regional studies suggest that Asia
and Africa will be significantly affected. How many people may be exposed to
levels of extreme heat events in the future remains unclear. Identifying the range
in number of potentially exposed populations and where the vulnerable are
located can help planners prioritize adaption efforts. We project the ranges of
population exposed to heatwaves at varying levels to 2,100 for three future
periods of time (2010-2039, 2040-2069, 2070-2099) using the Shared Socio-
Economic Pathways (SSPs) and the Representative Concentration Pathways
(RCPs). We hypothesize that the largest populations that will be exposed to very
warm heatwaves are located in Asia and Africa. Our projections represent the
warmest heatwaves for 15days during these three periods. By the
2070-2099 period, the exposure levels to extreme heatwaves (>42°) exceed
3.5 billion, under the sustainability scenario (RCP2.6-SSP1). The number of
those exposed in cities climbs with greater projected climate change. The
largest shares of the exposed populations are located in Southern Asia and
tropical countries Western and Central Africa. While this research demonstrates
the importance of this type of climate change event, urban decision-makers are
only recently developing policies to address heat. There is an urgent need for
further research in this area.
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1 Introduction

Heatwaves can be characterized by intensity, frequency,
duration, timing and spatial extent, and there are multiple
ways in which each of these characteristics can be examined
(Perkins-Kirkpatrick and Lewis, 2020). This has led to a number
of different measures for these events (Perkins et al., 2012;
Perkins, 2015; Horton et al., 2016) with different indices
commonly used to identify them (Dosio et al., 2018). The
IPCC finds all the characteristics of heatwaves have increased
in most parts of the world (Portner et al., 2022). Within the US,
for example, from the 1960s to the 2010s, the frequency of
heatwaves has increased from 2 per year to over 6, the
average length of days for a heatwave has increased from
2.99 days to 3.96 days and the intensity has increased from
1.99°F (1.1°C) to 2.46°F (1.4°C) above local thresholds.'

Heatwaves are one of the most important urban climate
change phenomena, but are not new to cities. For example, long
duration heatwaves of 13 and 23 days were experienced in the US
during the early 1900s and 1930s. In 1936, cities across 12 states
experienced all-time highs (clearing 49°C). The 2003 European
heatwave that covered much of that region lasted for more than a
week in some locations. In 2019, deadly heatwaves occurred
around the world, seasonally early and record breaking in
duration and intensity. In May of that year, heatwave
temperatures reached 51°C in northern India and Pakistan
and the heatwave in India was the longest ever recorded in
that country at that time. In June 2019, heatwave temperatures
exceeded 45°C in parts of Western Europe. The 2022 heatwave in
South Asia exceeded April average maximum temperature for
northwest and central India since recordings began 122 years
ago, as temperatures have reached 35.9°C and 37.8°C,
respectively. The Pakistani cities of Jacobabad and Sibi in the
country’s southeastern Sindh province recorded highs of 47°C
(Mogul et al., 2022).

Intense and long heatwaves have devastating consequences
to public health (Patz et al., 2005). Recent evidence suggests that
for public health the duration of the heatwave is more important
than the intensity (D'Ippoliti et al., 2010). Heatwaves also impact
a number of different human activities including, inter alia,
agriculture (Lobell and Field, 2007; Thornton et al, 2009;
Kornhuber et al,, 2020), workplace productivity (Kjellstrom,
2016; Rao et al, 2020), wildfire intensity and frequency
(Westerling et al., 2006) and public infrastructure (McEvoy
et al, 2012; Rubbelke and Vaogele, 2011). Heatwaves pose a
high risk to urban residents given that temperatures are
exacerbated in cities by the urban heat island effect (Oke
et al., 2017).

1 See, www.epa.gov/climate-indicators
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Climate change experts warn that heatwaves will continue to
grow in frequency, intensity and duration (Meehl and Tebaldi,
2004; IPCC, 2012, 2013; Perkins-Kirkpatrick and Lewis, 2020).
Given the importance of these phenomena to those living in cities
we examine the potential global urban resident exposure of
extreme (Heat Index >42°C) for 15-day heatwave events
including total, sensitive and low-income populations. We use
the representative concentration pathways (RCPs) and the
shared socio-economic pathways (SSPs) along with modeled
simulations of urban land use growth to estimate the range of
urban populations exposed during three future periods of time
2010-2039, 2040-2069, and 2070-2099.

Our findings suggest that under global policy conditions that
address climate change and under the so-called “sustainability”
pathway, best estimates of urban populations that experience
extreme 15-day heatwaves of >42°C and >46’C could increase
3 and 4-fold, respectively, by the end of the century. We project
that by the end of the century (2070-2099), the numbers of those
exposed to heatwaves >42°C 15-day heatwaves will rise to over
3.58 billion (range: 3.05-4.04 billion) and include over 56% of the
global urban population. Those exposed to extreme heatwaves
of >46°C 15-day heatwaves will rise to over 2.6 billion (range:
1.86-3.35 billion) and include 41% of the global urban population.
Under conditions of stronger climate change and associated socio-
economic development (RCP4.5-SSP2) by the 2070-2099 period, the
numbers of those exposed to 15-day heatwaves of >42°C could
exceed 4.5 billion (range: 4.02-5.09 billion). This will include 64% of
the global urban population. Under the high fossil fuel scenario
(RCP8.5-SSP5), urban residents exposed to extreme 15-day
heatwaves >42°C is projected to rise to 5.12billion (range:
4.43-5.78 billion). In this scenario, over 74% of the global urban
population is projected to experience these events. The lion’s share of
the projected exposed population across all scenarios is in Southern
Asia and Western and Central Africa. In the scenarios with greater
climate change the location of exposed resident populations spreads
to South America, Oceania and North America.

In the next, second section we review the background on the
RCPs and SSPs, heatwave projections, the urban impact of
growth
vulnerability. The third section provides the methods and

heatwaves,  urban modeling and  heatwave
materials used in the study. The fourth section presents our
findings, and the fifth section provides a discussion. In the last

section we conclude with a summary of the study.

2 Background

2.1 The shared socio-economic pathways
and representative concentration
pathways

The SSPs and RCPs were developed to compare ranges of
future outcomes for climate and society, and provide insight into

frontiersin.org
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the potential drivers of change (Ebi et al, 2014). The SSPs
describe plausible alternative trends in the evolution of society
and natural systems at the regional and global levels through
narrative descriptions and quantifications of socioeconomic
variables (such as population, urbanization, gross domestic
product, demographic structure) from 2010 to 2,100. All SSPs
are called “reference” pathways and assume no climate change or
climate impacts during development, and no new climate policies
after 2010 (Kriegler et al., 2014), but they are classified by their
interactions with climate (Riahi et al., 2017). The five SSPs define
a variety of social developments that create challenges to
mitigating climate change (for example, high use of fossil fuels
in energy systems) and challenges to adapting to climate change
(for example, low adaptive capacity).

Briefly, SSPs 1 and 5 envision optimistic trends as the world
invests in education and health. Many nations experience rapid
growth
SSP5 assumes energy intensive, fossil-based economic growth.

economic under  well-functioning  institutions.
Alternatively, SSP1 assumes increasing sustainable practices,
hence it is called the sustainability pathway. SSPs 3 and
4 include less optimistic trends, with lower comparable
investment in education and health, accompanied by fast
growing population, and increasing inequalities. In SSP3,
nations prioritize regional security and promote a “nation
first” attitude. In SSP4 large inequalities within and across
countries emerge. In both SSP3 and SSP4, societies become
increasingly vulnerable to climate change. The SSP2 projects a
middle pathway in which trends continue their historical
patterns without substantial deviations (O’Neill et al., 2016).

A new set of SSP-RCP relationships are currently being
developed, which together can be linked to climate policies.
These linked SSP-RCPs provide outcomes to the end of the
current century and beyond (O'Neill et al., 2016). Several are used
in the latest IPCC report. For example, a low emission SSP1 was
necessary to link to the new RCP1.9 in order to achieve a pathway
to 1.5°C by the end of the century (Rogelj et al., 2018), which was
used in the IPCC 1.5°C Report (IPCC, 2018).

Note that while the SSP1 is considered the “sustainability”
pathway it is different from a sustainable development pathway.
The IPCC 1.5°C Report uses the low emission scenario (RCP1.9)
linked to SSP1 as a sustainable development pathway to identify
how to halt anthropogenic global warming and significantly
reduce climate impacts compared to a global increase in
temperature of 2°C. The report also suggests that reaching this
goal can be accomplished through a variety of different portfolios
of mitigation measures (IPCC, 2018). Another example has been
provided by Soergel et al. (2021), who find, using a scenarios
framework that includes the SSPs, that sustainable development
pathways that addresses the UN’s sustainable development goals
can be achieved, but includes strong policy interventions.

The RCPs represent trajectories of climate-related emissions
from society. The concentrations of these emissions in the
atmospheric creates the effects of the pathways on the global
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climate system. A fossil fuel intensive future is described in
RCP8.5, which could lead to 4-5°C warming by 2,100. This
pathway is given the “business-as-usual” moniker, meaning that
current trends continue without change into the future, although
there is debate over whether this scenario is the most likely
outcome (Hausfather and Peters, 2020). RCP2.6 describes a
world in which global warming is kept at or below 2°C and is
the best possible climate change pathway among the group of
original 4 RCPs discussed herein. RCP4.5 and RCP6.0 represent
alternative worlds of varying responses to climate change. We
present a range of scenarios to better communicate the potential
range of outcomes. Specifically, we link SSP1 with RCP2.6,
SSP2 with RCP4.5, SSP3 with RCP6.0 and SSP5 with RCP8.5,
loosely following O’Neill et al. (2016).

2.2 Heatwave trends and projections

Heatwaves have already increased in all parts of the world,
including Africa, Asia, Europe and North America (Christidis
et al., 2015; Portner et al., 2022; Rahmstorf and Coumou, 2011;
Sun et al., 2014), including in major global urban areas (Mishra
et al., 2015; Matthews et al., 2017). In Africa, studies demonstrate
that heatwaves are increasing in intensity and frequency
(Ceccherini et al., 2017). Asia has also experienced increasing
heatwaves (Dash and Mamgain, 2011; Rohini et al., 2016; Panda
et al, 2017). A recent global study finds that humid-heat
extremes have increased disproportionately in over-populated
regions (~5.0 days per-person per-decade) relative to global land-
areas (~3.6 days per-unit-land-area per-decade) and population
exposure to humid heat has increased at a faster rate than to dry-
heat, highlighting the danger for vulnerable populations in these
areas (Rogers et al,, 2021). Another study suggests that global
exposure to daily maximum wet bulb globe temperatures of 30°C
increased nearly 200% from 1983 to 2016, which by the period’s
end comprised 23% of the planet’s population (1.7 billion people)
(Tuholske et al., 2021).

Climate change research suggests that maximum heatwave
temperatures are expected to increase more than global
temperatures (Seneviratne et al., 2016; Dosio et al., 2018) and
that heatwaves will increase in intensity and number (Meehl and
Tebaldi, 2004; Russo et al., 2014; Perkins-Kirkpatrick and Lewis,
2020). Even at 1.5°C warming, a significant increase in heatwave
magnitude is expected over Africa, South America, and Southeast
Asia and under 2°C warming the frequency of extreme heatwaves
is projected to double over most of the globe (Dosio et al., 2018).
Mora et al. (2017) uses temperature and humidity projections to
identify land areas where these conditions cause mortality. The
mortality threshold used in the study is based upon a review of
783 cases of excess human mortality associated with heat from
164 cities in 36 countries. The results suggest that around 30% of
the world’s population is currently exposed to this threshold for
about 20 days a year, but by 2,100 the percentage exposed will
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increase to between 48 and 74%, depending on the greenhouse
gas emission scenario. Others have projected that urban exposure
to >42°C heatwaves lasting for 15 days in the largest 20 cities of
the world can exceed 1 billion by 2,100 (Marcotullio et al., 2020).
This threshold may even be crossed under the SSP1 pathway due
to the projected population growth in areas characterized by
warm climate (Marcotullio et al., 2020). Projections for heat in
urban Africa suggest the potential for large increases in resident
exposure to extreme heatwaves (Marcotullio et al, 2021).
Another urban study of Africa, confirms these results
suggesting that the most exposed cities are located in Western
and Central Africa, although several Eastern African cities
showed an increase of more than 2,000 times the current level
by the 2090s, due to the emergence of dangerous heat conditions
combined with steady urban population growth (Rohat et al.,
2019). Studies in Asia project significant increases in future heat
events (Mishra et al., 2015; Pal and Eltahir, 2015; Mishra et al.,
2017) with impacts on the region’s cities (Marcotullio and
Schmeltz, 2021).

2.3 Urban heat island effect

Climate related heat concern is exacerbated by the higher
temperatures in urban core areas compared to suburban and
exurban surroundings. This is called the urban heat island (UHI)
effect. UHI was identified 200 years ago by (Howard, 1818) and
has been identified around the world (Oke et al., 2017). Analysts
consider UHI one of the major environmental problems of the
twenty-first century (Arnfield, 2003; McKendry, 2003; Stone,
2012). While there are different types of UHI, canopy UHI,
measured between the surface and the tree canopy or below the
average building height of the city, is of most interest to this study
and UHI hereafter refers to canopy UHI. UHIs are typically
around 3-4°C (Oke, 1997; Voogt, 2002), but can vary between
0.4 and 12°C (Santamouris, 2015). Current research suggests that
UHI has an upper limit of 12°C (Oke et al., 2017), but little is
known of how the urban atmosphere will react as cities grow to
enormous size, as projected (Hoornweg and Pope, 2016),
dwarfing current mega-city (10 million) status.

In many cases, the highest UHI occurs during the summer or
warmer seasons (Makrogiannis et al., 1998; Wang and Hu, 2006;
Erell and Williamson, 2007). Maximum UHI intensities are
typically experienced during the evenings to early morning
periods. Driving forces for UHI include local climatology,
street geometry, building fabric and anthropogenic activities.
Given the importance of urban form and human activities,
UHI intensities for individual cities change as they grow. In
the UHI literature, one commonly used indicator for the level of
UHI is city size, measured by population, city area or diameter
(Oke et al., 2017). Several studies have identified the positive
relationship between the urban population and UHI (Roth, 2007;
Santamouris, 2015; Oke et al., 2017). Exactly how global climate
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change will affect UHI is a current topic of research, but much
remains unknown (Huebler et al, 2007; Roy et al, 2011). A
recent study suggests that UHI will increase across all SSPs for
RCP4.5 due to urban expansion (Huang et al., 2019). Others find
that both climate change and future urban population size and
other factors will determine UHI (Tran et al., 2006; Shastri et al.,
2017; Manoli et al., 2019). While difficult to project, a study of
future urbanization and heatwaves is incomplete without the
inclusion of UHIL.

2.4 How hot is hot?

While a range of heat levels create human comfort, high heat
levels have significant health impacts (Gasparrini et al., 2016; Xu
et al, 2016; Hoegh-Guldberg et al, 2018). Humidity also
contributes to heat impacts. In an attempt to address the
heat-humidity confluence of risk, scholars measure potential
harmful heat and more generally human discomfort, using an
air temperature and humidity index (Anderson et al, 2013).
Theoretically, the heat index takes into account the body’s ability
to cool itself. When the body gets hot, it uses evaporative cooling
through perspiration to regulate. When the humidity in the
atmosphere it high, however, the rate of evaporation
decreases, lowering the ability of sweat to evaporate and hence
potential cooling. Thus, there is a direct relationship between
heat, humidity and thermal comfort. Recent research suggests an
upper limit on heat and humidity research suggests that all
humans and mammals have upper limits to adaptation, and
that these thresholds could be breached in the future (Sherwood
et al., 2010). The human body’s ability to shed heat has an upper
physiological limit at approximately a wet-bulb temperature of
35°C (Raymond et al., 2020).

The threshold level for dangerous heat also varies across
localities, as cultures may react to heat differently (Patz et al.,
2005). Globally, the minimum mortality temperature (MMT)
collected from 658 communities in 43 countries varies widely
between 14.2°C and 31.1°C decreasing by latitude (Tobias et al.,
2021). A study in 11 large cities in the US suggests that MMT for
heat varies between 65.2°F (18.4°C) and 90.4°F (32.4°C) with
higher temperatures at lower latitudes (Curriero et al., 2002).
Research in this area generally provides evidence for heat
adaptation over time (for a review see Sheridan and Allen,
2018), although the time it takes to adapt is not well
understood. A long-term historical study for New York that
examined adaptation patterns by analyzing daily temperature
suggests the decade-specific relative risk of mortality at 29°C vs
22°C declined from 1.30 in the 1910s (95% confidence interval
[CI] = 1.25-1.36) to 1.09 (CI = 1.05-1.12) in the 2000s (Petkova
et al, 2015). Alternatively, a cross-country examination of
changes in MMT risk during the summer seasons from
1985 to 2012 found that the relative risks for the 99th
percentile versus the minimum mortality temperature dropped
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‘Compacted urban development

FIGURE 1

Image of the two different urban growth simulation outputs for the Lake Victoria Region, Africa. The figure incorporates SSP4 urban population
growth across the region for the compact (A) and sprawled (B) urban growth models. Highlighted are the results of simulations runs for the years
2010, 2050 and 2,100. The image demonstrates the significant urban land use differences between the two simulations.

Sprawled urban development

Urbanization by 2010 | 2050 [l 2100

from a range of 1.15-2.03 in early summer to a range of
0.97-1.41 in the later summer (Gasparrini et al, 2016).
Reduction of heat-related mortality risk could be attributed to
true acclimatization, adaptive behaviors (such as increased use of
air conditioning), or harvesting effects.

Early warning systems, created by government offices, such
as the US National Oceanic and Atmospheric Administration
(NOAA) have identified heat thresholds. NOAA uses a common
method to present a combined temperature and humidity index,
originally developed by Steadman and others (Steadman, 1979a,
1979b; Rothfusz, 1990; Anderson et al., 2013). NOAA’s National
Weather Service Heat Index Likelihood of Heat Disorder with
Prolonged Exposure or Strenuous Activity > chart includes
defined categories entitled, “Caution”, “Extreme Caution”,
“Danger” and “Extreme Danger”. The heat indices for these
categories start at 27°C, 33°C, 41°C, and 50°C, respectively.
Alternatively, the India Meteorological Department (IMD)
defines a heatwave if the daily temperature is 6°C above its
long-term average or greater than 45°C and the heatwave will
continue as long as the temperature exceeds the thresholds
(Murari & Ghosh, 2019). These examples suggest heatwaves

2 See https://www.weather.gov/safety/heat-index.
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with heat indices above 42°C are considered extreme events.
Moreover, our previous study used 42°C for heatwaves as a
threshold (Marcotullio et al., 2021). Given the use of 46°C by
some South Asian nations and the use by NOAA of the 50°C
threshold, we also report the population numbers greater than
these values. While all local heat warning systems, which define
heat exposure levels, consider local meteorology, demographics
and urban structure, there are lower thresholds used in different
localities and we have not found a locality that has an extreme
heat warning threshold above 46°C. Moreover, the duration of
heatwaves is also important. A higher effect of heatwaves of
longer duration and high intensity is shown in most cities
suggesting that duration may be more important than
intensity (D’Ippoliti et al., 2010). In regions that experience
high heat, such as India, most heatwaves are less than 10 days
although in a few locations they have lasted 15 or more days (Pai
et al,, 2017). We argue that 15-day heatwaves of >42°C can be
classified as extreme events.

2.5 Urban growth

To develop urbanization simulations, a good understanding
of the current areal extent of urban areas is vital. Definitions of
what characterizes a city differ, especially when comparing
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Projected global urban extents
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FIGURE 2

Projected global urban extents. The graph demonstrates the
difference in urban land use amongst competing global urban
growth models. The intent of the study was not to generate one
model simulation for urban growth, but to create two models

with very different outcomes that would include the results of
other models. In this way, our study provides a range of potential
population exposure to heatwaves that occur across the
landscape. Our model simulations are green (sprawled) and
orange (compact). The other global urban model growth results in
the chart are from Seto et al. (2012), Angel et al. (2010) and Chen
et al. (2020) also are included.

countries at varying levels of development (for an example of
different definitions see UN, 2018). Research on cities identifies
stages of urban development with significant differences in urban
form and area (Newman and Kenworthy, 1999; Wheeler, 2015).
One important factor for defining cities is urban density, whether
defined by residential population, built structures, employment
or otherwise, is generally regarded as a defining urban
characteristic (Boyko and Cooper, 2011). At the one end of
the density spectrum, urban sprawl describes the expansion of
urban settlements away from the urban core into low density
developments with high per capita transportation energy use in
2010).
compactness defines high density, walkable and sustainable

outer areas (Ewing and Cervero, Alternatively,
urban settlement patterns (Newman and Kenworthy, 1999).
Given these distinctions, urban densities are often used to
measure urban forms (Cheng, 2010; Giineralp et al, 2017).
There is also evidence that urban forms associated with
different densities create different environmental conditions.
For example, compactness is related to a lower energy use and
lower rates of increase in heat events over time (Stone et al., 2010)
and therefore urban form may create differential conditions for
heat exposure and general livability (Beattie and Haarhoff, 2018).

It should be noted that indoor temperatures are often warmer
than ambient temperatures. This is critical as people typically
spend most of their time in buildings (Klepeis et al., 2001).
Studies have demonstrated that indoor areas can be over 1.5°C
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TABLE 1 UHI estimates by city population size. This table presents the
results of our literature review on ambient temperature UHI
observations for over 110 cities across the world. The values are the
means (degrees Celsius) and standard deviations of the samples
aggregated by urban population size. We based our analysis on
Manoli, et al. (2019).

Size category Population UHI n sd

very small <50,000 3.9 18 1.98
Small 50,000-250,000 5.1 18 229
Medium 250,000-500,000 5.1 13 1.82
Large 500,000-1,000,000 5.7 15 3.04
Very large 1,000,000-10,000,000 53 45 3.07
Mega-city >10,000,000 7.6 4 2.85

warmer than ambient air (Luu et al., 2021). While we recognize
the importance of indoor conditions, we do not include this
influence in this study.

2.6 Vulnerability to heat-related extreme
events in cities

The evaluation of the vulnerability of heatwaves is a complex
task and is approached with different framings and methods
(O’Brien et al., 2009). Scientific framings define vulnerability as a
function of the intensity of the shock, the exposure of the
population or infrastructure, the sensitivity of the population
or infrastructure to that shock and the adaptive capacity of the
system to avoid or ameliorate the shock (IPCC, 2014). Exposure
includes the numbers of persons or the amount of infrastructures
that are confronted with the climate shock. While the event will
affect all persons and local structures, some are more susceptible
to impact than others. These population and infrastructures are
sometimes called climate sensitive. For example, the shares of the
population younger than 5 or older than 64 are considered
among the heatwave sensitive population (Kovats and Hajat,
2008; Sheridan and Allen, 2018). Adaptive capacity is defined as
the ability to address the impacts of a shock event (promote,
inhibit, stimulate, dampen, or exaggerate), either by preparatory
or subsequent actions. While difficult to measure, most studies
suggest that societal adaptive capacity increases with the level of
management (particularly governance and strength of
institutional responses), access to resources and demonstrated
successful historical coping experiences (Smit et al., 2001; Yohe
and Tol, 2002). The general financial resources available to a
society provides a small, but important glimpse to adaptive
capacity, although the use of this indicator is limited because,
inter alia, it does not include the distribution of incomes within
nations. Within wealthy countries, there is evidence of significant
disparities of urban household incomes (Timberlake et al., 2012;
Gornig and Goebel, 2016).

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.947496

Marcotullio et al.

TABLE 2 Projected urban land use by region.

2100
2010
Region All SSPs SSP 1 SSP 2
Sprawled
Africa 253 838 904
Asia 1,228 2,534 2,540
Europe 884 1,226 1,161
North America 954 1,716 1,684
South America 479 642 702
Oceania 52 116 114
Total 3,851 7,071 7,106
Compact
Africa 29 91 98
Asia 109 220 213
Europe 99 136 128
North America 32 59 57
South America 12 16 18
Oceania 36 75 75
Total 317 597 589

Alternatively, contextual framings of vulnerability are based
on multidimensional views of climate-society interactions. These
studies focus on the political, institutional, economic and social
structures, their interactions and how they condition the context
for exposure, sensitivity and capacity to address climate events
(Kelly and Adger, 2000; O’Brien et al., 2009). Notwithstanding
differences in framings, vulnerability assessments typically
aggregate indices and almost all include economic indicators
(Brooks et al., 2005; Cinner et al., 2018). At the same time, the
different approaches prioritize different types of knowledge, can
lead to different types of responses, and therefore require explicit
recognition. This study uses a scientific framing of vulnerability.
However, it is further limited by data availability. Scientific
studies of vulnerability often estimate the potential monetary
cost, morbidity or mortality associated with heatwaves, and
assess the potential ability of societies to cope with or adapt
to these events (see, for example Li et al., 2015; Garcia-Ledn et al.,
2021).

3 Materials and methods

The methods used in this study include urban growth
simulations, generation of future heatwave projections, the
identification of UHI effects by size of urban population, the
identification of heat sensitive populations and a process by
which these methods are combined to identify locations of
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All SSPs
SSP 3 SSP 4 SSP 5 Mean Range
935 1,410 820 982 820-1,410
2,625 3,023 2,542 2,653 2,534-3,023
978 1,054 1,595 1,203 978-1,595
1,148 1,399 2,628 1,715 1,148-2,628
990 699 623 731 623-990
78 122 166 119 78-166
6,754 7,707 8,374 7,402 6,754-8,374
103 156 89 107 89-156
208 242 222 221 208-242
108 116 178 133 108-178
39 48 90 59 39-90
24 18 16 18 16-24
49 66 117 76 49-117
531 647 710 615 531-710

07

populations exposed to extreme heatwaves. We briefly discuss
each component and the materials involved. Details of the
methods in this study are presented in a previous paper
(Marcotullio et al., 2021).

The research questions are: what are the future ranges in
populations exposed to 15-day heatwaves >42°C and where will
these populations be located. We hypothesize, based upon the
literature review above, that the future numbers of exposed
populations will vary by climate change intensity and will be
very large (in the billions). The second hypothesis, also based
upon the literature above is that the largest share of these
populations will be in Asia and Africa. These are also the
locations of the largest projected population increases during
the 21st Century among all regions of the globe (UN, 2022).

3.1 Generation of spatialized population
scenarios

We start the analysis with urban land use expansion
scenarios. Rather than attempting to predict urban growth,
our intent is to provide two extreme cases, high and low
urban land use growth. The idea is to provide a plausible
range of urban expansion, which would mean that the range
includes the results of other global urban land use growth models.
The simulations use quantitative data from the Shared Socio-
Economic Pathways (SSPs) 1,2,3 & 5 (Moss et al., 2008; Riahi
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TABLE 3 Projected shares of total urban land use by region.

2100
2010
Region All SSPs SSP 1 SSP 2
Sprawled
Africa 6.6 11.9 12.7
Asia 319 358 357
Europe 23.0 17.3 16.3
North America 24.8 24.3 23.7
South America 124 9.1 9.9
Oceania 1.3 1.6 1.6
Total 100.0 100.0 100.0
Compact
Africa 9.2 15.2 16.6
Asia 343 36.9 36.2
Europe 311 22.8 21.7
North America 10.2 9.8 9.8
South America 39 2.7 3.0
Oceania 11.3 12.6 12.8
Total 100.0 100.0 100.0

etal., 2017), and project population across nations using a simple
distinction between urban and non-urban. The sprawled model
begins with the Global Rural-Urban Mapping Project (GRUMP)
(Balk, 2009) urban extents layer. GRUMP is a global raster that
contains either urban or non-urban cells for every country. The
GRUMP model suggests that in 2000, urban areas accounted for
approximately 3% of terrestrial land cover. The compact model
starts with the European Space Agency’s Global Land Cover Map
(GlobCover) (Bontemps et al., 2011) layer. GlobCover data is
classified into 24 land cover classes. Urban cells were those
classified as artificial surfaces and associated urban areas. The
GlobCover model suggests that in 2000, urban areas accounted
for approximately 0.3% of terrestrial land cover. The GRUMP,
henceforth sprawled, and GlobCover, henceforth compact,
urban models are at opposing extremes of current global
urban land use estimations (Schneider et al., 2009). In
addition to these two core layers, we also use a nations grid
that identifies the country in each cell by ISO/UN numeric
identifier codes, 3 as well as a map that contains the area for
each grid cell. This area map is necessary to be able to calculate
population densities, as cells decrease in size with increasing

3 See https://unstats.un.org/unsd/methodology/m49
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All SSPs

SSP 3 SSP 4 SSP 5 Mean Range
138 18.3 9.8 133 9.8-18.3
389 39.2 30.4 36.0 30.4-38.9
14.5 13.7 19.0 16.2 13.7-19.0
17.0 18.1 314 22.9 17.0-31.4
14.7 9.1 7.4 10.0 7.4-14.7
1.2 1.6 2.0 1.6 1.2-2.0
100.0 100.0 100.0 100.0

19.4 24.1 12.5 17.6 12.5-24.1
39.2 375 31.2 36.2 31.2-392
203 18.0 25.0 215 18.0-25.0
7.4 7.4 127 9.4 7.4-12.7
4.6 2.8 22 3.0 22-46
9.2 10.2 164 122 9.2-16.4
100.0 100.0 100.0 100.0

latitude. All layers were scaled to a resolution of 30 arc-seconds
(~1 km at the Equator).

We first identified the increase in population from 2000 to
2010 for every SSP and account for that growth in our land use
models. Thereafter, we used SSP data to simulate we simulated
urban growth in 10-year steps starting from 2010 to 2,100. As each
SSP comes with specific urban and non-urban populations, we
added these populations to their respective land use areas in each
step for each country. The urban extent layer from the previous year
was compared to the next step year in terms of total urban
population per country. The population in the forward layer was
then adjusted to match the projections from the SSP under
consideration, such that population is randomly added to (or
removed from) the urban and non-urban areas of each country.
This was performed such that the urban and non-urban totals
always match the specific SSP projections at the national level for
each year.

During the process, a control mechanism was implemented to
make sure that population density in a cell does not exceed a realistic
limit. This limit was set to the mean of the 50 highest-density urban cells
in a given country. Moreover, every 10 years, we multiplied the highest-
density value from the previous step by a thinning factor of 0.95 to
lower density levels over time. We lowered densities in conformance to
research findings of this worldwide trend (Angel et al,, 2010). All cells
that had a density higher than this threshold were set to the threshold
value, and their excess population was pushed to neighboring cells.
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FIGURE 3

Mean heat index for warmest 15-day heatwaves in urban areas by RCP-SSP. This chart presents the average warmest 15-day heatwaves for the
different periods by RCP-SSP pair. It demonstrates that for increasing climate change, the average 15-day heatwave heat index climbs. It also
demonstrates that for RCP2.6-SSP1 the warmest 15-day heatwaves remain fairly constant in terms of intensity after 2010-2039 period, while in the
other RCP pathways, the mean heat index for 15-day heatwaves continues to increase throughout the century.

After this adjustment, urban expansion is simulated by urbanizing cells,
i.e, turning them from non-urban to urban in the urban extents layer.
Urbanization of land use occurred at the same rate as urban population
growth. An illustration of the steps by which we applied population for
a given combination of SSP, RCP and urbanization scenario can be
found in a previous publication (Marcotullio et al,, 2021). Figure 1
presents an example of the results of our two urban land use simulations
for the rift valley in Africa.

The results of the global analysis provide plausible ranges
given already published global urban growth estimates. A first
published estimate starts with 652,000 km® urban areas in
2000 and projects a doubling by 2030 to 1,210,000 km* (Seto
et al,, 2012). A second study estimate starts with approximately
half the urban coverage (300,000 km®) and by 2050 project
between 1,114,000 and 3,114,000 km* of urban areas (Angel
et al, 2005). A third example starts with approximately
600,000 km*> of wurban area and reaches between
approximately 900,000-1,900,000 km® depending upon the
SSP (Chen et al,, 2020). Both the starting points and the end
points of all these global studies are within our range between
compact and sprawled models during these periods (Figure 2).
This confirms our intent to bookend previous results.

Frontiers in Built Environment

3.2 Generation of spatialized heatwaves
data

We use CMIP5* climate projections from the Inter-
Sectorial Impact Model Intercomparison Project (ISIMIP)
comprehensive compilation of five Global Circulation
Model outputs GCM/Earth System models (Warszawski
et al., 2014). The ISIMIP five are global circulation models
1950-2009 (historical period) and future
projections up to 2099 which provide daily time series for

representing

all meteorological variables consistently bias corrected
(Hempel et al., 2013) so the model results from different
contributing groups yield comparable baselines for the
contemporary period and only deviate in their future
projections. We use mean daily temperatures and relative
humidity. Using the mean temperatures and not the

4 Coupled Model Intercomparison Project Phase 5 http://cmip-pcmdi.
lInl.gov/cmip5/bias corrected GCM data are available from multiple
servers participating in the Earth System Grid Federation (https://esgf.
llnL.gov).
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Mean heat index for warmest 15-day heatwaves in
urban areas by region & RCP-SSP

Heat indices include UHI

Africa | | Asia

| | Europe

50 4

454

40 4

354

w
S

RCP-SSP
RCP2.6-SSP1

North America | I Oceania

| | South America RCP4.5-S8P2

50 4

Heat Index (°C)

454

40

354

301

* RCP6.0-SSP3
=== RCP8.5-SSP5

T T T
2010-2039  2040-2069 2070-2099

Period

FIGURE 4

T T T
2010-2039  2040-2069  2070-2099

T T T
2010-2039  2040-2069  2070-2099

Mean heat index for warmest 15-day heatwaves in urban areas by region & RCP-SSP. This chart presents the projected changes in mean global
heat indices for 15-day heatwaves by RCP-SSP for all continental regions. It demonstrates that Asia and Africa have the highest 15-day heatwave heat

indices followed closely by South America and then North America.

maximum daily temperatures provide conservative estimates
of heatwaves. Also, urban heat island temperatures are often
also provided as means. According to UHI research, urban
and rural temperatures were approximately equal during mid-
day to early afternoon, which was approximately when urban
ambient temperatures were highest. That means that UHI
values may not affect maximum temperatures as much as
minimum and mean temperatures. UHI intensities, however,
affected minimum and mean daily temperature and arguably,
the UHI intensities can be added to these means to achieve a
heat index that roughly approximates the UHI impact.

We used an established technique to create a heat index
(Rothfusz, 1990) by combining mean daily temperature and
relative humidity (Anderson et al, 2013) from the daily
gridded time series at a 0.5 spatial resolution using all five
ISIMIP models for the 1950-2099 period. During each period,
we examined the deviations in heat indices during the 15-day
running means and used the daily values as a measure of whether
the heatwave events are regularly interrupted by periods of cooler
temperatures or whether they are consistent. We then retrieved
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the highest computed heat index per cell for each multi-decadal
period (1950-2009, 2010-2039, 2040-2069, 2070-2099). The
1950 to 2009 period serves as the contemporary baseline
relative to which we evaluate future (near, midrange and far
future) periods. We group the extreme heatwaves into the
following categories, >42°C, >46°C and >50°C. We present the
results for 15-day heatwaves >42°C.

3.3 Urban heat island effect

We obtained average UHI intensities by city size from a
review of 131 studies for 135 cities around the world, which
resulted in over 110 UHI values (see also, Manoli et al., 2019). We
identified these studies through a 3-step process. First, we
identified UHI research reviews from 1979 to 2018. Second,
we selected for canopy UHI studies. Third, we identified the
urban population for each city and extracted mean UHI values. If
the study did not include a population size, we used the UN
sources to estimate the urban population at the time of the study.
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Global urban population exposure to 15 day heat waves
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Global urban population exposure to extreme heatwaves. This chart presents the mean global urban population projected to be exposed to

15-day heatwaves of >42°C by RCP-SSP pairs.

We then averaged the UHI values by city population size
(Table 1). The UHI increased with the size of the urban
population, as expected.

3.4 Low income and heat sensitive
populations

Data for national GDP per capita was also available by SSP
from the results of the IIASA GDP model (PPP at US$2005). To
identify the nations which might have resources for mitigation,
we used the World Bank’s 2010 threshold for low-middle income
of approximately US$4,000 PPP GDP per capita. This cutoff,
applied to the GDP per capita data from the SSPs for 2010,
identified approximately the same share of countries as did the
World Bank during that year (World Bank’s share was around
37% of 218 nations and ours was about 41% of 167 nations)
(World Bank, 2021). We applied a similar allocation of low-
income status share to urban and rural populations. We then
used this threshold across time, suggesting that this low-
income indicator did not change, although some studies
suggest that poverty levels shift upward over time (Hoy,
2016).

The sensitive population was identified as the share of
population in each country of a certain age (younger than
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5 and older than 64). Given that the population age structure
was available for each SSP by gender for each 10-year step, we
calculated the numbers of people in this category for each nation.
We then applied the share of sensitive population uniformly
across urban and non-urban cells.

3.5 Application of the framework

After spatially allocating urban population derived from the
SSPs, we overlaid the heat indices derived from the 5 ISIMIP
GCMs for each RCP to identify the number, areal size, and
location of urban areas and projected urban sensitive, low-
income and resident population exposure to different levels of
heat indices. We compared results along RCP-SSP groups to
estimate how climate impacts play out under different socio-
economic futures (Ebi et al., 2014; O’Niell et al., 2016). We
present four plausible futures including RCP2.6-SSP1, RCP4.5-
SSP2, RCP6.0-SSP3 and RCP8.5-SSP5. Because SSP1 is
considered the sustainability pathway (Jiang and O’Neill,
2017), we highlight these results, but also report figures for
the other RCP-SSP combinations. The range values include
both the results of the
5 different GCMs and the range in populations exposed from

heatwave heat indices from the

the sprawled and compact simulations.
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TABLE 4 Total urban population exposed to extreme heatwaves by region. This table presents the mean and range of total projected urban residents
exposed to 15-day heatwaves of >42°C. The data are presented by region and for the world.

All SSPs RCP2.6-SSP1 RCP4.5-SSP2 RCP6.0-SSP3 RCP8.5-SSP5
1950-2009 2070-2099 2070-2099 2070-2099 2070-2099
Mean Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Africa
>42 172 953 771 1,067 1,225 1,113 1,309 1,362 1,154 1,464 1,173 1,028 1,315
>46 54 695 488 894 1,018 782 1,199 1,203 984 1,353 1,049 864 1,158
>50 15 245 42 436 653 286 905 871 451 1,168 946 709 1,057
Asia
>42 1,002 2,394 2,183 2,564 2,922 2,698 3,090 3,139 2,932 3,352 2,813 2,708 2,916
>46 568 1,846 1,357 2,310 2,513 2,083 2,856 2,779 2,388 3,098 2,686 2,521 2,812
>50 289 1,146 523 1,745 1,799 974 2,453 2,145 1,537 2,744 2,445 2,047 2,691
Europe
>42 0 14 6 31 32 4 78 32 8 85 324 150 545
>46 0 2 1 2 5 2 11 16 4 38 171 77 342
>50 0 0 0 0 1 1 1 3 1 4 76 26 185
North America
>42 11 98 30 200 181 78 286 101 32 180 554 389 645
>46 0 15 1 59 63 4 106 41 5 106 448 188 587
>50 0 1 0 1 5 0 13 8 0 23 245 10 484
Oceania
>42 0 4 2 8 8 6 11 7 4 10 32 20 60
>46 0 1 1 2 4 1 7 3 2 5 16 9 24
>50 0 0 0 1 1 1 1 1 0 1 7 4 16
South America
>42 68 116 63 166 220 127 315 364 242 498 225 137 301
>46 18 54 18 86 131 53 190 241 102 396 166 78 237
>50 2 17 7 27 57 26 95 116 32 198 121 46 192
World
>42 1,253 3,580 3,055 4,037 4,588 4,026 5,089 5,005 4,372 5,588 5,122 4,432 5,782
>46 640 2,613 1,866 3,354 3,733 2,924 4,369 4,284 3,485 4,996 4,536 3,738 5,160
>50 306 1,408 572 2,210 2,515 1,287 3,468 3,143 2,022 4,138 3,840 2,842 4,625

3.6 Sources of uncertainty

Projections involve several sources of uncertainty. Within
each SSP, uncertainty in the quantitative projections arise both
from varying interpretations of the SSP narratives, as well as from
the models that have generated the quantitative projections
(Riahi et al, 2017). Population (KC and Lutz, 2017) and
urbanization (Jiang and O’Neill, 2017), are used as scenario
drivers and reported without uncertainty ranges within each
SSP, so that these numbers have been used under the assumption
that uncertainty is limited to the variations across the SSPs.

There is also uncertainty in the projections of urban
expansion. This is particularly challenging to deal with since
the definition of urban varies by country. In order to address this
issue, we identified two extreme representations of urban extents
available that should encompass most urban land use projections.
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From these two representations we simulate urban expansion
based on projected levels of urbanization per SSP, assuming
urban expansion follows urban population growth rates. Our
modeling approach also depends on a binary distinction between
urban and non-urban areas rather than a gradient of
urbanization. There are several sources of uncertainty in this
approach, most notably the reduction of urbanization to
population density, as well as the limited resolution of 30 arc-
second grid cells, which entails a significant simplification of the
urban structure within a cell to a simple distinction between
urban and non-urban.

The output of the population and urbanization models
discussed above is then combined with the RCPs (van Vuuren
et al,, 2014). The four RCPs already summarize a wide range of
model outputs and encompass the whole range of modeling
uncertainties (van Vuuren et al., 2011). We span the spectrum of
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joint model outputs by combining each projected population
distribution and the corresponding urban extents with each RCP.
For the assessment of future heat stress, however, several choices
had to be made concerning the definition of heatwaves in terms
of both threshold temperatures and kind of temperature
measured as well as the minimum duration to qualify as a
heatwave. Different choices for these criteria will inevitably
lead to higher or lower numbers of exposed populations. We
present the uncertainty measures as the range in model outputs
around an ensemble mean estimate combined with the range in
estimates for the populations exposed given the different urban

land use simulations.

4 Results
4.1 Urban land cover simulations

Our urban land growth simulations suggest high and low urban
land use coverage (Table 2). In 2010, the high, or sprawled model,
starts with approximately 3.85 million km* of urban land use globally.
By 2,100, the mean urban land use across SSPs is 7.40 million km”.
Depending upon the SSP wurban land wuse ranges from
6.75-8.37 million km® The compact model, in 2010, suggests
global urban land use is 317 thousand km’. By the
2070-2099 period, the mean urban land use across SSPs is
615 thousand km’. Depending upon the SSP urban land use
ranges from 531-710 thousand km®.

The shares of total by region vary from the sprawled to
compact model simulations. In 2010, under the compact model
simulation, Europe and Oceania have larger shares of total urban
land use (31% and 11%) compared to the sprawled model (23%
and 1%). North and South America have smaller shares of total
urban land use in the compact model simulation (10% and 4%)
compared the sprawled model (25% and 13%). Africa and Asia
have similar shares between models (7-9% and 32-34%)
(Table 3).

By 2,100, urban land use for SSP1 increases to 7.1 million km?
(83% increase) in the sprawled model and to 597 thousand km? in
the compact model (88% increase). By the 2070-2099 period, for
SSP5 urban land use increases the most to 8.37 million km?
(117% increase) for the sprawled model. By the end of the
current century, for SSP5, urban land use increases to
710 thousand km? in the compact mode. Across all SSPs Asia
retains the largest share of urban land use and African urban land
use increases by the largest percent.

4.2 Extreme 15-day heatwave intensities
Over the course of the century, the projections suggest that 15-

day heatwaves will increase in intensity across the globe. During the
1950-2009 period, the average, warmest global 15-day heatwave was
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30.5°C 30.3-30.8°C). For RCP2.6-SSP1, by the
2070-2099 period, the average global, warmest 15-day heatwave
is projected to rise to as high as 32.6°C (range: 31.7-33.1°C) or by
approximately 2.1°C. For RCP8.5-SSP5 the mean urban heat index

for the average warmest 15-day heatwaves will rise to 39.7°C (range:

(range:

36.2-42.0°C) or by approximately 9.2°C. The projected increases in
mean extreme 15-day heatwaves heat indices over the coming
century for RCP4.5-SSP2 and RCP6.0-SSP3 are 4.0°C and 5.2°C,
respectively (Figure 3).

The warmest 15-day heatwave extreme events are projected
to occur in Asia and Africa, followed by South America and
Oceania (Figure 4). These averages, however, hide extreme cases,
as the 15-day heatwaves can reach extremely high levels over
49°C during the century in some locations.

4.3 Total urban resident exposure

As of 2009, approximately 36.1% of the global urban
population had experienced 15-day heatwaves of 42°C and
higher. Over the course of the century, the projections suggest
that the total numbers and shares dramatically increase. For
example, under the RCP2.6-SSP1 scenario, by the end of the
century, the share of the total urban population exposed
heatwaves of >42°C increases to 56.2% (3.58 billion, range:
3.01-4.04 billion). Under RCP4.5-SSP2, in the
2070-2099 period, the population share of those exposed to
heatwaves >42°C rises to 64.0% (4.59 billion, range:
4.03-5.09 billion) in the 2079-2099 period. In the RCP6.0-
SSP3 scenario, by 2,100, the projected share exposed to
heatwaves of >42°C rises to 67.9% (5.01 billion, range:
4.37-5.59 billion). Finally, during the 2070-2099 period, in the
RCP8.5-SSP5 scenario, those exposed to 15-day heatwaves
of >42°C exceed 5.12 billion (range: 4.43-5.78 billion) or 74%
of the global urban population (Figure 5; Table 4).

The location of the exposure level is highly skewed
has
approximately 80% of those exposed to urban heatwave

geographically. During current conditions, Asian
conditions of >42°C. However, the projections suggest that
this could shift with population growth and climate change.
While all RCP projections across all linked SSPs suggest that
most of those urban populations projected to experience
heatwaves >42°C are expected to be living in Asia, the share
of those living in Africa is projected to be significant. Under
current conditions approximately 13.7% of those experiencing
15-day heatwaves of >42°C live in African cities. This African
share of exposed populations rises variably to between 22.9% and
27% and the Asian share of the urban population exposed drops
to 54.7%-66.9% by the 2070-2099 period, depending upon the
RCP-SSP combination (Table 4). The nations with the highest
consistent projected populations exposed to 15-day heatwaves
of >42°C are India, China, Nigeria, Pakistan, Indonesia,
Bangladesh and the Philippines, although several countries are
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Exposed national urban populations to 15-day heatwaves >42°C in the 2070-2099 period

by RCP-SSP
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FIGURE 6

Exposed national urban populations to 15-day heatwaves >42°C in the 2070-2099 period by RCP-SSP. This map presents the mean projected
numbers of urban residents exposed to extreme 15-day heatwaves by RCP-SSP pairs in countries by the 2070-2099 period. The top countries that
are consistently are projected to have the highest urban resident exposure to extreme heatwaves include India, China, Nigeria, Pakistan, Indonesia,
Bangladesh and the Philippines, although several countries are occasionally on the list of top ten countries, including the United States, Japan,
Republic of Congo, Iraq, Brazil and Egypt.
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Global sensitive urban population exposure to extreme heatwaves. This chart presents the mean global urban sensitive population (<5 and >64
years of age) projected to be exposed to 15-day heatwaves of >42°C by RCP-SSP pairs.
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TABLE 5 Urban sensitive population exposed to extreme heatwaves by region. This table presents the mean and range of urban residents that are

sensitive to heat (<5 and >64 years of age) and projected to be exposed to 15-day heatwaves of >42°C. The data are presented by region and for

the world.
All SSPs RCP2.6-SSP1 RCP4.5-SSP2 RCP6.0-SSP3 RCP8.5-SSP5
1950-2009 2070-2099 2070-2099 2070-2099 2070-2099
Mean Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Africa
>42 33 358 281 405 288 260 309 250 205 273 453 394 510
>46 11 253 171 334 230 170 275 218 173 248 400 319 446
>50 3 86 15 155 142 62 199 154 78 210 356 256 403
Asia
>42 156 1,282 1,163 1,374 1,081 1,009 1,147 781 733 835 1,500 1,443 1,555
>46 84 994 744 1,245 931 782 1,052 691 603 767 1,430 1,344 1,503
>50 43 624 300 932 674 375 916 532 376 677 1,303 1,093 1,439
Europe
>42 0 7 3 15 14 2 35 13 2 35 139 63 234
>46 0 1 1 1 2 1 5 7 1 16 73 33 142
>50 0 0 0 0 0 0 1 1 0 2 33 13 77
North America
>42 2 42 13 85 70 31 111 39 12 70 203 142 236
>46 0 7 1 25 24 1 41 16 2 41 164 69 215
>50 0 0 0 1 2 0 5 3 0 9 90 3 177
Oceania
>42 0 2 1 3 3 2 4 2 1 3 13 8 24
>46 0 0 0 1 1 0 2 1 0 1 6 4 10
>50 0 0 0 0 0 0 1 0 0 0 3 1 7
South America
>42 11 66 35 95 89 51 128 100 66 138 129 77 173
>46 3 31 10 49 52 21 77 66 27 110 94 43 136
>50 0 9 4 15 23 10 38 32 9 55 68 26 109
World
>42 203 1,756 1,496 1,977 1,546 1,355 1,733 1,185 1,021 1,353 2,437 2,127 2,732
>46 98 1,286 926 1,655 1,241 976 1,452 998 806 1,184 2,168 1,812 2,451
>50 46 719 319 1,103 842 448 1,159 722 463 952 1,853 1,392 2,212

occasionally on the list of top ten countries, including the
United States, Japan, Republic of Congo, Iraq, Brazil and
Egypt (Figure 6). For RCP2.6-SSP1, by the 2070-2099 period,
the top ten countries account for between 60 and 67% of the
global urban population exposed to these heatwaves.

4 4 Sensitive and low-income urban
resident exposure

Of those exposed to extreme heatwaves, our models project that
percentages of total in the sensitive category (under 5 years of age
and over 65 years of age) increase across all RCP-SSPs (Figure 7).
During the current period for those urban populations exposed to
heatwaves of >42°C include over 202 million elderly and young,
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which accounts for approximately 5.8% of the total urban
population and 16.2% of the exposed population. This number
jumps to 1.76billion (range: 1.50-1.98billion) by the
2070-2099 period in RCP2.6-SSP1, which is over 27% of the
total urban population and 49.1% of the exposed urban
population. For the other RCP-SSP combinations, the numbers
of elderly exposed exceed 1 billion and reach 2.4 billion in RCP8.5-
SSP5 by the 2070-2099 period. For that scenario, the exposed elderly
and young account for over 35.6% of the global urban population
and approximately 47.6% of the exposed urban population
(Table 5).

The numbers and percentages of the exposed population in low-
income conditions varies with RCP-SSP combination (Figure 8). In
general, the numbers of low-income populations come down over
the course of the century across all SSPs among our scenarios, except
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Global low-income urban population exposure to extreme heatwaves. This chart presents the mean global urban low-income population
(those in countries with a GDP <$4,000 per capita) projected to be exposed to 15-day heatwaves of >42°C by RCP-SSP pairs.

in SSP3. Currently, there are approximately 644 million urban
residents living, by our definition, in low-income conditions and
exposed to extreme heatwaves. By the 2070-2099 period under
RCP2.6-SSP1 conditions there are only 233 million low-income
and of these (range:
38-120 million) are projected to be exposed to 15-day heatwaves
of >42°C (2.5% of total exposed urban residents). These numbers
also are projected to be low for RCP4.5-SSP2 and RCP8.5-SSP5 by
the end of the century. However, for RCP6.0-SSP3, by the
2070-2099 period, the total numbers of those in low-income

urban  residents only 76 million

conditions that are projected to be exposed to 15-day heatwaves
of >42°C rises to approximately 7838 million (range:
699-859 million), which accounts for 15.8% of the total exposed
urban population (Table 6).

5 Discussion

The projected increase in heat index of extreme event 15-day
heatwaves corresponds to the expected rise in global temperatures,
although the intensities rise much higher than the global
temperatures. For example, in RCP2.6 the expected mean heat
indices for the extreme 15-day heatwaves increase from the
current to the 2070-2099 period by approximately 2.1°C and the
expected increase in global temperature increase for this RCP is
between is 0.9-2.3°C. The projected increases in mean extreme
heatwaves heat indices for RCP4.5 and RCP6.0 are 4.1°C and
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54°C and the expected rise in global temperatures for these
pathways are 1.7-32°C and 2.0-3.7°C, respectively. Finally, the
expected rise in mean extreme 15-day heatwave for RCP8.5 from
2010 to 2,100 is 9.2°C and the expected rise in global temperature is
3.2-54°C (Global Carbon Project, 2015).

The projected exposure numbers to these extreme events are
impressive. With such high numbers of persons exposed, we suggest
several possible outcomes. First and foremost, these extreme events
could be associated with high mortality and morbidity. Generally,
studies have demonstrated the impact of heatwave on urban
populations. Recent heatwaves in the region have accompanied
heat-related deaths, mostly among children and the elderly
(Diboulo et al., 2012; Russo et al, 2014; Moron et al, 2016). A
review of epidemiological evidence of heatwaves in low- and middle-
income countries finds positive associations between heat and human
morbidity and mortality in a majority of studies (Green et al,, 2019).
This study also finds that the most vulnerable are the elderly, women
and low-income residents. As mentioned, while there is an upper
physiological limit to heat and humidity (Raymond et al., 2020), much
lower heat indices, however, case havoc on populations. Populations
across the world are affected at various and seemingly low
temperatures (Tobias et al, 2021). What has been interesting is
that MMT falls with increasing latitude suggesting those that live
in the tropics have higher abilities to cope with hot weather. It seems
that there is some evidence for heat adaptation over time (for a review
see, Sheridan and Allen, 2018), although the time it takes to adapt is
not well understood. No doubt however, that if the events presented in
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TABLE 6 Urban low-income population exposed to extreme heatwaves by region. This table presents the mean range of urban residents that are
considered low-income (national GDP of <$4,000 per capita) projected to be exposed to 15-day heatwaves of >42°C. The data are presented by

region and for the world.

All SSPs RCP2.6-SSP1 RCP4.5-SSP2 RCP6.0-SSP3 RCP8.5-SSP5
1950-2009 2070-2099 2070-2099 2070-2099 2070-2099
Mean Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Africa
>42 152 21 13 29 25 14 33 525 478 564 26 18 31
>46 50 20 12 27 22 12 31 455 364 519 24 13 30
>50 14 0 0 0 21 12 29 336 170 470 22 12 30
Asia
>42 487 55 25 90 88 46 117 261 221 293 84 64 94
>46 325 46 20 72 71 43 109 233 200 259 76 54 92
>50 171 23 16 33 40 24 44 204 147 238 64 48 84
Europe
>42 0 0 0 0 1 0 1 1 0 2 1 0 1
>46 0 0 0 0 0 0 0 0 0 1 1 1 1
>50 0 0 0 0 0 0 0 0 0 0 0 0 1
North America
>42 0 0 0 0 0 0 0 0 0 0 0 0 0
>46 0 0 0 0 0 0 0 0 0 0 0 0 0
>50 0 0 0 0 0 0 0 0 0 0 0 0 0
Oceania
>42 0 0 0 0 0 0 0 1 0 1 0 0 1
>46 0 0 0 0 0 0 0 0 0 0 0 0 0
>50 0 0 0 0 0 0 0 0 0 0 0 0 0
South America
>42 5 0 0 0 0 0 0 0 0 0 0 0 0
>46 4 0 0 0 0 0 0 0 0 0 0 0 0
>50 0 0 0 0 0 0 0 0 0 0 0 0 0
World
>42 644 76 38 120 113 60 151 788 699 859 111 83 127
>46 378 66 32 99 94 56 141 689 565 779 101 68 124
>50 186 23 16 33 61 36 74 540 318 709 87 61 115

this paper materialize, they will accompany potential high morbidity
and mortality.

The world has already experienced mass deaths from heat.
Examples include the 2003 European heatwave. While in the past
extreme cold has taken more lives than heat, the balance is
shifting as standardized heat related deaths have been climbing in
comparison to cold-related deaths (Zhao et al., 2021). Heatwaves
of the magnitude projected in the study will have significant
health impacts on those urban residents exposed to such
conditions.

Besides the direct effects of high intensity heat, there are further
cascading effects that can plague populations exposed to extreme
heatwaves. A few examples included extended heat in cities is
positively related to air pollution such as PM,s concentrations
and ground level ozone formation (Zhang et al, 2017) with
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impacts on human respiratory systems (Sun et al, 2014). A
modeling exercise in the US (2.8 million residents across Atlanta,
Georgia; Detroit, Michigan; and Phoenix, Arizona) finds that a
simulated compound heatwave and grid failure event of recent
intensity and duration would expose between 68 and 100% of the
urban population to an elevated risk of heat exhaustion and/or heat
stroke (Stone et al., 2021).

With higher temperatures and the effects on both urban
and rural life, there also could be increases in migration.
Migration as a mitigation measure to escape the adverse
effects of global warming is sometimes referred to as climate
migration, or, more generally, climate mobility. Prolonged,
warmer, and more frequent heatwaves affecting both urban
and rural life could lead to an increase in migration, as people
strive to resettle to milder climates. There are a number of
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reasons climate migration besides increased exposure to
heatwaves (Boas et al., 2019), as a plethora of factors will
influence the individual decision to migrate, including access
to mitigation measures such as air conditioning, financial
capacity for migration, and existing diasporas, to name but a
few. Moreover, the current global legal system does not
warrant asylum seeker status to anyone displaced due to
global warming, be it due to a slow-onset disaster such as a
prolonged drought or a sudden-onset disasters such as
flooding. Existing projections of increasing numbers of so-
called climate migrants (Missirian and Schlenker, 2017)
therefore seem speculative. As McLeman (2018) points
out, there are several thresholds that need to be crossed
for a decision to migrate. Drawing the line between
migration because of climate change and migration in
search for better economic livelihood is difficult, especially
since the effects of climate change first and foremost manifest
as economic hardship among the affected populations.
Current research is exploring how to integrate and explain
this kind of mobility with existing work on migration theory,
such as the classical Push-Pull framework (Hochleithner and
Exner, 2018) or the New Economics of Labor Migration
(Stark and Bloom, 1985; Eklund et al., 2016; de Sherbinin
et al.,, 2022). Despite uncertainty, however, increased heat
will impact a number of factors related to migration,
including impacts on agriculture, economic productivity,
energy generation and human health.

6 Conclusion

This study is one of the first to quantify the range in
global urban population exposure to very warm heatwave
events and locate these populations across continental
regions. We hypothesized that there would be large
populations exposed to heatwaves in the future and that
the projected numbers would grow with increasing climate
change. We find very large populations projected to be
exposed to heat indices of >42°C ranging from 3.5 to over
5.1 billion by the end of the century. Our projections suggest
that even under the sustainability pathway (SSP1), which is
defined by socio-economic development that includes
sustainability actions and fairly low levels of greenhouse
gas emissions (RCP2.6), there will be large numbers of urban
residents exposed to these 15-day very warm heatwaves.
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