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ARTICLE INFO ABSTRACT

Keywords: Heat waves lasting days or weeks are among potential hazards expected to increase with climate change, but
CMIP6 beyond heat waves, sustained temperatures may be incompatible with high urban population densities. I
Exurban examined patterns of population density classes and exposure to maximum monthly temperature to identify
;??itgation where high urban population density classes were more at risk for prolonged heat than other density classes and
Suburban if heat may have influenced high urban population densities during the recent past (1970-2000). Then, I

Tipping point considered exposure of population density classes to maximum monthly temperature during the near future

Urban (2021-2040, under the sustainability shared socio-economic pathway sspl-2.6) and the long-range future
(2081-2100, under fossil fuel-driven ssp5-8.5) for three general circulation models. Population densities
generally increased with increasing maximum monthly temperature by country; the highest density urban class
had the greatest exposure to heat for 82 out of 199 countries. By temperature zone, the hypertropical zone
inverted the order such that population densities increased with decreasing maximum monthly temperature,
indicating that concentrated populations generally did not develop at high maximum monthly temperatures >
36 °C. The 36 °C maximum monthly temperature threshold corresponds to heat wave warnings, which typically
consist of a few consecutive days. Therefore, 36 °C maximum monthly temperature may indicate the start of an
inhospitable tipping point beyond which human civilization may not flourish. Most land area will exceed 36 °C
maximum monthly temperature under the CanESM5 ssp5-8.5 scenario by 2081-2100. Adaptation is not suffi-
cient to moderate sustained unrelenting heat and migration of human populations would be less feasible than
mitigation to reduce carbon emissions.

1. Introduction

The world’s human population is becoming more urban, resulting in
increased population densities. The global urban population surpassed
the global rural population for the first time during 2007 and the urban
population reaching 54% of the global population, or 3.9 billion, during
2014 (United Nations, 2015). By 2050, the world’s urban population is
expected to grow from 54% to 66% urban (United Nations, 2015).
Although all regions are expected to urbanize over the coming decades,
increases will continue to be concentrated (i.e., 90%) in Asia and Africa.
Due to the increasing proportion of urban populations, rural populations
are expected to peak around 2020 at close to 3.4 billion and decline to
3.1 billion by 2050 (United Nations, 2015). About 65% of countries will
experience rural population declines and no countries will have urban
population contraction and rural population expansion. Future esti-
mates depend on scenarios such as fertility trends, migration, and
resource consumption, resulting in great divergence by 2100, according
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to the scenarios from shared socioeconomic pathways (Jiang and O’Neill
2017; Riahi et al. 2017; Chen et al. 2020; Gao and O’Neill 2020). Indeed,
an additional uncounted factor is the recent coronavirus disease 2019
(COVID-19) pandemic, which may cause abandonment of high-density
cities for less populated locations in some regions due to teleworking
opportunities.

While compact urban design can produce the most efficient human
footprint, unplanned urban expansion leads to rapid sprawl, pollution
and environmental degradation, and elevated consumption patterns,
including water use and carbon emissions. Urban dwellers in low-
density urban and suburban areas consume more resources, including
energy, per capita than rural dwellers (Seto et al. 2010; United Nations,
2015). Urban dwellers will experience climate change particularly
through atmospheric warming and heatwaves. The urban heat island
effect, which elevates temperatures due to less evaporative cooling and
greater heat storage in roads and buildings along with heat generated
from energy use, exacerbates urban warming compared to non-urban
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areas. Urban areas may be 4.3 °C greater in the summer than non-urban
surroundings, although cities in deserts and arid shrublands may
exhibit, conversely, a heat sink (Imhoff et al. 2010).

Heat may cause heat stroke and trigger pulmonary and cardiovas-
cular diseases. Hot weather contributes to greater ground-level ozone
(smog) in polluted areas, wildfire smoke, and production of pollen,
exacerbating respiratory problems. Dehydration from hot conditions
may produce renal failure and cardiovascular complications. Warming
may increase annual mortality rates by 5.4 (+0.5) deaths per 100,000
per °C in warming (Hsiang et al. 2017). Projected impacts of climate
change on mortality vary with future demographic scenarios and
climate models (Sanderson et al. 2017; Jones et al. 2018).

The spatial distribution of population densities can either intensify or
relieve sustained exposure of populations to heat, but at some threshold,
sustained heat may restrain population densities. Here, I assessed pat-
terns of human population density, in five classes ranging from wild-
lands to urban high density, and heat exposure in temperature zones and
countries by examining maximum monthly temperature during the
recent past (1970-2000), near future (2021-2040), and the long-range
future (2081-2100) with realized density classes (year 2000 and
2020), rather than unknown future demographic patterns. For near
future climate as a starting point, I selected the sustainability shared
socio-economic pathway 1-2.6 during 2021-2040, and to determine the
maximum end point, I selected the greatest expected temperature in-
crease of the fossil-fueled shared socio-economic pathway 5-8.5 (albeit
measured carbon emissions typically exceed fossil-fueled projections)
during 2081-2100. With this assessment to inform climate change risk, I
located where high urban population densities had greatest heat expo-
sure and the potential tipping point of maximum sustained heat that
may restrict high urban population densities, indicating tolerance
beyond human societies.

2. Methods

For global population densities, I used population counts during
2000 and 2020 from Worldpop, which populates census data throughout
census blocks (i.e., dasymetric modeling using random forests regres-
sion) with model variables including land cover, urban land use,
transportation networks and travel times, precipitation, slope, topog-
raphy, and nighttime lights (cell size of 0.0083°, 30 s; Stevens et al.
2015; Lloyd et al. 2017; WorldPop, 2018). Worldpop is the only popu-
lation model available for comparison during years 2000 and 2020.
Population counts are meant to remain unprojected in the geographic
coordinate system (GCS, or longitude and latitude) WGS 1984 to prevent
distortion (Bright et al. 2016). I estimated cell areas in square kilometers
for subsequent calculation of population density (Hijmans and van Etten
2012). I generated a calibrated classification of population density
classes by matching urban percentage of Worldpop 2015 to the United
Nations, 2015 global urban population estimate of 53.9% derived from
census data (United Nations, 2021) and then balancing among four 2015
population models to reach approximately the same population per-
centages for wildlands and rural, exurban, suburban, urban low, and
urban high density classes by density thresholds, which varied by
dispersion of population models. For Worldpop, I classed population
densities by pixel cell of 0 to 15 inhabitants per km? as wildlands and
rural, 15 to 250 as exurban, 250 to 800 as suburban, 800 to 1900 as
urban low density, and > 1900 as urban high density.

I also developed eight temperature zones based on number of
growing degrees days > 0 °C, which is the sum of mean monthly tem-
perature for months with mean temperature>0 °C multiplied by number
of days (from ENVIREM 2020 derived from WorldClim 1.4, years 1960
to 1990, resolution of 0.042°; Hijmans et al. 2005; Title and Bemmels
2018). These zones matched well (i.e., 86% similar, with some in-
dications of class improvement in unmatched zones) with the equivalent
Koppen primary thermal climate classes of polar, tundra, boreal,
temperate warm, temperate hot, subtropical, and tropical; development
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of these zones provided flexibility in adding a hypertropical class
(>11,500 growing degree days at base 0 °C) and not masking thermal
classes with aridity classes. I held temperature zones constant over time.

For climate, I used maximum temperature of the warmest month
during recent past of years 1970 to 2000, current to near future of 2021
to 2040, and 2081 to 2100 (WorldClim 2.1, WorldClim 2020; resolution
of 0.042°, 2.5 min; Fick and Hijmans 2017). For WorldClim 2.1, Fick and
Hijmans (2017) downscaled climate data using covariables and the thin-
plate smoothing spline algorithm; all temperature variables had a global
correlation coefficient between estimated and observed values of >
0.99. Although climate data for future years were available at 0.042° but
not 0.0083° resolution, maximum temperature of the warmest month
during years 1970 to 2000 was available at 0.0083° resolution and when
summarized, values were the same as at 0.042° resolution. Regarding
emission scenarios from Coupled Model Intercomparison Project phase 6
(CMIP6), I selected the shared socio-economic pathway of least climate
departure for years 2021-2040, ssp1-2.6, and for years 2081-2100, I
selected the shared socio-economic pathway of greatest climate depar-
ture, ssp5-8.5. The Coupled Model Intercomparison Project coordinates
global climate model simulations of the past, current, and future climate
under radiative forcing; phase 6 better addresses issues such as impact of
short-term forcing agents and land use on climate and decadal vari-
ability than phase 5 (Eyring et al., 2016; World Climate Research Pro-
gramme 2021). The shared socio-economic pathway are reference cases
for mitigation, climate impacts, and adaptation analyses; the sustain-
ability pathway (ssp1-2.6) shifts focus from economics to overall well-
being, with low resource and energy consumption, whereas the fossil-
fueled pathway (ssp5-8.5) involves confidence in technological inno-
vation combined with resource and energy intensive lifestyles (Riahi
et al. 2017). As for general circulation models, I used Canadian Earth
System Model version 5 (CanESM5; Swart et al. 2019), Model for
Interdisciplinary Research on Climate, Earth System version 2 for Long-
term simulations (MIROC-ES2L; Hajima et al. 2020) and Meteorological
Research Institute Earth System Model version 2.0 (MRI-ESM2-0,
Yukimoto et al. 2019), which provided full coverage of all counties and
population density classes.

I applied zonal statistics (ESRI, ArcMap v. 10.5.1, West Redlands,
CA) to determine mean values of the maximum temperature of the
warmest month for population densities by global land area, by tem-
perature zone, or by country for each time interval and general circu-
lation models. I used population density classes during 2000 for the
recent past of 1970 to 2000 and population density classes during 2020
for the future time intervals of 2021 to 2040 and 2081 to 2100. I iden-
tified zones where heat appeared to restrict increases in population
densities. By country, I compared the hottest temperature of the greatest
density urban class, which typically was urban high density although not
for all countries, to other density classes to identify countries where the
urban highest density class was most vulnerable to heat risk.

3. Results

For temperature zones, the polar and tundra zones primarily were
wildlands and rural, which caused depression of temperatures in the
wildlands and rural population density class globally (Fig. 1; Table 1).
Population densities increased with increasing maximum monthly
temperature during the recent past (1970-2000) in the boreal zone,
which indicated a positive response by human densities to warmer lo-
cations (Fig. 2). Population density classes also increased with
increasing maximum monthly temperature in the temperate warm zone,
except the wildlands-rural class was located in warmer locations than
the other population density classes. For the temperate hot, subtropical,
and tropical zones, greater maximum monthly temperature occurred in
the suburban and the urban low-density classes compared to the urban
high-density class and exurban class. However, in the hypertropical
zone, population densities decreased with increasing maximum monthly
temperature from the urban high-density class (35.25 °C), urban low-
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Fig. 1. Maximum monthly temperature (°C) by population density classes of wildlands and rural,

temperature zones during the recent past (1970-2000).

Table 1
Number of cells and area (km?) of population density classes during 2000 by
thermal zone.

Zone Density class Number of cells Area

polar wildlands-rural 7,776,400 1646649.71
polar exurban 175 136.69
tundra wildlands-rural 20,905,150 6526149.82
tundra exurban 5700 3422.21
tundra suburban 225 82.20
boreal wildlands-rural 52,567,675 23243111.60
boreal exurban 802,575 412878.67
boreal suburban 35,500 16303.12
boreal urban low 9225 4263.49
boreal urban high 4350 2037.14
temp warm wildlands-rural 20,502,750 11689336.19
temp warm exurban 4,874,700 2811121.46
temp warm suburban 315,750 176465.14
temp warm urban low 90,050 49844.07
temp warm urban high 62,025 33924.50
temp hot wildlands-rural 11,677,975 7591990.85
temp hot exurban 5,476,075 3529221.44
temp hot suburban 877,350 568176.36
temp hot urban low 238,175 149514.11
temp hot urban high 138,550 84733.86
subtropical wildlands-rural 22,304,525 16681658.87
subtropical exurban 6,737,375 5108180.80
subtropical suburban 1,285,825 953597.76
subtropical urban low 299,000 218505.25
subtropical urban high 174,500 127310.38
tropical wildlands-rural 35,665,000 29041625.12
tropical exurban 8,046,200 6578571.38
tropical suburban 1,411,375 1109114.67
tropical urban low 410,625 322374.17
tropical urban high 124,800 98713.61
hypertropical wildlands-rural 12,554,825 10382960.46
hypertropical exurban 4,435,000 3686827.67
hypertropical suburban 624,975 513968.92
hypertropical urban low 131,000 108692.52
hypertropical urban high 56,725 47184.21

density class (35.33 °C), suburban class (36.8 °C), and exurban density
class (37.3 °C). This indicates a negative response of human populations
to prolonged heat. Although hyperarid conditions also may curtail dense
populations, the hypertropical zone extended beyond hyperarid loca-
tions (Fig. 2). Urban populations by zone only occurred below a
maximum monthly temperature 36 °C, albeit cities are present above
this threshold. Under the CanESMS5 ssp5-8.5 model, most inhabited land
will exceed the 36 °C maximum monthly temperature threshold during
2081 to 2100 (Fig. 3), while the other general circulation models likely

temp hot
temp hot
temp hot
temp hot
temp hot
subtropica
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exurban, suburban (black color), urban low, and urban high by

would follow these projections during the early 2100s.

For all global area, maximum monthly temperature was greatest in
the suburban and urban low classes, followed by the urban high class,
exurban class, and wildlands and rural class for all time intervals and
general circulation models (Fig. 4). The CanESM5 general circulation
model had the greatest temperatures for population densities. The
MIROC-ES2L. and MRI-ESM2-0 models had similar temperatures for
population densities.

By country, the maximum monthly temperature increased consis-
tently with increasing population density classes (exurban, suburban,
urban low, urban high) and over time (Fig. 5). This divergence of pattern
from global land area is due to equal weighting of numerous small
countries. For the recent past and near future, the maximum monthly
temperature in the urban high-density class was about 0.85 °C greater
than the exurban densities. This difference increased to about 1 °C by
2081-2100. Therefore, most countries will have the greatest heat risk
where populations are most concentrated.

The highest density urban class, whether the urban high-density or
urban low-density class, was cooler in maximum monthly temperature
during 1970-2000 than one or more other classes for 117 out of 199
countries (with urban density classes during 2000), whereas greatest
heat exposure occurred for the most concentrated populations of 82
countries (Fig. 6). For the general circulation models during 2081-2100,
the highest density urban class was cooler in maximum monthly tem-
perature than one or more other classes for 121 (MIROC-ES2L and
CanESM5) and 124 (MRI-ESM2-0) out of 210 countries (with urban
density classes during 2020; Fig. 7). That is, 86 to 89 countries may have
concentrated populations with most exposure to prolonged heat.

4. Discussion
4.1. Central findings

The highest density urban class had the greatest exposure of the
population density classes to heat for 82 out of 199 countries and
maximum monthly temperature in the urban high-density class was
about 0.85 °C greater than the exurban low densities for countries.
Countries that are most at risk for heat waves and sustained maximum
temperatures have the highest urban density populations located in
warmer locations than exurban populations. In contrast, countries with
highest urban density populations sited in cooler locations may help
offset the urban heat island effect and warming temperatures.

However, by temperature zones, the hypertropical zone inverted the
trend such that population densities decreased from urban high density,
urban low density, suburban, to exurban classes with increased
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Fig. 2. Thermal zones including the
boreal zone, where population densities
increased with increasing maximum
monthly temperature, and the hyper-
tropical zone, where population den-
sities  decreased with  increasing
maximum monthly temperature, with
hyperarid locations delineated (A) and
population density classes of wildlands
and rural (0 to 15 humans per km?),
exurban (15 to 250 humans per kmz),
suburban (250 to 800 humans per kmz),
urban low density (800 to 1900 humans
per km?), and urban high density
(>1900 humans per kmz; B).
(Figures are in the WGS 1984
geographic coordinate system.)

Fig. 3. Most inhabited land will cross the 36 °C maximum monthly temperature threshold by 2081-2100 under the CanESMS5 scenario. (Figure is in the WGS 1984

geographic coordinate system.)
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Fig. 4. Maximum monthly temperature (°C) for global land area by population density classes of wildlands and rural, exurban, suburban (black color), urban low,
and urban high during the recent past (1970-2000); MIROC-ES2L, MRI-ESM2-0, and CanESM5 during 2021 to 2040; and MIROC-ES2L, MRI-ESM2-0, and CanESM5

during 2081-2100.
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Fig. 5. Maximum monthly temperature (°C) for countries by population density classes of wildlands and rural, exurban, suburban (black color), urban low, and
urban high during the recent past (1970-2000); MIROC-ES2L, MRI-ESM2-0, and CanESM5 during 2021 to 2040; and MIROC-ES2L, MRI-ESM2-0, and CanESM5

during 2081-2100.

maximum monthly temperature. This inversion, with urban populations
overall located below 36 °C maximum monthly temperature, may
indicate a tipping point beyond which human populations will not
prosper. Maximum temperatures of about 36 °C match well with heat
wave warnings for countries that use temperature as the alert criterion,
although typically based on a few consecutive days, not an entire month
(Lee et al., 2016). Warnings by country range from daily maximum
temperatures > 25 °C for five consecutive days in the Netherlands to
daily maximum temperatures > 40 °C for three consecutive days in
Australia, where the majority of the population avoids the hotter,
northern portions of the country (Lee et al., 2016). Mortality may occur
due to consecutive days of moderately hot and humid weather with daily
maximum temperatures of 28 °C to 32 °C (Lee et al., 2016).

If this threshold of 36 °C is within the starting range (e.g., 36 °C to
40 °C) of prolonged heat intolerable for human populations to flourish,
major heat-related problems may occur by 2081-2100 for most land

area, which will exceed the maximum monthly temperature > 36 °C
under the CanESM5 model and fossil fuel-driven ssp5-8.5 scenario
(Fig. 3). The number of countries that cross this threshold will increase
from 23 to about 85 to 90 countries for MIROC-ES2L and MRI-ESM2-
0 models and 140 countries for the CanESM5 model. Albeit less conse-
quential in the face of comprehensive, sustained heat beyond temporary
heat waves, the number of countries with a cooler highest density urban
class remained relatively stable over time.

Caveats included that while the impacts of hot temperatures were
indicated by maximum monthly temperature, the most appropriate
index remains unknown (Lee et al., 2016). Heat wave anomalies that are
greater than temperatures to which populations are acclimated or heat
stress with inclusion of relative humidity may be better indices. The
duration of the heat wave also is important (Lee et al., 2016). None-
theless, twenty-year means of increasingly warming maximum monthly
temperature is a not an anomaly, which prompts a range of responses
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Fig. 6. The highest density urban class was cooler in maximum monthly temperature than one or more other residential classes during 1970-2000 for 117 out of 199
countries with urban density classes (during 2000). Problems may occur where the highest density urban class was sited in the hottest maximum monthly tem-

perature. (Figure is in the WGS 1984 geographic coordinate system.)
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Fig. 7. The highest density urban class was cooler in maximum monthly temperature than one or more other residential classes during 2081-2100 (MIROC-ES2L
general circulation model) for 121 out of 210 countries with urban density classes (during 2020). Problems may occur where the highest density urban class was sited
in the hottest maximum monthly temperature. (Figure is in the WGS 1984 geographic coordinate system.)

beyond morbidity and mortality.

Additionally, I applied climate projections for 2081 to 2100 but held
populations fixed at 2020, given that urban infrastructure is in place.
Indeed, it may be unnecessary to examine population dynamics given
that the land extent of future climate change will be comprehensive,
with most populations experiencing maximum monthly temperatures in
excess of 36 °C (Fig. 3). Uncertainty in estimates also originates from
general circulation models, scenarios, and downscaling, but continuing
along the shared socio-economic pathway 5-8.5 of carbon emissions,
temperatures eventually may become unsustainable for current human
society.

4.2. Implications

Climate change is affecting ecosystems and societies in numerous
ways, including increased heat waves. Currently, hot temperatures may
compromise health and outside activities of both work and leisure.
Deferral of action can occur because climate change is slow to develop,
until it is too late to prevent. Shifting baselines may cause increased

tolerance for progressive escalation of warming intensity. Climate
change will be past the early warning signs when maximum monthly
temperatures surpass 36 °C throughout most of the global land area,
perhaps 70 years from now.

Adaptation strategies can reduce exposure and mitigation can reduce
climate change. Humans have adapted to heat by using air conditioning
units, but this use contributes to increased climate warming if the energy
used is not renewable (Barreca et al. 2016). Residents, communities,
nations, and the world have delayed employing comprehensive adap-
tation and mitigation strategies to reduce vulnerability to climate
change and switch reliance from fossil fuels to renewable energy, despite
long-term economic, social, and ecological benefits.

Based on the widespread extent of intolerable maximum monthly
temperatures on the current fossil fuel-driven pathway, planning for
most efficient fossil fuel use will not be sufficient to shift our trajectory,
albeit improved energy efficiency measures (e.g., buildings, appliances)
and high-density populations can reduce carbon emissions (Griffith et al.
2020). Providing services in well-planned, high-density cities is typically
less expensive (i.e., economies of scale or density) and less
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environmentally damaging than providing similar services to dispersed
rural populations (United Nations, 2015). Well-planned cities also pro-
vide greater livability, health, justice, equality, and resilience (United
Nations, 2015).

Climate change is expected to cause migration from areas of heat
(Partridge et al. 2017). Temporary and permanent migration is a tool for
households with food and livelihood insecurity to gain these securities.
Climate-related migration appears to be likely for both those with means
and those without (Partridge et al. 2017). Nevertheless, it also seems
unlikely that billions of people can or will move, and this option is likely
be more costly and challenging than mitigation.

Embarking on atmospheric carbon drawdown and net-zero carbon
emissions by 2050 is possible through existing technologies of rapid
electrification based on renewable energy: wind and solar power plants,
rooftop solar, electric vehicles, heat pumps, and batteries (Griffith et al.
2020). For the United States to achieve net-zero carbon emissions by
2050, total government share of the expense is estimated at only
$250-350 billion per year (Griffith et al. 2020), which is less govern-
ment investment than that required for World War II, which resulted in
an economic boom. While the cited costs might be underestimates,
changing the pathway maybe less expensive than trying to live in an
increasingly adverse climate. Electrification can occur without sacrifice
to downsized homes and reduced driving of personal cars. Solar and
wind power are more economical than fossil fuels, particularly with
overbuilding to distributed energy grids rather than concentrated
utility-scale power generators (Perez et al. 2019; Clack et al. 2020).

5. Conclusions

We cannot adapt our way out of temperature increases of our current
fossil fuel-driven shared socio-economic pathway and migration of most
of the human population is not a viable option. For most countries, the
highest density urban class was sited in the hottest location or will
exceed 36 °C maximum monthly temperature. These countries will face
the greatest challenges for planning and may have the greatest migra-
tion in response to climate change. Given the current pathway, the
present analysis indicated that most land area may tip beyond a
maximum monthly temperature of 36 °C by 2081-2100, or at best, this
conclusion may be deferred until the early 2100s. Every density class
will be vulnerable, but the highest density class may be the first to cross
the maximum monthly temperature threshold. Rapid decarbonization
using existing technologies is necessary to alter the trajectory from the
maximum monthly temperature threshold, which will impose ecological
and socio-economic costs of climate damage.
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