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Itis known that the urban heat island (UHI) effect could increase mortality

inhot seasons, yet its potential health benefits during cold spells are often
overlooked. Here we assess the beneficial and detrimental impacts of

the UHI effect and associated cooling strategies on temperature-related
mortality in more than 3,000 cities worldwide by integrating multi-source
datasets. This study finds that the UHI effect reduces global cold-related
mortality, surpassing the increase in heat-related mortality more than
fourfold. Widely implemented urban cooling strategies, including green and
reflective infrastructure, can have an adverse net effect in high-latitude cities
but benefit afew tropical cities. We propose seasonal adjustments to roof
albedo as anactionable strategy to reduce heat- and cold-related mortality.
Our findings highlight that urban heat can protect against mortality in

most non-tropical cities in the cold season, emphasizing the importance

of seasonally and place-based adaptive UHI mitigation strategies to reduce
temperature-related mortality.

Thehealthand well-being of urban populations are central to achieving
the Sustainable Development Goals set forth by the United Nations
(Sustainable Development Goal (SDG) 11: Sustainable cities and com-
munities)’. With Earth’s ongoing urbanization and rapid warming,
urbanoverheating hasbecome a major threat to human health, affect-
ing the mortality and morbidity rates in cities globally>~. One of the
contributing factors to increased human heat exposure is the urban
heatisland (UHI) effect,a phenomenon characterized by higher ambi-
ent temperatures in cities compared with their rural surroundings®.
Similar to numerous other anthropogenic environmental and eco-
logical alterations’, the UHI effect exhibits a dual impact. It exacer-
bates heat-related mortality, particularly during periods of increased

temperatures®’°, while simultaneously reducing cold-related mortal-
ity in cooler conditions™ ™, as indicated by the broadly recognized
‘U-shaped’ mortality-temperature relationship curve (Fig. 1). In the
context of rapid urbanizationand climate change, itis critical to inves-
tigate the dual (beneficial and detrimental) impacts of the UHI effect on
cold-and heat-related mortality. Understanding this tradeoff will facili-
tate the context-sensitive design of urban heat mitigation strategies
that modify thermal environments appropriately, given the geographic
and climatic settings of growing urban populations worldwide>".
The adverse impacts of the UHI effect on urban energy con-
sumption, economies and human health are well documented*'>'¢,
Conversely, several seminal studies have highlighted its potential
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Fig. 1| Dual impacts of the UHI effect and heat mitigation strategies on cold-
and heat-related mortality relative risk for a hypothetical city. The annual net
impact represents the sum of the beneficial and detrimental impacts. a, Curves
depicting the relative risk (RR) variation with temperature percentiles in two
scenarios: without and with the UHI effect. b, Curves depicting the RR changes
with temperature percentiles in two scenarios: without (that is, the curve with the
UHl effect in a) and with urban cooling strategies. The temperature percentile (%)
represent the distribution of daily air temperatures. These curves conceptualize
the well-established U-shaped relationship between temperature and mortality
RR, identifyinga MMT (°C) and corresponding MMP (%) where RR is the lowest.
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Above this MMP/MMT, the city encounters higher heat-related RR, while below

it, cold-related RR increases. The UHI effect typically elevates temperatures,
exacerbating heat-related RR, while urban cooling strategies reduce these risks.
Conversely, below the MMP/MMT, the UHI effect mitigates cold temperatures,
but cooling strategies may increase cold-related RR. The diagonally shaded areas
and bracketsinarepresent UHI-reduced cold-related RRin temperature intervals
below MMT, while denoting UHI-induced heat-related RRin temperature
intervals above MMT. The cross-shaded areas and brackets in b represent cooling
strategies involving increased cold-related RR in temperature intervals below
MMT, and decreased heat-related RR in temperature intervals above MMT.

benefits for urban environments'”'*, However, relatively few studies
have examined the dualimpact (positive and negative) of the UHI effect
on temperature-related mortality’"°2 These studies suggest that
the UHI effect is more likely to yield a beneficial annual net effect in
higher-latitude cities, but a detrimental effect in cities closer to the
Equator?-*, Citiesin warmer regions typically exhibit alower minimum
mortality percentile (MMP)—defined as the temperature percentile
corresponding to the minimum mortality temperature (MMT) where
the temperature-related relative risk is minimized. A reduced MMP
implies extended exposure to heat stress’. Although residentsin hotter
climates may develop some degree of acclimation, the consequences
of sustained and intense heat exposure canstill be considerable, exac-
erbating the detrimentalimpacts of the UHI effect. By contrast, citiesin
colder climates may derive benefits from the UHI effect?. Theoretically,
the dualimpact of the UHI effect on annual mortality depends primar-
ily on the MMT (or MMP) and the shape of the mortality-temperature
(M-T) curve® (Fig. 1a), and is indirectly associated with background
climate and city-specific socioeconomic and demographic factors®.
Consequently, the net UHI-induced effects on mortality vary consider-
ably among cities™.

Increasing vegetation and adjusting albedo are well-established
strategies for mitigating urban heat stress*°. For example, enhancing
vegetation has been shown to reduce UHI-induced mortality by 39.5%
during summer in European cities™. Similarly, increasing albedo can
offset approximately 18.0% of UHI-induced heat-related mortality in
the West Midlands, UK*. Although these interventions may potentially
decrease heat-related mortality, they may also increase cold-related
mortality by lowering urban temperatures. Although the benefits
of these strategies in mitigating heat risk are well documented®°,
their adverse impacts on cold-related mortality remain understudied,
withonly afew case studies available’>*, Theoretically, the impact on
cold-related mortality depends on the intensity of cooling and effec-
tiveness of regulation—which, therefore, should vary substantially
in different urban environments worldwide. Unfortunately, such a
global-scale empirical assessment remains lacking, and it hinders the
social mobilization of adopting locally and seasonally relevant urban
cooling strategies.

Although previous studies have explored the dual impact of the
UHI effect on temperature-related mortality under current and pro-
jected climate scenarios, these studies have primarily focused on
local or regional scales, with a global perspective still lacking. This is
mainly owingtothelack of accurate methods for obtaining UHI inten-
sity and establishing city-specific M-T relationships. Furthermore,
the potential adverse consequences of urban cooling strategies on
cold-related mortality and annual net mortality across global cities
remainunder-explored, despite the recognition of their benefits. This
knowledge gap would probably be exacerbated by the computational
challenges of global numerical simulations in assessing the efficacy
of prevalent heat mitigation strategies. Finally, it is unclear whether
adaptive strategies exist to optimize benefits in warm periods while
minimizing harm during cold seasons.

To address these knowledge gaps, we employed a comprehen-
sive approach that leverages multiple datasources, including remote
sensing, climate and socioeconomic data. Utilizing carefully devel-
oped computationally efficient data-driven models, we established
robust M-T relationships and quantified the effectiveness of preva-
lent heat mitigation measures across more than 3,000 cities world-
wide. Subsequently, we scrutinized the duality of the UHI effect and
assessed the influence of two representative cooling strategies on
temperature-related mortality on a global scale. Furthermore, we
projected the dual impact of these cooling interventions on future
mortality scenarios and proposed novel strategies to mitigate their
undesired consequences. Our study offers crucial guidance for for-
mulating effective, context-specific urban heat mitigation policies,
thereby improving the well-being of city dwellers and advancing global
urban sustainability.

Impacts of the UHI effect on temperature-related
mortality

The dual impact of the UHI effect on annual temperature-related
mortality in cities exhibits global variation (Fig. 2 and Supplemen-
tary Fig.1). The reduction in cold-related mortality induced by the
UHI effect (51.5%; that is, the summed impacts in all cold days) is 4.4
times greater than the increase in heat-related mortality (11.7%; that
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Fig. 2| Impacts of the UHI effect on cold- and heat-related mortality in

global cities. a-e, Spatial distribution of impacts of the UHI effect on annual

net temperature-related mortality in cities worldwide (a), Central America (b),
Europe (c), West Africa (d) and the Middle East (e). f, Frequency distribution

of impacts of the UHI effect on temperature-related mortality (numbersin the
figure denote the average impact). The impacts represent the summed values
from the daily attribution, with days above the MMT defined as heat days, and
those below MMT as cold days. Notably, a few data points reveal that the UHI
effect occasionally exacerbates cold-related mortality and mitigates heat-related
mortality, aphenomenon predominantly observed in cities that exhibit an urban
coldisland effect. g, Temperature-related mortality variations for Jakarta and
Moscow, fitted using a B-spline function based on four temperature percentile
estimates, for illustrative purposes, along with the UHI-induced mortality

(right panel). The shaded area around the curve indicates one standard deviation
for all daily attributions within the corresponding temperature interval. Error
barsrepresent one standard deviation of the impacts across all heat days, cold
dayand an entire year. h,i, Impacts of the UHI effect on temperature-related
mortality for cities by continent (1,394 Asian cities, 196 African cities, 614
European cities, 841 North American cities, 188 South American cities and 47
Oceanian cities; h) and climate zone (1,706 warm cities, 441 tropical cities, 754
cold cities and 379 arid cities; i). The small box represents the mean value, with
thelower and upper lines indicating the 25th and 75th quantiles, respectively.
The whiskers extend to show the outlier range, using an outlier coefficient of
0.5. Positive values indicate an UHI-induced increase in mortality, while negative
values denote areduction. AF, Africa; AS, Asia; EU, Europe; NA, North America;
SA, South America; OC, Oceania.
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is, the summed impacts in all heat days). This suggests a beneficial
annual netimpact of the UHI effect on temperature-related mortality
(Fig. 2f). Our analysis reveals that the global mean M-T curve shows
alonger exposure period to cold temperatures than to heat, with the
global mean MMP reaching 77.9% (Supplementary Fig. 2). Given such a
highglobal mean MMP, the UHI-induced benefits canreadily outweigh
the harms of temperature-related mortality, resulting in a beneficial
effect when considering the entire seasonal cycle globally. Even for
some tropical cities (for example, Guangzhou in China) that face higher
heat-related risks, the MMPs consistently remain well above 50.0%
(Supplementary Fig. 3). For these cities, the high-MMP effect can sup-
press the substantially larger number of heat than cold days, leading
to abeneficial annual net effect (Fig. 2a).

The annual netimpacts of the UHI effect on temperature-related
mortality differ across climates and continents (Fig. 2a-e). Cities in
high-latitude regions are more exposed to cold-related risk and benefit
more from the UHI effect. For instance, the reduction in cold-related
mortality in Moscow due to the UHI effectis11.5 times greater than the
increasein heat-related mortality (Fig. 2g). By contrast, the netimpact
of the UHI effect is predominantly detrimental for some low-latitude
cities characterized by high heat-related risks. For example, Jakartain
Indonesia exhibits a detrimental annual net mortality effect of 72.4%
(Fig. 2g). Regarding cities in different climate zones, the UHI effect
has a detrimental annual net effect (Fig. 2i) in some tropical cities (the
mean MMP is 65.9%), but it is generally beneficial for other climate
cities, especially those in cold climate (the mean MMP is 83.8%; Sup-
plementary Fig.4). The UHI effect has a substantially beneficial annual
net effect on mortality for cities in Europe and Oceania (Fig. 2h). We
observe an annual net increase in mortality over several non-tropical
cities scattered across mid-to-high latitudes or in arid zones (Fig. 2a).
Theseinstances are probably attributable to the presence of urban cool
islands over these cities (Supplementary Fig. 5), which manifestin lower
urban temperatures relative to the surrounding areas*. Urban cool
islands may decrease heat-related mortality while potentially increas-
ing cold-related mortality. Furthermore, owing to prolonged exposure
to colder temperatures, urban cool islands generally contribute to an
overall annual net detrimental impact.

Effects of cooling strategy on temperature-related
mortality

We further examined the dual impacts of two commonly employed
urban heat mitigation strategies on temperature-related mortality in
cities globally. These strategies include (1) increasing the vegetation
fraction by 40%,30% and 20% of the original fractionin cities with low,
medium and high population densities, respectively; and (2) enhancing
surface albedo by 40%, 30% and 20% of the original intensity in cities
with low, medium and high albedo values, respectively (Methods). In
line with previous knowledge, cooling strategies such as increasing
vegetation fraction and surface albedo effectively reduce heat-related
mortality (Supplementary Figs. 6-8). However, these strategies can also
substantially increase cold-related mortality (Supplementary Figs. 7
and 8). Aglobalincrease in vegetation can augment cold-related mor-
tality by 6.6%, arate 5.1times higher than the reductionin heat-related
mortality (Fig. 3e,f). This rate increases to 5.6 when enhancing sur-
face albedo (Fig. 3e,f). These results suggest that these two cooling
strategies have anet detrimental effect onglobal temperature-related
mortality annually.

The netimpacts of these two cooling strategies on temperature-
related mortality show notable spatial differences across regions
(Fig.3).For citiesin high-latitude regions, these cooling strategies dem-
onstrate asubstantial harmful net effect on annual temperature-related
mortality (Fig. 3a-d). The UHI effect typically yields a beneficial net
effect annually for such cities (Fig. 2a), but implementing these cool-
ing strategies undermines the protective role of the UHI effect. The net
impacts of these cooling strategies on temperature-related mortality

areminimal within thelatitude intervalaround 20° N (Fig. 3c,d). Nota-
bly, these strategies are beneficial for some tropical cities, with 17.6%
and16.1% of cities benefiting from the vegetation and albedo strategies,
respectively. This demonstrates that the reduction in heat-related
mortality attributable to these cooling strategies exceeds the increase
incold-related mortality. Conversely, in other climate zones, this pro-
portiondropsbelow 4% (Fig. 3a,b). The annual net impacts of these two
cooling strategies are detrimental across all climate zones and conti-
nents (Fig.3g,h). This effectis particularly pronouncedin cities within
temperate climate, where there is a 7.7-fold increase in cold-related
mortality compared with the reduction in heat-related mortality for
the albedo strategy (Fig. 3h), as well as within cold climate, where the
increaseis 6.0 times (Fig. 3h, and Supplementary Figs.7 and 8). Among
continents, this trend is most pronounced in cities in Oceania (22-fold;
Fig.3g, and Supplementary Figs. 7 and 8).

We further analysed the annual net impacts of urban cooling
strategies on temperature-related mortality around 2050 under a
moderate emissions pathway (Shared Socioeconomic Pathway (SSP)
2-4.5; Methods). Our analysis demonstrates thatimplementing these
two cooling strategies consistently leads to a global meanincrease in
cold-related mortality that surpasses the reductionin heat-related mor-
tality (Supplementary Figs. 9 and10). Notably, the global mean annual
net detrimentalimpact canbe further exacerbated by theimplementa-
tion of more intensive coolinginterventions (Supplementary Fig. 9f),
even when accounting for future global warming. To reverse this net
detrimental impact, we proposed a seasonally adaptive strategy that
enhances surface albedo on heat days while reducing it on cold days
(Methods). This new seasonally adaptive strategy effectively reduces
the negative impact on cold-related mortality associated with the
seasonally constant albedo strategy, thereby yielding overall annual
benefits (Supplementary Fig. 9b,d and Supplementary Note 1).

Discussions and implications

We comprehensively assessed the dual impacts of the UHI effect and
urban cooling strategies on temperature-related mortality across over
3,000 cities worldwide, considering both current and future scenarios
(Figs.2and 3, and Supplementary Fig.9). The assessments demonstrate
that our proposed data-driven approach for establishing city-specific
M-Trelationships achieves acceptable accuracy (Supplementary Note
2).Importantly, our sensitivity analysis shows that potential uncertain-
tiesassociated with this data-driven approach have minimalinfluence
onthe estimates of UHI-induced annual net mortality, confirming the
robustness of our key findings (Supplementary Notes 3-5). Amore com-
prehensive discussion on the robustness and validity of UHI-induced
net mortality reduction in global cities is provided in Supplementary
Note 6.

Added value and novelties compared with previous literature
Previous UHI studies have disproportionately centred on hotseasons,
during which UHIimpacts are net negative®”*>*, By contrast, our study
investigates the dual nature of the UHI effect (Fig. 1), scrutinizing its
beneficial and adverse impacts on temperature-related mortality
throughout an annual cycle. A few recent studies have acknowledged
the dual impact of the UHI effect on temperature-related mortality
atacity or regional scale, revealing a detrimental net annual effect,
particularly evident in lower-latitude cities?**%. What sets our pre-
sent investigation apart lies in its scope and its delicate inputting of
city-specific, context-dependent UHI intensity and mortality-tem-
perature association with satisfactory accuracy. Notably, our study
focusisglobal, involving cities in the global south whileincorporating
adelicate derivation of UHI intensity and M-T association through
data-mining techniques (Methods).

Our study shows that the UHI effect can yield a net annual ben-
efit even for global south cities, including those in the southern
regions of Africaand South America (Fig. 2). In addition, we providea
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Fig. 3| Impacts of urban cooling strategies on cold- and heat-related

mortality in global cities. a,b, Spatial distribution of annual net effects on
temperature-related mortality with vegetation strategy (a) and albedo strategy
(b).c,d, Changes in annual net effects depending on latitude with increasing
vegetation fraction (c) and surface albedo (d). The shaded areas represent

one standard deviation of the impacts of UHI effects on each latitude range.

e f, Frequency distribution of effects with increasing vegetation fraction (e)

and surface albedo (f; numbers in the figure denoting the average impact) on
temperature-related mortality. g,h, Annual net effects of urban cooling strategies

on temperature-related mortality for cities by continent (1,394 Asian cities,

196 African cities, 614 European cities, 841 North American cities, 188 South
American cities and 47 Oceanian cities; g) and climate zone (1,706 warm cities,
441tropical cities, 754 cold cities and 379 arid cities; h). The solid line and small
box indicate the mean value and median value, respectively. The lower and upper
lines of the box indicate the 25th and 75th quantiles, respectively, and the bounds
of the whiskers indicate the range of outliers, defined by an outlier coefficient of
0.5. Positive values indicate an increase in mortality due to the implementation of
aspecific cooling strategy, while negative values indicate the opposite.

comprehensive analysis of the impacts of two common cooling strat-
egies on temperature-related mortality across global cities. These
estimates, achieved once more through a cost-effective data-driven
approach (Methods), overcome the computational bottlenecks

inherent in numerical simulation methods, thereby quantifying the
efficiency of cooling strategies for each city worldwide.

Our study distinguishes itself from prior research by evaluating
the net impact of conventional and new seasonally adaptive cooling
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strategies on temperature-related mortality. In particular, we account
for variations in vulnerability due to economic advancements and
aging, whichreshape M-Tassociations (Methods). Compared with tra-
ditional urbanclimate studies, which typically assessed UHI-associated
mortality using climate-level temperature-RR curves?, our research
provides amore detailed interpretation of city-specific M-Trelation-
ships. By contrast to public health studies that predict UHI intensity
based on asimple exponential relationship with population growth",
we utilize more sophisticated and accurate methods to estimate UHI
intensity across global cities. Although studies by lungman et al.” and
Huang et al."” have made notable contributions by bridging urban cli-
mate and public health, their focus remains limited to Europe, whereas
our study spans a broader spatial scope and extends across a more
extensive temporal horizon by offering future projections (Figs. 2 and
3 and Supplementary Fig. 9).

Implications and caveats on the design of cooling strategies

Our results show that the UHI effect poses a substantial adverse annual
neteffect on mortality in some tropical cities. Additionally,an annual net
increaseinmortality was observed inseveral non-tropical cities situated
at mid-to-high latitudes or in arid zones, mainly due to the presence of
urban cool islands (Fig. 2a). This contrasts with the overall beneficial
impact observed at the global scale (Fig.2). UHI-induced detriments on
mortality become more prevalent over a considerable portion of cities
in Central America (for example, Panama City), nations along the Gulf of
Guinea in Africa (for example, Douala, Cameroon) and southern South
Asia (for example, Colombo, SriLanka). Our findings should not under-
mine the imperative of implementing urban heat mitigation measures
inthese cities to address the burden of temperature-related mortality.
Onthe contrary, the urgency of implementing urban cooling strategies
becomes even more pronounced for such cities considering the upcom-
ing surface warming trends”, augmenting heat exposure due to rapidly
growing urban populations’, and their high vulnerability to heat stress™.

Our results show a global adverse annual net impact on
temperature-related mortality by implementing cooling strategies (for
example, increasing vegetation fractionand surface albedo; Fig. 3a,b),
especially for most mid- and high-latitude cities. For these cities, the
conventional cooling strategies weaken the beneficial role of the UHI
effect during cold spells, thus amplifying cold-related mortality. These
findings show that typical cooling strategies fail to attain their intended
objective of reducing temperature-related mortality. Our results reveal
that, for such cities, the detrimentalimpact of conventional urban cool-
ing strategies on cold-related mortality would persistently outweigh
their positive effects, even under moderate global warming scenarios
extending until atleast 2050 (Supplementary Fig. 9). Findings prompta
comprehensive re-evaluation of the benefits of urban cooling strategies
inthe context of annual netimpacts for future applications.

Our findings, which reveal a net negative impact on mortality from
increased vegetation in most cities, suggest a preference for deciduous
trees over evergreen counterparts. Deciduous trees, reducing evapo-
rative cooling and shade in winter by shedding leaves, can minimize
cold-related mortality while preserving cooling benefits and other
socio-ecological advantages during the summer®. Furthermore, our
results indicate the viability of removable and dismountable shading
shelters as an effective means for curbing heat-related mortality during
the summer while retaining the benefits of the UHI effect in winter*°. We
tested a new seasonal albedo management strategy involving winter-
time albedo reduction using adaptable roofing materials that modify
albedo in response to sun incident angles or surface temperatures®.
This strategy aims to alleviate the negative impact on cold-related
mortality (Supplementary Fig. 9). Although the concept of albedo
reversal holds engineering feasibility**, its citywide implementa-
tion may pose challenges due to potentially high costs and availabil-
ity of materials. Nevertheless, this strategy could be used at a local
scale, particularly over critical areas with high vulnerability, such as

those densely populated by elderly individuals. We must emphasize
that comprehensive economic assessments and life cycle analyses
remain necessary at various spatial scales to thoroughly analyse the
cost-effectiveness of this albedo-reversal strategy**.

We need to emphasize that the observed net negative mortal-
ity impact associated with increased vegetation in most mid- and
high-latitude cities should not be misconstrued as a discouragement
againstincorporating greeninfrastructure into urban development or
urbanrenewalinitiatives. Mid-latitude cities such as Shanghai, China,
Rome, Italy and Phoenix, USA, exemplify instances where urban vegeta-
tionis pivotalinreducing urban heat-related mortality viaevaporative
cooling and shading®. Urban green infrastructure facilitates surface
coolingandyields multifaceted co-benefits suchas ecological enhance-
ments, recreational spaces, health improvements and reduced air
pollution*. Therefore, urban green infrastructure remains valuable
for achieving urban sustainability. Rather than negating the value of
greeninfrastructure, our current study seeks to highlight the duality of
the UHI effect, wherein urban heat can function as a protective shield
against cold-related mortality, particularly over high-latitude citiesin
extreme cold events™*®, These findings also underline urgent actions
tosafeguard the public from cold temperatures, alargely underserved
aspect in previous studies. Similarly, measures designed to mitigate
urban heat during warm seasons may inadvertently negatively impact
on temperature-related mortality during cold seasons®. The dual
nature of cooling strategies warrants careful consideration whenintro-
ducing any new heat mitigation measures.

Possible uncertainties and concluding remarks

We acknowledge theinherent uncertaintiesin assuming linear relation-
ships for vegetation and albedo cooling strategies. Furthermore, our
analysis did not fully account for the diversity of vegetation types within
cities. Our estimates were based on the assumption of continuous out-
doortemperature exposure (Supplementary Note 7), amethodological
choice consistent with most epidemiological studies. Additionally, we
consistently utilized the air temperature to assess temperature-related
mortality**, and our further comparative analysis using the wet bulb
temperature substantiates the reliability of our primary conclusions
(Supplementary Note 8). A more detailed discussion of uncertainties
and limitations is presented in Supplementary Note 12. Despite these
uncertainties, our primary findings remain robust: a prominent dual
impactexists inthe UHI effect on temperature-related mortality, with
the UHI effect serving as an effective shield against mortality during
cold periods, particularly for non-tropical cities.

In conclusion, our study seeks to further communicate several
critical points by illustrating the global duality of urban heat on mortal-
ity: (1) protecting urban dwellers from the cold is equally, if not more,
important than protecting them from heat; (2) seasonally adjustable
strategies arecritical to cool and warm urban surfacesin heat and cold
periods respectively, but economic viability is of greatimportance; and
(3) urban policymakers need to consider the escalating heat-related
mortality associated with global warming scenarios when designing
adaptation measures, asrelevant time scales for city adaptation under
climate change span decades rather than years.
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Methods

Study area and data

We chose 3,280 cities worldwide, each with an urban area exceeding
30 km?in2018", toinvestigate theimpacts of the UHI effect and urban
cooling strategies onannual net temperature-related mortality. These
cities span Asia (1,394 cities), Europe (614 cities), North America (841
cities), South America (188 cities), Africa (196 cities) and Oceania (47
cities). Additionally, employing the Kippen-Geiger climate zone*s,
we classified these cities into equatorial (441 cities), arid (379 cities),
warm (1,706 cities) and snow cities (754 cities).

The data used include M-T data, Moderate Resolution Imaging
Spectroradiometer (MODIS) data, satellite-based urban surface air
temperature (SAT) data, climate data, socioeconomic data and other
ancillary data. The city-specific M-T associations were obtained from
refs.2,5. These results were derived from official mortality records from
approximately 700 cities worldwide (Supplementary Fig. 11), meticu-
lously documenting location-specific mortality variations at various
temperature percentile ranges (for example, 5%, 10%, 90% and 95%).
The M-Tdatawere utilized to assess the impacts of the UHI effect and
associated urban cooling strategies on temperature-related mortality.

The MODIS data consist of the 16-day Enhanced Vegetation Index
(EVI; product name: MOD13Q1; 250 mspatial resolution) and the daily
albedo estimates (MCD43A3; 500 m). We employed the 2017-2018 EVI
and albedo datato portray the spatial distribution of urban vegetation
andalbedoincities worldwide, and to assess theimpact of urban cool-
ing strategies achieved throughincreasing the vegetation fraction and
surface albedo on temperature-related mortality.

The urban SAT data were obtained from the global near-surface
air temperature dataset (1 km spatial resolution) generated based on
aseries of satellite-derived surface variables and in situ SATs obtained
fromover100,000 stations*’. The generated SAT dataset enhances the
description of spatial variations in biophysical and socioeconomic
factors affecting temperature®, thereby offering a reliable depiction
of surface air temperature spatiotemporal patterns. Cross-validations
have demonstrated that the generated SATs are highly accurate (with
amean absolute error of 1.49 °C), particularly over impervious sur-
faces*. We employed this dataset to compute UHI intensity, defined
asthe difference between the mean urban temperature and the mean
suburbantemperature, rather than absolute temperature values. This
subtraction could effectively reduce bias associated with absolute
temperature estimations®. To derive daily mean values, we averaged
the daily maximum and minimum SATs. The mean SAT was used to
quantify the canopy-layer UHl intensity, aligning with the daily mean
temperature in the M-T associations.

Our data were obtained from the ERAS5-Daily and monthly
ERA5-Land reanalysis datasets and the Coupled Model Intercompari-
son Project Phase 6 (CMIP6) dataset™ 2. From the ERA5-Daily reanalysis
dataset (9 kmspatial resolution)>’, we retrieved the daily mean SAT at 2
m height above ground to represent the daily background air tempera-
ture. We retrieved the precipitation, wind speed and radiation data for
each city fromthe monthly ERA5-Land reanalysis dataset. These three
climate variables served as background climate inputs for calibrating
the impact of urban cooling strategies on urban temperatures. Addi-
tionally, from the CMIP6 dataset®, we retrieved the daily surface
air temperature, relative humidity and precipitation in 2050 under a
moderate emissions pathway (SSP2-4.5). These data were considered
as background climate factors for estimating future UHI intensity.

The socioeconomic data encompass gross domestic product
(GDP), the Critical Infrastructure Spatial Index (CISI), the Human
Development Index (HDI) and population data. GDP data (2017-2018)
were extracted from the global long-term GDP dataset (1 km spatial
resolution) generated based on improved nighttime light data®*. The
CISI, with a spatial resolution of 0.1°, quantifies the spatial intensity
of urban infrastructure globally, utilizing high-resolution geospatial
data from OpenStreetMap for 39 types of critical infrastructure®,

such as hospitals. The HDlis acomposite index that captures essential
aspects of human development—health and longevity, knowledge,
and standard of living—derived from a global time-series product
with aspatial resolution of 5arcmin (ref. 56). These indices, along with
GDP data, were used as prediction variables to statistically determine
the M-Trelationship for each city worldwide. Historical (2017-2018)
and future (2050) population data were obtained from the Oak Ridge
National Laboratory’s LandScan population dataset (https://landscan.
ornl.gov/)* and the projected global population dataset*®, both at a
spatial resolution of 1 km. The population data were used to calculate
the urban population for each city. Furthermore, population data for
different age groupsinvarious countries and territories were obtained
fromthe United Nations'to gather population structure information.
This information was then assigned to cities within each territory to
quantify the proportion of the population aged over 65. The assigned
proportion was used as an age structure factor for statistically estab-
lishing the M-Trelationship®.

Theauxiliary datainclude the global urbanboundary (GUB), eleva-
tion and land cover type data. We used the 2018 GUB data*’ to deline-
ate urbanand rural areas to calculate the UHl intensity. The elevation
data were derived from the GTOPO30 dataset (1 km) provided by the
US Geological Survey’s Center for Earth Resources Observation and
Science (http://Ipdaac.usgs.gov)®. The elevation data were used as a
topographicfactorin deriving the statistical M- T relationship and were
used to assess the impacts of cooling strategies on urban temperatures.
The land cover type data were sourced from the MODIS MCD12Q1
product (500 m spatial resolution). They were used to remove pixels
labelled as water bodies, snow and ice, and permanent wetlands® to
reduce uncertainties in calculating UHI intensity.

Assessing impacts of the UHI effect on temperature-related
mortality

The M-Tprofile typically follows a U-shaped curve®” ®.Insuchscenar-
ios, the UHI effect exacerbates heat-related mortality on hot days while
reducing cold-related mortality on cold days (Fig.1). Our assessment of
the UHI-induced annual netimpact on temperature-related mortality
complied with the following three steps (Supplementary Fig.12). First,
we calculated the SAT-based UHI intensity for global cities. Second,
we estimated the parameters of the M-T curve for each city. Third, we
comprehensively assessed the annual netimpact of the UHI effect on
temperature-related mortality in cities worldwide.

Calculating SAT-based UHI intensity globally. The UHI effect, a
distinctlocal climate phenomenon, manifests as greater temperatures
in urban areas compared with suburban areas due to urbanization®.
Contrastingly, an urban coldisland effect occurs instead inaminority of
cities, primarily arid cities®. These effects are commonly measured by
the average temperature difference between the urban and suburban
areas®. Inour study, urban surfaces were delineated using urban areas
identified from the 2018 GUB data, while rural surfaces were defined
asthe areas within the 10-km to 50-km buffers surrounding the urban
areas®. To minimize uncertainties associated with specific land cover
types like ‘ice’, ‘snow’, ‘water’ and ‘permanent wetland’, corresponding
pixels were excluded from urban and rural surfaces when calculating
UHI intensity®. We then computed the UHl intensity as the average
SAT difference between these defined urban and rural surfaces on a
monthly basis for global cities (Supplementary Fig. 5).

Quantifying the M-T association globally. Previous studiesindicate
that the M-Tassociationis best quantified by considering temperature
percentile rather than absolute temperature’”’. Two distinct features
characterize this association: the MMT and the U-shaped M-T curve.
MMT represents the optimum temperature at which the minimum
mortality occurs, while the MMP denotes the percentile of MMT (Fig. 1).
Urban populations face heat-related mortality risks when the daily
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temperature exceeds MMT. At the same time, cold-related mortal-
ity risks arise when the daily temperature is lower than MMT®. The
values of MMT and the U-shaped M-T curve differ depending on the
cities’ background climate and socioeconomic conditions?. Obtain-
ing information on MMT and the U-shaped M-T curve can often be
challenging, ifimpossible, especially for most citiesin developing and
underdeveloped nations. Thisis primarily owing to the heavy reliance
on comprehensive and detailed official mortality records documented
in hospitals and medical centres to ascertain MMT and the U-shaped
M-Tcurve.

We developed a machine learning method to acquire each city’s
MMT and U-shaped data using M-T information from a constrained
set of cities”. Our investigation sourced comprehensive M-T curves
from approximately 700 cities worldwide, meticulously extracted
from official mortality records™*. This set of cities encapsulates diverse
background climates and socioeconomic contexts by encompassing
19 nations (Supplementary Fig.11), including the USA, Canada, the UK,
Italy, Spain, Sweden, China, Japan, South Korea, Thailand, Australia,
Brazil, Argentina, Chile, Mexico, Peru, Costa Rica, El Salvador and
Guatemala. This set of cities offersintricate data concerning MMT and
the U-shape at different temperature percentiles (for example, 5%,10%,
50%, 90% and 95%). We uniformly integrated these mortality percen-
tilesinto four categories (thatis, >5%, 5%-MMT, MMT-95% and >95%),
representing mortality variations from extreme cold, non-extreme
cold, non-extreme heat to extreme heat, respectively. We trained a
random forest model to establish a statistical relationship between
dependent variables (that is, the MMT and mortality at four percen-
tiles) and arange of climatic, socioeconomic and urbaninfrastructure
factors. These factors encompassed SAT, dew point temperature, pre-
cipitation, wind speed, altitude, latitude/longitude, GDP, population
structure (the proportion of population aged over 65)*°, CISIand HDI.
Therationaleforselecting these indicatorsis elaborated in Supplemen-
tary Note 10. The random forest model was trained using datafrom the
above-noted cities and then applied toinfer the MMT (Supplementary
Fig. 3) and mortality at different temperature percentiles for over
3,000 cities worldwide. Additionally, we estimated the MMPs using a
similar approachtoillustrate the relationship between mortality and
temperature percentile (Supplementary Fig. 3). This characterization
isintended to facilitate anintuitive understanding of the discrepancies
intemperature-related mortality across cities.

On this basis, we utilized global daily air temperature data to
quantify temperature intensity values across various temperature
percentiles for each city. Based on the established U- or V-shaped
mortality-temperature relationship®*>”!, we derived the specific cor-
relations between temperature and mortality within each temperature
percentile interval. This derivation allowed us to quantify theincrease
in heat-related mortality or the decrease in cold-related mortality for
each1°Criseintemperature’. Using this relationship with daily air tem-
perature data, we estimated the daily temperature-related mortality
for each city under any given day of various temperature conditions.
By summing daily mortality and categorizing days with temperatures
above the MMT as heat days and below as cold days, we then calculated
city-specific cold-related and heat-related mortality. The detailed
procedures are provided in Supplementary Fig.13.

Assessing the impact of the UHI effect on annual net mortality.
To examine the UHI impact on cold- and heat-related mortality, we
categorized each city’s months as cold or warm based on global MMT
estimates (Supplementary Fig. 3). Months with temperatures above
the MMT were classified as warm, and those below as cold. We then
calculated the UHI values for the cold and warm seasons by averaging
the UHI intensity across the respective months. Based on the mortal-
ity-temperature relationship (thatis, increased heat-related mortal-
ity or decreased cold-related mortality per 1°C rise), we quantified
the temperature-related mortality by simultaneously considering

background temperature and UHI. The impact of the UHI effect was
distinguished by comparing the difference in temperature-related
mortality with and without the UHI effect, as described in the follow-
ing equation:

T
Mheat,UHl =2 (MTa,UHIhcal _MTa)
mmt
()]

mmt

Meold un = ; (MTa,UHIcom - MTa)

where T, represents the daily mean temperature; mmtis the MMT; UHI,..,
and UHI,,, denote the UHI intensity for the warm and cold seasons,
respectively, Mr, yuinea: aNd M7, icois FEpresent the heat-and cold-related
mortality with the UHI effect; M, represents the temperature-related
mortality without the UHI effect; and My, yr and M g4 i denote the
additionalimpacts of the UHI effect on heat- and cold-related mortality,
respectively. The UHI-induced annual netimpact encompassing both
heat and cold-related mortality is calculated as follows:

Miec uit = Mhear uri + Meold uni (2)

where M, yudenotes the UHI-induced annual netimpact on mortality
(in percentage). Positive values of Miq, yriy Meoig uni @nd My, yyindicate
an increase in mortality attributable to the UHI effect, while nega-
tive values suggest the opposite. M, y is the sum of UHI-increased
heat-related mortality (usually positive, in percentage) and
UHI-reduced cold-related mortality (usually negative, in percentage).

In addition to the air temperature index, we have integrated the
simplified wet bulb globe temperature” to further probe the dual
impact of the UHI effect on temperature-related mortality across global
cities (Supplementary Note 8). Concurrently, we further evaluated the
impact of the UHI effect using the air temperature data from meteoro-
logicalstations”™ (Supplementary Note 9). These supplementary analy-
seshave been conducted to enhance the robustness of our conclusions.

Assessing effects of urban cooling strategies on
temperature-related mortality

We investigated the effects of two common urban cooling strategies:
increasing vegetation and changing surface albedo. We examined
temperature-related mortality in cities worldwide for the present (for
the year 2018) and future (for the year 2050). First, we quantified the
cooling effects of specific vegetation and albedo changes by analysing
their relationships with urban temperatures. Next, we assessed the
annual net impacts of these cooling strategies on mortality for the
present and future under a moderate emissions pathway (SSP2-4.5).
The detailed procedures are provided in Supplementary Fig.13.

Evaluating impacts of cooling strategies on temperature-related
mortality for the present. The efficacy of cooling strategies, such as
increasing vegetation fraction and surface albedo, in mitigating urban
temperatures cantypically be assessed using numerical models such as
the Weather Research and Forecasting Model”””. However, applying
such models comprehensively to more than 3,000 cities worldwide
presents major challenges. Studies at global or regional scales often
use remote sensing data and linear regression to evaluate the cooling
impacts®*7%, These models establish a linear relationship between
temperature and vegetation, enabling statistical analysis of how veg-
etation changesimpact temperature.

Here we applied a similar statistical method to evaluate the effi-
ciency of cooling strategies for over 3,000 cities worldwide, following
threesteps. First, toincorporate temporal variationin the vegetation/
albedo, we analysed the monthly linear relationships between urban
temperature and vegetation/albedo for each city, separately obtain-
ing monthly values of the fitted slopes. These slopes were used to
determine the temperature changes due to vegetation and albedo
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adjustments®”°. Second, we removed any anomalous slope values® that
couldbeattributed to statistical instability or insignificance, often due
toinadequate pixel datain certain cities. Finally, we utilized arandom
forestalgorithmto establish a correction between the remaining slope
values and various climatic and socioeconomic factors for both cold
and warmseasons. The detailed analytical procedures are documented
inSupplementary Note 11. This step allows us to determine the cooling
or heating efficiency of vegetation and albedo changes by enhancing
statistical stability across cities globally. The variablesincorporatedin
the correction processinclude SAT, dew point temperature, precipita-
tion, wind speed, radiation, average vegetation cover (EVI), albedo,
urban population, altitude and latitude/longitude®® (Supplementary
Note 10). Our comprehensive assessment shows the satisfactory per-
formance of the correction model (Supplementary Note 11).

Following previous studies®*?, we considered the use of percent-
age increases in vegetation and albedo as urban cooling strategies.
The monthly vegetation and albedo data were averaged for both cold
and warm seasons across global cities, and percentage increases were
applied to the original intensity of the cold and warm seasons. To
account for varying vegetation growth potential across cities with
different population densities, we first classified global cities into
three categories: low (0-25%), medium (25-75%) and high (75-100%)
population density percentiles. High-density cities generally have
lower potential for vegetationincrease, and vice versa. Therefore, we
applied three-tiered vegetation increase rates of 40%, 30% and 20%
for low, medium, and high-density cities, respectively®**, Similarly,
for the albedo strategy, global cities were classified into low (0-25%),
medium (25-75%) and high (75-100%) intensity classes based on albedo
percentiles, and an increase of 40%, 30% and 20% was applied as the
albedo regulation strategy to each class, respectively. Subsequently,
we evaluated the urban cooling (UC) effects of these two strategies for
individual cities (Supplementary Fig. 6). Similar to equationa (1) and (2),
the annual net mortality impacts (M, ,¢) attributable to increased
vegetation or albedo were calculated by comparing mortality estimates
with and without considering the cooling effects of these two strate-
gies, using the following equation:

T
Mhearuc = 2 (MTZ_UHI,,M_UC - MTZ_Uthm)
mmt

mmt (3)
Meorduc = 2 (Mr, UHiy uc = M7, UHIL,,)

a

MnethC = MheathC + McoldeC

where Mye.. ue» Meoid uc and M, yc denote the impacts of the imple-
mented cooling strategies on heat-related, cold-related and annual
net mortality, respectively, with a positive value indicating increased
mortality associated with the cooling strategy and a negative value
indicating decreased mortality; My, yuinear uc aNd My, Uuinea FEPresent
the estimated heat-related mortality with and without the cooling
effects, respectively; and My, yuicoid uc and My, yuicola refer to the esti-
mated cold-related mortality with and without the cooling effects,
respectively.

Evaluating impacts of cooling strategies on temperature-related
mortality for the future. The key to evaluating theimpacts of cooling
strategies in the future lies in estimating future urban temperatures.
Toaddress this, we follow three steps. First, we trained arandom forest
model to estimate UHI intensity based on a series of previously con-
firmed regulatorsincluding SAT, humidity, precipitation, population,
and latitude/longitude®®* % (Supplementary Note 10). Our model,
validated witharandomly split 30%-test dataset, demonstrates robust
accuracy with a mean correlation of 0.93 and mean absolute error
of 0.18 °C (Supplementary Fig. 14). Second, with the well-validated
model, we projected future UHI intensity (~2050) for each city based

on the above-mentioned predictors (Supplementary Fig. 15). Finally,
we estimated future urban temperature by combining the projected
future UHI intensity with the background temperature.

We designed five scenarios for vegetation and albedo strategies,
varying from mild to extreme controls, to evaluate their impacts on
future mortality®®¥. Specifically, we set intervals of 8%, 6% and 4% for
citieswithlow (8-40%), medium (6-30%) and high (4-20%) population
density and albedointensity classes, respectively, to assess the impact
changes from low to high vegetation and albedo regulation. Notably,
compared with vegetation coverage, surface albedo offers higher
adjustability throughout different seasons in a year®. For example,
this seasonal adjustability can be achieved by choosing roofs with an
albedothat changes with sun angle, by using roofs with thermochromic
materials®***2, or by repainting roofs and pavements*, Therefore, we
modified the initial cooling strategy, which used fixed albedo values,
intoamore flexible strategy that mitigates the negative impact of high
albedo during cold days. Note that this combined albedo strategy is
engineeringly practicable?**, at least over crucial areas of high vul-
nerability at the local scale. In this modified strategy, surface albedo
wasincreased with differentintensity strategies during warmseasons,
and decreased by 8%, 6% and 4% of the initial value for cities with low,
medium, and high albedo intensity classes, respectively, during cold
seasons. We subsequently quantified the cooling effects of these con-
trol strategies (Supplementary Fig.16) and examined their annual net
impacts on future mortality using equation (3).

For these hypothetical heat mitigation scenarios, we quantified
the impacts of the UHI effect and the associated cooling strategies
on temperature-related mortality in the examined 3,000-plus cit-
ies worldwide. The impacts of the UHI effect and cooling strategies
at global, climate zone, continental and individual city scales were
comprehensively revealed separately (Figs. 2 and 3, and Supplemen-
tary Fig. 9). We acknowledge uncertainties in the analysis, such as
the omission of vegetation type and distinct weather conditions (for
example, snowfall). Additionally, the M-T association might change
inthe future. Nevertheless, these uncertainties would not undermine
our key findings, even if some of the magnitudes of the effects are
shifted. Further deliberation on these uncertainties can be found in
Supplementary Note 12.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All the satellite and reanalysis data used in this study can be down-
loaded on the Google Earth Engine platform (https://developers.
google.cn/earth-engine/datasets/catalog/). Global climate simulations
for future periods are available at https://esgf-node.lInl.gov/search/
cmip6/. The global 1 km near-surface air temperature dataset is avail-
able at https://doi.org/10.25380/iastate.c.6005185.v1. The GDP and
population dataare available viaFigshare at https://doi.org/10.6084/
mo.figshare.17004523.v1 (ref. 88) and https://landscan.ornl.gov/,
respectively. The GUB dataset is available at https://data-starcloud.
pcl.ac.cn/. The Koppen-Geiger climate zone dataset is available at
https://koeppen-geiger.vu-wien.ac.at/. The global vector boundary
base map is available at https://gadm.org/. The generated datasets of
thisstudy are publicly available at https://github.com/Wangshasha929/
urban-heat.git.

Code availability

The Google Earth Engine platform (https://code.earthengine.google.
com/), Python (version 3.8) and MATLAB (version R2018a) were pri-
marily employed for analysis. The primary analysis code is publicly
available at https://github.com/Wangshasha929/urban-heat.git and
viaZenodo at https://doi.org/10.5281/zenod0.14869462 (ref. 89).
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both increased urban vegetation and albedo modifications) on mortality in over 3,000 cities worldwide. Data including multi-source
remote sensing, climate data, and empirically derived mortality-temperature associations are used for analysis.

We chose 3,280 cities worldwide to investigate the impacts of the UHI and urban cooling strategies on annual net temperature-
related mortality. These cities span across equatorial (441 cities), arid (379 cities), warm (1706 cities), and snow cities (754 cities).
The MODIS data consist of the 16-day enhanced vegetation index (EVI; product name: MOD13Q1; 250 m spatial resolution) and the
daily albedo estimates (MCD43A3; 500 m).The urban air temperature data were obtained from the global near-surface air
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