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Estimating the urban heat-related mortality burden due to
greenness: a global modelling study
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Malcolm Mistry, Ben Armstrong, Michelle L Bell, Joel Schwartz, Yuming Guo, Shanshan Li, on behalf of the MCC Collaborative Research Network*

Summary

Background Heat exposure poses a substantial public health threat. Increasing greenness has been suggested as a
mitigation strategy due to its cooling effect and potential to modify the heat-mortality association. This study aimed
to comprehensively estimate the effects of increased greenness on heat-related deaths.

Methods We applied a multistage meta-analytical approach to estimate the potential reduction in global heat-related
deaths by increasing greenness in the warm season in 2000-19 in 11 534 urban areas. We used the enhanced
vegetation index (EVI) to indicate greenness and a random forest model to predict daily temperatures in counterfactual
EVI scenarios. In the factual EVI scenarios, daily mortality and weather variables from 830 locations in 53 countries
were extracted from the Multi-Country Multi-City Collaborative Research Network and used to assess heat-mortality
associations. These associations were then extrapolated to each urban area under both factual and counterfactual EVI
scenarios based on meta-regression models.

Findings We estimated that EVI increased by 10% would decrease the global population-weighted warm-season mean
temperature by 0-08°C, EVI increased by 20% would decrease temperature by 0-14°C, and EVI increased by 30%
would decrease temperature by 0-19°C. In the factual scenario, 3153 225 (2-48%) of 127179 341 total deaths could be
attributed to heat exposure. The attributable fraction of heat-related deaths (as a fraction of total deaths) in 2000-19
would decrease by 0-67 (95% empirical CI 0-53-0-82) percentage points in the 10% scenario, 0-80 (0-63-0-97)
percentage points in the 20% scenario, and 0-91 (0-72-1-10) percentage points in the 30% scenario, compared with
the factual scenario. South Europe was modelled to have the largest decrease in attributable fraction of heat-related
mortality.

Interpretation This modelling study suggests that increased greenness could substantially reduce the heat-related
mortality burden. Preserving and expanding greenness might be potential strategies to lower ambient temperature
and reduce the health impacts of heat exposure.
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Introduction

Heat exposure is a major public health threat' and the
mortality burden attributable to heat has been increasing
in the past two decades.*® In 2000-19, heat exposure was
associated with 0-5 million deaths per year, accounting
for 0-91% of global mortality.” Climate change is
expected to further exacerbate this issue, with
projections in 23 countries indicating that heat-related
excess mortality could increase from 0-3-1-7% in the
2010s to 2-5-16-7% in the 2090s in the most extreme
global warming scenarios.’

Increasing greenness (ie, vegetational land cover, such
as grasses, trees, and other plants) has been proposed to
reduce the adverse health effects of heat. Previous
studies have suggested that greenness has a cooling
effect on temperature, achieved by shading surfaces,
deflecting  radiation  from  the sun, and
evapotranspiration, which promotes air convection.**

This cooling effect on temperature results in a decrease
in population heat exposure, thereby reducing the heat-
related mortality burden. Emerging evidence has also
shown that increased greenness could improve heat-
related mortality risk,”™ which is potentially related to
factors such as mental health, social engagement,
physical activity, and air pollution.™

To evaluate the effect of greenness on heat-related
mortality burden, it is essential to consider both its
modification effect on heat-related mortality risk and its
influence on daily temperatures. However, previous
studies often investigated the two factors separately and
have primarily focused on heat-related mortality risk,
resulting in a potential underestimation of the
protective effects of greenness.*™® Questions remain
about the extent to which an increase in greenness can
offset excess deaths associated with heat exposure.
A global assessment of the heat-related mortality
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Research in context

Evidence before this study

Heat exposure poses a substantial public health threat.
Increasing greenness has been proposed as a mitigation
strategy due to its cooling effect on temperature and potential
to modify the heat-mortality association. To accurately
evaluate this impact, it is essential to consider both the
modifying and cooling effects of greenness. We searched
MEDLINE, Embase, Web of Science, Scopus, and PubMed for
studies published from database inception to Dec 30, 2023,
using search terms related to heat, greenness, and mortality.
Although many studies have explored these relationships,
previous studies often investigated the two factors separately,
potentially underestimating the protective effects of greenness.
For example, a study of 452 locations in 24 countries, a subset
of the locations used in this study, only considered the
modifying role of greenness on the heat-mortality relationship,
without accounting for its cooling effects on temperatures.
Another study in Europe examined the cooling effects of urban
tree coverage, but not its modifying effect on the heat-
mortality relationship.

Added value of this study

To the best of our knowledge, this is the first modelling study to
estimate the global urban heat-related mortality burden that
could be prevented by increasing the enhanced vegetation
index (EVI) in 2000-19. By considering both the cooling and

burden prevented by increasing greenness could provide
valuable insights into the development of practical and
context-specific strategies for mitigating adverse health
effects associated with heat.

This study aimed to evaluate the potential reduction in
heat-related deaths across global urban areas by
increasing greenness to different levels, considering both
the modifying role of greenness on the heat-mortality
relationship and the cooling effect of greenness on daily
temperatures.

Methods

Data collection

This multistage meta-analytical modelling study was
conducted by the Multi-Country Multi-City (MCC)
Collaborative Research Network, which was developed
in 2014 to produce epidemiological evidence on
associations between environmental stressors, climate,
and health across countries and regions using a unified
and standardised methodology.” In this study, daily
mortality and weather variables were extracted from
830 locations in 53 countries (appendix pp 9-10, 12).
ICD-9 and ICD-10 codes were used to identify causes of
death. Data series on non-external causes of death were
extracted (ICD-9 codes 0-799; ICD-10 codes A00-R99),
or, if not available, all-cause mortality. Mean daily
temperatures were obtained from ground monitoring
stations and calculated as the average between daily

modifying effects of greenness, this study provides a more
comprehensive assessment of its benefits in mitigating heat-
related mortality. Our analysis, which includes 11 534 urban
areas at high resolution, enhances the generalisability of the
findings. Our model found that that increasing EVI levels by
10-30% would decrease the global population-weighted warm-
season mean temperature and prevent 0-86-1-16 million heat-
related deaths. The effects of EVI on heat-related mortality vary
across urban areas with different climate types, greenness
levels, socioeconomic statuses, and demographic
characteristics.

Implications of all the available evidence

This study suggests that increased greenness could significantly
reduce the heat-related mortality burden. These findings
indicate that preserving and expanding greenness might be
potential strategies to lower temperature and mitigate the
health impacts of heat exposure. The global spatial pattern of
prevented heat-related mortality due to greenness presented in
this study helps us to understand the heterogeneity of the
effects across urban areas with different climate types,
greenness levels, socioeconomic statuses, and demographic
characteristics. This evidence provides insights for policy
makers to design and implement tailored green initiatives that
enhance public health and foster sustainable, heat-resilient
urban environments.

maximum and minimum values or the 24-h average
based on hourly measurements. Detailed information
on data collection and cleaning is described in the
appendix (pp 3, 4).

A total of 11534 urban areas with geographical
boundaries obtained from the Global Human
Settlement Layer project® were included in our
analyses. An urban area was defined as an area with a
density of at least 1500 inhabitants per km2 of
permanent land and a total population of over 50000.”
The geographical size of these urban areas varies
widely, ranging from relatively small areas (~1 km?) to
large metropolitan areas (~6611 km?2).

For both greenness and meteorological data, the mean
values of all grid cells (ie, pixels covering the boundary of
each location or urban area) were calculated to represent
the environmental exposures. This method ensured
spatially representative data for each location or urban
area.

We measured greenness through the enhanced
vegetation index (EVI), which is a satellite-image-based
vegetation index derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) product, MOD13Q1,
collected from the National Aeronautics and Space
Administration’s Terra satellite.®? MOD13Q1 data have
been available at a spatial resolution of 250x250 m every
16 days since 2000. These 16-day composites were
generated on a per-pixel basis using the constrained view
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angle-maximum value composite algorithm. This
algorithm selects the best observations within 16 days,
minimising the effects of image quality, cloud cover, and
view angle. EVI is a modified vegetation index and
therefore has improved sensitivity in regions with high
biomass and a higher vegetation monitoring capability; it
is calculated by the following formula:

NIR—Red
NIR+C1Red—C2Blue+L

EVI=G

where the near-infrared radiation (NIR), red (Red)
reflectance, and blue (Blue) reflectance are the full or
partly atmospheric-corrected surface reflectances; G is a
scaling factor; L is the canopy background adjustment;
and Cl and C2 are the coefficients of the aerosol
resistance term. The parameters for MOD13Q1 are set
toLis1, Clis 6, C2is7-5, and G is 2-5.” The monthly
mean EVI values were calculated by averaging the 16-day
EVI composites within each month. We excluded
negative EVI values in all pixels to ensure that negative
values (indicating non-vegetated surfaces) would not
offset positive values in calculating the monthly and area
mean values. We linked monthly EVI values with each
location or urban area using the mean pixel values
covering the boundaries of the location.

Hourly meteorological data were obtained from the
fifth-generation European Centre for Medium-Range
Weather Forecasts Reanalysis (ERAS5), at a spatial
resolution of 0-1° latitude by 0-1° longitude.” The hourly
records were used to calculate daily meteorological
parameters according to the local time zone of each grid
cell. These daily meteorological parameters included:
daily mean ambient temperature (at a height of 2 m
above the surface of the Earth), daily mean eastward
component of the 10 m wind (at a height of 10 m
above the surface of the Earth), daily mean northward
component of the 10 m wind, daily total precipitation,
daily mean pressure (force per unit area) of the
atmosphere at the surface of land, sea, and inland water,
and daily mean downward solar radiation at the surface.
The daily meteorological values were linked to each
urban area by calculating the mean values of all grid cells
covering the boundary of the urban area or location.

Global gross domestic product (GDP) per capita data
were obtained by combining population data and GDP
data from the Global Carbon Project at a 0-5° grid
resolution (ie, 0-5° latitude by 0-5° longitude) every
10 years from 1980 to 2020. Population and GDP data
were linearly interpolated over time to generate annual
values. GDP per capita was then calculated by dividing
GDP by population for each grid cell and assigned to
each urban area or location using the value of the grid
cell covering the centroid of the urban area or location.

To calculate the baseline daily death counts for each
urban area, we obtained country-specific mortality rates
for each year from the World Bank and population data

from LandScan Global at a 30 arc-second (approximately
1 km) resolution from 2000 to 2019. For each year, the
total population count for each urban area was calculated
as the sum of the values of grid cells covering the
boundary of the urban area or location. The mean daily
deaths for each urban area were computed by multiplying
the annual mortality rate of the country where the urban
area was located with the total population of the urban
area, further divided by the number of days of the year.

Statistical analysis

We used a multistage modelling framework to estimate
the change in global urban heat-related mortality burden
attributable to increased greenness. In stage 1, we applied
a random forest model to predict counterfactual daily
temperatures in different EVI scenarios, capturing the
cooling effect of greenness on ambient temperature. In
stage 2, we estimated location-specific heat-mortality
associations using distributed lag non-linear models
based on daily temperature and mortality data. In stage 3,
these associations were extrapolated to all urban areas
using a meta-regression model,** in which EVI was
included as a predictor along with climate type,
socioeconomic status, and other factors, to account for its
modifying effect on heat-related mortality risk. In stage 4,
we calculated heat-attributable mortality in both factual
and counterfactual EVI scenarios using the factual or
counterfactual temperatures and the corresponding
exposure-response relationships. By integrating both
the cooling and modifying effects of greenness, this
framework provides a comprehensive assessment of
its potential to mitigate heat-related mortality risks on
a global scale.

To estimate counterfactual daily temperatures in
different EVI scenarios in stage 1, we applied a random
forest model to correlate factual daily temperatures with
monthly EVI at the urban area level, recognising that
urban greenness typically remains stable within a given
season. Several predictors were also considered in the
random forest model, including daily mean eastward
and northward components of 10 m wind, daily total
precipitation, daily mean surface air pressure, daily mean
downward solar radiation at the surface, longitude,
latitude, region, year, and month. The indicator variable
for region had 15 categories, including North Europe,
South Europe, West Europe, East Europe, North America,
Latin America and the Caribbean, North Africa, Sub-
Saharan Africa, Central Asia, South Asia, West Asia, East
Asia, Southeast Asia, Australia and New Zealand, and
other regions in Oceania. Our model reached a high level
of accuracy in estimating daily temperature (average
R2=0-93; average root mean squared error 1-37°C;
appendix p 11). All projected temperature series were
further calibrated using the factual temperature series.
Detailed information on the random forest model is
provided in the appendix (pp 4, 5). The trained random
forest model was used to predict daily mean temperature
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for each urban area in four counterfactual EVI scenarios:
EVI decreased to 0, EVI increased by 10%, EVI increased
by 20%, and EVI increased by 30%, relative to the
baseline EVI values of each urban area. The scenario
where EVI values decreased to 0 represents the complete
loss of current vegetative cover.

In stage 2, a generalised linear regression model with
a quasi-Poisson family was applied in each of the
830 locations to estimate location-specific heat-mortality
associations. We used distributed lag non-linear models
to model the non-linear and lagged effects of daily mean
temperature during the warm season, defined as the
hottest consecutive 4 months. The distributed lag non-
linear model built a 2D cross-basis function of daily
mean temperature, with one dimension featuring the
non-linear effect of temperature and the other dimension
for lag. The temperature dimension includes a natural
spline function with two internal knots placed at the
50th and 90th percentiles of the location-specific warm-
season temperature distribution. The lag dimension is
modelled with a natural spline function with two internal
knots at equally spaced values in the log scale over
10 days of lag. Seasonality was modelled by including the
day of year as a variable with a natural spline function of
four degrees of freedom. We also included an interaction
between the seasonality spline and year to allow for
different seasonal trends across the study period.
Additionally, we included a natural spline function of
time with approximately one knot every 10 years to
control for long-term trends. The model also included
a categorical variable for day of the week. These para-
meters were chosen based on previous studies.*”
Detailed information on the location-specific exposure—
response associations is provided in the appendix
(pp 5, 6).

Stage 3 used a multivariate meta-regression prediction
model to estimate the relationship between heat-related
mortality risk and various explanatory variables, including
EVI, continents, Képpen-Geiger climate classification
indicators, GDP per capita, the yearly average of daily
mean temperature, and the range of daily mean
temperature. The choice of explanatory variables is based
on their established relevance to the heterogeneity of
temperature-related mortality risk and related global
studies from the MCC Collaborative Research Network.*%
The EVI was incorporated into the meta-regression model
to examine the modifying effect of greenness on the heat—
mortality relationship, allowing us to illustrate response
patterns across different EVI levels. The performance of
the model improved substantially with the addition of EVI
(p<0-05). We calculated mid-year GDP per capita and
EVI to reflect the average level of GDP per capita and EVI
for each location during the study period. Continents
included the Americas, Europe, Africa, Asia, and Oceania.
The climate classification was based on the Kdppen—
Geiger system and represented by an indicator variable
with five categories: group A (tropical climates), group B

(arid climates), group C (temperate climates), group D
(continental climates), and group E (polar and alpine
climates).”” We used the fitted meta-regression model
with urban area-specific explanatory variables to estimate
the heat-mortality association in 2000-19 for each urban
area in both counterfactual and factual EVI scenarios. The
minimum mortality temperature is the temperature at
which the risk of mortality is lowest and is specific to each
location. We derived the minimum mortality temperature
for each urban area based on the cumulative exposure—
response curve represented by the heat-mortality
association for that urban area.

To estimate the heat-related deaths and attributable
fractions of heat-related mortality in different EVI sce-
narios in stage 4, we used a method described elsewhere.”
Specifically, for each urban area, day, and scenario,
we calculated the number of heatrelated deaths
based on the counterfactual temperature series, daily
mortality, and the urban-scenario-specific heat-mortality
associations obtained in stage 3. We then estimated the
total number of heat-related deaths in each urban area
and scenario from 2000 to 2019 by summing the heat-
related deaths for the days when the temperature was
higher than the urban-specific minimum mortality
temperatures. To calculate the attributable fraction of
heat-related mortality for each urban area and scenario,
we divided the total heat-related deaths by the total
number of deaths. We used Monte Carlo simula-
tions to generate 1000 samples of the coefficients to
quantify the uncertainty of the estimates. The 2-5th and
97-5th percentiles of these distributions are interpreted
as 95% empirical confidence intervals (eCls). Heat-
related deaths and attributable fractions were aggregated
at the country, region, continent, and global levels. We
calculated the change in heatrelated deaths and
attributable fraction of heat-related deaths by increasing
EVI as the difference compared with the factual EVI
scenario. The details on the calculation of heat-related
deaths and attributable fractions are provided in the
appendix (pp 6, 7).

To assess the potential modification effects of
urban characteristics, we performed several stratified
analyses based on climate type (Koppen—Geiger climate
classification), greenness level (EVI), socioeconomic
status (GDP per capita and human development index),
and demographic characteristics (proportion of children
younger than 5 years or population aged 65 years
and older). We classified urban areas into subgroups
according to these characteristics and calculated the
changes in attributable fractions of heat-related deaths in
each counterfactual scenario compared with the factual
scenario (appendix pp 7, 8). We also conducted sensitivity
analyses using absolute changes in EVI scenarios
instead of relative changes. Specifically, we established
three alternative scenarios by increasing EVI levels to the
50th, 60th, and 70th percentiles of the global urban EVI
distribution in 2019. Consequently, only urban areas with

www.thelancet.com/planetary-health Published online April 30, 2025 https://doi.org/10.1016/52542-5196(25)00062-2



Articles

original EVI levels below these cutoff values were
included in the sensitivity analyses.

Role of the funding source
The funders had no role in study design, data collection,
data analyses, data interpretation, or writing of this report.

Results

In our modelling framework, EVI increased by 10% was
estimated to decrease the global population-weighted
warm-season mean temperature by 0-08°C, EVI
increased by 20% had an estimated decrease of 0-14°C,
EVI increased by 30% had an estimated decrease of
0-19°C, and EVI decreased to 0 had an estimated increase
of 0-23°C (figure 1; appendix p 13). West Europe would
have had the largest reduction in population-weighted
warm-season mean temperature, with decreases of
0-17°C in the 10% scenario, 0-30°C in the 20% scenario,
and 0-39°C in the 30% scenario. North Africa, East Asia,
and other regions in Oceania would have had the least
reduction in population-weighted warm-season mean
temperature, with a decrease of less than 0-03°C in all
three EVI-increasing scenarios. Most regions were
modelled to have an increase in temperature if EVI
decreased to 0, except for East Europe and Latin America
and the Caribbean.

In the factual scenario, 3153225 (2-48%) of 127179 341
total deaths could be attributed to heat exposure in
2000-19 (table 1). Increasing EVI by 10% was estimated
to prevent 0-86 million (95% eCI 0-67-1-05) global heat-
related deaths in 2000-19, EVI increased by 20% to
prevent 1-02 million (0-81-1-23) deaths, and EVI
increased by 30% to prevent 1-16 million (0-92-1-40)
deaths. Higher percentage increases in EVI were
modelled to reduce heat-related death across most
regions, with the exceptions of North Africa and other
regions in Oceania in any of the three EVI scenarios
(table 1; appendix p 14). Country-specific heat-related
deaths are provided in the appendix (pp 15-18).

Globally, the attributable fraction of heat-related deaths
was estimated to decrease by 0-67 (95% eCI 0-53 to 0-82)
percentage points in the 10% scenario, 0-80 (0-63 to
0-97) percentage points in the 20% scenario, and 0-91
(0-72 to 1-10) percentage points in the 30% scenario,
compared with the factual scenario (figure 2). By contrast,
the global fraction of heat-related death was estimated to
increase by 0-51 (-0-08 to 1-04) percentage points if
EVI decreased to 0. South Europe was modelled to have
the largest absolute decrease in attributable fraction of
heat-related deaths, with decreases of 1-94 (1-79 to 2-10)
percentage points in the 10% scenario, 2-23 (2-08 to
2-40) percentage points in the 20% scenario, and 2-47
(2-30 to 2-66) percentage points in the 30% scenario.
However, North America and Latin America and the
Caribbean were modelled to have significant absolute
decreases in attributable fraction of heat-related deaths if
EVI decreased to 0. The relative decreases in attributable

[ EVI decreased to 0

[ EVlincreased by 10%
[ EVlincreased by 20%
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Figure 1: Modelled change in population-weighted warm-season mean temperature under different EVI
scenarios compared with the factual scenario in 2000-19 by region and continent

The model reached a high level of accuracy in estimating daily temperature (average R*=0-93; average root mean
squared error 1-37°C; appendix p 11). EVI=enhanced vegetation index.

fraction of heat-related deaths at global and regional levels
are reported in the appendix (p 19): at the global level,
there was a modelled decrease of 27-16 (21-79 to 35-53)
percentage points in the 10% scenario, 32-22 (26-89 to
40-44) percentage points in the 20% scenario, and 36-66
(31-32 to 44-80) percentage points in the 30% scenario.
The largest relative decreases in the 30% scenario were
modelled for Australia and New Zealand (reduction of
82-98% [41-46 to 503-34]), North Europe (reduction of
67-53% [60-34 to 74-58]), and North America (62-89%
[54-10 to 79-02]; appendix p 19). North Africa and other
regions in Oceania were modelled to have an increase in
attributable fraction in heat-related deaths in all
counterfactual scenarios, although the estimates are not
statistically significant. The country-specific changes in
the attributable fraction of heat-related deaths are shown
in the appendix (pp 20-22).

Figure 3 presents the modelled change in attributable
fraction of heat-related deaths for the top 1000 most
populated urban areas. Most of the urban areas that have
the largest modelled reductions in attributable fraction of
heat-related deaths compared with the factual scenario
(ie, changes =1%) are located in Europe and Latin
America across all three EVI-increasing scenarios. In
contrast, nearly all urban areas modelled to have an
increase in heat-related deaths in the counterfactual
scenarios are in Africa. When EVI was decreased to 0,
613 (61%) of the top 1000 most populated urban areas
were modelled to have an increase in attributable
fractions of heat-related deaths, and 248 (25%) of these
locations had increases in heat-related death of 1% or
higher, with the majority in Africa, West Europe, South
Asia, and Southeast Asia.
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Heat-related deathsin  Modelled change in heat-related deaths
factual scenario
EVI decreased to 0 EVlincreased by 10% EVlincreased by 20% EVlincreased by 30%
Global 3153225 644039 -856311 -1015829 -1155920
(2277540t03923289) (-107707t01324699) (-1048573t0-667718) (-1229646t0-805006) (-1395185t0-917477)
Europe 883217 54227 -307588 -358263 -396 955
(746305t01003285)  (-7639710176229) (-339439t0-276088)  (-392363t0-323547)  (-436017t0-357367)
North Europe 48916 10243 -28834 -31294 -33031
(35703 to 61008) (-22491t0 41808) (-38241t0-19197) (-40812t0-21629) (-42666 t0-23204)
South Europe 200749 16721 -70536 -81198 -89940
(172 87110 224 345) (-4490t0 36 388) (76284 t0-64914) (-87052 to-75469) (-96 588 t0 -83423)
West Europe 111612 44176 -50254 -59377 -65696
(9491210 125835) (91990 77579) (-53190t0-46902) (-63538t0-54615) (-70841t0-59686)
East Europe 521940 -16913 -157963 -186394 -208288
(442819t0592097)  (-58613t020454) (-171724t0-145075)  (-200961t0-171833)  (-225921t0-191053)
Americas 383354 -123829 -156 529 -177150 -192392
(238291t0505495)  (-182936t0-65227)  (-193226t0-118228)  (-214727t0-139366)  (-235555 to-149044)
North America 110199 -26810 -58017 -64777 -69306
(74359 to 141804) (-51215 to -4726) (-70294 to-45985) (-78 808 t0-50764) (-84066 to-54029)
Latin America and 273154 -97018 -98512 -112373 -123085
the Caribbean (163931t0363691)  (-131721t0-60501) (<122 932 to-72243) (-135919t0-88602)  (-151489t0-95014)
Africa 145857 219054 -9720 -20644 -35853
(36938 t0 241030) (32473 10389066) (-41607 t0 20222) (-57323t0 15060) (76 687 to 5244)
North Africa 24459 18279 2143 1386 430
(819510 38 868) (456510 30823) (1464 to 5770) (2650 t0 5273) (-3286 to 4211)
Sub-Saharan Africa 121398 200775 -11863 -22030 -36283
(287431t0202162) (27908 to 358 243) (-40143t0 14 452) (-54 67210 9787) (-73401t01033)
Asia 1737501 494154 -380094 -457174 -527989
(1257265t02166322) (121958 to 821296) (-469888t0-293586)  (-560759 to-356789) (-642296 to-415 865)
Central Asia 23568 -1663 -8347 -9520 -10473
(16291 to 30245) (-6066 to 2491) (-10793 to-5861) (12166 t0-7050) (-13223t0-7825)
South Asia 794732 314976 -155726 -200123 -240198
(596773 to 967306) (161876 to 448734) (-186662t0-126081)  (-237978t0-163042)  (-283991to-197295)
West Asia 126661 7046 -28298 -31437 -34978
(95478 t0 153 845) (-8226 10 20677) (36076 t0-20 634) (-40365 to-23210) (-43927t0-26253)
East Asia 608622 (435622 to -10085 -126207 (-160 069 to -141651 -156 677
769534) (-111286 t0 79 525) -93608) (<177 837 t0 -106 725) (194114 to -120205)
Southeast Asia 183918 183879 -61516 (-76289 to -74443 -85662
(113100 to 245392) (85659 t0 269 869) -47402) (-92413t0 -56762) (107041 t0-64287)
Oceania 3297 433 -2380 -2598 -2733
(-1258 t0 7157) (-2805t0 3335) (-4414t0-38) (-4474t0-364) (-4630t0-446)
Australia and New 3325 591 -2407 -2624 -2759
Zealand (-1151to 7116) (-2175 to 3250) (-4377t0-138) (-4433t0-467) (-4591t0-548)
Other regions in -28 -158 27 27 27
Oceania (-107 to 41) (-630to 85) (-37t0101) (-42t0102) (-39t0 102)
Data are n (95% eCl). eCl=empirical confidence interval. EVI=enhanced vegetation index.
Table 1: Modelled change in heat-related deaths in different EVI scenarios compared with the factual scenario in 2000-19 by region and continent

Table 2 shows that the modelled change in attributable
fraction of heat-related deaths in different EVI scenarios
was potentially modified by climate type, greenness level,
socioeconomic status, and demographic characteristics.
Urban areas with a continental climate were modelled to
have the largest reduction in attributable fraction of heat-
related deaths, whereas those with a polar climate had
the smallest reduction. Generally, the modelled reduction
in attributable fraction of heat-related deaths increased
with higher factual EVI levels, except in urban areas with
the highest greenness levels (the high group). Urban

areas with higher socioeconomic status—higher GDP
per capita or higher human development index (HDI)—
were modelled to have a larger reduction in attributable
fraction of heat-related deaths than those with lower
socioeconomic status. Furthermore, urban areas with
fewer children younger than 5 years or a higher
proportion of people aged 65 years and older also showed
greater reductions in attributable fraction of heat-related
deaths.

Sensitivity analyses by using absolute changes in EVI
scenarios instead of relative changes show that the main
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EVI decreased to 0 EVlincreased by 10% EVlincreased by 20% EVlincreased by 30%
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Figure 2: Modelled change in attributable fraction of heat-related deaths in different enhanced vegetation index scenarios compared with the factual scenario in 2000-19
Data are percentage point change in the attributable fraction of heat-related deaths with 95% eCl. To calculate the attributable fraction of heat-related deaths, the total number of heat-related deaths
was divided by the total number of deaths. eCl=empirical confidence interval. EVI=enhanced vegetation index.

results were still robust when increasing EVI levels to the
50th, 60th, and 70th percentiles of the global EVI
distribution (appendix pp 23-25).

Discussion
To the best of our knowledge, this is the first study to use
a counterfactual model to estimate the global urban heat-
related mortality burden that could be prevented by
increasing EVI to different levels. Our model showed
that increasing EVI by 10-30% would result in a global
average decrease in warm-season population-weighted
mean temperature of 0-08-0-19°C and prevent
0-86-1-16 million deaths compared with the
counterfactual scenario in 2000-19. The effect of
increased EVI varied geographically, with urban areas in
South Asia, East Europe, and East Asia modelled to have
the greatest absolute reductions in heat-related deaths.
Our findings show that increasing EVI could significantly
reduce global heat-related deaths. This finding is supported
by previous studies on the effect of greenness on the
temperature—mortality association, which have shown that
greenness can protect against heat-related mortality from
all causes, diabetes, and stroke.*"*** However, most
previous studies have been limited to single countries or
regions, particularly in South Asia and East Asia, so the
role of greenness in other regions is still unknown. One
study of 452 locations in 24 countries, a subset of the
locations used in this study, found that a 1-20% increase in
normalised difference vegetation index was associated
with a 0-5-9% reduction in heat-related mortality.” The
estimates of that study are lower than our estimates,
possibly because it only considered the modifying role of
greenness on the exposure-response curve between heat
and mortality, and not the cooling effects of greenness on
daily temperatures.

Our findings suggest that the effects of EVI on heat-
related mortality vary across urban areas with different
regions, climate types, greenness levels, socioeconomic
statuses, and demographic characteristics. This variation
can be attributed to the combination of the difference in
the cooling effect of greenness on temperature and the
difference in the modifying effect of greenness on heat-
related mortality.

Greenness influences temperature through bio-
geophysical (eg, albedo, evapotranspiration) and
biogeochemical (eg, CO, absorption) processes.” Although
urban vegetation typically cools the environment through
shading and evapotranspiration, it can also lower surface
albedo, leading to increased heat retention.” For most
urban areas included in this study, the cooling effect
of greenspace dominated the counterbalance of these
two effects. However, contrary to expectations, we also
found that a complete loss of greenness was associated
with a temperature decrease in East Europe and Latin
America and the Caribbean. This finding might be
attributed to variations in the cooling efficacy of greenspace
across different climate types. East Europe has a
predominantly continental climate, where deforestation
can induce cooling due to the substantial albedo contrast
between forest canopies and snow-covered surfaces.” By
contrast, in most tropical climates (eg, Southeast Asia),
deforestation commonly exerts a warming effect due to a
decrease in absorbing CO, and a decrease in
evapotranspiration.* However, for some urban areas in
Latin America and the Caribbean, in the cases of extreme
heat and high background humidity, transpiration cooling
becomes less effective.” Additionally, dense tree canopies
can trap long-wave radiation at night, potentially elevating
temperatures.” Consequently, vegetation loss in these
regions might lead to a slight cooling effect. Furthermore,
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Figure 3: Modelled change in attributable fraction of heat-related deaths in different EVI scenarios in 2000-19 for the top 1000 most populated urban areas
To calculate the attributable fraction of heat-related deaths, the total number of heat-related deaths was divided by the total number of deaths. EVI=enhanced

vegetation index.

large-scale deforestation in surrounding areas can modify
moisture transport and cloud formation, reducing
incoming solar radiation and contributing to localised
cooling in urban environments.” Nevertheless, as our
results are primarily model driven, further empirical
studies are needed to validate these findings and elucidate
the underlying mechanisms.

Greenness can also modify the association between
heat and mortality, primarily by reducing susceptibility
to heat-related health risks. This effect could be
mediated through multiple mechanisms, including
lowering air pollution and noise levels, as well as
enhancing physical activity, social engagement, and
mental wellbeing.” Additionally, greenness influences
humidity levels, which can affect both thermal comfort
and thermoregulation by altering evaporative heat loss
from the skin surface and insensible water loss.* In
this study, we observed an increase in heat-related
mortality risk in North America in an EVI decreased to
0 scenario (appendix p 14). However, North America
was modelled to have reduced attributable fraction of
heat-related deaths in the EVI decreased to 0 scenario.
This finding might be partly explained by the non-linear
relationship between EVI and ambient temperature. As
shown in the appendix (p 14), the heat-mortality
relationship of North America follows a J-shaped
curve, with a minimum mortality temperature of
approximately 23°C. Although the complete loss
of greenness is expected to contribute to warming,

most of this temperature increase occurs on days
with temperatures below the minimum mortality
temperature (population-weighted average temperature
change 1-20°C), whereas days with temperatures
above the minimum mortality temperature have a
slight cooling effect (population-weighted average
temperature change —0-65°C). Consequently, despite
an overall increase in ambient temperature in the EVI
decreased to 0 scenario (figure 1), the estimated heat-
related mortality burden decreases, as only temperatures
exceeding the minimum mortality temperature con-
tribute to heat-related mortality. The varying effects of
EVI on temperature probably result from multiple
interacting factors, such as regional climate condi-
tions and vegetation characteristics. However, further
research is needed to better understand these complex
interactions and their implications for heat-related
health risks.

This study observed that urban areas with higher
socioeconomic status (measured by GDP per capita or
HDI) are more likely to have a greater reduction in
attributable fraction of heat-related mortality due to
increased greenness. Several factors might explain this
pattern. First, urban areas with higher socioeconomic
status tend to have higher baseline EVI levels (appendix
P 26). As a result, increasing EVI by a specific proportion
leads to a larger absolute increase, ultimately enhancing
both the cooling and modifying effects of greenness.
Second, socioeconomic disparities contribute to
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(%) in factual
scenario

Attributable fraction Modelled percentage point change in attributable fraction (95% eCl)

EVI decreased to O

EVlincreased by 10%

EVlincreased by 20%

EVI increased by 30%

Climate type

Tropical 1.62 (075 to 2:40) 1:39 (0-03 to 2-66)
Arid 314 (22110 3-97) 0-07 (-0-43 t0 0-56)
Temperate 2:40 (1-82t02-92) 0-29 (-0-34 t0 0-87)
Continental 3-81(2:99t04-55)  -0-29 (-0-71to 0-09)
Polar -1:30 (-1220t0 7-45)  0-85 (-1-19 to 3-06)
EVI level

Low (<0-20) 2.60 (172 t0 3-39) 0-12 (-0-46 t0 0-68)
Moderate-low 239 (166 to 3-06) 0-50 (-0-30t0 1-25)
(>0-20t0 0-26)

Moderate-high 2:68 (1.97t03-31) 0-47 (-0-32 t0 1.20)
(>0-26 t0 0:31)

High (>0-31) 2.01(1-37t02:59) 1:66 (0-31t02-93)
GDP per capita (US$)

Low (<1950) 178(0-99t02:48) 145 (0-12t02:70)
Moderate-low 239 (1-60to 3-11) 119 (0-16 to 2-16)
(>1950to 4375)

Moderate-high 2:41(1-60t03-13) 0-60 (-0-14t0 1-27)
(>4375t0 9216)

High (>9216) 273(1-99t0339)  -0-10 (-0-68 to 0-44)
Human development index

Low (<0-55) 1.81(1:02 to 2-52) 121 (-0-11t0 2-46)

Medium (>0-55 to 0-70) 221 (1-44t02-88) 0-88
High (>0-70 to 0-80) 2:78 (1-96 t0 3-53) 039
Very high (>0-80) 2:62 (1-92t0 3-25) 0-07

0-01t01.71)
~0-2410 0-97)
~0-59t0 0-70)

Children younger than 5 years

<6% 3:05 (2330 3-69) 0-03 (-0-49 to 0-51)

(
>6%to 9% 2-14 (1:35t0 2-85) 0-53 (-0-29t0 1:31)
>9%to 12% 2-42 (1-59t0 3-17) 0-94 (0-08to 1.74)
>12% 1.81(1-03to0 2-51) 1.07 (-0-25t0 2-31)

Population older than 65 years

<4% 1.96 (1-11t0 2:73) 1.01 (-0-19 to 2-13)

>4%t0 6% 234(159t03:02)  0-85(0-05t0 1-60)
>6% t0 9% 236 (1.56t03:08) 042 (-0-25t01-04)
>9% 2:97(227t03-60)  0-05 (-0-56 t0 0-62)

-0-42 (-0-67 to-0-17)
-0-67 (-0-95 to -0-40)
-0-74 (-0-91t0 -0-56)
-113 (-1:31t0 -0-95)
-0-27 (-2:07t0 1-66)

-0-57 (-0-82 t0-0-31)
-0-64 (-0-85 t0-0-44)

-0-87 (-1-06 to -0-67)
-0-71(-0-87 to-0-54)

-0-25 (-0-47 to -0-03)
-0-44 (-0-68 to -0-21)

-0-61 (-0-83 t0-0-40)

-092 (-1-13t0-0.71)

-0-23 (-0-52 to 0-07)

-0-44 (-0-65t0-0-24)
-0-74 (-0-95t0-0-54)
-094 (-1-15 to -0-74)

-053 (-0-81t0 -0-25)
-0-80 (-110t0 -0-50)
-0-85 (-1-05 to -0-66)
-1:30 (-1-50 to -1-09)
-0-44 (-2:35t0 1.55)

-0-67 (-0-95t0 -0-39)
-077 (-0-99 to-0-55)

-1.03 (-1-27t0 -0-79)

-0-82 (-1:01t0-0-63)

-0-38 (-0-65 to -0-10)
-0-57 (-0-82 to-0-32)

-071 (-0-95 t0-0-48)

-1.05 (-1-29 to -0-82)

-0-33 (-0-65to -0-01)
-0-56 (-0-79 to -0-34)
-0-88 (-1-11to-0-64)
-1.07 (-1-30 t0 -0-85)

-0-64 (-0-95 to-0-32)
-0-94 (-1-25t0-0-62)
-0-95 (-1-15 to -0-74)
-1:43 (-1-63t0 -1-22)
-0-60 (-2:58 t0 1-48)

-078 (-1:08 t0-0-47)
-0-89 (-1-12t0 -0-64)

-1-15 (-1-40 t0 -0-90)

-0-90 (-1-11t0-0-68)

-0-50 (-0-80t0-0-19)
-0-70 (-0-98 to -0-41)

-0-81 (-1.06 to -0-55)

-116 (-1-40 to -0-91)

-0-46 (-0-81t0-0-10)
-0-67 (-0-91t0-0-42
-0-98 (-1-23t0-073
-1-18 (-1-41t0-0-94)

)
)

-0-90 (-1:06t0-0-74)  -1:04(-1:22t0-0-86)  -1-16 (-1:35t0-0-96)
-071(-0-96t0-0-45)  -0-82 (-1-09t0-0-55)  -0-92 (-1-20 t0-0-63)
-054(-075t0-033)  -0-67(-0-92t0-0-42)  -0-79 (-1-05 to -0-52)
-0-23 (-0-52t0 0-06) -0-33 (-0-66 to 0-00) -0-45 (~0-81t0-0-08)

-035 (-0-64 t0 -0-05)
-0-51(-0-70t0-0-32)
-0-63 (-0-83t0-0-42)
-1.01 (-1-20 to -0-81)

Data are percentage point change in attributable fraction of heat-related deaths (95% eCl). eCl=empirical confidence interval. EVI=enhanced vegetation index

-0-45 (-0-77t0-0-12)
-0-63 (-0-86 to -0-41)
-0-74 (-0-97 to -0-51)
-1.15 (-1:36 to -0-94)

-0-56 (-0-91t0 -0-20,
-0-74 (-0-99 to-0-50
-0-84 (-1-08 to-0-59
-1.27 (-1-49to -1-04

greenness level, socioeconomic status, and demographic characteristics

Table 2: Modelled change in attributable fraction of heat-related deaths in different EVI scenarios compared with the factual scenario by climate type,

differences in heat vulnerability.** Wealthier areas
were observed to have a higher baseline heat-mortality
association (appendix p 27), potentially due to more
intensive urbanisation—which exacerbates the urban
heat island effect—and a higher prevalence of vulnerable
populations, such as ageing residents (appendix p 28).”
Therefore, reducing temperature by the same degree
might yield a greater reduction in mortality risks,
leading to more pronounced benefits of greenness. In
contrast, low-income areas might have a substantial
heat-related mortality burden driven by behavioural
patterns (eg, a higher likelihood of outdoor work),

greater physiological sensitivity (eg, pre-existing health
conditions), and low adaptive capacity (eg, reduced
access to cooling centres or air conditioning).”* These
factors often have a more crucial role in heat vulnerability
than EVI alone. Therefore, simply increasing greenness
without addressing Dbehavioural, physiological, and
adaptive factors might not lead to a significant reduction
in heat-related mortality in low-income areas. Third, the
protective effect of greenness might be reduced in
urban areas with low socioeconomic status, potentially
due to differences in the quality or distribution of
greenspaces.” Simply increasing the quantity of
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greenness without ensuring accessibility might not
effectively mitigate heat-related mortality risks,
particularly if greenspaces are unevenly distributed or
do not have features that promote effective heat
mitigation.®* Further research is needed to better
understand how the characteristics and spatial
distribution of greenness influence its protective effects
against heat-related mortality.

Despite these findings, the role of socioeconomic factors
in the greenness—mortality association remains debated.
A study in Switzerland reported that residential green-
ness had a higher protective effect on mortality risk
in individuals with a higher socioeconomic status.* In
contrast, another study suggested that increasing tree
canopy coverage could prevent more premature deaths in
areas with low socioeconomic status.” Future research
could adopt diverse methodological approaches, such as
longitudinal designs or quasi-experimental designs, to
better assess how socioeconomic status, at both individual
and community levels, shapes the relationship between
greenness and heat-related mortality. Moreover, the
interaction between socioeconomic status and other
determinants, such as access to health care, climate
adaptation strategies, and urban planning policies, would
provide a more comprehensive understanding of this
association.

The findings of our study provide insights for policy
development. First, our research highlights the potential
of increasing greenness as an effective strategy to reduce
heat-related mortality. Increasing greenspace coverage
in urban environments remains challenging due to
constraints such as scarce space, high population
density, and existing infrastructure constraints.
However, this study reveals that a moderate increase in
greenness could reduce heat-related mortality burden
through its cooling effects on temperature and modifying
effects on heat-related mortality risk. Therefore,
integrating greenness into urban planning and
adaptation strategies is essential. Measures could
include expanding existing greenness areas,” promoting
green roofs and walls,” and incorporating greenspaces
into redeveloped projects.” Additionally, increasing
greenness can provide co-benefits, such as flood risk
mitigation, improved air quality, reduced chronic disease
rates, and enhanced psychological wellbeing.”> However,
it should also be noted that for urban areas with the
highest greenness levels, further increases in greenness
might yield limited benefits. Second, our findings
indicate that the cooling effects of greenness might vary
across urban areas with different characteristics. Over
the past two decades, cities in the Global North have
seen a greater increase in greenness compared with
cities in the Global South.” Rapid urbanisation in low-
income and middle-income countries has often led to
substantial environmental degradation, including the
replacement of greenspaces with built-up land.”*** This
pattern suggests that efforts to enhance heat resilience

in less developed regions might have challenges. Our
study emphasises the need to combine poverty
alleviation efforts with other measures, such as heat
warning systems, improved building design and passive
cooling systems, broader access to public health services,
and mental health support, to strengthen adaptive
capacity in these regions.”*

This study has several strengths. This study uniquely
assesses both the cooling effect of greenness on
temperature and its modifying effect on heat-mortality
risk, thereby providing a comprehensive assessment of
the potential reduction in heat-related mortality burden
due to greenness. The findings can help to develop
tailored strategies against global warming at the national
or subnational level. Additionally, we used uniform
analytical approaches to assess the effect modification of
greenness on the exposure-response relationship across
all locations, ensuring the robustness and comparability
of our results.

Several limitations should be acknowledged. We
assumed that the mortality rate is identical across urban
areas within the same country due to the absence of
urban-specific mortality rate data. However, this is a
common assumption in the global burden of disease
studies.”*® This study did not characterise the benefits
of greenness across age and sex groups due to the
absence of age-specific and sex-specific mortality data at
both the location and urban area level. Future research
would complement our findings if such data were to
become available. We extrapolated the heat-mortality
association to each urban area based on heat-mortality
associations from 830 locations in 53 countries.
Although these locations cover a wide range of climatic,
demographic, and socioeconomic characteristics, the
interpretation of our findings for Africa should be taken
with caution, as there is scarce information from the
MCC Collaborative Research Network in this region.
Similarly, as only five locations from Oceania were
included, the eCIs of attributable fractions of heat-
related deaths are wide, suggesting high uncertainty in
the estimates. Further studies are needed to validate
these findings and explore the underlying mechanisms.
Furthermore, we did not differentiate between types of
greenness (eg, trees or grass) in this study, although
various vegetation types could have distinct cooling
effects on ambient temperatures, such as differences in
modifying humidity and water vapour.” Additionally,
small-scale greenspaces, such as street trees or pocket
parks, might not be fully captured in this study due to
the coarse resolution of EVI (250 m). Future studies
should explore how specific vegetation types contribute
to heat mitigation and incorporate higher-resolution
satellite data, by combining the local characteristics, to
better capture fine-scale greenness variations in urban
environments.

In conclusion, our study provides the first global
assessment of the potential reduction in heat-related
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mortality burden due to an increase in greenness. We
estimated that increasing EVI has a cooling effect
on temperature and significantly reduces heat-related
mortality risk. Consequently, increasing EVI is expected
to resultin a substantial decrease in heat-related mortality
burden across the globe, particularly in several hotspots
(ie, South Asia, East Europe, and East Asia). Preserving
and expanding greenness should be incorporated into
adaptation strategies to mitigate the health impacts of
heat exposure.
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