nature health

Article

https://doi.org/10.1038/s44360-025-00036-3

Small accessible urban parks mitigate

heat-related mortality

Received: 15 April 2025

Accepted: 1 December 2025

Published online: 15 January 2026

Cheng He ®'?’, Peng Yin®’, Renjie Chen"’, Li Wang*, Yuan Wang®,
Alexandra Schneider ®2, Haidong Kan ®'®

& Maigeng Zhou®?

% Check for updates

Increasing evidence suggests that a city’s green space coverage can
effectively regulate heatwave-related health risk, but the spatial pattern of

green spaces has not received sufficient attention. Here we investigated how
different green space configurations modify heatwave-related mortality
risk across 265 Chinese cities using five landscape metrics. We evaluated
heatwaves using varying intensities and durations. Results showed

that cities with higher green space coverage (percentage of landscape,
PLAND), more dispersed distributions (higher splitting index, SPLIT)

and more regular boundaries (lower landscape shape index, LSI) showed
significantly lower heatwave-related mortality risks. For heatwaves with
>92.5th percentile temperature for >2 consecutive days, mortality risks
were substantially higher in cities with low PLAND (relative risk (RR) 1.11,
95% confidence interval (ClI) 1.08-1.14), low SPLIT (RR 1.10, 95% C11.08-1.13)
and high LSI (RR1.13, 95% C11.10-1.18) compared with their counterparts
with high PLAND (RR1.04, 95% C11.01-1.07), high SPLIT (RR1.04, 95% Cl
1.01-1.08) and low LSI (RR 1.04, 95% C1 0.96-1.12), respectively; all P < 0.05.
Notably, merely increasing green space quantity (patch density) or largest
patchsize (largest patch index) did not significantly reduce mortality

risk. Our findings emphasize that green space configuration, beyond total
coverage, plays a crucial role in mitigating heatwave-related mortality,
suggesting that urban planning should prioritize strategically distributed,
more dispersed green spaces with regular boundaries rather than simply
focusing on quantity and the size of the largest green patches to enhance
public healthresilience against increasing heatwave threats.

As global climate change intensifies, heatwave events are becoming
more frequent’, posing a serious threat to human health’. Moreover,
the global urbanization processis leading to excessive anthropogenic
heat emissions and an increase in impervious surfaces, exacerbating
the urban heat island effect®* and consequently elevating the risks
of heat-related illnesses and mortality’, especially among the elderly
and those with pre-existing conditions®’. In this context, green spaces,
serving as an effective natural regulatory mechanism®, areincreasingly
recognized for their potential to mitigate heat exposures’, improve the

quality of the living environment quality and reduce heatwave-related
mortality risks'>".

The pathways through which green space mitigates health risks
associated with high temperatures manifest in several ways. First, the
transpiration from concentrated vegetation can directly cool the sur-
rounding area, thus minimizing the effects of nearby heat exposure
directly. In addition, green spaces offer cool refuges, which can allevi-
atetheresidents’ mental stress during heatwaves and provide venues
for necessary information dissemination and community interaction,
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Fig. 1| Values of 5 landscape metrics for green space in 265 cities. The selection
of the five landscape metrics prioritized key factors: overall green coverage,
patch quantity, predominant patch features, shape complexity or fragmentation,

I
144,853

and spatial continuity. Calculation methods for each landscape metric are
detailed in Methods. All landscape metrics are divided into three equal groups:
low, medium and high, based on tertile distribution.

increasing the likelihood that residents help each other during disas-
ters and potentially enhancing overall resilience to heat™. Previous
studies haveindicated that the cooling benefits of green spaces are not
uniformly distributed”. Theirimpact s contingent upon the layout and
scale, suchas the concentration, shape and density of green patches, all
of which may influence the local cooling effect”. Therefore, it is logical
to hypothesize that different green space layouts may have varying
influences on heatwave-related health risks. Current studies primar-
ily focus on the role of green space landscape patterns in regulating
overall surface temperature or the thermal environment'®. However,
as mentioned, green spaces regulate the health impacts of high tem-
peratures notonly through direct cooling but also by providing refuges
and alleviating mental stress for residents. This may require landscape
patterns that go beyond simply maximizing the average cooling effect.
In other words, the pattern most effective at providing overall cool-
ing may not necessarily be the best at mitigating heat-related health
impacts across the city.

While existing epidemiological evidence supports the health
benefits of green spaces, research has often focused primarily on
overall greenness coverage". Recent studies have begun to explore the
relationship between various aspects of green space morphology and
health outcomes’. For instance, connectivity, aggregation, coherence
and shape complexity of green spaces have been associated with non-
communicable diseases". Greater distances between shrublands have
been linked to more frequent mental distress?’, and more fragmented
green space morphology has been associated with shorter life expec-
tancy?.. In addition, the morphology of green spaces has been found

to influence mortality rates of cardiovascular diseases, which may
mediated by the combined effects of air pollution and temperature®.
Despite these findings, there is currently alack of research examining
the relationship between green space patterns and heatwave-related
health outcomes. Because heatwaves are anincreasingly notable public
health challenge and green spaces offer effective cooling, addressing
this knowledge gap could provide crucial insights for future green
space planning and climate adaptation measures.

Therefore, this study isamong the first to comprehensively exam-
inetherelationship between greenspace layouts and heatwave-related
mortality risks across multiple cities. By integrating landscape ecology
and epidemiological approaches, we aimed to thoroughly analyse
the potential impacts of various green space metrics on the mortal-
ity risk related to heatwaves with different intensities and durations.
This study seeks to provide valuable insights for green space planners
and policymakers, potentially informing strategies to enhance green
space configurations and improveresilience against the adverse health
impacts of heatwave events. The results could helpimprove adaptation
to climate warming through urban planning.

Results

Descriptive statistics

Our study utilized mortality data from China’s Death Surveillance Points
System (2013-2019) across 265 major Chinese cities. We assessed green
space distribution using a parcel-level land use classification dataset
with 10-m resolution. To capture critical aspects of green space con-
figuration, we screened potential landscape metrics based on their
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Fig. 2| Overall cumulative heatwave-mortality relationship by different
green space metrics. All cities were grouped based on the evaluation results of
five landscape metrics for green space distribution. Data are presented as RRs
(centre points) with 95% Cls (vertical lines). Meta-regression analysis provided
results for each group, with agrey background indicating significant differences
in heatwave risk (P < 0.05, two-sided multivariate Wald tests). The analysis
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incorporated heatwave definition with two thresholds (92.5% and 95%) and two
durations (2 days and 3 days). The landscape metrics included PLAND, PD, LPI,
LSIand SPLIT. All landscape metrics are divided into three equal groups: low,
medium and high, based on tertile distribution. Detailed numerical values and
Pvalues for all comparisons are provided in Supplementary Table 7.

ability to represent four key attributes: size, shape, aggregation and
fragmentation. This process led us to select five complementary met-
rics: percentage of landscape (PLAND), measuring overall coverage;
patchdensity (PD), reflecting patch quantity; largest patch index (LPI),
indicating dominance of the largest patch; landscape shape index (LSI),
assessing boundary complexity; and splittingindex (SPLIT), measuring
spatial fragmentation. The calculation methods for each landscape
metric are detailed in Methods, and their spatial implications areillus-
trated in Extended Data Fig. 1. We used a two-stage analytical frame-
work: first examining city-specific associations between heatwaves and
mortality,and then pooling these estimates through meta-regression
to explore how different green space landscape metrics modified heat-
wave-related mortality risks. For detailed explanations of our metrics
selection and methodological approaches, please refer to Methods.
Among all these included sites, 2 of the included cities are in the
tropical region, 145in the temperate climatic zone, 91in the continental
climaticzoneand27inthearid zones (Supplementary Fig.1). The green
spacelandscape metrics across these cities areillustrated in Fig. 1. There
are considerable variations, for PLAND that ranges from 0.02%t0 38.15%,
for PD that ranges from 0.02 to 1.76, for LPI that ranges from 1.01% to
11.37% and for LSI that ranges from 1.43 to 77.02. Moreover, the SPLIT
index varied more significantly, from 60.65to 58,420,387. The correla-
tion matrix heatmap of five selected landscape metrics (Supplementary
Fig.2) suggested nosignificant collinearity among the metrics after they
were categorizedinto three probability-based levels, considering thatall
correlation coefficients were less than 0.65. The varianceinflation factor
(VIF) analysis further confirmed low multicollinearity, with all VIF values
below1.5(PLAND 1.405,PD1.253,LPI1.169, LS11.297,SPLIT1.003), well
below the commonly accepted threshold of 5 (Supplementary Table1).

Overall heatwave-mortality associations
Our analysis incorporated data on 11,917,035 non-accidental daily
deaths, with 2,914,435 deaths among individuals aged 5-65 years and

9,002,600 deaths in those aged over 65. As shown in Table 1 and Sup-
plementary Fig. 3, the spatial distribution of two thresholds for heat-
wave definitions exhibits a similar pattern, with higher thresholds in
southernthannorthernregions and higher thresholdsin coastal areas
thaninland regions. Our analysis demonstrated that all four definitions
of heatwave events, including two percentiles (95% and 97.5%) and
two different durations (2 days and 3 days), significantly increased
daily mortality rates, with the relative risk (RR) ranging from 1.12 (95%
confidence interval (CI) 1.08-1.17) for a heatwave event with 95% per-
centile and 2-day durationto1.20 (95% Cl1.16-1.24) for 97.5% percentile
and 3-day duration event. In addition, heatwave events defined by the
97.5% percentile had higher RR compared with those of 95% percentile,
and longer-duration heatwaves (3 days) had greater impacts on daily
mortality thanshorter-duration heatwaves (2-day). Moreover, greater
risks were observed in older adults (Supplementary Table 2).

Green space configuration and heatwave-related mortality
AsdepictedinFig. 2, the associations between green space landscape
patterns and heatwave-related mortality risks exhibit similar trends
across heatwaves of different intensities and durations. For all four
heatwave definitions, we consistently observed that cities with higher
PLAND experienced significantly lower heatwave-related mortality risk
compared with those with lower PLAND (P < 0.05). In addition, cities
with higher values of LSI showed significantly higher mortality risks
than those with lower LSl across most heatwave definitions. Moreover,
for the SPLIT classifications, cities with lower SPLIT demonstrated sig-
nificantly higher risks than those with higher values in several heatwave
scenarios. Notably, no significant differences between groups were
observed under any of the four heatwave definitions when cities were
categorized according to PD and LPI.

As depicted in Fig. 3, the direction of the between-group dif-
ferences is consistent across both age groups, with between-group
differences being more pronounced in the older age group. Among
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Table 1| Descriptive statistics of heatwave case daysin
cities under four different definitions

92.5% 92.5% 95% 95%
(2days) (3 days) (2days) (3 days)

PLAND

Low (<0.6%) 15,360 (88) 12,916(88)  9,824(88) 7,886 (88)

Medium 15,392 (89) 13,092(89) 9,996 (89) 8,102 (89)

(0.6%-2.3%)

High (>2.3%) 15,440 (88) 13,390(88) 9,932(88)  87112(88)
PD

Low (<19%) 15,276 (88)  12,898(88) 9,792 (88) 7,852 (88)

Medium 15,429 (89) 13,109 (89) 9,969 (89) 7,991(89)

(19%-38%)

High (>38%) 15,487(88)  13,391(88)  9,991(88) 8,257 (88)
LPI

Low (<16%) 15,303 (88) 12,869 (88) 9,814 (88) 7,896 (88)

Medium 15,479 (89) 13,237 (89) 10,026 (89)  8,122(89)

(16%-53%)

High (>53%) 15410(88)  13,292(88)  9,912(88) 8,082 (88)
LSI

Low (<6) 15,210 (88) 12,808 (88)  9,785(88) 7,825 (88)

Medium (6-12) 15,576 (89) 13,252 (89) 9,887 (89) 7,983 (89)

High (>12) 15,406 (88) 13,338(88) 10,080(88) 8,292 (88)
SPLIT

Low (<16,736) 15,431 (88) 13,349(88) 9,918(88) 8,080 (88)

Medium 15,443 (89)  13,231(89) 10,073 (89)  8,249(89)

(16,736-144,853)

High (>144,853) 15,318(88)  12,818(88)  9,761(88) 7,771 (88)

Shown is the total number of heatwave days identified during the study period. All landscape
metrics are divided into three equal groups: low, medium and high, based on tertile
distribution.

the three main climate zones, the trends of heatwave-related mortal-
ity risks align with the overall findings, primarily in risk differences
observed for classifications of PLAND, LSl and LPI. However, some of
these between-group differences did not reach statistical significance,
probably due to the number of cities available. In addition, sensitivity
analyses demonstrated the robustness of our findings. Using daily
maximum temperature instead of daily mean temperature to define
heatwaves, or employing population-weighted meteorological data
within city boundaries, did not significantly alter our results (Supple-
mentary Table 3). Furthermore, adjusting key statistical model param-
eters—such as modifying the degrees of freedom for the lag-response
function and extending the lag period to 14 days—did not alter our main
conclusions (Supplementary Table 4). Moreover, controlling for daily
PM, ; (particulate matter <2.5 umin aerodynamic diameter) concentra-
tions and using a different green space dataset (Global Forest Change
dataset) yielded consistent results (Supplementary Table 5), further
validating our findings, despite differences in some metric calculations
between the two datasets (Supplementary Table 6).

Discussion

Our analysis in 265 Chinese cities reveals a significant link between
landscape patterns for green space and mortality risks associated with
heatwaves of varying thresholds and durations. The results indicate that
heatwave-related mortality risk may be influenced not only by overall
green space coverage but also by the average shape and clustering of
green spaces. Specifically, cities with higher green space coverage,
more dispersed layouts and more regular boundaries showed lower
heatwave-related mortality risks. However, increasing the number

of green spaces or enlarging the largest patch does not significantly
impact overall heatwave-related mortality risk. These findings contrib-
ute to existing knowledge on the health benefits of green space amid
extreme heat events, underscoring the critical role of optimizing green
space configurations to reduce heatwave mortality risks.

Our findings are consistent with previous studies suggesting that
green spaces could significantly improve health outcomes. Increased
accessibility to green areas has been shown to mitigate the risk of vari-
ous diseases, including cardiovascular®** and respiratory diseases®.
Furthermore, thereis substantial evidence indicating that increasing
greenery coverage can effectively reduce heat-related mortality. For
instance, recent research demonstrated that a10% increase in tree
canopy coverage significantly reduced heat-related mortality in North
America, particularly in densely populated urban areas®. A study in
Lisbon, Portugal, found that green space significantly alleviated heat-
related mortality among the elderly population over 65 years”. A study
encompassing 452 locations worldwide indicated that a20% augmenta-
tionof green space was linked to a9.02% (95% C18.88-9.16) reductionin
the mortality fraction attributable to ambient heat”. All these findings
consistently supportthatincreased greenery coverage could notably
diminish healthrisks associated with heatwaves. However, most previ-
ous epidemiological studies have primarily focused on overall green-
ness coverage rather than the spatial configuration of green spaces,
which could provide more actionable insights for adaptive measures
and future green space planning. Moreover, our findings diverge from
previous studies that focus on the cooling efficiency of green spaces”,
which emphasize the importance of larger green patches and lower
SPLIT values in significant average cooling across cities'**, Contrary
to these studies, our research did not observe a substantial moderat-
ing effect of the LPI on heat-related mortality risks. Interestingly, we
foundthat ahigher SPLIT value could more effectively alleviate health
impacts. This suggests that the health benefits of green spaces extend
beyond mere temperature regulation, highlighting the complexity of
how green space configuration influences health outcomes.

Several plausible explanations help us understand how different
metrics of green spaces could influence their roles in modifying the
health impacts of heatwaves. First, an increase in the PLAND value
indicates greater green coverage, which enhances the capacity for
transpiration, effectively moderating temperature rises during heat-
wave periods”. It may also imply greater average accessibility to green
space’, thereby effectively reducing the average heat exposure health
risk for city dwellers. Second, an increase in the SPLIT metric indi-
cates thatgreen spaces are more scattered, which can expand average
accessibility to greenery across a broader region™. This widespread
distribution of green spaces is potentially beneficial, especially dur-
ing heatwaves, as it could provide necessary shade and cooling to a
larger portion of the population. Accessible dispersed green spaces,
or cooling centres, canbe particularly vital for those who must engage
in outdoor activities during extreme heat days, by virtue of offering
respite and reducing the risk of heat exposure®. Moreover, dispersed
green spaces can serve as relaxation spots that help mitigate the psy-
chologicaland physiological stresses induced by high temperatures®.
This contrasts with the impact of concentrated green spaces, which,
despite their ability to significantly lower overall average temperatures,
may not be as effective in enhancing overall livability as increased
accessibility to multiple green areas. This point could be further cor-
roborated by our findings regarding the LPI, which did not reveal a
significant moderating effect, but suggested that the distribution of
green spaces is more crucial for health benefits during heat events
than the presence of singular large green areas. Third, a higher LSI
suggested moreregular andintact boundaries of green spaces, enhanc-
ing vegetation’s transpiration process. When these boundaries are
fragmented, the cooling effects can be diminished by the surround-
ing environment***, reducing their average ability to provide relief
during heatwave days. Moreover, the effectiveness of green spacesin
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Fig. 3| Overall cumulative heatwave-mortality relationship by different green
space metrics across different climate zones and age groups. Subgroup analysis
under the definition of heatwaves with thresholds of 92.5% percentile of daily
mean temperature and duration of three days. Data are presented as RRs (centre

points) with 95% Cls (vertical lines). Climate zoning is primarily based on the
Koppen climate classification. Grey background indicates significant differences
inheatwave risk (P< 0.05). The landscape metricsinclude PLAND, PD, LPI, LSIand
SPLIT. Detailed numerical values are provided in Supplementary Tables 8 and 9.

mitigating high temperatures and providing shade depends on their
size and continuity®®. Thus, increasing PD without considering their
overall configuration could not substantially mitigate the adverse
health effects of high temperatures.

Anthropogenic climate change significantly increases the fre-
quency, duration and intensity of heatwaves globally, and thus the
heat-related disease burden would markedly increase, especially when
considering the growing urban heat island effects due to worldwide
urbanization”. Therefore, understanding the effectiveness of green
space planning in influencing the health risks associated with heat-
waves is crucial for better addressing climate warming. Our findings
have substantial implications for future land use planning policies.
First, our results highlight that increasing overall green coverage can
effectively reduce the healthimpacts of various heatwaves, regardless
oftheir duration or thresholds. Thus, strategically increasing average
greenery remains a vital method for mitigating future warming-related
health risks. Second, the effectiveness of green space relies more on
their thoughtful design than on mere quantity. Proper planning should
emphasize the creation of accessible, community-based cooling ref-
uges that not only contribute to revitalizing health services but also
support mutual assistance and information exchange within commu-
nities during extreme heat events. Itisimportant to avoid fragmented
and irregularly distributed green spaces, as they often fail to provide
these comprehensive benefits. Lastly, our research suggests that,
although amore dispersed layout of green spaces can alleviate overall
healthrisks, merely enlarging the area of a single large park could not
effectively address theserisks. Therefore, future planning should aim
to enhance the average accessibility of green spaces for all residents,
focusing on improving the configuration of multiple smaller parks
rather than solely expanding large parks. Overall, community-based,

dispersed cooling centres are more beneficial than centralized, large
green spaces.

This study has several limitations that should be noted. First,
whileitincluded a substantial number of cities and explored potential
differences across several different climatic zones, the influence of
various climate conditions on the observed trends was not identified.
More ccitiesneed tobeincludedin future research to examine potential
variations in vegetation transpiration mechanisms across different
climates. Second, all the cities in this study are located in mainland
China; therefore, the results may not be easily generalizable to other
regions with different climatic conditions, lifestyles and healthcare
resources. Third, theimpact of green spaces on heatwaves may change
as urbanization progresses, and our data, limited to recent impacts,
might not fully capture these dynamics.

In conclusion, this nationwide study in China underscores the
importance of green spaces in reducing heatwave-related mortality
risks. We found that both the overall coverage of green spaces and
their spatial configuration and layout are associated with heat-related
health impacts. Cities with higher green space coverage, dispersed
greenspace layouts and more regular boundaries demonstrated lower
mortality risks during heatwaves. Conversely, simply increasing the
number of green spaces or enlarging a single large park may not sig-
nificantly alleviate heatwave-related mortality risks. Our findings chal-
lenge conventional notions that focus solely on green space coverage
in health promotion and suggest a more nuanced perspective that
the distribution and configuration of greenery should be considered
inthe health risk assessment of heatwaves and the planning of green-
ness. This indicates that future urban planning should prioritize stra-
tegically dispersed green spaces that enhance accessibility, thereby
providing broader cooling effects. These insights contribute to our
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understanding of urban health amid climate change, emphasizing the
need for adaptable, resilient land use planning to combat the health
threats due to the increasing frequency and severity of heatwaves.

Methods

Health outcome data

This study utilized daily mortality data from a national death registry,
the Death Surveillance Points System, from 2013 to 2019, which covers
allcitiesinmainland China at the prefecturelevel or above®®. To ensure
itsadequaterepresentation at differentlevels, the Disease Surveillance
Points Systemincluded districts and counties from almost all citiesat or
abovethe prefecturelevel®. All these surveillance points were selected
by aniterative method involving multistage stratification that took into
account the sociodemographic characteristics of the total populationin
eachcity®. Thiswell-established death registry dataset have been widely
used in policy formulation and disease burden assessment related to
different environmental exposuresin China**~**and worldwide**. Spe-
cifically, daily death records due to non-accidental causes, categorized
under codes AOO-R99 according to the International Classification
of Diseases-10, were extracted for analysis. We also divided daily total
deathsinto strataby age ranges (5-64 years, 65 years or older). Deaths
among children under age 5were too few and were therefore excluded
fromour analysis. For this study, we utilized a well-established mortality
dataset encompassing 265 cities from this dataset*. To ensure enough
statistical power when fitting time-series study design, we excluded
citieswith fewer than 3 total deaths on average per day and with a total
population of at least 200,000 (ref. 40) and 7 cities with insufficient
greenspaceareas (total coverage <0.01%).In summary, these citiesare
dispersed across all 31 provincial administrative regions and account for
>80% of all cities at the prefecture level and above in China. The average
population of these 265 cities during the study period was 3,413,322,
with arange from 509,639 t0 29,454,867.

Green space and its morphology
We obtained dataon the spatial distribution of green spacesineach city
fromthe Essential Urban Land Use Categoriesin China (EULUC-China)
dataset, a widely used parcel-level land use classification dataset in
China®. This dataset was developed by the Future Urbanity & Sustain-
able Environment Group using 10-m satellite images, OpenStreetMap,
nighttime light images, points of interest and Tencent mobile-phone
location request data. Several methods were used, including parcel
generation using the OpenStreetMap road network and impervious
boundaries, as well as crowdsourced collection of training data®. It
categorizesland useinto 5mainand 12 second-level types withal0-m
resolution for 2018. Due to the detailed information, it has been utilized
innumerous studies to represent the period of 2010s*° across different
themes***8, For our research, we specifically used the ‘Park and green
space’ category from the second-level classification as the basis for our
green space spatial data. This category primarily represents parks and
greenspace lands used for entertainment and environmental conserva-
tion. Itincludesalllarge green parks and urban green parcelsidentified
by combining polygon-based parcels from the OpenStreetMap road
network with remote sensing data. This classification specifically
excludes urban waterbodies and blue spaces, allowing us to focus on
the effects of green space without confounding from water features*.
Duetothespatial resolution limitations of the data (10 m), smaller-scale
neighbourhood parcels and street trees are not includedin this dataset.
We chose this dataset over traditional remote-sensing-based land
use data for our primary analysis because the EULUC-China dataset
captures green space distribution not only based on physical charac-
teristics from remote sensingimages but also on actual usage patterns
fromvisitor records. Consequently, it provides amore reliable founda-
tion for our study on the relationship between green space layout and
heatwave-related mortality risks, as it closely aligns with real-world
land use patterns.

Arelevant review indicates that studies on the health effects of
green space typically consider landscape metrics from six aspects:
size, shape, aggregation, connectedness, diversity and fragmenta-
tion'®. Based on their effectiveness observed in epidemiological studies
and our specific research needs on undifferentiated green spaces, we
focused on four of these aspects: size, shape, aggregation and fragmen-
tation. We chose the specific metrics due to the prior knowledge®*****°
and the potential non-collinearity among the metrics. As a result, we
selected the following five metrics:

(1) PLAND

n

ZizlAi

PLAND =
Atotal

x 100%

A;is the area of the ith patch of the green space, A, is the total
landscape areaand nis the total number of green space patches within
the city boundaries. Thisindexis calculated as a percentage, reflecting
the proportion of the total city landscape constituted by green spaces.
It is a direct measure of the extent and distribution of green space
coverage within the city’s landscape.

(2)PD

n
PD = ().
Atota[

This metric measures the number of patches relative to the total area of

thelandscape. This metric primarily reflects the density of all patches

of green space, without delving into the size or shape of each patch.
(3)LPI

max (A;)

n
n
i=I

LPI =

A

This metric measures the percentage of the total green space that is

made up of thelargest patch of green space. A higher LPIvalue indicates

agreater dominance of the largest patch within the city landscape.
(4)LSI

LSI = (—Z'll : )
4\/Atotal

P;isthe perimeter of patch i, calculated by summing the perimeters of
all patches of green space and then dividing by four times the square
root of the total landscape area. The square root of the area gives the
sidelength of asquare with the same area as the landscape, and multi-
plying by 4 gives the perimeter of that square. Thus, LSI measures the
complexity of patch shapes relative to a square baseline, with higher
valuesindicating more irregular and complex shapes compared to the
simplicity of asquare.
(5)SPLIT

2

A
total

i=1""i

) x 100.

This metric measures the degree of fragmentation of green space
by comparing the size of all patches with the total landscape area. A
higher SPLIT value indicates a greater degree of fragmentation, with
smaller and more numerous patches spread throughout the landscape.

To calculate these metrics, we first identified the green space spa-
tial distribution using the urban boundary data for all cities, to obtain
the distribution of green spaces within each city’sadministrative area.
Wethen processed these dataindividually into Fragstats (version 4.2)
to compute all the landscape pattern indices for each city. All the
identification and conversion processes were primarily carried out
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using the Geopandas package (version 1.0.1) on the Python platform
(version3.12).

Consideringthe differing value ranges of these metrics and draw-
ing fromrelevant study”, we opted to categorize the continuous value
of each metricinto three groups. This categorization could enable us
to group the values of each metric, thereby satisfying the need for a
meaningful stratified comparison and analysis across cities. It also
helps avoid potential collinearity issues that might arise from finer
grouping, while ensuring sufficient sample sizes within each group
to maintain the reliability of our estimates. Specifically, we ranked all
landscape metrics from lowest to highest and divided them into three
equal groups: low, medium and high. Then, we used the correlation
matrix method to test for potential collinearity issues among the five
metrics after categorization. In addition, we calculated VIF values to
further assess multicollinearity among the landscape metrics.

Analytical framework

Our analysis was confined to the period from May to October, when
extreme heat events predominantly occur®. Regarding the method for
identifying heatwaves, referring to relevant studies***>, we adopted the
most commonly used heatwave definition approach based on percen-
tile thresholds and consecutive days to ensure that heatwaves identi-
fied across different cities were comparable. Following established
research practices****, we used commonly used intensity percentiles,
including the 92.5th and 95th percentiles, combined with duration
criteria of two consecutive days and three or more consecutive days,
creating four heatwave definitions: 92.5th percentile for >2 days, 92.5th
percentile for >3 days, 95th percentile for >2 days and 95th percentile
for =3 days.

We adopted a two-stage analytic framework, as done in previous
multicity studies of heatwaves®**". For the first stage, the RRs of daily
mortality related to heatwave exposure were calculated by compar-
ing the heatwave days with non-heatwave days for each city. In this
step, we used same model specifications as other heatwave-related
studies™**~%; the detailed main model setting can be found in Supple-
mentary Information. For the second stage, by using random effects
meta-analyses with restricted maximum likelihood estimation®®, we
pooled the coefficients and covariance matrixes of the cross-basis
function that quantified the city-specific associations between heat-
wave exposure and daily mortality. The overall risks were pooled using
different climate types, age groups and landscape metric groups.

To identify effect modification for the heatwave-mortality asso-
ciation, specifically the different metrics of green space patterns,
we compared the cumulative RRs across different strata of potential
modifiers®, Specifically, we calculated Pvalues to assess the differences
betweenrisk estimates from each of the subgroups using the multivari-
ate Wald test, witha Pvalue <0.05 considered statistically significant®°.

Furthermore, to explore potential variations across different
climatic conditions and age demographics, we examined whether the
effects of different landscape pattern metrics varied across subgroups
based on Képpen climate classification® (temperate, continental and
arid) and age groups (5-64 years, 65 years or older).

To test the robustness of our analysis, we conducted several sen-
sitivity analyses. First, we obtained 2015 green space data for each city
from the Global Forest Change dataset (version1.3)®?, which, primarily
derived from Landsat remote sensing imagery, provides forest distri-
bution data and has been widely used in related studies on the health
impacts of green space®. We used these forest distribution data as
a proxy for green space, following the same analytical procedures
as our primary analysis. In addition, we tested alternative heatwave
definitions using daily maximum temperature instead of daily mean
temperature. We also examined the sensitivity of our results to key
model parameters, including degrees of freedom for time variable and
humidity, and tested the potential confounding effects of air pollution
by controlling for daily PM, s concentrations. Furthermore, to address

potential spatial representativeness issues of meteorological stations
across different cities, we collected ERA5-Land gridded datawithineach
city’sboundaries and combined it with WorldPop 1-km population data
to generate population-weighted daily mean temperature time series
for each city during the study period (detailed weighting calculation
procedures are provided in Supplementary Information).

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

Data availability

Daily mortality data were obtained from China’s Death Surveillance
Points System, managed by the Chinese Center for Disease Control
and Prevention. Due to data privacy regulations, these data cannot
be publicly shared but may be requested from the Chinese Center for
Disease Control and Prevention. Green space data are publicly available
via the Essential Urban Land Use Categories in China (EULUC-China)
dataset at https://fuselab.hku.hk/dataset/. Meteorological data are
available viathe China Meteorological Administration at https://data.
cma.cn/. ERA5-Land reanalysis data are available via the Copernicus
Climate Data Store at https://cds.climate.copernicus.eu/. Population
dataareavailable viaWorldPop at https://www.worldpop.org/.Figure 1
and Supplementary Figs.1and 3 were created using Python 3.10 with
Matplotlib v3.7.1and Cartopy v0.21.1. The vector data for China’s pro-
vincial administrative boundaries (including the Nine-Dash Line) were
obtained from Xu Xinliang, Multi-year Provincial Administrative Divi-
sion Boundary Data in China, Resource and Environmental Science
Data Registration and Publication System (https://www.resdc.cn/
DOI/doi.aspx?DOIlid=122). Global coastlines and ocean boundaries
(for regions outside China) are open-sourced and were derived from
Natural Earth (https://www.naturalearthdata.com/). All spatial data
were projected using the Plate Carrée projection (EPSG: 4326).Source
dataare provided with this paper.

Code availability

The analysis code used for the main statistical analysis in this study is
available via GitHub at https://github.com/chenghel130/green space-
Patterns-and-Heatwave-related-Mortality.git.
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PLAND

LP1

Extended Data Fig. 1| Conceptual diagram showing spatial patterns
corresponding to different values of green space landscape metrics.
Conceptual diagramillustrating spatial patterns represented by five green space
landscape metrics. PLAND (Percentage of Landscape) measures total green space
coverage. PD (Patch Density) indicates patch quantity per unit area. LPI (Largest

PD

B Park and greenspace
Low < > High

Patch Index) represents the dominance of the largest patch. LSI (Landscape
Shape Index) quantifies boundary complexity, with higher values indicating
more irregular shapes. SPLIT (Splitting Index) measures spatial fragmentation,
with higher valuesindicating more dispersed patches.
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Data collection  Geospatial data processing was conducted using Python version 3.12 with the Geopandas package version 1.0.1 to extract and process
greenspace distribution from the EULUC-China dataset within city boundaries. Landscape pattern metrics were calculated using Fragstats
version 4.2. Meteorological data were directly obtained from the China Meteorological Administration's monitoring stations without requiring
custom software. For sensitivity analyses, we downloaded ERA5-Land reanalysis data from the Copernicus Climate Data Store and WorldPop
gridded population data for population-weighted temperature calculations. Mortality data were obtained directly from China's Death
Surveillance Points System without additional software processing.

Data analysis Statistical analyses were conducted in R version 4.4.2 using the dinm package version 2.4.7 for distributed lag non-linear models and mvmeta
package version 1.0.3 for meta-analysis. The analysis code is available at: https://github.com/chenghe1130/Greenspace-Patterns-and-
Heatwave-related-Mortality.git.
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publicly available from the Essential Urban Land Use Categories in China (EULUC-China) dataset at https://fuselab.hku.hk/dataset/. Meteorological data are available
from the China Meteorological Administration at https://data.cma.cn/. ERA5-Land reanalysis data are available from the Copernicus Climate Data Store at https://
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Study description This is a quantitative ecological time-series study examining the association between greenspace landscape patterns and heatwave-
related mortality across 265 Chinese cities from 2013 to 2019.

Research sample The research sample consisted of 265 prefecture-level or above cities in mainland China with mortality data from China's Death
Surveillance Points System. The sample included cities with an average daily mortality count of at least 3 deaths and a total
population of at least 200,000. Cities were distributed across 31 provincial administrative regions, representing over 80% of all
prefecture-level and above cities in China.

Sampling strategy Cities were selected using predefined inclusion criteria to ensure adequate statistical power for time-series analysis. We excluded
cities with fewer than three average daily deaths, total population below 200,000, and insufficient green space coverage (total area
<0.01%). This stratified approach ensured sufficient sample sizes for reliable estimates while maintaining geographic
representativeness.

Data collection Daily mortality data were obtained from China's Death Surveillance Points System, a well-established national death registry covering
all prefecture-level and above cities. Meteorological data (daily mean temperature and relative humidity) were collected from fixed
monitoring stations operated by the China Meteorological Administration. Greenspace distribution data were extracted from the
EULUC-China dataset, a parcel-level land use classification dataset developed using 10-meter resolution satellite imagery,
OpenStreetMap, and location-based service data.
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Timing Data collection period: 2013 to 2019 for mortality and meteorological data.

Data exclusions Seven cities were excluded due to insufficient green space areas (total coverage <0.01%). Cities with fewer than three average daily
deaths or total population below 200,000 were also excluded to ensure adequate statistical power.

Non-participation Not applicable. This study used complete surveillance data from existing national systems without individual-level participation or
recruitment.

Randomization Not applicable. This was an observational ecological study without experimental intervention or random allocation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
|Z |:| Antibodies |Z |:| ChlIP-seq

X|[] Eukaryotic cell lines [] Flow cytometry
X |:| Palaeontology and archaeology |:| MRI-based neuroimaging
X|[] Animals and other organisms

|Z |:| Clinical data

|:| Dual use research of concern

X|[] Plants

Plants
Seed stocks Not applicable.

Novel plant genotypes  Not applicable.

Authentication Not applicable.
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