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Abstract

Rising urban temperatures and heat extremes pose an urgent global challenge, yet the potential for
mitigating excessive urban heat—particularly at the global scale-remains unclear. Here, we
quantify the cooling potential across 2,265 cities worldwide by the 2050s using validated urban
climate simulations. Cooling effects are quantified as the reduction in the summer average wet-
bulb globe temperature (WBGT) and heat danger hours (HDH; WBGT > 31.4 °C) under the
combined implementation of reflective surfaces, green transformation, and anthropogenic heat
reduction. We show a distinct spatial asymmetry: while the cooling potential increases with
latitude, primarily due to greater cooling from reflective surfaces, the highest heat risk is
concentrated in low- to mid-latitude regions (10°N-40°N). In these high-risk regions, combined
mitigation is more effective at night, reducing HDH by an average of 37%, whereas daytime heat



1s mitigated to a lesser extent (11%). These asymmetries underscore the need for context-specific
strategies—particularly accelerated action and localized innovation for low-latitude humid
regions—as well as the integration of city-scale planning with targeted daytime heat risk
interventions.



Introduction

Urban temperatures are generally higher than those in surrounding rural areas due to the changes
in surface energy balance caused by urban development, a phenomenon known as the urban heat
island (UHI) effect'. Moreover, increasingly frequent extreme heat events are expected to
exacerbate heat risk??. By the 2050s, the frequency of urban heat extremes is projected to be 2.5
times greater than that in 2023 (Supplementary Fig. 1), based on climate projections from the
coupled model intercomparison project phase 6 (CMIP) under a high-emission scenario (SSP 5-
8.5), which represents the most aggressive pathway combining Representative Concentration
Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs). As the urban population continues
to grow and cities expand?, these cascading effects pose heat-related health risks>® and

9-12

socioeconomic burdens” '~ of varying severity for cities worldwide.

Urban heat arises from a complex interplay between background climate conditions and city-

1314 which have been studied at both regional'>!¢ and global scales'®-

specific urban characteristics
18 While these studies have primarily offered insights into the causes of urban heat, understanding
the effectiveness and underlying mechanisms of urban heat mitigation strategies across different
climates remains incomplete, as much of the literature has focused on localized case studies!*°.
This suggests a pressing need to broaden the scope of research to the global scale, with the goal of
building a more comprehensive body of knowledge that can be generalized across diverse climates
and urban forms—ultimately supporting the transformation of cities towards greater

resilience!??1%2,

Specifically, the root cause of the urban heat island effect lies in changes in the surface energy
balance within cities '. Typical heat mitigation strategies—such as the deployment of reflective
materials and the implementation of nature-based solutions to conserve and restore natural
ecosystems—aim to reduce urban heat by modifying the surface energy balance. These
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interventions operate through increased reflection of incoming solar radiation
evapotranspiration®’, additional shading effects?’, and reduced anthropogenic heat emissions

While existing studies have evaluated their effectiveness in cooling ambient temperature'®2®

, a
systematic understanding of their specific impacts on individual components of the surface energy
balance—and how these impacts, along with the efficiency of translating energy modifications
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into actual cooling”*", vary across different climatic contexts—remains limited.

Here, we assess the potential for mitigating future urban heat by the 2050s across 2,265 global
cities using a mesoscale numerical weather prediction model. Specifically, we employ the Weather
Research and Forecasting (WRF) model coupled with urban canopy parameterizations to simulate
the cooling potential from heat mitigation measures. The model is first validated against weather
station observations and then driven by future climate and urban expansion projections under a
high-emission pathway (CMIP6 SSP 5-85). The cooling potential is quantified as the reduction in

)18,31

the five-summer average wet-bulb globe temperature (WBGT —a metric that captures the



combined effects of air temperature and humidity on human thermal stress—by comparing the
baseline case (without mitigation) with the mitigation cases (with mitigation). For each city, we
evaluate the integrated effects of three physics-representative mitigation strategies: deployment of
reflective roofs/pavements, green transformation (preserving and restoring green areas), and
anthropogenic heat reduction by optimizing air conditioning (AC) systems (increasing both the
efficiency and the setpoint temperature). To further elucidate the underlying mechanisms driving
variations in urban heat mitigation effectiveness, model outputs are analyzed to quantify the
efficacy of these mitigation measures in modifying surface heat fluxes, as well as the contributions
of these changes to the resulting cooling effect across regions and climates. A detailed description
of the model, used datasets, and analytical procedures is provided in the Methods section.

Results

Asymmetric cooling potential in future heat extremes

The results reveal a pronounced spatial asymmetry in the reduction of exposure to heat extremes,
quantified by reduced summer heat danger hours when the WBGT exceeds the “danger”
threshold®? of 31.4 °C (AHDHs, 4, see Methods). The spatial distribution of the baseline HDHsj 4
(i.e., without heat mitigation) shows that cities between 10° N and 40° N generally experience
substantial heat risks (Fig. 1a, b), with average HDH3, , values of 515 and 702 for dry and wet
climate cities, respectively. In contrast, the cities north of 40° N and south of 10° N experience
significantly lower HDH3, 4 values, averaging only 69. When the “severe warning” threshold
(29 °C)* is used, this high-risk zone expands to 10° S—40° N, with average HDH3, , values of
808 and 1200 for dry and wet climate cities, respectively, whereas only 167 HDH,q4 are observed
in the remaining lower-risk latitudinal bands (Supplementary Fig. 5a, b).

This non-equatorially symmetric distribution likely reflects the differences in background climate
and the amplified warming from the uneven land—ocean distribution between the Northern and
Southern Hemispheres®. Cities located between 20° and 40° absolute latitude experience more
intense and prolonged summer solar irradiance than equatorial cities, exacerbating urban
overheating. Climate wetness also plays a key role: within the same latitudinal band, cities in wet
climates consistently present higher HDH3, 4 (p<0.01) and HDH,4 (p<0.01) values than their
dry-climate counterparts'®.

In contrast, the effectiveness of combined mitigation measures in addressing heat
extremes exhibits an opposing variation across latitudes (Fig. 1a-d). In the high-risk zone (10° N—
40°N), HDH3, , can be mitigated by an average of 97 hours in dry climates and 124 hours in wet
climates, corresponding to approximately 22% and 20%, respectively, of the respective baseline
values (considering only cities in which the baseline HDH3q, exceeds zero.). Moreover, outside
this region, the reduction averages 22 hours, accounting for 45% of the baseline. For HDH,q, the
reduction reaches 101 (14%) and 138 (18%) in dry-climate and wet-climate cities, respectively,
within the high-risk zone (10° S—40° N; Supplementary Fig. 5c, d). In the low-risk region, the



reduction is smaller in absolute terms—43 hours on average—but represents a relatively larger
share of the baseline (37%).

In addition, a distinct diurnal asymmetric pattern is observed between the occurrence of heat
extremes and the cooling effectiveness. The number of heat danger hours tends to increase after
sunrise, peaking between 15:00 and 16:00 local time before declining into the evening (Fig. 1e).
Mitigation efforts offer limited relief during peak daytime hours, achieving an average reduction
of 11% (21 hours) in HDH3,4 (6% in HDH,q) relative to baseline conditions in high-risk zones
(Fig. 1f and Supplementary Fig. Se, f). In contrast, substantially greater reductions are observed
during the evening (after 19:00) and early morning (before 8:00) (Fig. 1f), reflecting strong
mitigation impacts during the nighttime (20:00-04:00) and transitional periods (16:00-20:00 and
04:00-08:00). At night, the combined strategies reduce HDH3,, by 37% (55 hours) and HDH,q
by 21% (56 hours), demonstrating their high effectiveness in alleviating nighttime heat stress in
urban populations during physiologically vulnerable hours®*,

Asymmetric cooling potential in future urban heat stress

Consistent with the spatial pattern of reduced heat extremes, the cooling potential—represented
by the mean AWBGT for the 2050s—also exhibits a pronounced latitudinal dependence that
contrasts with the pattern observed under baseline climate conditions (i.e., without heat mitigation).
The cooling potential increases with latitude and is generally stronger at night than during the day
(Fig.2a, ¢). In contrast, cities near the tropics (absolute latitude, |lat|~23.5°) generally
experience higher levels of heat stress than those at higher latitudes, particularly in regions with
wetter climates (i.e., summer precipitation P,>570 mm), as shown in Fig. 2b, d.

The cooling effect peaks at 0.65 £+ 0.40 °C (mean + SD) between 40°—60° absolute latitude during
the day (Fig.2a) and 0.91+0.57 °C between 30°-50° at night (Fig. 2¢). In comparison, cities
located in lower latitude regions (|lat|<20°) tend to exhibit limited cooling potential, with
AWBGT values of 0.17 £0.10 °C during the day and 0.45 +0.29 °C at night. This latitudinal and
diurnal pattern is primarily substantiated by simulations using an alternative driving climate (see
Methods), in which the maximum daytime AWBGT (0.58 £0.33 °C) occurs between 50° and 60°
absolute latitude, and the maximum nighttime reduction (0.94 +0.53 °C) is between 30° and 40°
(Supplementary Fig. 2a, c).

This enhanced nighttime cooling effect results in an average AWBGT of 0.37 °C greater than that
during the day. This likely reflects the substantial mitigation of the nighttime urban heat island
effect achieved through the green transformation strategy (incorporating sustainable planning to
guide urban development towards preserving and restoring vegetated areas*>-®). Compared with
rapid, unconstrained urban expansion pathways, this intervention increases vegetation cover and
reduces the extent of urban surfaces to restore key ecosystem functions. In addition to enhancing
evapotranspiration, it naturally decreases urban heat storage capacity and anthropogenic heat
emissions—both of which are primary drivers of the UHI effect. As a result, the UHI effect is



mitigated, particularly during nighttime hours when its intensity is typically at its peak®”-*%,

This latitudinal dependence is also evident in surface temperature reduction (AT;), which has a
strong correlation with incoming solar exposure—both in terms of intensity and duration
(Supplementary Fig. 3). Moreover, these reductions are typically suppressed in wetter regions,
where precipitation and cloud cover are more frequent®®. These estimated patterns of AT, are
consistent with prior findings indicating that latitudinal variability in the response of the local
thermal environment to land cover changes—such as urbanization®® and deforestation**>—is
correlated primarily with variations in the surface radiation budget and precipitation patterns*>*.
However, the influence of climate wetness on WBGT reduction is relatively moderate (Fig. 2a,
¢), indicating a more direct influence of climate wetness on surface temperature change than on

the actual reduction in heat stress, as measured by AWBGT.

Cooling patterns explained by surface energy flux changes

To elucidate the underlying influence mechanisms in the observed global patterns of urban heat
mitigation potential, we apply a multiple linear regression approach to quantify how changes in
surface energy balance components are related to the overall cooling effect in summer (see

Methods).

During the daytime, the cooling effect is driven primarily by reductions in surface net radiation
(AR,), lowering WBGT by 0.44 +0.30 °C (Fig. 3a). Meanwhile, the heat conducted into urban
ground and building surfaces (AQ) is reduced, which is likely attributed to reduced heat storage
and increased reflectance. This change may indicate that more available energy is being converted
to heat up the near-surface atmosphere through turbulent heat fluxes rather than being stored in

urban surfaces, a mechanism also observed in previous studies***

. Moreover, the reduced
anthropogenic heat (AQr) and the enhanced transpiration effect—represented by an increased
fraction of latent heat Af = A(Qg/A"), where A* denotes the surface available energy (A* =

R, + Q; + Qr)—both partially contribute to the overall cooling effect.

At night, the dominant drivers shift, with the cooling effect driven primarily and jointly by
reductions in both anthropogenic heat (AQr) and net radiation (AR, ), each contributing to
AWBGT values of 0.55£0.41 °C and 0.31£0.21 °C, respectively (Fig. 3b). Compared with that
during the day, the sensitivity of AWBGT to AQr and AQ; increases more than sixfold, from
approximately 0.010 to 0.065 K:-W~!-m? (Supplementary Table 4), highlighting that
reducing anthropogenic heat and heat storage is substantially more effective for mitigating
nighttime heat than daytime cooling. This elevated nighttime sensitivity likely results from the
amplified thermal response within the shallow nocturnal boundary layer*®*’. Moreover, the
sensitivity of AWBGT to AR, decreases by approximately 30% to 0.031 K:-W™1-m?
(Supplementary Table 4), indicating a lasting cooling effect from reduced daytime radiative heat
gain.



On the basis of this diagnostic framework, we further evaluate the efficacy of individual mitigation
measures in altering surface energy fluxes and their associated cooling impacts across latitude
regions and climates. The results indicate that reflective cooling functions mainly through reducing
the net radiation (AR,,) at urban surfaces, which has a clear latitudinal dependence (Fig. 4a, e),
likely due to the differences in the availability of direct solar radiation across latitudes. Moreover,
this mechanism tends to be more effective in dry climates, where clearer skies allow greater
modulation of net radiation than in wetter and cloudier regions—a pattern similar to the response
observed in surface temperature (Supplementary Fig. 3). Among these energy components, AR,
contributes the most to the daytime temperature and accounts for a major part of the nighttime
temperature reduction, thereby playing a key role in shaping the latitudinal pattern observed in
AWBGT (Fig. 2b, d).

Our green transformation strategy enhances urban cooling through both increased vegetated
cover—promoting shading and evapotranspiration—and a reduced urban fraction that decreases
heat storage and anthropogenic heat emissions. However, owing to the tiling approach
implemented in the WRF land surface model*®, tree shading is represented only in rural areas and
is not explicitly accounted for within urban canyons. The modeled green transformation more
closely resembles the addition of large urban parks rather than street trees, which differs from
microclimate modeling approaches that capture the shading effects of street trees on urban
surfaces*’ (Fig. 4a). The transpiration effect from additional vegetation is most pronounced during
the day when stimulated by solar radiation, lowering ambient temperatures but simultaneously
increasing atmospheric moisture?’. Influenced by these competing effects, the contribution to
WBGT reduction is relatively modest during the day, as indicated by the influence of AS (Fig.
4d). In contrast, a reduction in Q has a greater cooling effect than other processes (Fig. 4b, f),
especially at night, when AWBGT is more sensitive to AQg. The lowered urban heat storage
capacity leads to less heat accumulation and subsequent nighttime release, thereby resulting in
contrasting contributions to cooling effects between daytime and nighttime (Fig. 4¢, g). As a result,
this strategy is particularly effective at reducing nighttime heat across the entire urban domain
(Supplementary Fig. 6). This highlights the value of large-scale restoration of natural areas in
mitigating nighttime urban heat and underscores the need for spatially optimized implementation
of nature-based solutions (e.g., street trees) within urban areas to maximize localized shading
effects and enhance daytime cooling at finer spatial scales?*.

Meanwhile, increasing the efficiency of AC systems and raising setpoint temperatures have also

been found to reduce anthropogenic heat emissions>!->?

, as shown in Supplementary Fig. 7.
Owing to the greater sensitivity of nighttime AWBGT to AQp, the reduction in anthropogenic
heat flux contributes more substantially to nighttime cooling (Fig. 4b, f), even though AQp is
slightly greater during the daytime (Supplementary Fig. 7d). However, this strategy induces an
unexpected compensatory effect, leading to a moderate increase in nighttime ground heat flux

(AQ) (Fig. 4g). This response can be attributed to elevated indoor air temperatures due to higher



AC setpoints, which facilitate heat storage within buildings and increase exterior surface
temperatures (Supplementary Fig. 9). Consequently, this promotes enhanced nocturnal heat
release to the ambient environment, partially offsetting the cooling benefits. This trade-off results
in the lowest net cooling effect among the evaluated individual strategies (Supplementary Fig.
6). Nonetheless, these findings underscore the cooling potential of reducing anthropogenic heat
and the importance of technically selective approaches—such as promoting electric vehicles?”-3

that avoid such side effects—as critical pathways for mitigating nighttime heat.

Discussion

The reductions in surface available energy (R,,, QF, and Q) alter the heat and moisture exchange
between urban surfaces and the atmosphere, resulting in changes in surface temperature (ATy),
near-surface air temperature (AT, ) and humidity (expressed as changes in vapour pressure, Ae,).
A similar latitudinal dependence can be observed for AT, and AT, (Supplementary Fig.3 and
10a, b), consistent with previous observational studies reporting comparable spatial patterns in

Surface4l,54 42,43

and near-surface air temperature variations induced by albedo changes following
deforestation. These similar latitudinal patterns reflect the close coupling between surface and air
temperatures through sensible heat transfer—particularly 1in drier regions where

evapotranspiration is limited™.

In contrast, the humidity-related component of heat stress (expressed as e,/y, where y is the
psychrometric constant'®) exhibits a slightly different latitudinal distribution pattern, with the
maximum reduction shifting towards mid-latitudes (|lat| between 20° and 40°; Supplementary
Fig. 10c, d). This pattern partly reflects shifts in surface-atmosphere moisture exchange, as
evidenced by the moderate equatorward increase in latent heat flux (AQg; Supplementary Fig.
8h, j). Such behavior agrees well with previous findings that the control of surface available energy
on evapotranspiration becomes increasingly dominant toward low-latitude tropical and subtropical
regions where soil moisture is generally sufficient>®’; thus, reductions in available energy lead to
greater declines in latent heat flux in these areas®®. As a result, this difference in the variation in
AT, and Ae, suggests that, compared with WBGT, using alternative heat stress metrics that
place greater (e.g., wet-bulb temperature*®) or lesser (e.g., Heat Index'®) weight on humidity could
lead to marginally higher or lower estimates of cooling effectiveness in mid-latitude cities.

Owing to the latitudinal and climate dependence of the cooling effect, spatial asymmetry emerges
in terms of exposure to heat extremes and cooling potential: cities experiencing greater heat risk
are located primarily in low-to-mid latitude regions between 10° N and 40° N, which exhibit an
average potential reduction of ~21% in heat extremes, whereas the greatest mitigation potential
(~45%) 1s projected for cities at higher latitudes. This spatial distribution of projected heat risk is

consistent with previous studies>>

, and the asymmetry may be further amplified by the relatively
lower adaptive capacity—(society’s ability and willingness to implement mitigation measures) in

low-latitude regions, particularly in Africa and Southeast Asia®. Consequently, this asymmetry



highlights the urgent need for accelerated action and innovation for cities located in high-risk
regions, where conventional strategies may be less effective®!. Based on our results (Fig. 4), in
regions facing high heat risk but limited mitigation potential, reflective materials remain the most
effective among the three mitigation categories, exerting the largest influence on the surface
energy balance and yielding the strongest cooling effect. Therefore, to narrow the spatial
asymmetry in cooling potential, enhancing the performance of reflective cooling should be
prioritized, for example through the deployment of advanced cool materials that are both highly
reflective and emissive®?. Meanwhile, measures that reduce anthropogenic heat emissions exhibit
relatively weak latitude dependence and provide pronounced cooling benefits at night*,
suggesting that their implementation should also be encouraged in these regions.

Furthermore, combined city-scale mitigation is more effective at alleviating nighttime heat stress,
reflecting the greater sensitivity of AWBGT to nighttime energy flux changes likely driven by the
shallower and more stable nocturnal boundary layer, a mechanism also highlighted in previous
studies*®*”:%3, This enhanced nighttime cooling effect—reducing nighttime heat extremes by an
average of 37% in high-risk regions—is particularly beneficial for reducing health risks associated
with prolonged heat exposure in urban populations by improving sleep quality and supporting
recovery from daytime exposure®*. While mitigating nighttime heat is important for public health,
daytime heat poses more immediate risks, especially for vulnerable groups such as outdoor
workers®. Our results indicate that without accounting for localized cooling effects, such as the
shading effect provided by street trees and enhanced ventilation achieved through morphological
optimization, the proposed green transformation alone remains insufficient to achieve substantial
daytime cooling at city scale. It highlights the importance of advancing multi-scale simulation
frameworks to better represent and quantify these cooling benefits across temporal and spatial
scales. Moreover, this underscores the need—particularly in areas experiencing pronounced
daytime heat exposure—to implement a comprehensive system of city-scale strategies that can
deliver lasting cooling across the entire urban area, while localized interventions such as street
trees, shading structures and permeable pavements are essential for addressing daytime heat
exposure by providing shading effects and evapotranspiration cooling at the microscale®,

This study provides an assessment of the global potential for future urban heat mitigation using a
physics-based modeling framework and highlights the asymmetry in global cooling potential,
which calls for context-specific and cross-scale actions that account for regional climatic and
geographic differences as well as diurnal variation. Previous regional- or local-scale studies®
that implemented two or more mitigation strategies generally reported overall air temperature
reductions of approximately 0.2-2 °C on average throughout the diurnal cycle. It should be
acknowledged, however, that ensuring comparability across cities in our assessment required
certain assumptions, which might not comprehensively capture the diversity of socioeconomic
contexts or the varying degrees of technological and policy readiness that affect practical

implementation. These dimensions should be carefully considered when formulating the most



practical and effective heat mitigation strategies for different urban settings. Potential trade-offs
of mitigation measures at localized areas—such as excessive reflection associated with reflective

69,70 as well as reduced ventilation and greater nighttime heat retention caused by dense
71,72

materials
tree canopies’ *'“—should be carefully evaluated and minimized through innovative materials and
design strategies to ensure that cooling strategies deliver overall net benefits across seasons and
throughout diurnal cycles. Building on the established understanding of global urban heat
mitigation potential, city-specific investigations that integrate detailed climatic and socioeconomic
factors—such as demographics, health vulnerability, and economic capacity across scales’*, which
jointly shape exposure ’* and adaptive capacity’>—provide a concrete pathway for translating this

knowledge into policy and practice.



Methods

WRF simulation framework. We employ the Weather Research and Forecasting (WRF, Version
4.4) model’®—a physics-based mesoscale numerical weather prediction system widely used in
atmospheric and urban climate research. Further details on WRF are provided in Supplementary
Information. When coupled with urban canopy parameterizations, it enables the simulation of
exchanges of momentum, heat, and moisture between the urban surface and the atmosphere,
thereby providing a physically consistent framework to evaluate heat mitigation strategies under
future climate scenarios. The physical parameterization schemes selected to align with validated

49.65 " are described in Supplementary Table 2. To represent urban

approaches at similar scales
effects, we use the WRF model coupled with the building effect parameterization and building
energy model (BEP/BEM)”’. In this framework, local-scale processes including street-level
airflow, radiative exchange, vegetation effects, and anthropogenic heat emissions generated by air
conditioning systems are implicitly represented through the BEP/BEM’’ and land surface’®
parameterizations, which account for inter-grid variations in urban characteristics such as street

layout, building height and density, albedo, heat storage, and vegetation fraction.

The model is applied to seven separate model domains (Supplementary Fig. 11) designed to cover
2,265 major cities across diverse climate zones worldwide. To balance the need for accurate
representation of mesoscale atmospheric processes with computational efficiency, the model uses
a horizontal grid spacing of 20 km and a total of 40 vertical atmospheric levels. Small cities
occupying less than 20% of a WREF grid cell are considered to have a low urban impact and are
therefore excluded from the analysis”™. This configuration provides a robust representation of city-
scale thermal and atmospheric processes, consistent with prior studies demonstrating its ability to
capture the impacts of urban expansion, climate change and heat mitigation measures at the city
scale**%>% The detailed model configuration and validation are illustrated in the Supplementary
Information (WRF model configurations).

Datasets. The model is driven by the Bias-corrected Coupled Model Intercomparison Project
Phase 6 (CMIP6) global dataset®' under the high-emission, socioeconomically intensive scenario
SSP 5-8.5, which represents the ensemble median within this scenario (Supplementary Fig. 12).
This high-forcing scenario was selected as a stress-testing framework to evaluate the achievable
urban cooling potential under the most extreme climate conditions*>**%>, The aim is to provide a
conservative, risk-averse assessment that can serve as a benchmark for understanding the upper
bounds of future urban cooling effectiveness and informing long-term planning under potential
worst-case climate outcomes. To ensure a more robust and representative estimate, all simulations
are conducted over three summer months for five consecutive years (from 2048 to 2052), covering
June, July, and August in the Northern Hemisphere and December, January, and February in the
Southern Hemisphere. Model outputs are archived at hourly intervals, with the first week (before



summer) of simulations excluded to allow for model spin-up. To further confirm the observed
patterns, we repeated the simulations using the EC-Earth3 dataset, which represents the upper-
bound case within the same scenario (Supplementary Fig. 12), and the results are shown in
Supplementary Fig. 2.

The future urban land surface characteristics are determined by integrating the global urban land
projection under the SSP5-8.5 scenario®® with the present-day urban local climate zone (LCZ)
map®’ at a 1 km resolution, which categorizes urban environments into eleven local climate zones
based on their physical characteristics, such as building density, vegetation, and building heights®*.
Since the global urban land projection® primarily indicates the direction and intensity of urban
expansion, we assume that newly urbanized areas inherit the LCZ type of the nearest existing urban
area. This assumption draws on the neighborhood interaction concept, which has been extensively
applied to describe spatial dependencies in urban expansion and land-cover change models®>. With
this approach, we produce a 1-km resolution projected LCZ map for the year 2050. Using LCZ-
based urban canopy parameters®®, we subsequently compute the average urban canopy
characteristics for each urban grid at the 20-km resolution employed in the WRF model, thereby
assigning a unique set of urban canopy parameters to each grid cell to better represent the size and
average morphology of the cities within it. A summary of this transformation for the simulation of
the seven domains across the globe is provided in Supplementary Figs. 13 and 14.

Mitigation measures. Three physics-representative mitigation measures®® are implemented in the
model for all the urban grids. These simulation cases are designed to represent an ambitious yet
plausible upper bound of achievable cooling potential under a consistent and comparable
framework. Such generalized configurations are commonly adopted in large-scale urban climate
modeling to isolate the physical mechanisms of heat mitigation and to provide a physically
consistent benchmark for cross-regional comparisons'>*6>86_ The selected parameter values are
informed by the basis of demonstrated effectiveness, technical feasibility, and consistency with
prior studies. To further guide city-specific implementation of mitigation strategies, modeling that
incorporates detailed urban morphology, surface material properties, vegetation, and related
factors needs to be undertaken. Specifically, these measures include (1) green transformation (by
restoring 30% of urban surfaces with natural surfaces*’*"), (2) implementing reflective roofs and
pavements (i.e., applying high-reflectivity materials with albedo = 0.5 and 0.88 for all pavements

)23,24,88

and building roofs, respectively , and (3) reducing anthropogenic heat (i.e., raising the indoor

temperature setpoint from 21 °C to 25 °C and improving the energy efficiency of air conditioning

systems—specifically, by increasing the coefficient of performance (COP) from 3.5 to 4.5)%6:27:89-9,

To evaluate the full cooling potential of these measures, we assume an ambitious mitigation plan
in which all building roofs and urban pavements are fitted with highly reflective materials and all
building interiors are equipped with air conditioning systems operating at the adjusted setpoint



temperatures. Details on the implementation of these measures in the WRF model are provided in
the Supplementary Methods. These measures and their parameter values are grounded in the
established literature to reflect realistic and effective urban heat mitigation strategies widely
supported by previous studies. The implementation of high-reflectivity materials—using high-
albedo roof coatings (albedo = 0.88)% and stamped light concrete for pavements (albedo =
0.50)°'—has been widely investigated in recent studies to assess their city-scale cooling effects
across diverse urban climates’®*?3. The target urban green transformation level is informed by
recent empirical findings suggesting that substantial cooling effects emerge once green cover

approaches the 30-40% threshold range®’-°

, which has consequently been adopted as a
recommended target in urban forestry practice’’. However, in practical applications, interventions
like reflective materials may introduce unintended side effects—creating glare, increasing
radiation exposure® and contributing to visual and thermal discomfort”®—which should be
carefully evaluated and addressed through innovative materials and designs®'%’. Meanwhile,
socioeconomic constraints, technological capability, and policy environment will play an

indispensable role in shaping the applicability and scalability of such measures in practice.

While these three strategies are explicitly represented in the model, the physical mechanisms
underlying other cooling interventions are also implicitly incorporated within these categories. For
example, the enhancement of surface albedo through reflective roofs and pavements reflects the
radiative benefits of adopting light-colored coatings and cool materials®?. The green transformation
category encompasses various forms of vegetation-based implementations, as well as the use of
lightweight and low-heat-capacity building materials that reduce heat storage in urban areas'!.
Similarly, the anthropogenic heat reduction measure, evaluated through improvements in AC
systems, indirectly represents the benefits of energy-efficient building design and the adoption of
electrified transportation systems that reduce waste heat emissions®.

Nevertheless, certain urban design-oriented cooling interventions—such as ventilation corridors
and optimized urban layouts—can only be represented through their aggregated effects on surface
roughness and heat exchange parameters, and thus cannot be fully characterized within this
modeling framework!??. Therefore, fully capturing the cooling benefits of such measures requires
microscale modeling that resolves building-to-street scale aerodynamics!®® and associated

ventilation processes'%.

Simulation setups. The simulation cases conducted are listed in Supplementary Table 3. By
comparing the baseline cases (denoted I, no heat mitigation) with the combined heat mitigation
cases (IV, incorporating green transformation, reflective roofs/pavements, and anthropogenic heat
reduction), we calculate the urban cooling potential for each WRF simulation grid. To further
evaluate the contribution of each individual heat mitigation measure, two additional cases are
performed: (II) green transformation only and (III) green transformation combined with reflective



roofs and pavement. By comparing Cases I and II, II and III, and III and IV, we quantify the
separate impacts of green transformation, reflective roofs/pavements, and anthropogenic heat
reduction, respectively.

Assessment of heat stress. Heat stress arises from the combined effects of high air temperature
and elevated humidity, which together impair the body's ability to dissipate heat through
evaporative cooling. The heat content or moist static energy in the air can be measured by the
equivalent temperature®', T,, = T, + e,/y where T, is the 2-metre air temperature in degrees
Celsius, e, 1is the vapour pressure for the same height in hectopascals, and y is the
psychrometric constant (y = 0.66 hope/K at sea level®®). To quantify human heat stress, we use
the wet-bulb globe temperature (WBGT ), which is calculated at hourly intervals using the
following empirical equation'®: WBGT = 0.567T, + 0.393e, + 3.94. This index represents a
weighted linear combination of an air—temperature component (7,) and a humidity-related
component (e, /y), reflecting the combined thermal and moisture-related burden on the human
body. It is widely used in occupational health guidelines and climate-health research to assess the
risks of heat-related illnesses and to set safety thresholds!?~'% allowing our findings to be directly
linked to public health risk. Other heat indices, such as the wet-bulb temperature (7;,) and humidity
index (Humidex), can also be expressed by the weighted linear combination of T, and e,/y,
with each index assigning different relative importance to these two components'®. To evaluate
how the results vary when alternative heat indices are applied, the cooling effects on both T, and
e,/v are presented in Supplementary Fig. 10, and the implications of these differences are
further discussed in the discussion and conclusion sections.

Apart from temperature and humidity, human heat stress is also influenced by other meteorological
and physiological factors including wind speed, radiation, clothing and metabolic rates'®. The
simplified wet-bulb globe temperature (WBGT) metric was developed to approximate outdoor
thermal comfort under the assumption that other environmental and physiological factors remain
constant'%, It therefore isolates the combined influence of air temperature and humidity on human
heat stress, providing a consistent and comparable indicator for large-scale assessments?!:196:110,
However, for assessments of heat risk focusing on microclimate—where wind dynamics and
radiation exposure are critical—or on individual differences, where clothing, activity level, or heat

tolerance play a role, more specialized heat indices could be considered'?”-!1°,

Quantification of the urban cooling potential. The cooling potential for each city is quantified
using the reduction in the five-summer average wet-bulb globe temperature (AWBGT ). To
understand the influence of geographic latitude and background climate, cities are grouped by
absolute latitude at 10° intervals. Consistent with previous findings that urban humid heat is
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strongly influenced by the precipitation regime'**”, we further categorize them into wet and dry

zones on the basis of summer precipitation thresholds (P;=570 mm), which broadly separates



humid tropical climates from temperate and arid climates on the basis of the Kdppen climate
classification'® (Supplementary Fig. 15).

Exposure to dangerous heat or heat extremes is assessed using summer heat danger hours (HDH),
defined as the number of hours during the summer period that exceed the thermal danger threshold,
which is calculated as HDHg = Y;j=; 1(WBGT > 0 °C), where n is the total number of hours
during the summer and where 6 is the thermal danger threshold®?. Two thresholds* are used in
this study: the “danger” threshold (6=31.4 °C), at which heat-vulnerable individuals are advised
to avoid direct sun exposure and limit outdoor activities, and the “severe warning” threshold
(6=29 °C), at which all individuals are recommended to cease outdoor activities and seek shelter
in air-conditioned areas®’. We quantify the cooling potential of mitigation measures in reducing
heat extremes by the percentage reduction in HDH, calculated as AHDHy in percentage =
AHDHgy /baseline HDHy . The results determined with the “danger” and “severe warning”
thresholds are presented in Fig. 4 and Supplementary Fig. §, respectively.

For each urban grid where the urban impervious fraction (UF,,.;4) exceeds 20%"”, WB GTyriq and
HDHg,q are calculated and averaged over all simulated summers. For cities spanning multiple
WRF simulation urban grids, heat stress and exposure to heat extremes are represented by spatially
weighted average values, which are calculated as follows: WBGT = Y.(WBGTy;iq * UFgriq) /m,
HDH = Y (HDHyyiq * UFgriq) /m, where UFy,;q represents the urban fraction of each grid and
where m is the total number of grids covering the city. The urban boundaries and geolocation
information for identifying each city are from the Global Human Settlement (GHS) Urban Centre
Database!!!.

Diagnostics of heat flux changes driving the cooling effect. The surface energy balance (SEB)
is a fundamental physical concept used in meteorology and urban climate studies to quantify
energy exchanges between urban surfaces and the atmosphere!%!'2. We employ it as a diagnostic
tool to identify and attribute the underlying drivers of cooling responses to heat mitigation
measures' 1°. The surface energy balance can be writtenas A* = R, + Qr + Q; = Qy + Q (W -
m~2), where the available energy at an active urban surface (4*)—compromising net radiation
(R,), anthropogenic heat (Qr) and net heat storage in the urban fabric or ground heat flux (Q;)—
drives surface turbulent heat flux—sensible heat flux (Qp) and latent heat flux (Qf), which together
represent the urban thermal environment!. Here, Q. is considered positive when stored heat is
released from urban surfaces to the atmosphere. The changes in each component of individual
urban grids induced by the combined mitigation measures are shown in Supplementary Figs. 7
and 8.

Reducing the available energy at urban surfaces can directly lead to cooling. Compared with rural
areas, urban environments typically exhibit latent heat flux (Qg), characterized by a reduced



evaporative fraction''* B = Qz/A* (where 0 < B < 100%). This results in a larger proportion
of available energy being converted into sensible heat (Qy), which contributes to warming the
lower atmosphere. Enhancing this fraction—such as through the implementation of green
transformation—increases evaporative cooling and contributes to urban heat mitigation.

18,45,115

Following previous diagnostic frameworks , we employ a multiple linear regression

approach to attribute the multiyear, summer-average cooling effect on WBGT to the summer-
average changes in the available energy components and evaporation fraction:

AWBGT = aAR,, + bAQy + cAQ; + dAB (1)

where a = GWBGT (OC W )’ b= 6WBGT(OC W )’ c= (3WBGT(OC W 2)’ and

6
d j—
g. A denotes the difference in a given variable between the baseline case and the combined heat
mitigation case.

OWBGT

(°C per % change) are the sensitivities of AWBGT to changes in R,, Qr, Q; and

The drivers of daytime and nighttime urban heat differ substantially. During the daytime, the
surplus of all-wavelength radiation (R,, > 0) alongside anthropogenic heat (Qr > 0) can be either
convected into the lower atmosphere in the form of Q4 and Qy or conducted into urban fabrics
in the form of Q. At night, urban surfaces become net emitters of radiation (R, < 0), and
previously stored heat is released back to the atmosphere (Q; > 0). To account for these two
distinct processes, we develop corresponding regression models to diagnose the cooling effects
during the daytime and nighttime via Equation (2) and Equation (3). To enhance the physical
realism of the models, we adopt two assumptions grounded in prior physical understanding to
support the modeling framework. First, since changes in net radiation influence thermal conditions
not only during the daytime (08:00-16:00) but also during transitional periods (4:00-8:00 and
16:00-20:00) and at night (20:00-04:00), we use the full-day average change in net radiation (AR,, 4)
in both regression functions. Second, given that anthropogenic heat and stored heat release during
the nighttime influence the urban thermal environment through similar physical mechanisms', a
shared regression coefficient is assigned to these two terms in Equation (3) to minimize
multicollinearity and ensure model parsimony.

AWBGTD = alARn'A + blAQF,D + CIAQG,D + dlA.BD (2)

AWBGTN - azARn‘A + bZAQF,N + bZAQG,N + dZA)BN (3)

where the subscripts D, N,and A denote the daytime (8:00-16:00), nighttime (20:00-04:00) and
24-hour average values, respectively. a,-d; and a,-d, are the sensitivities of daytime
AWBGT) and nighttime AWBGTy, respectively. A summary of the data used to fit these two
equations is presented in Supplementary Fig. 7 and Fig. 8, and the regression coefficients are
shown in Supplementary Table. 4. The sensitivity to AS at night does not pass the significance



test (p>0.001) because the variation in this variable is much weaker than that in other variables,
making it difficult to reliably assess its relationship with the dependent variable. The agreement
between the modeled AWBGT and calculated AWBGT using linear regression is shown in both
Fig. 3 and Supplementary Fig. 16.

Data availability

The Bias-corrected can be accessed at
https://www.scidb.cn/en/detail?dataSetld=791587189614968832. The EC-earth3 dataset are
available at https://aims2.1Inl.gov/search/cmip6/. The ERAS5-Land hourly data are available at

https://cds.climate.copernicus.eu/datasets/reanalysis-erasS-single-levels?tab=overview.

The GHS built-up grid data are available at https://human-
settlement.emergency.copernicus.eu/download.php?ds=smod. The weather station data for

model validation are available at https:// www.ncei.noaa.gov/access/search/data-search/global-
hourly.

The original LCZ-based land cover dataset is downloaded from
https://zenodo.org/records/7670653. The future land cover projections are available at
https://zenodo.org/records/4584775.

Code availability

The Weather Research and Forecasting (WRF) model can be downloaded from
https://www.mmm.ucar.edu/models/wrf. The urban fraction and other urban parameters are
calculated based on the WUDAPT-to-WRF python tool
(https://github.com/matthiasdemuzere/w2w). The code used to generate the figures is available

upon reasonable request. All statistical analyses and data visualizations were performed using the
open-source Python (version 3.9.15) environment with the following packages: NumPy
(v1.23.0), Pandas (v1.5.2), GeoPandas (v0.12.2), Matplotlib (v3.5.3), Cartopy (v0.22.0), PDAL
(v2.4.3), PyProj (v3.4.1), W2W (v0.5.0), SciPy (v1.10.1), and Scikit-learn (v1.1.3).
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Fig. 1. Spatial and diurnal patterns of heat extremes and the percentage mitigation potential
offered by the combined mitigation strategy. a-d, Spatial distributions of the baseline heat
danger hours (HDH) (a, b) and AHDH percentages (¢, d) for world cities based on a wet-bulb
global temperature (WBGT) danger threshold of 31.4 °C. e, Diurnal cycle of the mean baseline
HDH (solid line) with the corresponding standard deviation (shaded area) for high-risk (right, 10°
N-40° N) and low-risk (left, <10° N, >40° N) regions. f, The mean AHDH (solid line) and
corresponding standard deviation (shaded area) in high-risk and low-risk regions; dashed lines
indicate the percentage reductionin HDH relative to the mean baseline HDH; and tick marks for
percentage values are referenced on the right vertical axis. Each box in panels (b) and (d) shows
the median (horizontal line), mean (cross), interquartile range (box), and the 5th—95th percentile
range (whiskers). The number of cities presented in each boxplot in panels (b) and (d) is listed in
Supplementary Table 1, and no high-latitude cities (|lat| > 30°) in the dataset fall under the wet
climate classification in this study.

Fig. 2. Asymmetric latitudinal patterns between the cooling potential and baseline urban
heat stress. a-d, Cooling potential (a, ¢) and baseline heat stress conditions (b, d) during the
daytime (a, b; 08:00-16:00 local time) and nighttime (¢, d; 20:00-04:00 local time) across
latitudinal bands and climate regimes. Each box presents the median (horizontal line), mean (cross),
interquartile range (box) and 5th-95th range (whiskers). The number of cities presented in each
boxplot is listed in Supplementary Table 1, and no high-latitude cities (|lat| > 30°) in the dataset
fall under the wet climate classification in this study. The raw data underlying the statistical
boxplots are presented in Supplementary Fig. 4.

Fig. 3. Primary drivers of daytime (a, 08:00—16:00 local time) and nighttime (b, 20:00-04:00



local time) cooling effects from combined heat mitigation measures. Boxplots represent the
results from the Weather Research & Forecasting Model simulations (WRF), the calculated sum
of each contribution (Cal.), and the estimated cooling effect from modifications in net radiation
(AR;,), anthropogenic heat (AQf), ground heat flux (AQ), and the ability of the urban surface to
partition available energy into latent heat flux (Af) aggregated over all urban grids (n = 4327).
Each box presents the median (horizontal line), mean (cross), interquartile (box), and 5th—95th
range (whiskers).

Fig. 4. Efficacy of individual mitigation measures in modifying surface energy balance
components and enhancing cooling across latitudes and climates. The bar plots show the
average contribution of each component to the cooling potential during the daytime (a—d) and
nighttime (e-h), with different colors representing mitigation measures, including reflective
surfaces, green transformation and anthropogenic heat reduction through air-conditioning system
optimization (ACopt). Darker shades represent dry climates, whereas lighter shades correspond to
wet climates. The error bars indicate the mean cooling potential from combined mitigation
measures, with standard errors calculated across urban grids. The number of urban grids presented
in each boxplot is listed in Supplementary Table 5, and no high-latitude cities (|lat| > 30°) in the
dataset fall under the wet climate classification in this study.



Editorial Summary:

A mismatch—salient across latitudes—between future urban heat risk and cooling potential
reveals opposing patterns, with peak heat burden concentrated in lower-latitude regions,
accentuating a clear imperative for context-specific adaptation strategies.

Peer review information: Nature Communications thanks Laura Carlosena, and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. A peer review file
is available.
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