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The continuedincrease in the duration, frequency and intensity of heat

waves is especially problematicin cities, where more than half of the world’s
populationlives. Here we combine decadal-scale regional climate modeling
simulations with projections of urban expansion, greenhouse gas emissions
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and population migration to examine the extent to which adaptation and
mitigation strategies, inisolation and in tandem, can reduce population
heat exposurein US cities at the end of the century. We show that adaptation
and mitigation strategies, when deployed inisolation, lead to the largest
reductionin population heat exposure for Northeast and Midwest cities
compared with Southeast, Great Plains and Southwest cities, relative

to acontemporary start-of-century baseline. Our results demonstrate
synergisticinteractions between adaptation and mitigation strategies
when deployedintandem. This resultsin an end-of-century decrease in
population heat exposure that is greater than the sum of their individual
parts for the lowest extreme heat thresholds, but less than the sum of their
individual parts for the highest extreme heat thresholds, for US cities across

allregions.

The devastating extreme heat that overwhelmed Europe during July
2022 resulted in thousands of excess fatalities, numerous wildfires and
widespread evacuations'. Extreme heat waves have been arecurring
theme in recent years as cities across the globe—from South America
to North America and from Europe to Asia—have experienced unprec-
edented thermal conditions®™*. As one remarkable example of the
observed increase in the strength of heat waves, the town of Lytton
(Canada) recorded air temperatures in excess of 45 °C for three consecu-
tive days, culminating in amaximum of 49.6 °C on 29 June 2021°, contrib-
uting to combustion of the majority of the village the subsequent day®.

In addition to these direct effects, extreme heat also acts as an
invisible hazard throughincreased exposure, leading to arise inemer-
gency room visits and a range of cardiovascular and mental health
issues’. Recent work has demonstrated a sharp surge—a nearly 200%
increase between 1983 and 2016—in the global urban exposure to

extreme heat®, While considerable research focused on reducing cli-
mate change impacts across cities exists, suchwork has been dedicated
to assessment of either adaptation or mitigation activities’ % their
integration, despite rising encouragement to do so, has received less
attention”'®, Especially concerning is the complete lack of such inte-
grated assessments on the potential to reduce heat exposurein cities.
Examination of synergies resulting from simultaneously deployed
adaptation (that is, local infrastructure-based strategies that reduce
air temperature, such as the incorporation of cool and evaporative
roofs and street trees) and mitigation (that is, action that reduces
global emissions of greenhouse gases (GHGs)) strategies is required
to enhance decision-making capacity and is an essential step in the
development of effective urban planning policies aiming to increase
the resilience of urban dwellers and the infrastructure that so many
livelihoods depend on".
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Fig.1| The absolute increase in average annual population heat exposure
during the twenty-first century for a worst-case scenario of GHG-induced
climate change, urban development and population growth. The projections
are derived from dynamical downscaling of two independent GCMs (CESM

and GFDL) with the WRF model. The increase in population heat exposure is
calculated as2090-2099 minus 2000-2009 person-hours. a-d, Population heat
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exposure is locally defined using the following definitions of extreme heat: 90th
to <95th percentiles (a), 95th to <97.5th percentiles (b), 97.5th to <99th (c) and
99th (d) percentiles of the 15:00 air temperature (local time). Error bars show the
annual variation in person-hours, expressed as +1 s.d. of the spatial variability
within the corresponding NCA region. Geographical designations correspond to
NCA region definitions”.

Recent projections indicate an increase in population-weighted
heat exposuretolocally defined extreme near-surface air temperature
(hereafter extreme heat) by a factor of 13 to 30 under a high-intensity
GHG emission and urban expansion scenario for twenty-first century
US cities'®. We build on previous work to advance our understanding
of end-of-century changes in exposure to extreme heat across US
cities through a lens defined as person-hours (that is, the number of
hours a threshold of extreme heat is exceeded multiplied by the total
population exposed to such conditions; ). We further ask whether and
to what extent adaptation and mitigation, inisolation and in tandem,
can reduce population heat exposure across twenty-first-century US
cities. We combine Weather Research and Forecasting (WRF) regional
climate modeling simulations with projections of urban expansion,
GHG emissions and population migration, and calculate the end-of-
century reduction in person-hours at the scale of National Climate
Assessment (NCA; ref. 19) and individual urban regions to characterize
the efficacy of contrasting heat-burden reducing strategies (Supple-
mentary Table1). The adaptation strategies examined—simultaneous
deployment of cool and evaporative roofs and street trees—are applied
uniformly across all cities (Methods). Our WRF simulations examine
a contemporary decade (2000-2009) against which future projec-
tions (2090-2099) are compared. We dynamically downscale a pair
of global climate models (GCMs), retrieved from the Coupled Model
Intercomparison Project Phase 5 (CMIPS), with varying sensitivity to
GHG emissions to ascertain the dependence of our regional climate
modeling simulations on GCM forcing.

Variability in heat exposure projections
There is considerable regional variability in projected population-
weighted daytime annual heat exposure (hereafter population heat

exposure) and the absolute magnitude depends on the intensity of
the heat threshold and the sensitivity to increased concentrations of
GHGs of each of the dynamically downscaled GCMs considered (Fig. 1).
The projected increase in the absolute magnitude of end-of-century
population heat exposure is greater for Northeast cities relative to
cities in any other region of the USA. Concurrently, increases in heat
exposure are consistently greater when Community Earth System
Model (CESM) GCM projections are used to dynamically downscale
the WRF modelrelative to the Geophysical Fluid Dynamics Laboratory
(GFDL) GCM, and these differences are largest for the 99th percen-
tile of local temperatures. WRF projections using the CESM GCM as
adriver routinely project atwo-to-fourfold increase in person-hours
for 99th percentile days relative to projections using the GFDL GCM
as adriver. These results are not directly translatable to night-time
hours, when meaningful increases in person-hours are projected to
occur only for the most extreme heat thresholds (that is, 99th per-
centile; Supplementary Fig.1). Forboth GCMs that were dynamically
downscaled, all NCA regions are projected to undergo a substantial
increase in person-hours except cities located in the Northwest NCA
region. This result is evident for both daytime and night-time and
highlights the importance of continentality in characterizing the
spatial variability of impacts. We emphasize that our results do not
imply that Northwest NCA cities will not experience such extremes,
but rather that they will be relatively small compared with US cities
across all other climate regions.

Therole of adaptation and mitigation

The relative change in population heat exposure to the 99th percen-
tile of contemporary daytime maximum temperature indicates that
end-of-century person-hours can be substantially reduced across

Nature Cities | Volume 1| January 2024 | 42-50

43


http://www.nature.com/natcities

Article

https://doi.org/10.1038/s44284-023-00001-9

Latitude (° N)

Latitude (° N)

Latitude (° N)

Longitude (° W)

Longitude (° W)

4 0 4

Fig.2| Therelative change in annual population heat exposure during the
twenty-first century for CESM and GFDL forcings from GHG mitigation and
adaptation, separately and in tandem. a-f, The relative change in population
heat exposure during during the twenty-first century for CESM (a,c,e) and GFDL
(b,d,f) forcings with local adaptation (a,b), global GHG mitigation (a shift from

15 25 40 60 80

Representative Concentration Pathway (RCP) 8.5to RCP 4.5; ¢,d) and adaptation
and mitigation (e,f). Person-hours are calculated on the basis of exposure to the
locally defined start-of-century 99th percentile of the 15:00 air temperature
(localtime).

continental US (hereafter CONUS) cities when incorporating the full
suite of adaptation strategies considered here (Supplementary Table
1, Methods and Fig. 2a,b). The effect of adaptation strategies results
in a latitudinal gradient, with a correspondingly greater reduction
in population heat exposure with increasing latitude relative to the
contemporary baseline. These results highlight the dependency on
projections of populationin determining overall exposure to extreme
heat. Heat exposure in northeastern US urban areas is projected to
be nearly completely offset by adaptation in the GFDL GCM projec-
tions, whereas dynamical downscaling in the CESM GCM results in
end-of-century heat exposure values that remain ~5-30 times greater
than the contemporary baseline. Relative increasesin population heat
exposure are constrained to Southeast, Great Plains and Southwest
urbanareas, with GFDL-driven WRF projections consistently indicating

populationheatexposurevaluesclosertothecontemporarybaselinethan
CESM-driven WRF projections.

Therelative changesin projected population heat exposure to the
99th percentile of contemporary daytime maximum temperatures are
similar when incorporating GHG mitigation strategies (Fig. 2c,d). A
latitudinal gradient is once more noted for both driving GCMs: follow-
ing the deployment of mitigation strategies, population heat exposure
values are consistently greater than contemporary values as one moves
from higher-to lower-latitude CONUS cities. This latitudinal gradient,
as noted for adaptation strategies, underscores the importance of
increased population in quantifying the overall impact on exposure
to extreme heat. End-of-century population heat exposure is nearly
entirely offset for Northeastern and Midwest cities when dynamically
downscaling both GCMs. Heat exposure remains ~20-40 times greater
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Fig.3|End-of-century annual heat exposure avoided due to GHG mitigation
and adaptationinaworst-case scenario. a-d, The percentage of end-of-
century person-hours of heat exposure in aworst-case scenario (CESM RCP
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mitigation (a shift from RCP 8.5 to RCP 4.5) and adaptation (Supplementary
Table 1) for locally defined heat thresholds of the 90th to <95th (a), 95th
t0<97.5th (b), 97.5th to <99th (c) and 99th (d) percentiles of the 15:00 air
temperature (local time).

than the contemporary baseline across Southeast and Great Plains
cities when dynamically downscaling the CESM GCM. Our results
show that the simultaneous incorporation of both adaptation and
mitigation strategies is projected to lead to population heat exposure
values that are closer to the contemporary baseline for abroader col-
lection of CONUS cities than either strategy in isolation (Fig. 2e,f).
As noted previously, the GFDL-driven WRF simulations consistently
indicate population heat exposure values closer to, or slightly below,
the contemporary baseline. WRF simulations using the CESM GCM as
adriver indicate lingering increases (generally less than 20 times) in
heat exposure relative to the contemporary baseline in select locations
(mostly across Southeast and Great Plains cities). Our results indi-
cateagenerally greater ability to reduce population heat exposure to
extreme daytime temperatures than extreme night-time temperatures
(Supplementary Fig. 2).

Our results thus far emphasize the extent to which adaptation
and mitigation strategies are able to revert to a contemporary base-
line that resembles start-of-century conditions. However, it is also
important to characterize the efficacy of such strategies in reduc-
ing projected (that is, end-of-century) person-hours relative to the
warmer future baselines that urban environments are already ona path
towards (Fig. 3). The percentage of end-of-century extreme person-
hours avoided varies depending on the extreme heat threshold and
strategy implemented (that is, adaptation, mitigation or both). As
extreme heat thresholds increase, the percentage of avoided person-
hours from implementation of adaptation and mitigation strategies
alsoincreases. The percentage of avoided person-hoursis consistently
greater for mitigation than adaptationstrategies. For someregions and
extreme heat thresholds the differences are substantial, underscoring
the importance of curbing emissions of GHGs. As one example, for

extreme heat thresholds between the 90th and 95th percentiles (that
is, the18th to 37th warmest days of the year), the percentage of avoided
person-hoursis less than 5% for Northeast urban areas whenincorpo-
rating adaptation strategies, but closer to 30% when incorporating
mitigation strategies. We note that this lower threshold of extreme
heat (that is, 90th to 95th percentiles) is indicative of the increase in
the number of hot hours during the shoulder seasons (that is, spring
and fall) throughout CONUS cities (Supplementary Fig. 3). Our results
demonstrate that mitigation is more effective than adaptation whenthe
desired outcomeisfocused onthe avoidance of person-hours, for both
the CESM-driven and GFDL-driven WRF simulations. Differencesinthe
absolute magnitude of reduction depend on the choice of dynamically
downscaled GCM (Supplementary Fig. 4) and the magnitude of each
strategy, roughly corresponding to a maximum adaptation scenario
(Methods), and alarge, but perhaps not maximum, mitigation scenario.

There is benefit in contextualizing results for individual cities to
characterize the efficacy associated with contrasting heat-burden
reducing strategies at a subregional level. Figure 4 illustrates the
avoided person-hours due to adaptation versus mitigation for 47 cit-
ies across CONUS for WRF projections that dynamically downscale
both GCMs considered. WRF projections using the GFDL GCM as a
driverindicate anearly one-to-one correspondence between avoided
person-hours due to adaptation and mitigation strategies. However,
notall cities follow thisbroad, linear best-fit generalization. For exam-
ple, Denver (CO) shows a greater reduction in person-hours resulting
from mitigation than adaptation strategies. Conversely, WRF projec-
tions using the CESM GCM as driver indicate that mitigation efforts
are generally more effective (highlighting the greater sensitivity to
GHG forcing compared with the GFDL GCM), in agreement with our
assessment of urban areas within the context of entire NCA regions
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Fig. 4| End-of-century person-hours avoided per year relative to a worst-
case scenario for individual cities. The end-of-century person-hours (99th
percentile of 15:00 (local time) air temperature) avoided per year relative toa
worst-case scenario (RCP 8.5 GHG emissions and intensive urban development)
due to adaptation (x axis) versus mitigation (y axis) for CESM (blue) and GFDL
(orange) forcings. Note that axes are nonlinear.

(Fig.3). We underscore the importance of characterizing such results
on the basis of individual urban environments as it paves the way for
prioritizing strategies withidentified impacts at the urban, rather than
broader regional, scale.

Impacts across the diurnal cycle

Our high-resolution simulation output over climate-length (that is,
decadalscale) timescales appropriate for urban environments permits
ustoexamine wheninthe diurnal cycle the greatestincrease in extreme
heat hours (that s, the total number of heat threshold exceedances at
any given hour) occurs. Cities in the Southeast, Northeast and Great
Plains South NCA regions are projected to experience the greatest
increaseinthe 99th percentile of daytime maximum temperatures, with
correspondingly lower exceedances for urban areas across other NCA
regions (Supplementary Fig. 5). This result is consistent for WRF simu-
lations driven by both the CESM and GFDL GCMs under a worst-case
GHG emissions and urban development scenario. As before, exceed-
ancesare greater when the CESM GCM is used to drive WRF. Although
the timing of occurrence peaks in the mid-afternoon hours for WRF
simulations driven by both the CESM and GFDL GCMs, the temporal
range of impacts extends from the morning to evening hours when the
CESM GCMisused todrive WRF. Conversely, the timing of occurrenceis
restricted to the afternoon hours when the GFDL modelis downscaled.
Theseresults are generally consistent withimpacts during night-time
hours: exceedances are greater when the CESM GCM is used to drive
WREF and are greatest for cities in the Southeast, Northeast and Great
Plains South NCA regions (Supplementary Fig. 6). Our results high-
light the potential severity of future night-time heat across US cities,
particularly in the east and south of the country.

Acritical questionis how theseimpacts change across the diurnal
cycleasaresult ofimplementation of adaptation and mitigation strate-
gies. WRF projections using the CESM GCM denote abroad reductionin
extreme heat hours spanning the daytime portion of the diurnal cycle,
from morningto evening hours, with peak reductions occurring during
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Fig. 5| Changein the number and timing of extreme heat hours per year
due to adaptation and mitigation. Results from dynamically downscaled
simulations using the CESM (top) and GFDL (bottom) GCMs. Extreme heat is
defined asthe 99th percentile of the 15:00 air temperature (local time) for the
period 2000-2009. The x axes depict the hour of the day.

the mid-afternoon (Fig. 5). By comparison, WRF projections using
the GFDL GCM indicate the reduction in extreme heat hours spans a
narrower portion of the diurnal cycle and is generally restricted to a
window spanning mid-morning to late afternoon hours. The greatest
reductions in extreme heat hours are evident for urban areas located
inthe Southeast, Northeast and Great Plains South NCA regions, coin-
ciding with those regions projected to undergo the greatest increase
in person-hours. This result is consistent for both dynamically down-
scaled GCMs, although the magnitude of extreme heat hours offset is
considerably greater when WRF projections dynamically downscale
the CESM, rather thanthe GFDL GCM. Unlike the varying effects result-
ing from adaptation and mitigation noted during daytime hours, the
change in the number and timing of extreme night-time heat hours is
largely independent of the hour of the day, varying only between NCA
regions (Supplementary Fig. 7).

Discussion

Our results indicate that climate change mitigation equivalent to the
global shift from RCP 8.5 to 4.5 provides similar or greater reduction
in daytime and night-time heat exposure than intensive application
of local adaptation strategies for CONUS cities. We emphasize that
thereis variability in the overall magnitude of decrease in person-hours
according to the GCM driver and regional context, underscoring the
significance of uncertainty quantification to future projections of
global change and the variation of future urban heat exposure across
US cities. The overallimpact resulting from simultaneous deployment
isgreater thanthe linear sum of adaptation and mitigation strategiesin
isolation, resulting in a superlinear reduction in person-hours for the
lowest extreme heat thresholds (Fig. 6). As the extreme heat thresholds
increase (that is, from the 90th to 99th percentile) the superlinear
reductionin person-hours transitions to sublinear for cities across all
NCA regions and for WRF simulations driven by both GCMs (Supple-
mentary Fig. 8). Thisresultis not directly translatable to the night-time
reductionin person-hours as the night-time effectis correspondingly
small for all but the most extreme heat thresholds examined here
(that is, the 99th percentile; Supplementary Figs. 9 and 10). During
night-time hours, the overall impact resulting from simultaneous
deployment is broadly equal to the linear sum of adaptation and
mitigation strategies deployed in isolation for the 99th percentile
heat threshold when WRF simulations are driven by the CESM GCM
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(Supplementary Fig. 9); however, they are sublinear for the WRF simula-
tions driven by the GFDL GCM (Supplementary Fig. 10).

Our results bracket the maximum possible benefits derived from
adaptation and mitigation solutions separately and in tandem. Such
knowledge provides insights into optimizing (that is, adaptation or
mitigation, or their combination) approaches and demonstrates the
benefits of adaptation solutions that have direct place-based impacts
as opposed to national-level GHG emission reduction pledges, which
require international cooperation and are more difficult to achieve.
Nonetheless, our results do not address questions associated with
reduced benefits arising from partial deployment of these strategies.
The deployment of adaptation strategies includes its own set of chal-
lenges and requires a coordinated approach at the scale of individual
cities. The benefits accrued are local, and unlike mitigation do not
depend on any level of adoption elsewhere. Partial deployment of
adaptation and mitigation solutions could produce heat exposure
reduction benefits that scale nonlinearly, as shown here for the lowest
(superlinear) and highest (sublinear) extreme heat thresholds follow-
ing complete deployment. Our documented nonlinear response to
simultaneous deployment highlights the correspondingly greater
change in efficacy of adaptation with increased extreme heat waves
relative to mitigation. However, because mitigation is manifest as a
reduction in the atmospheric concentration of GHGs that reduces
the frequency and intensity of extreme heat waves, adaptation offers
areduced potentialto act onextreme heat thatisnolonger occurring,
as heat waves themselves have decreased in frequency and intensity.
Therefore, under the most extreme heat waves the efficacy of adapta-
tion when deployed simultaneously with mitigation reverts back to
thereduced efficiency evident for the lowest heat threshold following
individual deployment. Future research that identifies such nonlinear

effects, with a particular focus on at-risk populations that are highly
sensitive to extreme heat, is required.

Recent high-resolution modeling simulations conducted with
WRF show that needs-based deployment of cool roofs, as a biophysi-
cal adaptation, decreases heat inequity across Maricopa County,
anchored by Phoenix, the fifth largest city in the USA*. The value of
this work notwithstanding, there are several hurdles to clear before
moving forward. First, spatially explicit identification of vulnerable
communities isrequired and the development of such geospatial data-
setsisnot straightforward, especially as the most vulnerable of these
populations are difficult to track and often not a part of existing data-
sets (for example, the homeless population). Second, a coordinated
set of CONUS-wide high-resolution (that is, convection-permitting)
simulations that estimate the efficacy of a suite of biophysical adapta-
tion strategies (both type and spatial extent of deployment), which
vary across geographies, is necessary for local impact assessment.
Third, theidentification of alocally contextualized desired outcome,
or outcomes, is a necessary element of any grouping of choices of
adaptation strategies. Finally, the question of who bears responsibil-
ity for the protection of vulnerable citizens against extreme heat is
receiving increasing levels of attention, but work so far has provided
few material answers??%, The problem of reducing the health risks of
heatisas much amatter of (already available) resource(s) distribution
asitisonfurther study of and raising educational awareness about the
effects of extreme heat. Educating institutions to ensure appropriate
and efficacious coordination that places resources in the hands of
those most vulnerable is mandatory. What is necessary, ultimately,
is that institutions (a topically related but altogether different focus
than our work is the definition of what constitutes ‘participating and
actively cooperatinginstitutions’) become responsive to community
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needs. For example, the provision of weatherization and energy effi-
ciency programs, and improved heat risk communication tools that
are well correlated with heat-attributable mortality* are merely start-
ing points.

Obfuscating the existing focus on heat risk management is the
notion that air temperature may not be the most appropriate met-
ric to use under some circumstances. Recent observational meas-
urements indicate that the deployment of highly reflective road
surfaces in two Los Angeles neighborhoods reduced near-surface
air temperatures by 0.5 °C, thereby attaining the desired outcome
associated with this adaptation strategy. However, measurements
also revealed a substantial increase in the solar radiation load that a
pedestrian would experience through a metricknown as mean radiant
temperature*. The mean radiant temperature metricis particularly
advantageous over geographical locations where radiative load (that
is, the enhanced receipt of solar radiation due to a high sun angle and
clear skies) has a more important impact on physiological comfort
thanairtemperature alone (for example, southwestern US cities and
global conurbations across desert environments). Additional com-
plexities arise when humidity levels are high* and the incorporation
of distinct metrics such as the wet-bulb globe temperature, which
also account for atmospheric moisture levels, is more appropriate.
Ultimately, there remains adisconnect between the practitionerand
stakeholder communities, and the urban climate modeling commu-
nity, the latter of which is best suited to examine impacts associated
with what-if scenarios that quantify the efficacy of proposed solu-
tions. Improved engagement between academic and philanthropic
organizations and, critically, elected (and non-elected) officials and
appropriate stakeholders is required. The development of strategi-
cally coordinated frameworks that include the spectrum of these
aforementioned actors can guide meaningful prioritization and
incorporation of solutions that are targeted on those communities
that require greatest assistance.

Our regional climate modeling results demonstrate that while
mitigation strategies may be able to reduce heat exposure to extreme
air temperatures more than adaptation strategies, the potential ben-
efits to cities thatact now via the deployment of adaptation solutions
are substantial. We show that end-of-century population heat exposure
is nearly entirely offset for Northeastern and Midwest US cities when
adaptation and mitigation strategies are deployed simultaneously,
highlighting the regions where such efforts are likely to be most benefi-
cialinterms ofreducing future population exposure to extreme heat.
Conversely, end-of-century population heat exposure is projected to
remain greater than the contemporary baseline across Southeast and
Great Plains US cities, underscoring the importance of additional meas-
ures to buttress heat-related risks. Our work also points to the need
forimproved understanding of the conditions that favor one strategy
over another. Finally, our results point to the need for future research
focused on the synergistic assessment of adaptation and mitigation
efforts, to highlight potentially beneficial outcomes when solutions
are deployed in tandem, rather than in isolation, while also account-
ing forimpacts from humidity, wind speed, variability in clothing and
activity, and a range of demographic aspects that necessitate a more
holistic assessment of potential societal impacts®>™,

As with any modeling study, our results are based on certain
assumptions, including our dynamical downscaling of GCM simula-
tionoutput fromthe CMIP5 archive. The nextiteration of the extensive
set of simulations performed here should make use of the CMIP Phase
6 generation of GCMs, thereby taking full advantage of improvements
in the representation of large-scale climate conditions. In addition,
our results are based on projections of urban expansion and popu-
lation migration that are dependent on a host of demographic and
methodological considerations® . The recent proliferation in future
population projections highlights the uncertainty associated with the
changing rates of fertility, mortality and the ever-shifting landscape

of government policies (for example, health care) all of which have
important roles in shaping the growth of future cities. Appropriate
accounting for the variability in future urban boundary extent and
type and population migration should be incorporated in regional
climate simulations characterizing future exposure to extreme heat
across end-of-century urban environments. Finally, we note that our
simulations do not capture the full complexity of urban systems and
the assumptions we have made are such that one cannotinterpret our
results to correspond to the neighborhood scale, but instead more
broadly to the scale of a city itself.

Methods

We used 10-year WRF simulations to calculate the reductioninavoided
person-hour exposure for end- (2090-2099) relative to start-of-cen-
tury (2000-2009) US cities associated with adaptation and mitigation
inisolation and in tandem. Our analysis is based on WRF (version 3.6,
ref. 32) simulations that accounted for urban expansion and GHG emis-
sions (see below) separately and in tandem™. The Advanced Research
WRF was coupled to a single-layer urban canopy parameterization®*
and was used to conduct 11 continuous decadal-scale simulations repre-
senting different GHG, urban development and adaptationscenariosin
either contemporary climate (2000-2009) or end-of-century climate
(2090-2099) for CONUS (Supplementary Table1). The model domain
was discretized with 310 grid cells in the east-west direction and 190
grid cellsin the north-south direction, comprising aregion extending
from southern Canada to northern Mexico and from the eastern Pacific
Oceantothe western Atlantic Ocean. Model output was writtenata3 h
frequency, the horizontal grid spacing utilized was 20 km and 30 pres-
surelevels were used torepresent the vertical extent of the atmosphere,
extending to the lower stratosphere. The detailed set of physics options
used are provided in the supplementary methods of ref. 33.

Wenext describe our approachinrepresenting contemporary and
future urban environments. We represented start- and end-of-century
CONUS urban classes using the Environmental Protection Agency’s
Integrated Climate and Land-Use Scenarios (ICLUS) version1.3.2, which
contains scenarios of housing density changes to calculateimpervious
surface cover for the conterminous USA to the end of the century>>¢,
We utilized the 2090 A2 ICLUS scenario to represent urban expansion
and densification through the end of the century, and ICLUS 2010 to
represent contemporary urban classes. ICLUS-derived projections of
housing density were aggregated into three urbanland-use classes for
ingestion into WRF. Further details on the mapping of ICLUS to WRF
classes, and additional required urban parameters including anthro-
pogenic heating, are detailed in ref. 33.

Weinitialized and forced our contemporary climate (2000-2009)
simulations using the European Centre for Medium-Range Weather
Forecasts ERA Interim reanalysis”. The baseline (that is, Control)
simulation (2000-2009) against which future projections were com-
pared has been extensively evaluated against a suite of temperature
and precipitation observational products at city, regional and NCA
scales'®***%* The Control simulation demonstrated excellent agree-
ment with available observations, and permitted us to explore the
effects of adaptation and mitigation on the reduction of population
heat exposure across twenty-first-century US cities.

To represent end-of-century climate, WRF simulations dynami-
cally downscaled bias-corrected GCM output from the CESM CMIP5
ensemble member six for RCPs 4.5and 8.5 (ref. 40; we note that there
is no CMIP6 analog for this bias-corrected CESM dataset). RCP 8.5
assumes continuous and heavy use of fossil fuels to the end of the
century, while RCP 4.5 represents considerable reductions in fossil
fuel use with a corresponding decrease in global radiative forcing.
We repeated end-of-century simulations with the GFDL Earth System
Model 2M climate forcing*-*2. This CMIP5 product is used to explore
the sensitivity of regional and diurnal variations of heat exposure
impacts to global climate projections. Further details of additional
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model options, including the sea surface temperature representation,
land-based phenological representation of vegetation (for example,
leaf areaindex), model spin-up and model configuration settings, are
providedin ref. 33.

The adaptation strategy examined here includes a simultane-
ous combination of biophysical modifications that were uniformly
applied toall built environments. In this fashion, our approach evalu-
ated the maximum possible impact associated with infrastructure-
based modification of cities, and included the following alterations:
(1) the deployment of cool roofs to amaximum spectrally integrated
albedo value of 0.88, as informed by several Environmental Protec-
tion Agency Energy Star products®; (2) the incorporation of green,
or maximally evaporating, roofs under the assumption that water is
not alimiting constraint; (3) the planting of street trees with a mean
urban canyon leaf area index of 2.0 m* m2 and height distribution
between 2.5 m and 7.5 m across streets of all urban classes. Further
details of the incorporation of this comprehensive adaptation strat-
egy are provided inref. 33.

We emphasize that while our analysis is based on examination of
CMIP5 (rather than CMIP6) data, we expect that repetition of these
simulations with CMIP6 GCMs as drivers of our regional climate model
experiments would not change the overall significance of our results.
We highlight that the breadth of our modeling design, which produced
roughly 100 Tb of data, precludes rapid replication. The robustness
of our simulation results is demonstrated viaa comprehensive model
comparisonto available observations, at multiple scales, for mean and
extreme temperatures, and mean and extreme precipitation'®***, and
would be difficult to replicate with CMIP6 forcing.

Finally, we define extreme heat using locally defined (thatis, specific
for eachcity) contemporary (thatis,2000-2009) Nth percentile temper-
atures. Although the horizontal grid spacing of our model domain was
20 km, we derived asubgrid urbanair temperature to assess local urban
climate conditions unaffected by rural areas in the same grid cell. This
innovation ensures that our urban temperatures correspond directly
to the built environment®. Finally, our calculation of person-hours for
eachmetropolitanregion (defined here asacity) was based on projected
end-of-century population growth. Further details are provided in the
supplementary methods of ref. 18 (see Supplementary Fig.1for amap
of the projected impervious fraction in the year 2100, which indicates
bounding boxes that delineate urban grid squares with impervious
fractions >0 torepresent contiguous metropolitan regions of interest).

Reporting summary
Furtherinformationonresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

We used version 3.6.1 of the WRF-ARW regional climate model (freely
available at: https://www2.mmm.ucar.edu/wrf/users/download/get_
source.html) to generate all results. Modest modifications to WRF
were made toincorporate subgrid features®. The data that supported
the findings communicated in this manuscript can be obtained by
accessing the ASU Library Research Data Repository at: https://doi.
org/10.48349/ASU/3TYXZI.

Code availability

Analysis was performed using custom-made scripts coded in Python
v.2.7.12. The WRF source code for the latest version of the modeling
systemis available from the public WRF-Model Release page on GitHub
at: https://github.com/wrf-model/WRF/releases. The WRF source code
for the version of the code used here is freely available via the WRF
User’s Page and can be obtained from: https:/www2.mmm.ucar.edu/
wrf/users/download/get_source.html. The code modificationused to
derive the subgrid representation of urban air temperatureis available
fromthe corresponding author upon reasonable request.
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Data collection The original simulations were performed by Scott Krayenhoff, then at Arizona State University (ASU), using ASU's supercomputer
facilities. The initial publication of these simulations were presented in Krayenhoff et al. (2018). Model input data was also obtained
from the National Center for Atmospheric Research, the Environmental Protection Agency, or from the literature.

£zoz |udy

Timing and spatial scale  All simulations begin one month prior to their respective 10-year periods, i.e., 0000 UTC Dec. 1, 1999 for the 2000-2009 period
(inclusive); 0000 UTC Dec. 1, 2089 for the 2090-2099 period (inclusive). Data was output every three hours for every grid cell in the




domain for the duration of each simulation. All output data points represent an average for a 20 km by 20 km area. Although the
horizontal grid spacing of our model domain is 20km, we derive a subgrid urban air temperature to assess local urban climate
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Blinding Our interpretation of blinding indicates the approach to be efficacious as a control for human biases and perceptions and their
conscious or unconscious influences. Our experiments involved clear changes to model code and/or inputs, which are extensively
documented in the Methods and Supplementary Materials in this paper and in previous research (e.g., Krayenhoff et al., 2018,
Georgescu et al., 2021), all of which were referenced in this paper. Therefore, unconscious and unreported human influence on the
results is likely to be negligible and have no bearing on the conclusions drawn.
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