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Abstract

Some rare heatwaves have extreme daily mortality impacts; moderate heatwaves have lower daily
impacts but occur much more frequently at present and so account for large aggregated impacts.
We applied health-based models to project trends in high-mortality heatwaves, including
proportion of all heatwaves expected to be high-mortality, using the definition that a high-
mortality heatwave increases mortality risk by =20 %. We projected these trends in 82 US
communities in 2061-2080 under two scenarios of climate change (RCP4.5, RCP8.5), two
scenarios of population change (SSP3, SSP5), and three scenarios of community adaptation to heat
(none, lagged, on-pace) for large- and medium-ensemble versions of the National Center for
Atmospheric Research’s Community Earth System Model. More high-mortality heatwaves were
expected compared to present under all scenarios except on-pace adaptation, and population
exposure was expected to increase under all scenarios. At least seven more high-mortality
heatwaves were expected in a twenty-year period in the 82 study communities under RCP8.5 than
RCP4.5 when assuming no adaptation. However, high-mortality heatwaves were expected to
remain <1 % of all heatwaves and heatwave exposure under all scenarios. Projections were most
strongly influenced by the adaptation scenario— going from a scenario of on-pace to lagged
adaptation or from lagged to no adaptation more than doubled the projected number of and
exposure to high-mortality heatwaves. Based on our results, fewer high-mortality heatwaves are
expected when following RCP4.5 versus RCP8.5 and under higher levels of adaptation, but high-
mortality heatwaves are expected to remain a very small proportion of total heatwave exposure.
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Introduction

Heatwaves pose risks to human mortality, but the risk associated with any single heatwave
depends on many factors, including heatwave length, timing, and intensity. On average,
heatwaves increase daily mortality risk by approximately 4 % in the United States
(Anderson and Bell 2011), but extreme heatwaves present significantly higher risks—in
some cases, more than doubling daily mortality (\Vandentorren et al. 2004; Shaposhnikov et
al. 2014). High-mortality heatwaves, which we define using a threshold of a 20 % or higher
increase in daily mortality risk, have a much higher impact per day than moderate
heatwaves, which we define as all other heatwaves. Moderate, but much more common,
heatwaves likely account, however, for most heatwave health impacts at present.

Several studies have investigated trends in heatwaves (e.g., Oleson et al. 2015) and extreme
heat exposure (e.g., Jones et al. 2015) under various climate change scenarios. These,
however, have not distinguished between high-mortality and moderate heatwaves. Other
studies have projected the expected number of heatwave-related deaths under future
scenarios (e.g., Wu et al. 2014; Mills et al. 2015), but do not provide estimates of how
concentrated deaths are likely to be (i.e., are most heatwave-related deaths expected to occur
during a few very severe heatwave days, or are they more likely to be spread over many
heatwave days?). Existing projections would be complemented by estimates of future trends
in high-mortality heatwaves, including what proportion of all heatwaves and heatwave
exposure are expected to be from high-mortality heatwaves.

Communities have many choices for how to budget funding to limit heat-related health
impacts (Huang et al. 2013). Their decisions could be helped by a better understanding of
how heatwave exposure is expected to be distributed in the future between more common,
lower risk-per-day events and rare but higher risk-per-day events. Some communities may
choose to implement daily interventions during extreme heat, including opening and
transporting people to cooling centers and increasing staffing for emergency medical
services (Huang et al. 2013; Hondula et al. 2015). These interventions cost a certain amount
per day of implementation; these interventions, and even more costly daily interventions,
might be reasonable costs during high-mortality heatwaves but unrealistic to implement
during most moderate heatwave days. Other interventions aim for heat mitigation (e.g.,
making land use and building design changes to reduce urban heat island effects) (Huang et
al. 2013; Hondula et al. 2015). These interventions could bring more persistent relief during
both high-mortality and moderate heatwaves and so may be useful to prioritize if high-
mortality heatwaves continue to be very rare.

Further, research on heat mortality projections relies on assumptions that are sensitive to
changes in the distribution of heatwave exposure between moderate and high-mortality
events. For example, while some projections use a constant effect estimate as the expected
increased risk on any heatwave day (e.g., Wu et al. 2014; Stone et al. 2014), effects of a
high-mortality heatwave can be much larger than average estimates of mortality risk during a
heatwave. If many more heatwaves of the future have characteristics that drive them towards
effects in the skewed right tail of the distribution of heatwave effects, it would mean that (1)
the average heatwave relative risks based on current samples of heatwaves could be much
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too low; and (2) uncertainty analysis for heatwave impacts (e.g., Wu et al. 2014) could be
too conservative. Further, short-term mortality displacement patterns have been found to
vary with heatwave strength (Saha et al. 2014), and some high-mortality heatwaves have
been characterized by mid-term mortality displacement, with lower-than-expected mortality
rates during approximately a year following the event (Shaposhnikov et al. 2015; Toulemon
and Barbieri 2008).

Here, we project trends in high-mortality heatwaves. We project these trends, including
estimates of how heatwave exposure is expected to be distributed between high-mortality
and moderate heatwaves, in 82 US communities under different scenarios for 2061-2080 of
climate change, population growth, and adaptation to changing temperatures. To make these
projections, we use health-based classification models developed and tested in a companion
paper (Anderson et al., submitted). The models input all heatwaves identified for a certain
scenario (using the definition that a heatwave is a period of two or more days above the
community’s 98th percentile temperature) and then predict which of those are likely high-
mortality and which are likely moderate.

We developed the models using, as potential predictive variables, 20 different heatwave
characteristics (Table 1), including absolute and relative (compared to the community’s
typical temperatures) temperature, length (both total length and measures of how many days
in the heat wave exceeded a certain absolute or relative temperature), timing, and properties
of the community in which the heat wave occurred (population, climate). Previous research
has found that these characteristics might affect heat-related danger (Anderson and Bell
2011; Curriero et al. 2002). The heatwave characteristics that each model ultimately
incorporated are shown in Table 1.

We trained the models using 19 years of health and weather data from 82 US communities.
We fit several different classification trees or ensembles of classification trees. This model
structure is useful in describing relationships that are strongly interactive—for example, if a
heat wave will only be high-mortality if it is both very intense and occurs early in the
summer. We used Monte Carlo cross-validation to assess performance of these models
(Kuhn and Johnson 2013) and selected four health-based classification models to use in the
current study.

This study is part of a larger project on the Benefits of Reducing Anthropogenic Climate
changE (BRACE; O’Neill and Gettelman, submitted). BRACE focuses on characterizing the
difference in impacts driven by climate outcomes resulting from the forcing associated with
RCP8.5 and RCP4.5 (van Vuuren et al. 2011).

2 Materials and methods

Within 82 US study communities, we projected, for 2061-2080, both the number of and
person-days of exposure to high-mortality heatwaves, as well as the percent of heatwaves
and heatwave exposure expected to be from high-mortality heatwaves. We projected these
trends for twelve scenario combinations: every combination of (1) two scenarios of climate
change; (2) two scenarios of population change; and (3) three scenarios of adaptation to
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heat. This resulted in 258 different projections once all ensemble members for each of the
two climate scenarios were considered. Our analysis covered the 82 US communities used
previously to develop our health-based models (Fig. 1; Anderson et al., submitted). Each
community is a county or collection of contiguous counties, and all have populations of
>300,000, based on the 2000 US Census.

We considered two scenarios of future greenhouse gas forcings, RCP4.5 and RCP8.5 (van
Vuuren et al. 2011). In RCP4.5, radiative forcing stabilizes at 4.5 W/m?2 by 2100 without
overshoot, representing a scenario in which policy reduces greenhouse gas emissions
(Thomson et al. 2011). In RCP8.5, radiative forcing rises to 8.5 W/m? by 2100 and
continues rising, describing the most extreme greenhouse gas emission pathway of the four
RCPs (Riahi et al. 2011).

In modeling projections by climate scenario, we explored how internal climate variability
introduced uncertainty into projections. Weather in a location fluctuates around the
location’s long-term climate. While these random fluctuations have little impact on large-
scale, averaged projections (e.g., mean yearly global temperature), they can introduce
substantial uncertainty into projections of extremes or trends at the local or regional scale
(Hawkins and Sutton 2009; Deser et al. 2014). We explored these uncertainties in our
projections by using large- and medium-ensemble models, in which many ensemble
members are generated from the same climate model, but with very small changes in the
initial conditions.

We use the National Center for Atmospheric Research’s (NCAR’s) Community Earth
System Model (CESM) large ensemble (CESM-LE) as projections of future weather
conditions under the Representative Concentration Pathway 8.5 (RCP8.5) scenario of
climate change (Kay et al. 2014) and the medium ensemble (CESM-ME) as projections of
future weather conditions under Representative Concentration Pathway 4.5 (RCP4.5)
(Sanderson et al. 2015). These simulations replay the 20-21st century (1920-2100) 30 times
under historical and RCP8.5 external forcing with small atmospheric initial condition
differences (Kay et al. 2014).

The model includes a land surface model with an urban component that captures the urban
heat island effect, which we used to better represent urban temperature for our projections,
rather than using a grid-averaged value averaged over all land surface types (Oleson et al.
2015). Because urban data were not available for the first ensemble member of each
scenario, we used 29 ensemble members for RCP8.5 and 14 for RCP4.5. This model’s urban
heat island estimates are consistent with remote-sensing results (Zhao et al. 2014).

Climate models have been found to have difficulties in projecting of temperature extremes
(e.g., temperatures above a certain percentile; Keellings 2016). The climate model used in
our study, however, has been found to perform fairly well in projecting extremes (Sillman et
al. 2013). Further, calibration can help reduce bias in projecting temperature extremes
(Bellprat and Doblas-Reyes 2016); all temperature projections used in this study were bias-
corrected using quantile remapping (Online Resource of Oleson et al. 2015).
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Within all simulations, we identified all heatwaves based on a definition of a heatwave as =2
days with Tean > 98th percentile of community’s year-round Tean in the present day
(1981-2005) (Oleson et al. 2015). This step of the analysis identified all heatwaves within a
projection; the health-based models used this set of heatwaves as candidates for high-
mortality heatwaves. For each heatwave, we measured all characteristics in Table 1.
Descriptions of regional- and community-scale patterns of climate-related heatwave
characteristics (e.g., intensity, length) are provided in Oleson et al. (2015). Some heatwave
characteristics depended on scenarios of population. To generate population estimates for the
study communities for 2061-2080, we used a gravity-type downscaling model (Jones and
O’Neill 2013) to create gridded projections of the US population for two Shared
Socioeconomic Pathways (SSP3 and SSP5). We then aggregated grid-cell population up to
the county-level for each study community (Fig. 1; O’Neill et al. 2015; Jones et al. 2015).

These SSPs provide scenarios of alternative futures in terms of demographic and
socioeconomic structure from which we can derive projections of future population (Samir
and Lutz 2014). For the US, the SSP3 pathway is characterized by low fertility rates and low
rates of in-migration, which leads to an aging population that declines in size over time. The
SSP5 pathway is characterized by above-replacement fertility and higher rates of in-
migration for the US, leading to a significantly larger population. The downscaling
procedure allows for consideration of local patterns of spatial population change (e.g., urban
sprawl or consolidation) implicit in the SSP narratives. The fossil-fuel based development
specified by SSP5 implies a more sprawling pattern of development than in the more
fragmented world implied by SSP3.

These population projections are subject to several sources of uncertainty, including the
underlying assumptions regarding fertility, mortality, and migration used to construct the
national-level projections for each scenario and the assumptions regarding spatial patterns of
development implicit in the downscaling procedure. However, these projections are also
internally consistent with the broader SSP narratives and represent a possible outcome given
the assumptions associated with each scenario.

We also explored how different assumptions about adaptation influenced projections. If a
community adapts to more frequent extreme heat, the same temperature that is currently
dangerous in a community might not be as dangerous in the future (Kinney et al. 2008;
Huang et al. 2011). Current epidemiological research suggests adaptation to heat, with
higher absolute temperatures required to elicit a health response in hot climates compared to
milder ones (e.g., Curriero et al. 2002) and in hotter areas of a city compared to cooler areas
(Milojevic et al. 2016). We used temperature distributions from different time periods
between the present and the future projection period as baselines when calculating relative
metrics of temperature during each heatwave (i.e., how hot a heatwave was compared to the
climate of a community), which were included in our health-based classification models
(Table 1).

We considered three assumptions of how communities might adapt to increasing extreme
heat exposure: no adaptation, lagged adaptation, and on-pace adaptation. The “no
adaptation” scenario assumes communities will remain adapted to their present-day climate
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and not adjust to the higher temperatures more common in the future. For this scenario, we
used recent (1981-2005) community temperature distributions to calculate relative heatwave
characteristics for future heatwaves. The “lagged adaptation” scenario assumes communities
will adapt to, but not keep pace with, climate change. For this, we used community
temperature distributions for 2023-2042, a period midway between the future projection
period and the present, as a baseline when calculating relative metrics. Finally, for “on-pace
adaptation”, which assumed communities keep pace with climate change and will be fully
adapted to their 2061-2080 climate, we used community temperature distributions from
2061 to 2080 to calculate relative heatwave characteristics.

Once we identified and characterized all heatwaves in a simulation, we used the health-
based models developed in Anderson et al. (submitted) to predict which of these heatwaves
were expected to be high-mortality versus moderate. We provide full details on the building,
evaluation, and selection of these models in our companion paper (Anderson et al.,
submitted), and the models and a short tutorial on their use are available on GitHub (https://
github.com/geanders/HyperHeatwavePredictiveModels).

The classification models, when applied to all heatwaves in a simulation, output two values:
Hpp, number of heatwaves for the ensemble member predicted by the model to be high-
mortality heatwaves, and A, number of heatwaves predicted to be moderate. Because the
models all had low positive predictive values (~3 %; Anderson et al., submitted), and so
resulted in many false positives in their initial classifications, we adjusted initial projections
of the total number of high-mortality heatwaves using estimates of the models’ performance
from Monte Carlo cross-validation (Anderson et al. submitted). These models were
estimated to have false omission rates of 0 %, making adjustment for false negatives
unnecessary. To estimate the number of high-mortality heatwaves, Hj, we used:

=H

p=Hp*P

ph

where Pis estimated model positive predictive value.

To estimate exposure to high-mortality heatwaves, £, we summed the product of the lengths
and community populations associated with, separately, high-mortality and moderate
heatwaves, and then adjusted estimates based on the positive predictive value for the
healthbased model:

E, = PZ (D,N)
l

where Pis model positive predictive value, 7is a heatwave classified as a high-mortality
heatwave, with the summation summing over all heatwaves in this classification, D;is the
length of heatwave 7in days, and A;is the population of the community in which heatwave 7
occurred.

To provide a comparison to present-day trends, we also estimated the number of and
exposure to high-mortality heatwaves with ensemble-member data from a 25-year current
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period (1981-2005). Since this baseline period is longer (25 years) than the future scenario
periods (20 years), we re-scaled the present-day projections to the expected number per 20

years. Since we generated exposure projections in units of millions of person-days per year,
the exposure measure did not require re-scaling.

To investigate how projections were influenced by the choice between health-based models,
we repeated the process using four different health-based models. We considered a
classification tree model, a bagging model, and a boosting model. These different models
include different heatwave characteristics as predictors (Table 1), with the bagging model
incorporating many heatwave characteristics (although some with low variable importance
[Anderson et al. submitted] and so with a small impact on final projections), the boosting
model incorporating fewer characteristics, and the classification tree based on only two
characteristics (a metric of relative temperature and the month in which the heatwave
started).

Because of the rarity of high-mortality heatwaves in the training dataset and the multi-level
grouping of heatwaves by regional weather systems, we were somewhat concerned that
these three health-based classification models may have overfit to characteristics that are
constant or nearly constant across all heatwaves in a regional weather system, like the month
in which the heatwave started. Therefore, we also created a customized, simplified model
that included only the predictor assessed as being most useful in classifying high-mortality
heatwaves—the relative intensity of the highest mean temperature during the heatwave
compared to the temperature distribution in the heatwave’s community (see Anderson et al.,
submitted). To test sensitivity to our choice of threshold for high-mortality heatwaves, we
also created projections using health-based models that were developed using a slightly
lower threshold: 19 % or higher increase in mortality risk (we also considered a slightly
higher threshold of 21 % but obtained identical health-based models as the main models
using the 20 % threshold).

High-mortality heatwaves were expected to be much more common than at present under all
scenarios except those assuming on-pace adaptation (Table 2, top; Fig. 2a). Community-
specific results for this and other findings are provided and discussed in the Online
Resource. Under all scenarios considered, high-mortality heatwaves were expected to
represent less than 1 % of all heatwaves identified with the study’s definition (two or more
days above the community’s present 98th percentile temperature).

When comparing the two climate scenarios, high-mortality heatwaves were generally less
frequent under RCP4.5 than RCP8.5, suggesting some high-mortality heatwaves would be
avoided under RCP4.5 compared to RCP8.5 (results were almost identical when analysis for
RCP8.5 was restricted to the same 14 ensemble members used for RCP4.5; Online Resource
Table S1). The difference between the two climate scenarios depended strongly on
assumptions about adaptation. Projections differed most between the climate scenarios under
the “No Adaptation” scenario: at least 7 additional high-mortality heatwaves were projected
over the 82 study communities for the 20-year period for RCP8.5 compared to RCP4.5,
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depending on ensemble member and health model (Table 2, top). By comparison,
approximately 6 high-mortality heatwaves were projected for the present day, so this
difference represents an increase between the two scenarios of more than the total number of
high-mortality heatwaves currently expected. The projected number of high-mortality
heatwaves differed less between the two climate projections for the “lagged adaptation”
scenario, and slightly reversed (i.e., more under RCP4.5 than RCP8.5) for “on-pace
adaptation” (Table 2, top; Fig. 2a).

Exposure to high-mortality heatwaves increased substantially compared to the present day
across all scenarios considered, although the exact increase differed by scenario (Table 2,
bottom; Fig. 2b). Exposure to high-mortality heatwaves was projected to be a very small
percentage of total heatwave exposure under all scenarios (Table 2, bottom). Heatwaves
tended to be longer under the RCP8.5 scenario (Oleson et al. 2015); therefore, although
there were not always large increases in the frequency of high-mortality heatwaves under the
RCP8.5 scenario compared to the RCP4.5 scenario (Table 2, top), the scenarios differed in
the projected person-days of exposure to high-mortality heatwaves, with a > 70 % increase
in exposure for RCP8.5 versus RCP4.5 under a scenario of no adaptation and more than a
doubling in exposure for RCP8.5 versus RCP4.5 under a scenario of lagged adaptation
(Table 2, bottom).

Population and population density did not influence the projected number of high-mortality
heatwaves (Table 2, top). Population growth scenarios did, however, alter projections of
person-days of exposure (Table 2, bottom; Fig. 2b) since more people would be exposed to a
high-mortality heatwave in a higher-population city. Projected exposure increased by 60—
90 % for the SSP5 population scenario compared to SSP3, depending on adaptation and
climate scenarios.

The choice of adaptation assumption created the largest variations in projections of both the
number of and exposure to high-mortality heatwaves. The projected number of high-
mortality heatwaves more than halved when moving from a scenario of no adaptation to
lagged adaptation or from lagged to on-pace adaptation (Table 2, top; Fig. 2a). The
adaptation scenario also drove trends in exposure projections, with typically more than a
halving in projected exposure when moving from the no to lagged adaptation scenario or
from the lagged to on-pace adaptation scenario (Table 2, bottom; Fig. 2b).

When comparing across health-based models, we found that projections of the number of
and exposure to high-mortality heatwaves varied across the four models (classification tree,
bagging, boosting, and custom simplified models) (Table 2). For example, we found the
ensemble mean for the projected number of heatwaves for one scenario combination
(climate scenario: RCP8.5; adaptation scenario: no adaptation; population scenario: SSP5)
ranged from 43 to 76 across the four health-based models. Although projections were not
identical, all four health-based models resulted in similar trends when comparing across
different scenarios of adaptation, climate change, and population growth. For example, the
adaptation scenario was consistently the strongest driver of trends in projections, and high-
mortality heatwaves were usually expected to be more common under climate change than at
present. We also tested sensitivity of the results to the threshold for defining high-mortality
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heatwaves, one of the parameters used when developing the health-based models (Anderson
et al., submitted). We found again that exact projections were variable but that general
conclusions were consistent—projected frequencies and exposures were most strongly
influenced by assumptions about adaptation, and exposure to high-mortality heatwaves was
always expected to increase compared to present.

We explored the uncertainty based on internal climate variability by investigating differences
in projections across different ensemble members for each scenario (Fig. 2). Trends in
heatwave frequency were consistent across ensemble members when comparing adaptation
scenarios. While all ensembles projected more high-mortality heatwaves under future
scenarios than at present from every scenario except full adaptation, trends in frequency
showed some overlap between RCP4.5 and RCP8.5 projections (Fig. 2a). Exposure
projections showed similar patterns for uncertainty related to internal climate variability,
although these projections were somewhat less sensitive to ensemble variations when
comparing results for RCP8.5 versus RCP4.5 (Fig. 2b).

Discussion

Here, we projected how often high-mortality heatwaves are likely to occur under various
future scenarios of climate change, population change, and adaption. We found sources of
uncertainty in these projections, including from internal climate variability and choice of
health-based model. However, we consistently found: (1) an increase compared to present in
the number of high-mortality heatwaves under all scenarios except on-pace adaptation; (2)
an increase in exposure to high-mortality heatwaves compared to present under all scenarios;
and (3) that high-mortality heatwaves were expected, under all scenarios, to comprise less
than 1 % of all heatwaves and all heatwave exposures for heatwaves identified using the
current definition (two or more days at or above the 98th percentile of the community’s
current temperatures). Although in some cases more high-mortality heatwaves were
projected under the RCP4.5 than RCP8.5 scenario, this finding could result from heatwaves
being longer under RCP8.5 (Oleson et al. 2015), which could, in some cases, result in a
single long heatwave rather than multiple shorter heatwaves. This hypothesis is supported by
our finding that person-days of exposure to high-mortality heatwaves is always projected to
be higher under RCP8.5 than RCP4.5.

Based on our findings, although high-mortality heatwaves are expected to occur more
frequently in the future under most scenarios considered than at present, they are expected to
continue to be a very small fraction of all heatwaves and all heatwave exposure. This finding
suggests that interventions planned for only very severe heatwaves could miss most of the
exposures that result in heatwave-related mortality. Further, our results suggest that there is
unlikely to be a large shift in the proportion of high-mortality heatwaves among all
heatwaves, and so potential biases in health impact assessments that could be caused by such
a shift are unlikely, and resulting uncertainty in mortality projections is likely small
compared to uncertainty introduced from other assumptions required when making heat
mortality projections.
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In developing the models used here, we found that all high-mortality heatwaves in the
training data shared the meteorological characteristic of having at least 1 day at or above the
community’s 99.89th percentile temperature (Anderson et al., submitted). Because this
relative temperature characteristic was very important in all of the health-based classification
models, projected trends in high-mortality heatwaves varied most strongly across scenarios
of adaptation (Fig. 2, Table 2). Given how strongly adaptation assumptions influenced our
projections, future research on the health impacts of heat exposure from climate change
should address adaptation assumptions.

Many previous projections of heat-related mortality have been limited to a scenario of “no
adaptation” (e.g., Kingsley et al. 2016; Wu et al. 2014). Based on epidemiological studies of
the current relationship between heat and health, there is evidence that this scenario is less
likely than a scenario of at least some adaptation, both intentional (e.g., urban planning,
community-directed heat warning systems) and unintentional (e.g., acclimatization,
improvements in population health) (Hondula et al. 2015). For example, one study explored
the relationship between heat and health within parts of London with differing temperatures,
because of differing heat island effects, and found that evidence was inconsistent with a “no
acclimatization” assumption (Milojevic et al. 2016).

A few projections have explored adaptation scenarios using different approaches (Hondula et
al. 2015). Some studies have used adaptation scenarios where temperature-mortality models
were developed using only the hottest recent summers (e.g., Hayhoe et al. 2004). These
scenarios would likely incorporate only short-term adaptation (e.g., acclimatization,
immediate behavior changes), not longer-term adaptation (e.g., changes in building or urban
design). Other projections have assumed all communities will adapt by a certain absolute
increase in temperature (e.g., temperature-mortality curves will shift right along the
temperature axis) (Gosling et al. 2009). While these scenarios are similar to our scenario of
“lagged” adaptation, in allowing some adaptation to heat, they assume that all communities
will adapt to the same absolute increase in temperature, while our scenarios assume that
communities with greater changes in temperature distributions will also have greater
changes in adaptation. Other projections have used created temperature-mortality curves in
“analog” cities that currently have the anticipated future climate of the city for which
projections are being done (e.g., Knowlton et al. 2007; Mills et al. 2015). This analog city
approach is conceptually similar to our scenario of on-pace adaptation. However, if
community characteristics like urban design and demographics are likely to be more similar
between a city at present and the same city during the future projection period than between
the future city and its analog city at present, however, then our approach may provide a
better representation of a scenario of full adaptation.

While scenarios of “no adaptation” and “full adaptation” represent a wide range of
adaptation scenarios, these are not the outer limits of possible adaptation scenarios. Feasibly,
communities could do worse than “no adaptation”—for example, if power grids deteriorate,
a community may respond worse in the future than it currently does to similar temperatures.
Alternatively, technological and health advances may allow communities to handle
temperature distributions of the future even better than they handle today’s climate, leading
to better adaptation than that portrayed by the “on-pace adaptation” scenario. There is
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evidence of decreasing susceptibility to heat in the US over the past decades (Gasparrini et
al. 2015; Bobb et al. 2014), which suggests that this scenario of more adaptation than in our
“on-pace” scenario would also be realistic to consider. To explore adaptation assumptions in
future health impacts research, it may be useful to expand the approach we used here and
use temperature-mortality curves fit to relative, rather than absolute, temperature (e.g., the
curves developed in Gasparrini et al. 2015), as well as incorporate estimates of the declining
trend in heat susceptibility in the US found by Bobb et al. (2014) and Gasparrini et al.
(2015).

Our adaptation scenarios were not based on specific practices of adaptation that
communities are expected to take; rather, they span a range of possible scenarios of
adaptation. This simplified approach allowed a preliminary investigation of the role that
adaptation assumptions make in introducing uncertainty in projected trends in high-mortality
heatwaves. While it would be preferable to model adaptation based on scenarios of specific
adaptation measures, there are not clear estimates of the effect modification expected from
different adaptation strategies (Boeckmann and Rohn 2014), and some of the trends in
adaptation might result from decreasing susceptibility to heat unrelated to planned
adaptations.

Our study explored uncertainty in projections related to the choice of health-based model
and to internal climate variability. There are other sources of uncertainty in projections,
however, that this study did not capture. For example, while we used a large-ensemble
model to try to characterize uncertainty introduced by internal climate variability, some
climate model uncertainty persists beyond that captured by comparing projections across
ensemble members. We have not, for example, explored climate model structural uncertainty
or uncertainty in climate model parameters (e.g., climate sensitivity) (Monier et al. 2014),
which can introduce uncertainty in health impact estimates (e.g., Kingsley et al. 2016;
Gosling et al. 2012). We were unable to explore these sources of uncertainty since, to our
knowledge, only one other model submitted to CMIP5 provides urban output (McCarthy et
al. 2010), and it uses a different urban representation than the model used here.

Further, while the climate model we used provides urban climate output, this urban
representation does not capture fine-scale or temporal variations in urban form within study
communities. In our urban modeling, there are only six unique sets of urban properties over
the US, which means that some communities share the same morphological, thermal, and
radiative characteristics in the model, and there is no variation in climate projections within
a community (Oleson et al. 2015). Some studies have found heat-health effects can vary at
finer scales, including within cities, based on differences in urban form (Burkart et al. 2016;
Jenerette et al. 2016) and that warming projections can be strongly influenced by within-
community scenarios of urban expansion (Georgescu et al. 2014). This level of within-
community variation would not be captured by the projections we used. Our climate model
also assumes urban areas are static in time, and it does not incorporate population effects on
future urban extent and properties. If it did, the population scenario might have influenced
temperature projections and so influenced more of the model characteristics than those
identified as population-related in Table 1. It may be possible to explore this dynamic more
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in the future, as climate models develop to be able to incorporate scenarios of changing
urban form.

Results presented here rely on certain health modeling choices, including the heatwave
definition used to identify all heatwaves in future temperature projections. We identified the
set of all heatwaves in a projection using, as a threshold, a community’s 98th percentile of
present-day temperatures. Temperatures that are currently extreme are likely to be much
more common toward the end of the 21st century (Diffenbaugh et al. 2011), and heat
mortality projections that estimate an average effect for all heatwave days have been found
to be sensitive to the heatwave definition used (Wu et al. 2014). Our estimates of the
frequency of and exposure to high-mortality heatwaves are not likely to be sensitive to the
heatwave definition in the same way, as our estimates use models that count only heatwaves
with characteristics that make them more likely to be high-mortality. However, our estimates
of the proportion of all heatwaves or heatwave exposure that are expected to be high-
mortality could be more sensitive to this heatwave definition, since these estimates use, as a
denominator, the total number of heatwaves or heatwave exposure identified in a projection.

While our health-based model building found that most high-mortality heatwaves share
certain meteorological characteristics, particularly a very high relative temperature, many
moderate heatwaves also have these characteristics, which resulted in the health-based
models having low positive predictive values (Anderson et al. submitted). While we adjusted
for this in our projections using estimates of model performance from Monte Carlo cross-
validation (Anderson et al. submitted), it would be preferable for future research to develop
models with better positive predictive values. The health impacts of heat vary by personal
susceptibility factors like age (Anderson and Bell 2009), and heat effects might be
compounded by concurrent exposures like high air pollution or power outages. Future
research could explore whether additional characteristics could improve classification
models for heatwaves, as well as whether such characteristics could be projected for future
heatwaves with enough resolution to be usefully incorporated into projections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Study communities. Each dot shows one of 82 study communities. Dot size indicates

population at present or for a population scenario. Dot color shows, for projected
populations, percent population increase compared to present
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Fig. 2.
Projected trends in high-mortality heatwaves ([a] frequency and [b] exposure) under

different adaptation and climate scenarios. Each line connects three projections for an
ensemble member, with points for projections for present-day (/ef?) and for two scenarios of
greenhouse gas forcing (RCP4.5 [middle] and RCP8.5 [righf). “Frequency” (a) indicates
total number of high-mortality heatwaves projected for all 82 study communities.
“Exposure” (b) indicates total expected exposure across all 82 communities in millions of
person-days per year. Color corresponds to the adaptation assumption: none (reqd), lagged
(green), or on-pace (blue). All projections are based on the bagging health-based model, and
all projections for (a) are based on the SSP3 population projection
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