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INTRODUCTION

The nationally determined contributions (NDCs) submitted to the
United Nations Framework Convention on Climate Change under
the Paris Agreement have been estimated to be consistent with
emission pathways reaching a median global mean temperature
increase of 2.6° to 3.1°C above preindustrial levels by 2100 (1). This
estimate excludes conditional NDCs (e.g., financial conditions) and
assumes that the nations’ stated 2020–2030 mitigation ambition remains the same through 2100. Although end-of-century warming
will be strongly influenced by post-2030 mitigation and the Paris
Agreement (2) contains a mechanism for nations to progressively
“ratchet up” future ambition, a substantial increase in mitigation
ambition before 2030 would be required “to keep a global temperature rise this century well below 2°C above pre-industrial levels and
to pursue efforts to limit the temperature increase even further to
1.5°C” (3). Nations that are parties to the Paris Agreement have a
first opportunity to revise their level of mitigation ambition in
2020 (4).
Changes in global climate affect human heat-related morbidity
and mortality through changes in local ambient temperature and
relative humidity. Through the use of statistical models, epidemiological studies (5–7) have quantified the exposure-response relationship
between daily mean temperature and mortality. This relationship
varies from location to location, with relationships in developed nations
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generally “U”- or “J”-shaped, that is, elevated mortality risk at extreme
high and low temperatures (5, 8).
Climate change is projected to increase heat-related mortality in
the United States (9, 10), Europe (11–13), the Americas (13), East
and Southeast Asia (13, 14), Australia (13, 15), and the Middle East
and North Africa (16). Stabilizing future climate at 1.5°C above preindustrial levels is considerably better than 2°C with regard to heat
exposure and heat-related mortality: On average, 73 million fewer
Europeans would experience summer temperatures that exceed the
1950–2017 record (17); the likelihood of an event with a similar
mortality level to that seen in the 2003 European heat wave would
be 2.4 times lower in London and 1.6 times lower in Paris (18), and
people in West Africa would experience dangerous heat stress levels ~2%
less often (19). Conversely, a global mean temperature rise from
1.5° to 2°C would increase heat-mortality impacts by 0.11 to 2.13%
in most countries, with further warming exacerbating these impacts
(20). The Intergovernmental Panel on Climate Change (IPCC) has
medium confidence in detecting the heat-related morbidity and
mortality differences between 1.5° and 2°C warming above preindustrial levels (3).
Despite a growing understanding of the benefits to human
health of keeping warming to 1.5°C compared to 2°C, only one
study (20) compared temperature-related mortality impacts between
the Paris Agreement goal and higher warming levels. No study has
yet to delineate the potential benefits of limiting the current trajectory of 3°C warming to the Paris Agreement goal with respect to
heat-related mortality or any climate impact, in the framework of
extreme event attribution. Addressing this question was outside the
purview of the IPCC special report on 1.5°C warming, which was
specifically tasked in its approved outline with comparing impacts
at 1.5° and 2°C (3). Yet, such analysis can inform mitigation discussions in the context of the current international climate ambition.
Furthermore, large ensemble experiments are key to assessing the
impacts of extreme weather events over policy-relevant return periods
(21). Although there are challenges in associating near-term NDCs
with a particular temperature outcome (22), the potential reduction
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Current greenhouse gas mitigation ambition is consistent with ~3°C global mean warming above preindustrial
levels. There is a clear need to strengthen mitigation ambition to stabilize the climate at the Paris Agreement goal
of warming of less than 2°C. We specify the differences in city-level heat-related mortality between the 3°C trajectory and warming of 2° and 1.5°C. Focusing on 15 U.S. cities where reliable climate and health data are available,
we show that ratcheting up mitigation ambition to achieve the 2°C threshold could avoid between 70 and 1980 annual heat-related deaths per city during extreme events (30-year return period). Achieving the 1.5°C threshold
could avoid between 110 and 2720 annual heat-related deaths. Population changes and adaptation investments
would alter these numbers. Our results provide compelling evidence for the heat-related health benefits of limiting
global warming to 1.5°C in the United States.
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events. We suggest that the 30-year return period is more relevant
to climate change mitigation and adaptation action than rarer
events. Our results provide previously unidentified and notable information for the next round of NDC submissions.
RESULTS

Observed and projected changes in extreme
high temperature
Regional extreme high temperatures that are usually associated
with elevated mortality risks have changed over the past decades,
often at rates higher than that of increases in global average temperature (24, 25). Figure 1A shows the 1979–2013 trends in annual
mean values of monthly maximum of daily maximum temperature
(TXx) over the contiguous United States (see Materials and Methods).
TXx is a temperature extreme index defined by the Expert Team on
Climate Change Detection and Indices (26). We estimated the
trends from the EartH2Observe, WFDEI, and ERA-Interim data
Merged and Bias-corrected for ISIMIP (EWEMBI) dataset (27, 28)
(see Materials and Methods) using the methods described in Sillmann
et al. (24).
Boston, Detroit, Houston, New York City, Phoenix, and St. Louis
have experienced a significant warming trend in TXx of up to 2.4°C
per decade between 1979 and 2013 (note that stippling on Fig. 1A
indicates changes that are not statistically significant at the 5% level).
The magnitude, significance, and spatial pattern of these trends are

Fig. 1. Observed and projected changes in extreme high temperature over the contiguous United States. (A) Estimated trends of the annual mean TXx values
between 1979 and 2013 from the EWEMBI dataset. (B) Difference in the decadal averages of TXx between the 2° and 1.5°C worlds. (C) Same as (B) but between the 3° and
1.5°C worlds. (D) Same as (C) but between the 3° and 2°C worlds. The differences in (B), (C), and (D) are averages across 30 bias-corrected ensemble members of Hadley
Centre Atmospheric Model version 3P (HadAM3P). Stippling indicates regions where neither trends nor differences are significant at the 5% significance level using the
two-sigma test and the Kolmogorov-Smirnov test, respectively. The markers indicate the locations of the cities included in this study.
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of heat-related mortality associated with achieving the Paris Agreement goal is highly relevant to motivate strengthening of mitigation
ambition in the next round of NDC submissions in 2020.
The “Half a degree Additional warming, Prognosis and Projected
Impacts” (HAPPI) project (21) was established to understand how
extreme weather might differ between the recent past and future
climates that abide by the Paris Agreement goal. Existing HAPPI
experiments include a decade-long experiment spanning 2006–2015
and two time-slice experiments of decades in the future where global
mean warming is stabilized at 1.5° and 2°C above preindustrial levels
(see Materials and Methods for precise details). In addition to these
scenarios, we perform a fourth experiment where global mean temperature stabilizes at around 3°C above preindustrial levels. This
allows us to investigate whether and to what extent limiting the 3°C
warming consistent with current mitigation ambition to 2° or 1.5°C
could avoid heat-related mortality over policy-relevant time scales.
We investigate 15 cities (Atlanta, Boston, Chicago, Dallas,
Detroit, Houston, Los Angeles, Miami, New York City, Philadelphia,
Phoenix, San Francisco, Seattle, St. Louis, and Washington, DC)
covering a range of regions and climates in the United States (23).
In the following sections, we compare the temperature and heat-related
mortality related to 3°C warming with those related to the 2° and 1.5°C
Paris Agreement thresholds. We show the projected heat-related
mortality avoided by achieving these thresholds, under the assumption of constant population and no changes in vulnerability. We
focus on the avoided mortality associated with 1-in-30-year heat
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Temperature-mortality relationships
To quantify the extent to which decreased exposure to extreme heat
could decrease the associated heat-related mortality, we determined
the exposure-response relationship between daily mean temperature and mortality for each city using observed data from 1987 to
2000 (see Materials and Methods). Consistent with the literature,
the temperature-mortality relationships have a common U or J
shape but are location specific (fig. S1). The minimum mortality
temperature (MMT; dotted line on fig. S1) is where the risk of
heat-related mortality is lowest. Here, the MMT is defined as the
minimum mortality percentile between the 2nd and 98th percentiles of the observed temperature range over each city [cf. Gasparrini
et al. (5)]. This minimum mortality percentile lies between the 80th
and 90th percentiles for nine of the studied cities and between the
30th and ~60th percentiles for some of the subtropical cities such as
Miami and Houston (table S1). The corresponding MMT ranges
from 15°C in St. Louis to 34.5°C in Phoenix. The different temperature-
Lo et al., Sci. Adv. 2019; 5 : eaau4373
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mortality relationships and MMTs across the cities highlight the
importance of city-specific analyses such as this one.
Temperatures above and below the MMT are associated with
elevated mortality risks (except for extreme heat-related mortality
in Atlanta and San Francisco; fig. S1, A and L). We express mortality
risk as the overall cumulative relative risk (RR) (5), i.e., the cumulated
mortality risk over a period of 21 days relative to that at the MMT
(see Materials and Methods). We find higher RR to be associated with
extreme heat (defined as the 99th temperature percentile) for northern
cities such as Boston, Detroit, New York City, and Philadelphia than
for southern cities such as Houston, Miami, and Phoenix. Nevertheless, the heat part of the temperature-mortality relationships
for the southern cities is highly uncertain (red line and gray shading
on fig. S1). The north-south difference in heat RR demonstrates
that the temperature-mortality relationships are, in part, latitude
dependent, although various contextual factors including demographic characteristics (34), air pollution, and socioeconomic status
(35–37) are also known to affect a location’s vulnerability to heat.
For Atlanta and San Francisco, RR drops below 1 (albeit with large uncertainty) at temperatures above ~30° and ~27°C, respectively. This
might be attributed to unstable exposure-response relationships
resulting from few extreme hot days in the observations. We assume
that the temperature-mortality relationship and MMT for a given
city do not change with increasing regional temperatures. We discuss the potential limitations of this assumption in Discussion.
Avoidable fraction of mortality attributable to heat
For each studied city, we define days on which mean temperature
falls above the MMT as “hot days” (see Discussion). We counted the
number of hot days in each decade-long HAPPI simulation (see
Materials and Methods). If the 2°C warmer world is realized rather than
the 3°C world, then all studied cities would experience significantly fewer
hot days (Fig. 2). The median reduction in the number of hot days
ranges from 129 days per decade in St. Louis to 319 days per decade
in San Francisco. This means that nearly 10% of days would turn
from warmer than the MMT to cooler than the MMT in San Francisco
in the case of 2°C warming above preindustrial levels instead of 3°C.
By meeting the 1.5°C threshold rather than 3°C, all studied cities
could experience a significant reduction in the number of hot days.
The median reduction across the ensemble members ranges from
202 days per decade in St. Louis to 510 days per decade in San Francisco.
This means that the equivalent of 1.3 in 10 years would turn from
warmer than the MMT to cooler than the MMT in San Francisco if
the stricter Paris Agreement threshold is achieved.
The projected number of hot days under 1.5°C warming is consistently lower than that under 2°C warming for all cities. This highlights the increased benefit of ratcheting up mitigation ambition to
meet the 1.5°C Paris Agreement threshold in terms of the overall
heat exposure of the studied cities.
In each experiment, for each day over each city, we used the overall
cumulative RR corresponding to that city and that day’s temperature to calculate the number of deaths attributable to temperature
anomalies from the corresponding MMT (5, 38) (see Materials and
Methods). We divided the sum of attributable deaths on all hot days
by the total number of all-cause deaths expected in a decade to obtain the attributable fraction of heat-related mortality. The difference
in attributable fraction of heat-related mortality between the 3°C
experiment and other HAPPI experiments gives the avoidable
attributable fraction.
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consistent with the trends estimated by Sillmann et al. (24) for
1971–2010 using another dataset. We bias-corrected the daily maximum temperature simulations in the HAPPI 1.5°, 2°, and 3°C
experiments from the atmosphere-only model HadAM3P (29, 30)
against the EWEMBI data, to investigate how TXx may change
under different levels of warming (see Materials and Methods). For
the rest of the study, we bias-corrected the daily mean temperature
simulations from the same climate model against the 1987–2000
observations in the National Morbidity, Mortality, and Air Pollution
Study (NMMAPS) (31) (see Materials and Methods), as this dataset
was used to estimate the temperature-mortality relationship in the
15 cities in this study (see the next section). The bias-corrected simulations are referred to as “HAPPI1.5,” “HAPPI2.0,” and “HAPPI3.0”
hereafter.
An increase in regional temperature extremes greater than the
rise in global and regional mean temperatures has been projected
for climate change scenarios over nearly all land regions (25, 32).
Figure 1B shows the average differences in decadal mean TXx across
30 ensemble members (see Materials and Methods) between the
1.5° and 2°C Paris Agreement thresholds. A global mean warming
of 0.5°C between these thresholds is projected to significantly increase TXx by 0.6° to 1°C in the studied U.S. cities (indicated by
various markers in Fig. 1). These values are consistent with those
reported for North America in previous studies (32, 33).
Figure 1 (C and D) shows the corresponding TXx differences
between a 3°C warmer world, which the current NDCs imply,
and the 1.5° and 2°C thresholds. TXx is significantly higher in the
3°C world for all studied U.S. cities, compared to either temperature threshold mentioned in the Paris Agreement. For each 1°C
of additional global mean warming resulting from current mitigation ambition, TXx increases by more than 1°C over the studied
cities. To put it another way, TXx over the cities would drop more
than the global mean temperature reduction if international mitigation
ambition is increased from the current NDCs to levels that meet
the Paris Agreement goal. Reducing future global mean temperature rise from 3° to 2°C would reduce TXx over the cities by 1.1° to
1.8°C, whereas reducing temperature rise from 3° to 1.5°C would
reduce TXx over the cities by 1.6° to 2.8°C. This means that meeting
the Paris Agreement long-term temperature goal could significantly
and effectively reduce exposure to extreme heat in the studied
U.S. cities.
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Fig. 2. Differences in the number of hot days over a decade-long period between the 1.5° and 2°C scenarios and the 3°C baseline scenario over the studied U.S.
cities. The box plots show the distribution of differences computed from 90 ensemble members, with the middle line showing the median, the box showing the interquartile range (IQR), the whiskers indicating values that are 1.5 IQR from the lower and upper quartiles, and the dots indicating any outliers. A box plot that does not
include 0 indicates a significant difference in the number of hot days between the two scenarios.

Avoidable 1-in-30-year heat-related mortality
Modeling climate in the HAPPI scenarios with 90 ensemble members allows us to not only separate anthropogenic signals from internal variability but also isolate policy-relevant return periods of
major extreme heat events. Using the annual numbers of projected
heat-related deaths over the 900 years of simulation for each HAPPI
experiment (see Materials and Methods), we compared the 1-in-30-year
heat-related mortality level between HAPPI3.0 and the Paris Agreement thresholds individually. We assume constant population at
the 1987–2000 levels throughout this study (see Discussion).
Figure 4 shows the heat-related mortality associated with a 1-in-30-year
event that could be avoided if international mitigation ambition is
increased to reduce 3°C warming to 2° or 1.5°C. On average, limiting
warming to 2°C avoids between 75 and 1980 heat-related deaths
Lo et al., Sci. Adv. 2019; 5 : eaau4373
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once every 30 years depending on the city. In 12 of the cities (all
excluding Atlanta, San Francisco, and St. Louis), the number of
1-in-30-year heat-related deaths avoided is statistically significant
(at the 5% level) if the 2°C warmer world is realized rather than the
3°C one. By further limiting warming to 1.5°C, the 15 studied cities
would have an average of between 114 and 2716 heat-related deaths
avoided once every 30 years. For 13 of these cities (i.e., excluding
Atlanta and San Francisco), these avoided 1-in-30-year heat-related
deaths are statistically significant at the 5% significance level.
New York City, the most populous city in the United States (as
indicated by the size of the bubbles on Fig. 4), could see 1980 (95%
eCI, 1504 to 2475) 1-in-30-year heat-related deaths avoided in the 2°C
warmer world relative to the 3°C warmer world under the assumption
of constant population. If the 1.5°C world is realized, then 2716 (95%
eCI, 2138 to 3181) of 1-in-30-year heat-related deaths could be
avoided, relative to 3°C.
Los Angeles, the second most populous U.S. city, is projected to
have 759 (95% eCI, 167 to 1265) 1-in-30-year avoided heat-related
deaths under the 2°C threshold, relative to 3°C. Under the 1.5°C
threshold, 1085 (95% eCI, 534 to 1543) 1-in-30-year heat-related
deaths could be avoided. Significant numbers of 1-in-30-year
heat-related deaths could be avoided in New York City and Los Angeles
under either of the Paris Agreement thresholds, with hundreds more
heat-related deaths avoided in each city by limiting warming to
1.5°C. Achieving the stricter Paris Agreement threshold is therefore
crucial to reducing policy-relevant heat-related mortality levels in
the most populous U.S. cities. The avoidable 1-in-30-year heat-related
deaths per 100,000 persons can be found in fig. S2.
Chicago is one of the 12 cities that could experience a statistically
significant reduction in 1-in-30-year heat-related mortality relative
to the 3°C warmer world under both Paris Agreement thresholds.
Specifically, 636 (95% eCI, 303 to 999) and 875 (95% eCI, 546 to
1206) 1-in-30-year heat-related deaths could be avoided in the
2° and 1.5°C warmer world, under an assumption of constant population. To put these numbers into context, the July 1995 Chicago
heat wave led to 514 excess heat-related deaths in the city (39).
This means that increasing mitigation ambition to meet the 2° and
1.5°C Paris Agreement thresholds could respectively avoid 124 and
170% of the deaths caused by the 1995 heat wave, once every 30 years.
The historic 1995-like heat-related mortality event in Chicago
could change from a 1-in-1.4-year event (eCI, 1.3 to 1.7 years) under
the 3°C trajectory to a 1-in-2.8-year event (eCI, 2.2 to 3.5 years) in the
2°C world and an even less frequent 1-in-4.7-year event (eCI, 3.7
4 of 9
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Figure 3 shows the avoidable attributable fractions of heat-related
mortality in the studied U.S. cities, if 3°C warming is reduced to the
Paris Agreement thresholds. If global warming is limited to 2°C
instead of 3°C above preindustrial levels, then heat-related mortality
would be reduced in all of the cities studied, except for Atlanta,
which had an unstable exposure-response relationship (see section
above). In particular, Boston, Chicago, Detroit, Los Angeles,
New York City, Philadelphia, and Seattle would see a significant
attributable fraction of avoided heat-related mortality [ranging
from 0.8%; 95% empirical confidence interval (eCI), 0.03 to 1.7% in
Chicago to 2.3%; 95% eCI, 1.2 to 3.7% in Philadelphia] if the 2°C
threshold is met as compared with the 3°C trajectory.
In a 1.5°C warmer world, all cities except Atlanta would have
avoided heat-related mortality relative to the 3°C world. The avoidable attributable fraction is larger in all of these cities in the 1.5°C
than the 2°C warmer world. Boston, Chicago, Detroit, Los Angeles,
New York City, Philadelphia, and Seattle could still see a significant
fraction of avoided heat-related mortality. The locations with statistically significant effects range from 1.1% (95% eCI, 0.05 to 2.2%) in
Chicago to 3.1% (95% eCI, 1.9 to 4.6%) in Philadelphia. This suggests
substantial benefits (in terms of reduced heat-related mortality) of
increasing international mitigation ambition to achieve the stricter
Paris Agreement threshold. Echoing the findings of Mitchell et al.
(18) who looked at Europe and Vicedo-Cabrera et al. (20) who
looked at country-level mortality, our results demonstrate that reducing future temperature rise by that extra half a degree between
the two Paris Agreement thresholds could provide substantial benefits
with respect to heat-related mortality in the studied U.S cities.
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Fig. 3. Avoidable fraction of heat-related deaths if the current trajectory warming of 3°C is brought down to the 1.5° or 2°C Paris Agreement thresholds. The
value of each bar indicates the mean avoidable attributable fraction across 90 climate model ensemble members. The error bars show the 95% eCI that accounts for both
the uncertainty arising from internal climate variability and the uncertainty associated with the estimated exposure-response relationship (gray shading in fig. S1). Confidence intervals that do not include 0 indicate statistically significant results at the 5% level.

DISCUSSION

Our analyses focused on the heat-related mortality avoided from
lowering our current emission pathways to those consistent with
the Paris Agreement thresholds. This study uses a large initial condition ensemble to assess uncertainty due to internal climate variability versus greenhouse gas forced changes and to compute return
periods of extreme mortality events. Like all extreme event attribution studies, we discerned the heat-health benefits of additional
mitigation by keeping all other conditions—including constant
population, temperature-mortality relationships, and MMTs—in
1987–2000 between different scenarios (40).
In reality, however, the population of a city is ever-changing.
Population size of the studied U.S. cities have changed since 1987
and are projected to change by −3.5% in Detroit to +66.7% in Houston
between 2015 and 2040 (Fig. 4) (41). The population structure of
the cities is likely to change too. For example, 15.2% of the national
population is 65 years old or above (July 2016 estimates) (42). This
proportion is projected to rise to 22% in 2040 (43). Older adults
are more susceptible to heat-related mortality than other age groups,
with those aged 85 or above most at risk of heat-related mortality
(39, 44). Therefore, population increase and an aging population,
along with changes in other demographic characteristics that contribute to heat vulnerability (34) and increases in urbanization, will
likely exacerbate heat-related mortality in the coming years. This will
be compounded by higher levels of warming associated with urban
heat island effects (depending on urbanization choices). Thus, the
avoidable deaths projected in this study may be conservative estimates, reinforcing the benefits of ratcheting up mitigation ambition
to prevent elevation of heat-related mortality in the United States.
Municipal adaptation and acclimatization may reduce future
heat-related mortality. Increased availability of air conditioning,
Lo et al., Sci. Adv. 2019; 5 : eaau4373
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awareness of heat-related health risks, and improved health care reduced heat-related mortality in the United States over the last few
decades (38, 45–48). According to the 2015 American Housing Survey
(49) and Residential Energy Consumption Survey (50), current
prevalence of air conditioning ranges from 34% in Seattle to more
than 99% in Atlanta and Houston. This underscores the important
role of municipal adaptation strategies in increasing resilience to future
higher temperatures. Acclimatization could also alter temperature-
mortality relationships, lowering the projected heat-related mortality
and adding uncertainty to estimated avoidable mortality under the
Paris Agreement thresholds.
We used MMTs estimated over the period 1987–2000 as reference
temperatures for estimating heat-related mortality. We assumed a
constant MMT for a location so that we could attribute changes in
climate rather than project changes based on assumed adaptation,
as is commonplace in temperature-mortality studies (7, 9, 13, 20).
We note that a particular location can be associated with a range of
MMTs due to differences in modeling choices (51) and the nature
of the temperature-mortality relationship (52). Because of acclimatization, adaptation, and demographic changes, the MMTs for
Stockholm (53) and Japan (54) both increased over the past decades.
As the population acclimatizes to warmer ambient temperatures
and as other factors such as access to air conditioning change, the
MMTs for the studied U.S. cities may change over time, altering our
mortality estimates.
We simultaneously assessed the nonlinear relationship between
temperature and mortality over the whole range of observed temperatures in each city, including any delayed effects of up to 21 days
of lag. Previous studies that took the same approach estimated the
mortality impacts of both heat and cold (13, 15, 20). We did not
estimate cold-related mortality changes or compute the combined
changes in heat- and cold-related mortality because extreme high
and low temperatures have different exposure-response relationships, including different lag structures, which we did not fully
account for in this study. High ambient temperatures have an
immediate and direct effect on mortality. Associations between low
ambient temperatures and different causes of mortality are less direct,
with longer lags (55, 56). Therefore, heat- and cold-related mortality
should be studied separately. As different adaptation strategies are
also needed to offset heat and cold health impacts, future work is
5 of 9
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to 6.6 years) in a 1.5°C world (fig. S3). These return periods highlight the importance of strengthening efforts toward achieving the
Paris Agreement long-term temperature goal, especially the 1.5°C
threshold, to reduce the recurrence probability of a deadly historical
heat event compared to the climate we may expect, consistent with
current mitigation ambition. Full return period curves can be found
in figs. S3 and S4.
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needed to specifically model the relationship between low ambient
temperatures and mortality and to look at how cold-related mortality
may differ between 3°C warming and the Paris Agreement longterm temperature thresholds.
CONCLUSIONS

Recognizing the threat of climate change, the Paris Agreement has
been ratified by 181 parties to limit global temperature rise this century to well below 2°C or even 1.5°C above preindustrial levels. Current
mitigation ambition as established in the initial NDCs implies ~3°C
warming. We asked whether and to what extent putting additional
mitigation effort into reducing future warming from 3° to 2°C or
1.5°C would avoid heat-related mortality over 15 U.S. cities.
The answers to this question are clear: (i) Ratcheting up global
mitigation ambition to achieve the Paris Agreement long-term temperature goal would significantly reduce these cities’ exposure to extreme
heat, (ii) limiting temperature rise to 2°C above preindustrial levels
Lo et al., Sci. Adv. 2019; 5 : eaau4373
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would reduce the fraction of mortality attributable to heat and the
1-in-30-year heat-related mortality over most studied U.S. cities, and
(iii) limiting temperature rise to 1.5°C above preindustrial levels would
be substantially more beneficial allowing the temperature to reach 2°C.
Our results demonstrate that strengthened mitigation ambition would
result in substantial benefits to public health in the United States.
MATERIALS AND METHODS

Exposure-response modeling
We obtained daily counts of all-cause deaths and daily mean temperatures for the 1987–2000 period for 15 U.S. cities (Atlanta, Boston,
Chicago, Dallas, Detroit, Houston, Los Angeles, Miami, New York
City, Philadelphia, Phoenix, San Francisco, Seattle, St. Louis, and
Washington, DC) from the NMMAPS (31). We statistically modeled
the delayed and nonlinear relationship between daily mean temperature and all-cause mortality over the whole range of observed
temperatures for each city using distributed lag nonlinear models
6 of 9
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Fig. 4. One-in-30-year heat-related mortality that is avoidable by stabilizing future warming at the 1.5° and 2°C Paris Agreement thresholds rather than 3°C. The
point estimates show the mean 1-in-30-year mortality level across 101 plausible exposure-response relationships, whereas the error bars show the 95% eCI accounting
for uncertainties from internal climate variability and the exposure-response relationship. All estimates assume constant population. Confidence intervals that do not
include 0 (dotted line on each panel) indicate a statistically significant number of avoidable deaths. The size of each bubble on the central map is proportional to the
square root of the city’s population in July 2016. The color of each bubble indicates the city’s projected population change between 2015 and 2040. Other return periods are
given in fig. S3.
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Climate modeling
To account for different internal climate variability states, the decade-
long HAPPI time-slice experiments were uniquely set up with 90
ensemble members. The large ensembles allow for the study of
extremes in specifically designed Paris Agreement scenarios. We
used the 90-member ensemble of daily mean temperature simulations from the atmosphere-only general circulation model HadAM3P
(29, 30). The ensemble members were initialized by applying perturbations to the potential temperature field of the atmosphere taken
from consecutive 1-day difference fields in a long run of the model.
HadAM3P has a horizontal latitude-longitude resolution of 1.25 × 1.875°
(N96) (30, 60). Through the citizen science weather@home project
(30, 60), we followed the HAPPI protocol (61) and used the 1.5° and
2°C time-slice experiments along with a new 3°C experiment. These
experiments represent stabilized climates at 1.5°, 2°, and 3°C above
preindustrial levels in any 10-year period in the future.
The HAPPI methodology (61) for determining the 2°C world
calculated sea surface temperatures, sea ice concentrations, and the
radiative forcing of well-mixed greenhouse gases by using a weighted
sum of Representative Concentration Pathways (RPC) from the Coupled
Model Intercomparison Project Phase 5 (CMIP5) (62). We used the
same approach for the HAPPI 3°C experiment, but with different
weighting. We took the weighted sum of the RCP4.5 and RCP8.5
scenarios in the form of 0.686 × RCP4.5 + 0.314 × RCP8.5. These weights
were calculated such that the CMIP5 multi-model mean global mean
temperature over 2091–2100 was ~3°C above the 1861–1880 level.
For estimation of future mortality in the cities of interest, we
extracted the bias-corrected daily mean temperature time series
(see below) over the land grid cells that were geographically closest
to the individual cities.
Bias correction
We bias-corrected the daily mean and maximum temperature output
of the HAPPI experiments against observations using the Inter-
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Sectoral Impact Model Intercomparison Project (ISI-MIP) bias
correction approach (63). We linearly interpolated the temperature
output from the HadAM3P 1987–2016 simulations (in a 360-day
calendar) to the standard Gregorian calendar for comparison with
observations. For Fig. 1 (B to D), we followed the newest ISI-MIP
protocol (27) and used the EWEMBI dataset (1979–2013 daily
data at 0.5 × 0.5° horizontal resolution) (27, 28) as reference for bias
correction. Specifically, we interpolated the EWEMBI data onto the
N96 grid and used the common period between the HadAM3P
1987–2016 simulations and EWEMBI, i.e., 1987–2013, as the reference period for computing the bias correction factors (see below).
For the rest of this study, we used the 1987–2000 NMMAPS daily
mean temperature observations as reference for bias-correcting the
HAPPI daily mean temperature simulations in the 15 U.S. cities in
this study.
For each calendar month and over each grid cell, we added a
constant offset that equaled the average difference between the
observed and simulated monthly mean data over the reference
period to the time series of simulated temperatures in the HAPPI
experiments. To correct the daily variability in the HAPPI simulations, we adjusted the distribution of the daily temperature residuals
(around the corresponding monthly means) in the HAPPI simulations to that of the observations through a transfer function. This
transfer function was derived from linear regression between the
ranked observed residuals and simulated residuals over the reference period. Please refer to Hempel et al. (63) for specific details. All
in all, by doing so, we preserved the long-term absolute trend in the
simulations while correcting the daily variability to that of the
observations.
Computation of avoidable mortality and its uncertainty
We quantified the uncertainty associated with exposure-response
modeling by using 100 plausible temperature-mortality relationships in addition to the mean relationship (blue and red lines in fig. S1)
for each city. We generated these samples using Monte Carlo simulations, assuming a multivariate normal distribution of the spline
model coefficients (5, 38). For each decade-long simulation in the
90-member climate model ensemble, we used all 101 temperature-
mortality relationships to estimate the number of heat-related deaths.
For Fig. 3, this means that we computed 9090 (90 ensemble
members × 101 temperature-mortality relationships) fractions of
mortality attributable to heat for each city and climate scenario. We
computed the avoidable attributable fractions of heat-related mortality by subtracting the attributable fraction in HAPPI1.5 or HAPPI2.0
from the corresponding attributable fraction in HAPPI3.0. In other
words, the avoidable fractions are paired differences. We took the
mean avoidable fraction across the 90 ensemble members (considering
only the mean temperature-mortality relationship) as the point estimate and the 2.5 to 97.5 percentiles of all 9090 estimates of attributable
fractions as the 95% eCI on Fig. 3.
For Fig. 4 and figs. S2 to S4, we used the 900 model years in each
experiment (10 years of simulation × 90 ensemble members) to
estimate mortality levels of rare events. Using each of the 101 plausible temperature-mortality relationships, we determined the annual
numbers of heat-related deaths in the 900-year series and sorted
them in descending order. For figs. S2 and S4, we took the additional
step of dividing the series by the city’s July 2016 population in 100,000
persons. The return periods of these mortality levels were then 900
divided by their ranks within the sorted series. This means that the
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(5, 57). This type of model simultaneously describes the exposure-
response relationship and an additional lag-response relationship.
We considered a lag period of up to 21 days to capture any delayed
responses, as was done in previous studies (5, 6).
We used a natural cubic spline with the same internal knots as
that used in Gasparrini et al. (13) to model the exposure-response
curve for each city. This allows for log-linear extrapolation of the
temperature-mortality relationship beyond the observed temperature
range. Extrapolation is essential for higher temperatures projected
under climate change (see table S2 for specific details). We acknowledge
that the log-linear extrapolation applied may be conservative in
estimating the true exposure-response relationship at temperatures
higher than the observed range (58).
Nevertheless, the temperature-mortality relationships we found
were robust to the choice of observational period and spline model.
Gasparrini et al. (5) used a longer (1985–2006) dataset and a quadratic B-spline model and found similar relationships for the same
cities. The 21-day lag period that we used was also sufficient to capture
potential delayed responses, as our relationships were comparable to
those found by Anderson and Bell (6) using a longer lag period (28 days).
Furthermore, Curriero et al. (59) reported higher heat-related relative
mortality risks over northeastern U.S. cities versus southeastern cities
between 1973 and 1994, a characteristic that we found with our dataset
and statistical model.
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highest mortality level is always the rarest (a 1-in-900-year event).
Using the 101 plausible temperature-mortality relationships, we
generated 101 return period curves for each climate scenario. Each
solid line in figs. S3 and S4 represents the mean return period curve
across the 101 estimates. We estimated the 95% confidence interval
associated with climate variability by bootstrapping this mean curve
1000 times. We added this uncertainty to the 2.5 to 97.5 percentiles of all
101 curves, generating a combined 95% eCI, as indicated by the
shading in figs. S3 and S4. We subtracted the 1-in-30-year mortality
level in HAPPI1.5 or HAPPI2.0 from HAPPI3.0 for Fig. 4 and fig. S2.
Increasing the temperature-mortality relationship sample size from
100 to 500 did not alter the main results.
SUPPLEMENTARY MATERIALS
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