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Abstract For the population of a given US city, the risk of premature death associated with heat exposure
increases as temperatures rise, but risks in hotter cities are generally lower than in cooler cities at equivalent
temperatures due to factors such as acclimatization. Those living in especially hot neighborhoods within
cities might therefore suffer much more than average if such adaptation is only at the city-wide level, whereas
they might not experience greatly increased risk if adjustment is at the neighborhood level. To compare these
possibilities, we use high spatial resolution temperature data to evaluated heat-related deaths assuming either
adjustment at the city-wide or at the neighborhood scale in 10 large US cities. On average, we find that if
inhabitants are adjusted to their local conditions, a neighborhood that was 10°C hotter than a cooler one would
experience only about 1.0-1.5 excess heat deaths per year per 100,000 persons. By contrast, if inhabitants are
acclimatized to city-wide temperatures, the hotter neighborhood would experience about 15 excess deaths per
year per 100,000 persons. Using idealized analyses, we demonstrate that current city-wide epidemiological
data do not differentiate between these differing adjustments. Given the very large effects of assumptions
about neighborhood-level acclimatization found here, as well as the fact that current literature is conflicting
on the spatial scale of acclimatization, more neighborhood-level epidemiological data are urgently needed

to determine the health impacts of variations in heat exposure within urban areas, better constrain projected
changes, and inform mitigation efforts.

Plain Language Summary Heat islands within urban areas cause some neighborhoods to be much
hotter than others. However, epidemiological studies show that risk of premature death is generally lower in hot
cities than in cooler cities based on city-wide average temperatures. Therefore it is not obvious if those living

in hotter than average neighborhoods experience much greater risk of premature heat-related death than those
in cooler areas, or if they will have adjusted to those conditions via physiological or behavior adaptation the
way those in hotter cities have relative to those in cooler cities. We show that if inhabitants are adapted to their
neighborhood's conditions, a heat island 10°C hotter than a cooler are would experience only about 1.0-1.5
excess heat deaths per year per 100,000 persons. If inhabitants are acclimatized to city-wide temperatures rather
than neighborhood temperatures, the hotter neighborhood would experience about 15 excess deaths per year per
100,000 persons, with a markedly different distribution of deaths across urban areas relative to the assumption
of adaptation to neighborhood-level temperatures. These results show the need for better understanding of the
spatial scale of acclimatization to heat to determine the areas most affected by projected heat increases and
inform mitigation efforts.

1. Introduction

The existence of large variations in surface air temperatures within cities is well documented (e.g., Hsu et al., 2021;
Huang & Cadenasso, 2016). Increased heat exposure in specific neighborhoods within urban areas is correlated
with a lack of vegetation, larger fractions of areas covered in impermeable surfaces, lower socio-economic status
and larger proportion of populations from minority racial groups (e.g., Benz & Burney, 2021; Hsu et al., 2021;
Huang & Cadenasso, 2016; Manware et al., 2022; Parsons et al., 2023). Exposure to heat extremes is associated
with elevated risk of premature death (Ebi et al., 2021), and therefore the health impact of increased exposures
in neighborhoods with strong urban heat islands is widely assumed to be damaging (Stevens et al., 2021) or
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modeled as damaging by applying the same superlinear exposure-response function to all populations in a region
(Heaviside et al., 2016).

However, epidemiological research on health outcomes is limited at the neighborhood scale. A few studies
have suggested increased death rates within urban heat islands for specific cities, most often for short duration
heat waves (Johnson & Wilson, 2009; Laaidi et al., 2012) though sometimes for longer periods (Madrigano
et al., 2015). However, others have found relationships that are quite weak in total (e.g., one excess death per
million population (Lowe, 2016)) or found no substantive relationship between urbanization levels (across urban
and rural areas) and heat-related death rates (Hattis et al., 2012). A study focused on local level adjustment
found virtually no enhancement of premature heat-related death rates in urban heat island areas over many years
in London, suggesting that populations had almost completely acclimatized to neighborhood-level conditions
(Milojevic et al., 2016). Hence the relationship between increased exposures, which are clearly present, and large
increases in premature death rates has not been robustly characterized. Investigating this relationship is impor-
tant because although it may seem obvious that exposure to higher levels of heat would inherently lead to more
damaging health impacts, evidence from across the US shows that the health impacts of exposure to an equivalent
temperature are much smaller in cities with hotter summer climates than in cooler cities (Curriero et al., 2002;
Weinberger et al., 2017, 2020). Additional studies report acclimatization at city to regional scales around the
world (Burkart et al., 2021; Carleton et al., 2022). This regional relationship suggests that those living in hotter
parts of the country or world tend to be acclimatized to warmer climates and are much less sensitive to tempera-
ture extremes of a specific level than those acclimatized to cooler climates.

More specifically, empirical evidence shows that premature heat-related deaths at the city scale generally follow
the level of heat exposure above the 84th percentile of daily temperature averages for most mid-latitude cities
(Hondaetal., 2014; Vicedo-Cabreraet al., 2021). The 84th percentile corresponds to the minimum mortality risk in
many mid-latitude locations and is therefore called the optimum temperature (OT), with many exposure-response
functions from epidemiological studies describing the increase in relative risk compared with the value at the
OT for temperatures above the OT. The varying OT across cities leads to similarly high temperatures having far
more impact in a place with a low OT value than a high OT value. For example, a temperature of 32°C increases
risk of premature mortality due to heat exposure relative to the minimum level by 50%-70% in New York and
Chicago, with OTs in the range of 22-25°C, but only 5%—15% in Atlanta, Dallas, and Houston, with OTs in the
range of 27-30°C (Weinberger et al., 2017). It is an open question as to whether the acclimatization that is clearly
present at the city level is also present at the neighborhood level. If acclimatization were present at the neighbor-
hood level, then the existence of urban areas within cities that are especially hot would be much less damaging
to residents than if it were not. Specifically, if populations are adjusted to city-wide OT, then hot neighborhoods
would be much more strongly affected by heat exposures than cooler ones, whereas if people are sensitive to daily
temperature differences relative to their neighborhood-level OT then impacts would be more similar for everyone
across neighborhoods within a city. Understanding this relationship has important implications for mitigating
heat-related health impacts, which are projected to increase greatly as the world warms, all else being equal, using
city-wide exposure response functions (Vicedo-Cabrera et al., 2021; World Health Organization, 2014).

The existence of reduced sensitivity to temperatures of a particular value in warmer cities has been hypothesized
to result from a combination of physiological adjustment to climate conditions and structural or personal habit
differences across cities. For example, residents of warmer cities may know to drink more fluids on hot days,
or there could be a greater penetration of air conditioning along with the establishment of “cooling centers” for
those without air conditioning in warmer locations (Barreca et al., 2016; Ebi et al., 2021). It is unclear how these
inter-city differences would relate to intra-city differences. Residents' bodies and behavior might adjust to their
neighborhood “micro-climates.” On the other hand, the presence of air conditioning (along with the resources to
pay to use it) may not be correlated with increasing temperatures within a city the way it is between cities given
the strong relationship between high heat exposure and lower incomes within cities (Benz & Burney, 2021; Hsu
etal., 2021).

We therefore set out to test the impact of assuming that the neighborhood-level response to heat exposure is sensi-
tive to the departure from the city-level versus the neighborhood-level OT. We explore the impact these differing
heat responses would have on the distribution of deaths within a city, recognizing that the total increase in deaths
for a given level of city-wide heat exposure is constrained by the epidemiological data. Our study does not intend
to determine what level of acclimatization takes place, but rather to see how the current limited understanding
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Figure 1. Example of the optimal temperature (OT) data's dependence on spatial resolution. The panels show OT at the original 1 X 1 km resolution (a), degraded to
110 x 110 km resolution (b), and the degraded data interpolated using distance weighted averaging back to 1 X 1 km resolution (c) over the northeastern US.

of this topic affects conclusions about the distribution of current and projected heat-related premature deaths.
Ideally, revealing large effects of our limited knowledge regarding local acclimatization would motivate increased
provision of high-resolution public health data to researchers. This study also attempts to help ascertain the value
of applying high-resolution temperature data to health impact evaluations.

2. Methods and Data

We input local OT and daily surface air temperature data (year 2019) based on approximately 1 X 1 km horizontal
resolution observations from the MODIS instrument (Zhang et al., 2022a). Those observations are adjusted from
skin (ground surface) temperature to 2-m air temperature using the local differences between 2-m air temperature
and skin temperature from fifth generation reanalysis (ERA) data (Hersbach et al., 2022) which is downscaled
from its original 0.25° resolution to match the ~1 X 1 km data using bilinear interpolation. These values are
used to evaluate the impact of heat exposure on premature mortality based on empirical data for 10 US cities
(Weinberger et al., 2017) as well as calculations using a generalized function developed previously based on
those same empirical data (Shindell et al., 2020). The generalized risk function includes a dependence upon local
summer mean temperature (SMT) as well as OT to capture the geographic differences across cities in the empiri-
cal data. Similar calculations are performed using 2018 data to test sensitivity. As the high-resolution temperature
data are computationally intensive to analyze, the calculations evaluate the impacts of temperatures relative to
that single year's OT. The empirical data are based on the OT averaged over 1985-2006; this time average is
likely a better indicator of OT as structural and at least some physiological adjustments likely take time. Hence
our results should be regarded as indicative values for the given calendar years rather than exact values, consist-
ent with this study's goal of evaluating the sensitivity of results to various assumptions rather than establishing
impact values for particular years.

All calculations use 1 X 1 km population data (CIESIN/FAO/CIAT, 2017) and are performed at the population
grid's resolution (requiring a slight remapping of the MODIS data). We evaluate changes in all-cause premature
deaths relative to daily baseline rates for the US (Global Burden of Disease Collaborative Network, 2021). To
evaluate the impact of the OT being city or neighborhood level, we either input daily temperatures and OT
both at 1 X 1 km resolution in the “fine” resolution case or we degrade OT (and SMT in the generalized case)
to 110 X 110 km and then interpolate using distance weighted average interpolation to get the 1 X 1 km input
for OT in the “coarse” case. This allows all calculations to be performed on an identical grid, but in the coarse
resolution case, even though the data are at 1 X 1 km resolution, each neighborhood within a city essentially has
the city-wide OT (Figure 1 and Figure S1 in Supporting Information S1). Similarly, to test the role of the high
spatial resolution daily temperature data itself we also create a “coarse” version of the MODIS-based data set
using the same spatial degradation process followed by distance weighted average interpolation. The epidemio-
logical studies constrain the total city-wide deaths attributable to heat, and the calculations using coarse data for
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Figure 2. Premature deaths in Chicago attributable to heat exposure along with the local temperatures. Values are for 2019 and cover the 0.5 X 0.5° area around the city
center and use the 1 X 1 km neighborhood-level OT in the fine case (a) and the city-wide OT interpolated from 110 X 110 km in the coarse case (b) with the difference
between those (c) alongside the local optimum temperature (d). Values are calculated using the city-specific epidemiological function of Weinberger et al. (2017).

both daily temperatures and OT or fine data for both agree well with those empirical values (Shindell et al., 2020)
(see also discussion below on Table S2 in Supporting Information S1), also indicating that the city-wide average
is a reasonably good proxy for the station data used in the epidemiological study. Therefore, when using the
coarse city-wide OT and fine daily temperatures, the otherwise much larger deaths for a given city and year are
uniformly scaled down to match those from the fine case.

3. Results
3.1. Sensitivity of Heat-Related Death Rates to Spatial Scale of Acclimatization

We find that the distribution of premature heat-related deaths is highly sensitive to the use of city-wide or
neighborhood-level OT. Using Chicago as an example, we find that premature deaths associated with heat expo-
sure using neighborhood level OT are primarily located in areas along Lake Michigan with highest population
density. By contrast, using city-wide OT, deaths are concentrated in hotter locations away from Lake Michigan
(Figure 2). The use of city-wide OT represents the assumption that residents across the city are adapted to similar
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Figure 3. Relationship of 2019 premature heat-related mortalities to local optimum temperature and population for Chicago. Panels show deaths versus population
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the city-wide OT interpolated from 110 X 110 km in the coarse case (b and d). Values are calculated using the city-specific epidemiological function of Weinberger

etal. (2017).

temperatures, leading to greater impacts in hot neighborhoods. The relationship between the assumed scale of
adjustment and impacts can be seen clearly by comparing premature heat-related deaths with local temperature
and population (Figure 3). In the fine case using neighborhood-level (fine) OT, deaths track population very
closely (R? = 0.96 regressing population against deaths at each grid cell; Figure 3a). There is a weak correlation
between higher temperatures and total deaths as well (R? = 0.11), but this weak relationship appears to primarily
reflect generally higher populations in hotter neighborhoods as per-capita deaths show minimal relationship with
local temperatures (R? = 0.07; Figure 3c). In contrast, in the case using city-level acclimatization (city-wide OT)
the correlation with population, while still strong, is greatly decreased and there is an extremely strong relation-
ship between per-capita deaths and temperature and an order of magnitude increase in sensitivity relative to using
local OT as well as an increase in the correlation to R? = 0.95 (Figure 3d). Optimum temperatures across Chicago
range from about 23 to 35°C (Figure 3), and the deaths/temperature slope is 2.5 deaths per 10,000 persons per
10°C warming. This slope indicates that the hottest neighborhoods are likely to experience approximately 3
extra deaths per 10,000 persons relative to the coolest neighborhoods when assuming city-wide OT, a rate 10
times larger than the value of about 0.3 excess deaths per 10,000 persons using the assumption of adaptation to
neighborhood-level OT.

Geographically, using city-wide OT the increased deaths are shifted to the hottest neighborhoods (>32°C OT;
>17°C annual average) whereas death rates in the cooler (<28°C OT; <15°C annual average) neighborhoods
decrease (Figure 3; Figure S2 in Supporting Information S1). Though there is clearly increased sensitivity at higher
OT values, a linear relationship nonetheless provides a fairly good representation of the increased death rate as
OT increases and allows easy comparison of sensitivities across the methods (Figure 3d, where a quadratic fit is
provided as well). Hence using the adjustment to neighborhood-level temperatures, nearly all neighborhoods have
similar death rates between 1 and 2 premature deaths per 10,000 persons per 10°C warming. In contrast, assuming
acclimatization to city-wide temperatures, death rates in cooler neighborhoods drop to near zero whereas they
increase up to about 2.7 in the hottest locations (Figure 3), accounting for the shifts seen in the spatial patterns
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Table 1

Premature Deaths per Million Persons for 2019 Conditions in the 15th Percentile Hottest and Coldest 1 x 1 km Areas

15th percentile high and low OT areas versus estimated 2019 per capita premature deaths due to heat exposure (city-specific functions)

Premature deaths per 1 million people in the coldest 15th percentile Premature deaths per 1 million people in the hottest 15th percentile
grid boxes grid boxes
City (0.5° X 0.5°) All fine inputs Fine daily T, coarse OT (scaled) All fine inputs Fine daily T, coarse OT (scaled)
Chicago 157 35 143 221
Los Angeles 77 1.0 78 172
Houston 74 9.4 82 109
New York 63 14 70 137
Atlanta 58 10 68 135
Miami 41 9.7 45 63
Dallas 15 1.3 19 28
Philadelphia 31 52 39 55
DC 64 8.1 79 120
Boston 60 9.5 80 107
Average 64 10 70 115

(Figure 2). Across all 10 cities, the assumption of acclimatization to neighborhood (fine OT) or city-wide (coarse
OT) temperatures shifts heat-related death distributions in a similar way. Examining totals (rather than per 10°C
warming), 2019 values are similar in the hottest neighborhoods (70 per million population) to those in the coolest
areas (64 per million) using neighborhood-level acclimatization, but these death estimates shift to 115 and 10 for the
hottest and coldest areas, respectively, using city-wide acclimatization (Table 1). Therefore assuming that adjust-
ment is at the city-wide level leads to more than an order of magnitude larger impacts in urban heat island areas.

As annual average temperature data are likely much more readily available than OT values, we also examine
the relationship between per-capita premature deaths rates and local annual average temperatures. We find that
results are similar using annual averages rather than OT values to characterize neighborhoods (Figure S2 in
Supporting Information S1). Using annual average temperatures, death rates for Chicago increase 0.29 per 10°C
per 10,000 persons using all fine inputs, almost identical to the value of 0.25 per 10°C using local OT, and rates
increase 3.6 per 10°C per 10,000 persons using coarse OT as an input, compared to 2.5 per 10°C using local OT
to order neighborhoods. Note that if we use coarse daily temperature data as well as coarse OT, death distribu-
tions become virtually identical to the fine case (Figure S3 in Supporting Information S1) and deaths per unit
area become almost completely dependent upon population (R? = 1.00) with per-capita deaths showing no rela-
tionship with OT (slope = 0.0 deaths per 10°C per 10,000 persons; R? = 0.12). In that case, virtually all persons
experience the same temperature and are adjusted to the same OT.

Using fine data for all inputs gives values that are typically 20%—80% larger than using coarse data for all
inputs (Table S1 in Supporting Information S1). These values are often within the uncertainty range of the
exposure-response functions and therefore difficult to evaluate against published epidemiology studies. Results
for 2019 are similar to those interpolated between 1997 and 2050 values from prior work (Weinberger et al., 2017),
with no obvious better match using fine versus coarse inputs (Table S2 in Supporting Information S1). In contrast,
using fine daily temperatures but city-wide OT gives much larger values and hence, as noted previously, those
results have been normalized to match the fine case (e.g., Figure 2).

The patterns of shifting spatial distributions and increased sensitivity to temperature are similar examining other
cities (e.g., Figure 4; Figures S4 and S5 in Supporting Information S1). Specifically, averaged over all 10 cities, the
slope and correlations between premature deaths per 10,000 persons and OT using fine inputs are 0.13 deaths per
10°C and R? = 0.12, with similarly weak relationships using all coarse inputs, whereas using fine daily temperatures
but city-level OT these values shift to 1.44 deaths per 10,000 persons per 10°C and R? = 0.89 (Table 2). Therefore
the sensitivity to temperature is roughly an order of magnitude greater in the city-wide OT case. This behavior is
similar when regressing death rates against annual average temperatures rather that OT (Table S3 in Supporting
Information S1), as was shown above for Chicago. Variations in annual average temperatures across neighborhoods
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Figure 4. Premature deaths attributable to heat exposure in 2019 as in Figure 2 but for Atlanta.

are slightly weaker than variations in OT (e.g., for Chicago about 7°C for annual average compared with about 12°C
for OT), so that the slightly larger slope per 10°C corresponds to similar sensitivity. The fact that results seem largely
insensitive to the use of local OT or local annual average temperature may substantially ease data requirements
because annual average neighborhood temperature data are likely to be much more readily accessible to most people
than the 84th percentile (OT). Additional analyses indicate that results at the large scale (most individual cities and
certainly the 10-city average) are not greatly sensitive to the year selected for the input temperature data (Table S1 in
Supporting Information S1). We also note that results are quite similar when using the nationwide generalized equa-
tion developed in our prior work (Shindell et al., 2020), as shown in the Supplemental Information (Tables S4-S6 in
Supporting Information S1). Using our generalization that includes a dependence of the risk function on the summer
mean temperature (capturing the observed increase in risk in cooler climates) hotter neighborhoods would actually
see slightly less risk on average than cooler ones, counterintuitively (Table S5 in Supporting Information S1).

3.2. Idealized Comparison of Exposure-Response Function

We also performed idealized calculations to test whether the empirical data for the total city-wide risk increase
relative to temperature above the city-wide OT is able to distinguish between uniform sensitivity across the city and
increased sensitivity in hotter neighborhoods. In other words, we see how use of local temperature data affects the
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Table 2
Regression Between 1 x 1 km Premature Death Rates and Population or Temperature (OT) for the Indicated Input Data Cases

Population/Temperature versus estimated 2019 premature heat-related deaths (city-specific functions)

Population versus 2019 calculated deaths

Optimal temperature versus 2019 calculated deaths per 10k People

Fine daily T, coarse

All fine inputs All coarse inputs Fine daily T, coarse OT All fine inputs All coarse inputs oT
City Slope (per Slope (per Slope (per 10k Slope (per Slope (per Slope (per
(0.5° % 0.5°) 10k people) R? 10k people) R? people) R? 10°C) R? 10°C) R? 10°C) R?
Chicago 1.63 0.96 1.49 1.00 1.58 0.75 0.25 0.07 —-0.05 0.12 2.53 0.95
Los Angeles 0.67 0.85 0.68 0.99 0.70 0.38 —0.14 0.03 0.01 0.00 2.50 0.72
Houston 0.81 0.95 0.74 1.00 0.95 0.86 0.11 0.03 —0.07 0.24 1.36 0.86
New York 0.76 0.96 0.68 1.00 0.67 0.78 0.14 0.07 —0.05 0.06 1.42 0.88
Atlanta 0.69 0.93 0.65 1.00 1.00 0.68 0.17 0.08 —0.01 0.02 2.10 0.92
Miami 0.48 0.97 0.46 1.00 0.49 0.80 0.05 0.06 —-0.01 0.01 0.70 0.96
Dallas 0.19 0.92 0.18 1.00 0.22 0.82 0.08 0.15 0.01 0.04 0.39 0.84
Philadelphia 0.39 0.98 0.35 1.00 0.54 0.87 0.12 0.31 0.00 0.02 0.67 0.92
DC 0.80 0.96 0.76 1.00 0.99 0.84 0.26 0.16 —-0.01 0.06 1.62 0.94
Boston 0.81 0.96 0.74 1.00 1.05 0.90 0.29 0.29 0.00 0.00 1.15 0.92
Average 0.72 0.94 0.67 1.00 0.82 0.77 0.13 0.12 —-0.02 0.06 1.44 0.89

Note. Values are calculated over all areas within the 0.5 X 0.5° box around the city center.

shape of the relative risk curve. In our prior study (Shindell et al., 2020) we fit a second-order polynomial to each of
the 10 cities' empirical response curves. This fit matches the empirical data well (Figure 5) and we therefore use it to
allow us to evaluate risk at the hotter levels encountered in the local data relative to those in the empirical city-wide
data based on an airport monitor. For Chicago, the OT was 25°C (1985-2006) in the empirical study and the maxi-
mum was 33°C for city-wide temperatures. In our first idealized test, we represent neighborhood-to-neighborhood
variability by adding variations around the city-wide mean that are distributed symmetrically. We compute the
average relative risk at a given temperature by averaging over 81 cases in which the local temperature is perturbed
by —4, -3.9,-3.8, ...,3.9,4.0°C. That is, the risk at 30°C is averaged over all neighborhoods with the first using the
risk at 26°C, the second using risk at 26.1°C, and so on, through to the last evaluating risk at 34°C. This is equivalent
to a Monte-Carlo estimate with an even distribution across the given temperature range. The result is then scaled to
provide a RR of 1 at the OT. This test produces a curve that is indistinguishable from the original (Figure 5).

In a second idealized test, we evaluate the case for which the city-wide OT, determined at an airport, is less than
the average in the more urban areas. To represent this case, we impose a similar set of temperature perturbations
but this time ranging from —2 to +6°C rather than —4 to +4°C. This asymmetric case produces a curve different
in magnitude with higher risk for any given temperature above the OT (Figure 5). However, as the empirical data
constrains the total number of deaths, the more important factor is the shape of the risk curve, which is in fact
quite similar to the original. This comparison implies that using a scaled version of the same second-order fit
could still match the empirical results based on city-wide OT very well. For example, if we scale the risk enhance-
ment (RR-1) from this asymmetric case by 0.4 and then plot the total RR we see a fairly similar shape of the risk
curve, one that fits within the uncertainty in the empirical analysis (Weinberger et al., 2017) (Figure 5). These
idealized analyses therefore imply that the empirical city-wide data is unable to distinguish between uniform
sensitivity across the city and increased sensitivity in hotter neighborhoods. Given the lack of consistency in the
aforementioned studies that have looked directly at the distribution of heat-related premature deaths, it appears
that current epidemiological results provide very limited information on the spatial scale of acclimatization.

4. Conclusions

Residents of cities are in general adapted to their regional climates, and here we test the impacts of city versus
neighborhood level acclimatization on estimates of heat-related mortality. Our analysis shows that assuming
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= Local OT with asymmetric offsets death rates in hot neighborhoods relative to cooler neighborhoods within

local populations are adapted to their neighborhood's heat levels leads to
fairly uniform per-capita deaths across cities with only modestly greater
impacts in urban heat islands. In contrast, assuming populations are acclima-
tized to larger-scale (city-wide) temperatures leads to far greater per capita

2.50{ = Local OT with asymmetric offsets, scaled / the same city. Based on our idealized analyses, it appears that existing city-

2.25

Relative Risk
N
8

1.75

1.50

1.25

/ wide epidemiological data cannot readily distinguish between these possi-

/ bilities. Studies of neighborhood-level impacts in individual locales are also

/ inconsistent. While some of those studies suggest that local hot spots within

/ cities lead to increased death rates, the larger-scale applicability of these
/ studies are limited in that they typically cover single heat wave events in
single cities. For example, a study in Philadelphia found evidence for greater
heat-related mortalities in the hottest neighborhoods during a heatwave
(Johnson & Wilson, 2009), but interpreting this single city's results is diffi-
cult as there can be greater deaths in hot neighborhoods in a single city even
when assuming neighborhood-level acclimatization. For instance, our results
show Philadelphia would experience ~25% higher mortality in the hottest
neighborhoods even assuming neighborhood-level adjustment (fine OT)
(Table 1). On average cities show minimal differences under this assumption,
but 9 of 10 cities show at least moderately larger impacts in hotter areas even
when using fine OT. Other studies of neighborhood-level impacts show little
difference in sensitivity between hotter and cooler neighborhoods, but are
also limited in their coverage, including a single metropolitan area (Milojevic

25 26

27

28

et al., 2016) or one region of the Northeast US (Hattis et al., 2012). Therefore
29 30 31 32 33

Temperature (degrees C) we conclude that it is important to determine not only that there are increased

heat-related impacts in hotter neighborhoods with epidemiological studies,

Figure 5. Idealized tests of the effect of acclimatization at alternate spatial but to compare those with simulations such as those shown in this study to

scales against empirical data. The plot shows the shape of the risk function evaluate acclimatization at the neighborhood level.
using the curve fit to the empirical data and regional OT (thin black line) and

with the application of variation of local T around regional OT (symmetric Existing projections of the large-scale impacts of increasing future heat expo-

and asymmetric in dashed blue and red lines, respectively) in comparison
with the original ERF (thick solid gray line shows mean, dashed gray
lines show ERF uncertainty range; data from (Weinberger et al., 2017)).

sure as the climate continues to warm generally omit urban heat islands entirely
(Carleton et al., 2022; Ebi et al., 2018; World Health Organization, 2014). This

Also shown is the asymmetric response scaled uniformly down by 0.4 omission may yield realistic results if acclimatization is at the neighborhood

(RR = ((RR = 1) x 0.4) + 1) (thin solid red line).

level, at least for relatively modest warming levels. In fact, if acclimatization
takes place largely at the neighborhood level, use of high-resolution temper-
ature data is not needed to derive accurate heat-impact results. However, as
our results show, if acclimatization takes place at only the city-wide level, as opposed to the neighborhood level,
high-resolution data is very important as impacts in hotter neighborhoods can be an order of magnitude larger than
those in cooler areas. Indeed, some studies for single cities have related impacts directly to neighborhood-level
temperatures, implicitly assuming there is no local adjustment (Rohat et al., 2019; Varquez et al., 2020), the other
end of the spectrum from the studies neglecting heat islands. As studies have clearly shown that historically disad-
vantaged areas are up to 7°C warmer than other neighborhoods within US cities (Hoffman et al., 2020), these differ-
ences may have substantial environmental justice implications. Hotter areas could also experience greater impacts
from heat if acclimatization to neighborhood-level conditions was partial rather than complete, as might be expected
under rapid warming. Although it is clear that people living in hotter neighborhoods generally have fewer resources
to cope with heat stress owing to socioeconomic factors (e.g., Benz & Burney, 2021; Lim & Skidmore, 2020;
Parsons et al., 2023; Wang et al., 2018), not knowing the extent to which they may also be more vulnerable directly
because of their increased heat exposure limits our ability to most efficiently mitigate heat impacts.

Our analysis does not account for local variations in baseline mortality rates due to lack of daily baseline mortal-
ity data at 1 X 1 km resolution. Higher baseline mortality rates in hotter, poorer neighborhoods would likely
further exacerbate differences between heat-related deaths in those areas relative to city-wide averages, regardless
of acclimatization (Ebi et al., 2021). Additionally, elevated levels of air pollution are often co-located with urban
heat islands (Heaviside et al., 2016). Ideally, risk functions should be developed that account for this compound
risk.
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