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Abstract

Rationale: Extremes of heat and particulate air pollution
threaten human health and are becoming more frequent
because of climate change. Understanding the health
impacts of coexposure to extreme heat and air pollution
is urgent.

Objectives: To estimate the association of acute coexposure to
extreme heat and ambient fine particulate matter (PM2.5) with
all-cause, cardiovascular, and respiratory mortality in California
from 2014 to 2019.

Methods: We used a case-crossover study design with time-
stratified matching using conditional logistic regression to
estimate mortality associations with acute coexposures to extreme
heat and PM2.5. For each case day (date of death) and its control
days, daily average PM2.5 and maximum and minimum
temperatures were assigned (0- to 3-day lag) on the basis of the
decedent’s residence census tract.

Measurements and Main Results: All-cause mortality risk
increased 6.1% (95% confidence interval [CI], 4.1–8.1) on extreme
maximum temperature-only days and 5.0% (95% CI, 3.0–8.0) on
extreme PM2.5-only days, compared with nonextreme days. Risk
increased by 21.0% (95% CI, 6.6–37.3) on days with exposure to
both extreme maximum temperature and PM2.5. Increased risk of
cardiovascular and respiratory mortality on extreme coexposure
days was 29.9% (95% CI, 3.3–63.3) and 38.0% (95% CI, 212.5 to
117.7), respectively, and were more than the sum of individual
effects of extreme temperature and PM2.5 only. A similar pattern
was observed for coexposure to extreme PM2.5 and minimum
temperature. Effect estimates were larger over age 75 years.

Conclusions: Short-term exposure to extreme heat and air
pollution alone were individually associated with increased risk of
mortality, but their coexposure had larger effects beyond the sum
of their individual effects.

Keywords: air pollution; temperature; coexposure; mortality;
all-cause

Climate change is considered one of the
greatest public health threats of the 21st
century (1). As the climate crisis progresses,
the planet and its inhabitants will continue

to experience increased frequency and
magnitude of extreme weather events (2).
The Intergovernmental Panel on Climate
Change reported that the increase in global

mean temperature will be associated with
more frequent, more intense, and longer-
lasting extreme heat events (2). Compared
with the 1970s, California has experienced a
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progressive increase in average summertime
temperature of approximately 1.4�C and a
fivefold increase in wildfires (3). Together
with the progression of the climate crisis,

extreme particulate air pollution episodes
are expected to increase because of the
increased frequency of wildfires (4–7).
Moreover, as anthropogenic emissions of
particulate matter continue to decline in
the coming decades after the implementation
of stricter emissions regulations (8, 9),
wildfire emissions will be increasingly
important drivers for extreme air pollution
events (7, 10).

Temperature extremes and higher air
pollution exposures both threaten human
health, including increased risk of mortality
(11–15). Extremes of heat and air pollution
often co-occur as a result of shared
underlying drivers (16) andmay
synergistically increase health impacts
beyond the sum of individual effects. Higher
air pollution and extreme temperature
exposures both impact health through
common biological pathways, including
increased systemic inflammation and
oxidative stress (17–21), making synergistic
health effects plausible. With continued
temperature increases and related pollution-
generating events, it is important to quantify
the health impacts of coexposure to extreme
heat and air pollution in a warming world.

For the past 10 years, California has
experienced an unprecedented period of
drought (22), making the state highly prone
to wildfires, most of which occur in the
summer months. This presents a mechanism
for fine particulate matter (PM2.5) extremes
to occur during a time of year when
temperature extremes are prevalent, leading
to increased chances of exposure to the
occurrence of simultaneous extreme
episodes. In this study, we examined the
effects of exposure to co-occurring extreme
heat and air pollution on cardiovascular,
respiratory, and all-cause mortality. We used
a novel analytical framework: rather than
consider heat and air pollution as
independent exposures and examine
interacting effects on mortality (as done
in prior studies), we considered the
co-occurrence of extreme heat and pollution
as its own exposure separate from exposure
to extreme heat or air pollution alone.
Extreme heat events and pollution episodes
will worsen under any future climate

scenario (2, 23–25); this research is needed to
develop an appropriate adaptation strategy.

Methods

Outcome Definition
Death certificate data for all deaths occurring
in California from January 1, 2014, to
December 31, 2019, were obtained from
the California Department of Public Health’s
Vital Statistics. We considered total
mortality defined as all causes. The ICD-10
(International Classification of Diseases, 10th
revision) was used to define the underlying
causes of mortality because of cardiovascular
(I00–I99) and respiratory diseases (J00–J99).
This study was approved by the Committee
for the Protection of Human Subjects of the
state of California.

Study Design
PM2.5 was the main air pollutant of interest
because its association with mortality is
stronger than other ambient pollutants such
as ozone and nitrogen dioxide (26). We
assessed the association of coexposure to
extreme heat and PM2.5 with mortality using
a time-stratified case-crossover design, which
has been widely used for investigating acute
effects of air pollution and temperature on
various health outcomes (27–29). For each
decedent, the “case day” was defined as the
date of death. For the same person, exposure
to extreme events on the “case day” was
compared with exposure to extreme events
on “control days”. The control days were
chosen as the same day of the week as the
case day from the same year and month to
control for potential confounding effects of
day of the week, long-term trend, and
seasonality (30–32). For example, if a person
died on a Tuesday inMay 2015 (the case
day), all other Tuesdays in May 2015 would
serve as control days. Because cases serve as
their own control, this design controls for
time-independent factors such as age, sex,
race and ethnicity, socioeconomic status,
chronic comorbidities, smoking, and other
behavioral risk factors.

At a Glance Commentary

Scientific Knowledge on the
Subject: Exposure to fine particulate
matter air pollution (PM2.5) and heat
are each associated with increased
mortality risk. Assessment of the
health impacts of coexposure to
extreme air pollution and heat
events is urgent, given projected
increases in the frequency of
heatwaves and wildfires associated
with high pollution with the
progression of climate change.

What This Study Adds to the
Field: We report a novel evidence of
the effects of exposure to
co-occurring extreme heat and PM2.5

on all-cause, cardiovascular, and
respiratory mortality across
California, a region with frequent
heatwaves and high pollution events
because of wildfires. The study
included 1.5 million all-cause, 0.5
million cardiovascular, and 0.14
million respiratory deaths in
California from January 1, 2014, to
December 31, 2019. We used a novel
analytical approach considering the
co-occurrence of extreme heat and
pollution as its own exposure
separate from exposure to extreme
heat or air pollution alone. We
found that acute exposure to
extreme heat and air pollution were
individually associated with an
increased risk of mortality; however,
coexposure to both extremes had a
greater mortality effect beyond the
sum of their individual effects. We
further found that mortality risk
increased with more
extreme exposures.
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Environmental Data
Measurement data for PM2.5 was acquired
from the United States Environmental
Protection Agency’s Air Quality System
(https://www.epa.gov/ttn/airs/airsaqs). The
air monitoring network in California is one
of the most extensive in the United States,
with over 150 locations. The daily PM2.5

average was determined from hourly

monitoring and 24-hour filter sampling.
Concentration at each census tract was
calculated using inverse distance-squared
weighted observations from up to 4 nearby
monitoring stations within a 50-km radius of
the decedent’s residence, as previously
described (33). All Federal ReferenceMethod
and Federal Equivalent Method data were
included except those collected less than

50 meters from a freeway that do not well-
represent regional concentration. Prior work
reported that this approach for California
provided physically consistent spatial maps
appropriate for assigning concentrations at
the census tract resolution (34).

The 4-km gridded estimates of daily
1-hour maximum andminimum
temperature (Tmax and Tmin) and relative
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Figure 1. Monthly distribution of the number of co-occurrence of extreme temperature and fine particulate matter (PM2.5) days. P=percentile;
Tmax =maximum temperature; Tmin =minimum temperature.
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humidity (RHmax and RHmin) were obtained
from a published spatiotemporal reanalysis
model developed at the University of Idaho
(35). For each case day (date of death) and its
control days, the daily average PM2.5, Tmax,
Tmin, RHmax, and RHmin were assigned on
the basis of the decedent’s residence census
tract. We assigned exposures using a range of
lags from 0 (lag-0) to 3 days (lag-3). For
example, lag-0 exposure refers to the daily
exposure on the same day as the index day
(i.e., case or control day), and lag-3 exposure
refers to the daily exposure 3 days before the
index day.

Definition of Extreme Events
We used the 90th, 95th, 97th, and 99th
percentiles of the daily maximum and
minimum temperatures for each census
tract from 2014 to 2019 to define the
local (i.e., census tract level) specific
extreme daily maximum temperature
(“Extreme Tmax”) and extreme daily
minimum temperature (“Extreme Tmin”),
consistent with prior studies (13, 16, 36).
Unlike temperature, there is little
evidence that people can acclimate to a
certain concentration of local PM2.5

exposure. Thus, to define extreme
exposure for PM2.5 (“Extreme PM2.5”),
we used the 90th, 95th, 97th, and 99th
percentiles of daily PM2.5 from 2014 to
2019 across all of California (16).
Extreme exposure to temperature and
PM2.5 were combined to create a
mutually exclusive categorical variable
with four degrees: neither extreme
temperature nor PM2.5 (referent),
extreme temperature only, extreme
PM2.5 only, or both extreme temperature
and PM2.5. This was done separately for
daily maximum and minimum
temperatures.

Statistical Analysis
We estimated the increase in all-cause,
cardiovascular, and respiratory mortality
risk during extreme Tmax days, PM2.5

days, and co-occurrence of extreme
Tmax and PM2.5 days compared with
nonextreme days by fitting a conditional
logistic regression to all pairs of case
days and matched control days. Similarly,
we fitted separate models to estimate the
increase in all-cause, cardiovascular, and
respiratory mortality risk during extreme
high Tmin days (days with higher Tmin),
PM2.5 days, and co-occurrence of
extreme Tmin and PM2.5 days compared
with nonextreme days (when neither the
Tmin nor the PM2.5 was above to their
respective thresholds). Daily maximum
relative humidity was included as a
covariate in the Tmax and PM2.5 model,
and daily minimum relative humidity
was included in the Tmin and PM2.5

model to account for potential
confounding by humid weather
conditions. The relative humidity was
included in the models as a natural cubic
spline function with three degrees of
freedom (27, 28). In a post hoc data
analysis, the additive interaction was
assessed by relative excess risk because of
interaction (RERI). RERI was estimated
only for the lag with the largest and/or
most statistically significant (smallest
P value) effect estimates for each
percentile threshold (in almost all cases,
the largest effect estimate was also the
most statistically significant). We also
conducted stratified analyses for age to
examine effect modification by age
(<75 years and .75 years). We then
performed a two-sample test for
assessing statistically significant
differences in the effect sizes between
two age categories (e.g., <75 years vs.

.75 yr) on the basis of the point
estimate and standard error.

Z ¼ bage . 75 2bage < 75ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SEðbage . 75Þ2 þ SEðbage < 75Þ2

q

The distribution of days with
co-occurrence of extreme temperature
and PM2.5 bymonth revealed that the
co-occurrence of extreme heat and PM2.5 days
occurred predominantly from June to
September (Figure 1). Therefore, we conducted
a sensitivity analysis for all-causemortality
restricting only to thesemonths. As no extreme
heat and PM2.5 days were identified from
October toMay, especially for the 97th and
99th percentiles, an analysis restricting to those
months was not possible. Additional sensitivity
analyses were conducted by examining
different degrees of freedom for the spline of
relative humidity in themodels.

Results were reported as percentage
increases inmortality risk with 95% confidence
intervals (CIs) during extreme days compared
with nonextreme days at lag-0 to lag-3. The
percent excess risk was calculated as
[(exp[b]2 1)3 100]. All analyses were
performed using R Statistical Software (v3.5.2;
R Core Team 2021). The epiR package was
used to get the estimates for RERI (37).

Results

During the study time period, there were
about 1.5 million case days (deaths) and
5.1 million control days for all-cause
mortality, 0.5 million case days and
1.7 million control days for cardiovascular
mortality, and 0.14 million case days and
0.5 million control days for respiratory
mortality (Table 1). Figure 2 shows the
distributions of daily Tmax, Tmin, and PM2.5

in our study above the four percentile

Table 1. Baseline Characteristics of Study Population (Decedents in California, 2014–2019)

All-Cause Mortality
(n=1,514,292)

Cardiovascular Mortality
(n=492,513)

Respiratory Mortality
(n=139,116)

Case days, No. 1,514,292 492,513 139,116
Control days, No. 5,146,276 1,673,999 472,234
Age at death (yr), mean (6SD) 74.0618.3 79.0614.5 78.86 13.4

<75 yr (%) 45.1 34.7 34.7
.75 yr (%) 54.9 65.3 65.3

Sex, %
Male 51.6 51.4 49.0
Female 48.4 48.6 51.0
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threshold degrees. For our analyses, the
exposure was dichotomized as being above
a percentile threshold (census tract specific
value for temperature and single statewide
value for PM2.5) or not (i.e., whether an
extreme exposure day). Although we do not
use the specific exposure degree (continuous
temperature or pollutant concentration)
in our models, we present exposure
distributions on the extreme exposure days
for context. Mean (SD) of daily exposure on
days above the 90th, 95th, 97th, and 99th
percentiles for daily Tmax were 34.5�C (4.3),
36.0�C (4.0), 37.0�C (3.8), and 38.8�C (3.4),
respectively; for daily Tmin, 19.3�C (3.1),
20.3�C (3.1), 20.9�C (3.0), and 22.2�C (2.9);
and for daily PM2.5, 25.9 μg/m

3 (14.4),
32.9 μg/m3 (17.4), 39.1 μg/m3 (20.7), and
57.2 μg/m3 (27.9). The number of extreme
exposure days (case and control) for all-
cause, cardiovascular, and respiratory
mortality are shown in Table 2.

We found an increased risk of all-cause
mortality on extreme exposure days
compared with nonextreme exposure days
(Figure 3). Compared with nonextreme
exposures days, the estimated excess risks
of all-cause mortality on most extreme
(e.g., 99th percentile) Tmax-only days,
PM2.5-only days, and on the co-occurrence
of extreme Tmax and PM2.5 days were 6.1%
(95% CI, 4.1–8.1), 5.0% (95% CI, 3.0–8.0),
and 21.0% (95% CI, 6.6–37.3), respectively.
The analysis with coexposure of extreme
Tmin with PM2.5 provided similar findings
but a more significant and larger association
(Figure 3). Compared with nonextreme
exposures days, the estimated excess risks of
all-cause mortality on most extreme (e.g.,
99th percentile) Tmin-only days, PM2.5-only
days, and on the co-occurrence of extreme
Tmin and PM2.5 days were 8.7% (95% CI,
6.6–10.8), 4.7% (95% CI, 2.7–6.7), and 23.9%
(95% CI, 11.6–37.5), respectively. Our
post hoc analysis provided evidence for the
additive interaction, especially for the
analysis with extreme Tmin and PM2.5

(Table E1 in the online supplement). RERI
increased with more extreme exposures and
was statistically significant for extreme
exposures above the 97th percentile
(at P, 0.05) and was marginally significant
for the 90th, 95th, and 99th percentiles
(at P, 0.1). In age-stratified analysis, we
found that coexposure to extreme Tmin and
PM2.5 was associated with a higher all-cause
mortality risk for individuals older than
75 years (Table E4).
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In cause-specific analyses, we found
that the exposure to extreme PM2.5 with
Tmax and PM2.5 with Tmin were both
associated with increased cardiovascular
and respiratory mortality risk (Figures 4
and 5). The estimated effect sizes for
cardiovascular and respiratory mortality
tended to be higher than those for all-
cause mortality. The estimated increased
risks of cardiovascular and respiratory
mortality were 29.9% (95% CI, 3.3–63.3)
and 38.0% (95% CI, 212.5 to 117.7),
respectively, on coexposure to most
extreme (e.g., .99th percentile) Tmax and
PM2.5 days compared with the days when
both exposures were below the 99th
percentile. Similar to the all-cause mortality
analysis, the association of cardiovascular
and respiratory mortality with coexposure
to extreme Tmin and PM2.5 was larger
compared with the association with
coexposure to extreme Tmax and PM2.5.
The estimated increased risks of
cardiovascular and respiratory mortality
on coexposure to most extreme (e.g.,
.99th percentile) Tmin and PM2.5 days
were 33.3% (95% CI, 10.5–60.7) and
44.4% (95% CI, 20.4 to 109.4),
respectively. Post hoc analysis for
cardiovascular and respiratory mortality
showed that RERI increased with more

extreme exposures and was statistically
significant for extreme exposure above the
95th percentile for cardiovascular mortality
only (Tables E2 and E3).

The results of the sensitivity analysis
restricting to the months of June through
September is shown in Figure E1. Results
from this analysis were not markedly
different from our primary analysis reported
in Figure 3. Additional analyses indicated
that the results were not sensitive to changes
in degrees of freedom for the smooth
functions of relative humidity (Table E5).

Discussion

We examined the associations between
all-cause, cardiovascular, and respiratory
mortality and exposure to Tmax, Tmin, PM2.5,
and co-occurrence of extreme daily
maximum PM2.5 with Tmax and PM2.5 with
Tmin. To the best of our knowledge, this
study is the first to examine the effects of
exposure to co-occurring extreme heat and
particulate air pollution across California, a
region with frequent heatwaves and high
pollution days. In this large statewide,
multiyear case-crossover study, we found
associations of increased risk of all-cause,
cardiovascular, and respiratory mortality

with coexposure to extreme heat and air
pollution days compared with nonextreme
exposure days. The observed excess mortality
risk associated with coexposure to extreme
heat and PM2.5 was approximately 3 times
larger than the estimated effect of exposure
to extreme heat or PM2.5 alone. Furthermore,
the multiple thresholds from the 90th to 99th
percentile of extreme exposure indicated that
mortality risk increased with more extreme
exposures. Older adults were found to be
more susceptible to these effects, possibly
throughmechanisms related to a higher
prevalence of comorbid conditions, impaired
thermoregulation (38), or behavioral and/or
resource access disparities that might
contribute to increased exposure to extreme
heat and pollution (39).

As the climate crisis progresses, heat
and air pollution degrees and extremes are
projected to increase, and extreme exposures
are more likely to co-occur (16). Particle-
producing wildfires, for example, occur more
frequently and are more intense during
heatwaves. PM2.5 concentrations can also be
increased as a result of stagnation events and
wind or dust storms, increased
photochemistry and resulting secondary
organic aerosols because of higher
temperature, and increased particle
formation from biogenic volatile organic

Table 2. Number (Percentage) of Extreme Exposure Case and Control Days for Maximum Temperature Only, Minimum
Temperature, Fine Particulate Matter, Co-occurrence of Fine Particulate Matter with Maximum Temperature, and Fine Particulate
Matter with Minimum Temperature

Number of Extreme Exposures Days Above Selected Percentile Thresholds

90th Percentile, n (%) 95th Percentile, n (%) 97th Percentile, n (%) 99th Percentile, n (%)

All-cause Mortality
Tmax 576,633 (8.7) 301,807 (4.5) 182,535 (2.7) 62,094 (0.9)
Tmin 564,071 (8.5) 298,023 (4.5) 180,789 (2.7) 61,421 (0.9)
PM2.5 614,612 (9.2) 331,124 (5.0) 207,023 (3.1) 72,493 (1.1)
Tmax and PM2.5 49,292 (0.7) 12,221 (0.2) 5,873 (0.09) 1,380 (0.02)
Tmin and PM2.5 50,843 (0.8) 12,320 (0.2) 6,600 (0.1) 1,814 (0.03)

Cardiovascular Mortality
Tmax 183,665 (8.5) 96,614 (4.5) 58,401 (2.7) 19,850 (0.9)
Tmin 178,716 (8.2) 94,668 (4.4) 57,538 (2.7) 19,542 (0.9)
PM2.5 203,845 (9.4) 109,239 (5.0) 67,950 (3.1) 23,554 (1.1)
Tmax and PM2.5 15,904 (0.7) 3,780 (0.2) 1,769 (0.08) 423 (0.02)
Tmin and PM2.5 16,526 (0.7) 3,779 (0.2) 1,959 (0.09) 555 (0.03)

Respiratory Mortality
Tmax 47,290 (7.7) 24,496 (4.0) 14,717 (2.4) 5,026 (0.8)
Tmin 45,668 (7.5) 24,039 (3.9) 14,531 (2.4) 5,016 (0.8)
PM2.5 60,890 (10.0) 33,718 (5.5) 21,413 (3.5) 7,474 (1.2)
Tmax and PM2.5 4,024 (0.7) 982 (0.2) 484 (0.08) 113 (0.02)
Tmin and PM2.5 4,160 (0.7) 1,018 (0.2) 532 (0.09) 133 (0.02)

Definition of Abbreviations: PM2.5 = fine particulate matter; TMAX=maximum temperature; TMIN=minimum temperature.
Extreme exposure thresholds were defined on the basis of distributions across the entire study period within the census tract (temperature) or
across the state (PM2.5).
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compounds during drier and warmer
conditions. Since the early 1970s, the
summertime temperature in California has
increased by approximately 1.4�C, and
wildfires have increased fivefold (3). Similar
trends are being observed acrossWestern
North America and other areas with similar
climates across the world (40, 41). The
increases in mean summertime temperature
are associated with more frequent, more
intense, and longer-lasting extreme heat
events (3, 41), which in turn can drive
increases in PM2.5 concentrations (3, 40).
Because of stricter emissions regulations,
PM2.5 from anthropogenic sources will
continue to decrease, and wildfire emissions,
meteorological effects, and biogenic

emissions that lead to the formation of
secondary particulate matter will become
increasingly important drivers of extreme
PM2.5 concentrations (10, 42). Consequently,
PM2.5 air quality has continued to improve in
most of the United States except for areas
prone to high wildfires (7). Thus, California,
and areas with similar climates across the
world, will continue to experience more
frequent coexposure to extremes of heat and
air pollution as the climate crisis progresses,
and health impacts will synergistically
worsen beyond the sum of individual effects
of temperature and PM2.5.

Several studies have examined the
interaction between heat and air pollution
and found inconsistent results. Two recent

systematic reviews found weak evidence
for temperature effect modification by
higher air pollution concentrations or vice
versa (43, 44). About one-third of studies
reported an interactive effect between
temperature and particulate matter air
pollution (44). The mortality effect of PM2.5

was greater on high-temperature days in
some studies and on low-temperature days
in others (43). The mortality effect of
temperature has also been reported to be
larger on high PM2.5 days and not to vary by
pollutant concentration (43). Geographic
differences in seasonal patterns could explain
some inconsistencies. In many parts of the
world, PM2.5 concentration is higher during
the cool season, when stagnant air conditions

A Extreme Tmax only days Extreme PM2.5 only days Extreme both Tmax and PM2.5 days

% ER (95% CI)% ER (95% CI)

3.3 (2.6–4.1)
2.6 (1.8–3.3)
1.3 (0.5–2.0)
0.3 (–0.4 to 1.1)

3.9 (2.9–4.8)
3.4 (2.4–4.4)
1.7 (0.7–2.6)
1.0 (0.1–2.0)

5.2 (4.0–6.4)
3.7 (2.5–4.9)
2.3 (1.1–3.5)
1.0 (–0.2 to 2.2)

5.2 (3.3–7.3)
6.1 (4.1–8.1)
3.4 (1.4–5.4)
2.7 (0.7–4.7)

% ER (95% CI)

1.3 (0.6–2.0)
1.7 (1.0–2.5)
1.9 (1.2–2.6)
1.5 (0.8–2.2)

1.0 (0.1–2.0)
2.9 (1.9–3.8)
2.4 (1.4–3.3)
2.1 (1.2–3.1)

1.5 (0.3–2.6)
3.7 (2.5–4.9)
3.2 (2.0–4.4)
2.4 (1.2–3.6)

4.0 (2.0–6.0)
4.8 (2.8–6.8)
5.0 (3.0–7.0)
4.3 (2.4–6.3)

5.4 (3.2–7.8)
3.7 (1.4–6.0)
1.9 (–0.3 to 4.1)
0.8 (–1.4 to 3.1)

8.5 (4.0–13.2)
5.7 (1.3–10.4)
3.0 (–1.4 to 7.6)
2.0 (–2.5 to 6.6)

11.7 (5.1–18.7)
8.5 (2.0–15.5)
6.1 (–0.4 to 13)
3.1 (–3.4 to 10.0)

17.0 (3.4–32.5)
21.0 (6.6–37.3)
14.4 (0.3–30.5)
10.6 (–3.3 to 26.4)

Lag

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

–5 0 5 20 2510 15

% Excess Risk

30 35 40 –5 0 5 20 2510 15

% Excess Risk

30 35 40 –5 0 5 20 2510 15

% Excess Risk

30 35 40

Threshold

> 90 percentile

> 95 percentile

> 97 percentile

> 99 percentile

B Extreme Tmin only days Extreme PM2.5 only days Extreme both Tmin and PM2.5 days

% ER (95% CI)

2.7 (1.9–3.4)
1.8 (1.0–2.6)
0.7 (–0.1 to 1.5)
0.2 (–0.5 to 1.0)

3.8 (2.8–4.8)
2.5 (1.5–3.5)
1.9 (0.9–2.8)
0.6 (–0.4 to 1.6)

4.8 (3.6–6.1)
3.6 (2.4–4.8)
2.2 (1.0–3.4)
0.8 (–0.4 to 2.0)

8.7 (6.6–10.8)
7.0 (5.0–9.0)
3.9 (1.9–5.9)
2.6 (0.7–4.6)

% ER (95% CI)

6.0 (3.8–8.4)
3.4 (1.2–5.7)
0.9 (–1.3 to 3.1)
0.5 (–1.6 to 2.7)

8.9 (4.4–13.6)
8.7 (4.2–13.4)
2.5 (–1.8 to 7.1)
0.7 (–3.6 to 5.3)

13.7 (7.4–20.3)
11.8 (5.5–18.4)
6.1 (0.0–12.5)
6.4 (0.3–12.9)

23.9 (11.6–37.5)
19.3 (7.2–32.8)
17.3 (5.2–30.8)
14.6 (2.3–28.3)

% ER (95% CI)

1.2 (0.5–1.9)
1.6 (0.9–2.4)
1.9 (1.1–2.6)
1.5 (0.7–2.2)

1.1 (0.1–2.0)
2.7 (1.8–3.7)
2.3 (1.4–3.3)
2.0 (1.1–3.0)

1.4 (0.3–2.6)
3.6 (2.4–4.8)
3.1 (1.9–4.3)
2.2 (1.0–3.4)

3.8 (1.8–5.8)
4.6 (2.6–6.6)
4.7 (2.7–6.7)
4.1 (2.2–6.1)

–5 0 5 20 2510 15

% Excess Risk

30 35 40 –5 0 5 20 2510 15

% Excess Risk

30 35 40 –5 0 5 20 2510 15

% Excess Risk

30 35 40

Threshold

> 90 percentile

> 95 percentile

> 97 percentile

> 99 percentile

Lag

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Figure 3. Estimated excess risk of all-cause mortality (and 95% confidence interval [CI]) on (A) co-occurrence of extreme maximum
temperature (Tmax) and fine particulate matter (PM2.5) days compared with nonextreme days; (B) co-occurrence of extreme minimum
temperature (Tmin) and PM2.5 days compared with nonextreme days. Results are shown for same-day exposure (lag-0) to 3 days before
exposure (lag-3). ER=excess risk.
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are typically prevalent (45), but could be high
on some days during summertime in
wildfire-prone areas (such as Eastern
Australia and theWestern United States)
and in desert or dust prone areas (such as the
Middle East and Africa). This seasonality
could minimize the chances of seeing an
interaction between temperature and PM2.5

with the traditional interaction modeling
framework.

In this study, we observed increased
mortality risk for all-cause, cardiovascular,
and respiratory diseases. Effect estimates for
respiratory mortality were somewhat larger
than cardiovascular and all-cause mortality.
The larger association with respiratory
mortality was plausible because the extreme
PM2.5 days in theWestern United States

were mostly driven by wildfires (6). In
studies of wildfires and associated PM2.5 and
hospital admissions, associations with
respiratory illnesses were stronger than with
cardiovascular admissions (46).

Exposure to daytime high temperatures
is known to increase the risk of mortality, but
few studies report that high nighttime
temperatures may carry an additional risk
of mortality (47, 48). Consistent with some
prior studies (49, 50), we used daily
minimum temperatures as a proxy for
nighttime heat exposure, which is
sometimes criticized because of having
a high correlation with daily maximum
temperatures. We examined the mortality
association on days with co-occurrence of
extreme PM2.5 with Tmax and PM2.5 with

Tmin, and the association was largest on days
with co-occurrence of extreme Tmin and
PM2.5. One hypothesis for this larger
coexposure effect with Tmin may be because
high nighttime temperatures interfere with
physiological processes that regulate the
sleep–wake cycle and thermoregulation (48).
In addition, extreme Tmin, which likely
reflects nighttime temperatures, may have
lower exposure misclassification compared
with extreme Tmax, which likely reflects
daytime temperatures, because most people
are home at night and may be away from
home during the day, resulting in more
robust Tmin associations for all three
mortality outcomes.

This study has some limitations. First,
there could be exposure measurement error

A Extreme Tmax only days Extreme PM2.5 only days Extreme both Tmax and PM2.5 days
% ER (95% CI)% ER (95% CI)

3.9 (2.6–5.2)
3.0 (1.7–4.3)
1.7 (0.5–3.1)
0.9 (–0.4 to 2.2)

4.1 (2.4–5.8)
3.8 (2.1–5.6)
2.3 (0.6–4.0)
1.4 (–0.2 to 3.1)

5.1 (3.0–7.3)
3.7 (1.6–5.9)
2.1 (0.0–4.2)
2.1 (0.1–4.3)

3.9 (0.5–7.5)
7.6 (4.1–11.3)
5.2 (1.7–8.8)
3.8 (0.4–7.4)

% ER (95% CI)

1.0 (–0.3 to 2.2)
1.5 (0.2–2.7)
1.4 (0.2–2.7)
0.8 (–0.4 to 2.1)

0.7 (–0.9 to 2.4)
2.9 (1.2–4.6)
1.8 (0.2–3.5)
2.0 (0.3–3.6)

1.8 (–0.3 to 3.8)
3.5 (1.4–5.6)
3.4 (1.4–5.6)
2.9 (0.8–5.0)

4.5 (1.1–8.0)
4.5 (1.1–8.0)
6.0 (2.5–9.5)
6.4 (3.0–9.9)

6.3 (2.3–10.5)
5.6 (1.6–9.7)
2.1 (–1.7 to 6.1)
3.0 (–0.9 to 7.0)

5.8 (–2.0 to 14.3)
8.6 (0.6–17.2)
6.7 (–1.2 to 15.2)
3.7 (–4.2 to 12.3)

12.1 (0.4–25.2)
10.4 (–1.3 to 23.5)
14.6 (2.4–28.3)
4.1 (–7.6 to 17.3)

–0.1 (–21 to 26.3)
29.9 (3.3–63.3)
20.7 (–4.4 to 52.3)
32.9 (4.6–68.9)

Lag

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

–10 0 10 20 40 50 60 7030

% Excess Risk

–10 0 10 20 40 50 60 7030

% Excess Risk

–10 0 10 20 40 50 60 7030

% Excess Risk

–10 0 10 20 40 50 60 7030

% Excess Risk

–10 0 10 20 40 50 60 7030

% Excess Risk

–10 0 10 20 40 50 60 7030

% Excess Risk

Threshold

> 90 percentile

> 95 percentile

> 97 percentile

> 99 percentile

B Extreme Tmin only days Extreme PM2.5 only days Extreme both Tmin and PM2.5 days

% ER (95% CI)

3.1 (1.7–4.5)
2.1 (0.8–3.5)
2.2 (0.8–3.6)
0.9 (–0.5 to 2.3)

4.5 (2.7–6.3)
2.9 (1.2–4.7)
3.3 (1.6–5.1)
1.7 (0.0–3.4)

5.5 (3.3–7.7)
4.1 (1.9–6.2)
3.4 (1.3–5.6)
1.7 (–0.4 to 3.8)

11.0 (7.3–14.8)
10.2 (6.5–13.9)
5.8 (2.2–9.5)
5.5 (1.9–9.2)

% ER (95% CI)

7.2 (3.2–11.3)
5.7 (1.8–9.8)
2.0 (–1.8 to 6.0)
–0.5 (–4.2 to 3.4)

10.4 (2.3–19.1)
16.8 (8.4–25.9)
7.3 (–0.6 to 15.8)
4.6 (–3.2 to 13.0)

18.0 (6.4–30.8)
18.0 (6.5–30.8)
11.4 (0.1–24.0)
14.5 (2.9–27.3)

32.0 (9.6–59.0)
33.3 (10.5–60.7)
17.5 (–4.0 to 43.8)
31.0 (7.0–60.3)

% ER (95% CI)

0.8 (–0.4 to 2.1)
1.3 (0.1–2.6)
1.4 (0.1–2.7)
1.0 (–0.2 to 2.3)

0.7 (–1.0 to 2.3)
2.5 (0.9–4.2)
1.8 (0.2–3.5)
1.8 (0.2–3.5)

1.6 (–0.4 to 3.7)
3.3 (1.2–5.4)
3.5 (1.4–5.6)
2.5 (0.5–4.6)

3.8 (0.4–7.3)
4.2 (0.7–7.7)
5.9 (2.4–9.5)
6.2 (2.8–9.7)

Threshold

> 90 percentile

> 95 percentile

> 97 percentile

> 99 percentile

Lag

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Lag-0
Lag-1
Lag-2
Lag-3

Figure 4. Estimated excess risk of cardiovascular mortality (and 95% confidence interval [CI]) on (A) co-occurrence of extreme maximum
temperature (Tmax) and fine particulate matter (PM2.5) days compared with nonextreme days; (B) co-occurrence of extreme minimum
temperature (Tmin) and PM2.5 days compared with nonextreme days. Results are shown for same-day exposure (lag-0) to 3 days before
exposure (lag-3). ER=excess risk.
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as we used a residential census tract to assign
temperature and air pollution exposure
concentrations rather than the exact home
address or place of death. Second,
temperature and PM2.5 data used in this
analysis were monitored outside while people
usually spendmore time inside during hot
days. Third, we do not have information on
the decedent’s air-conditioning use, which
might modify the extreme temperature
effects onmortality. All three of these
limitations could contribute to exposure
misclassification. Although we conducted the
exposure assessment using the same
methodology for all case and control days, a
person’s behavior might be different across
the month that they died (e.g., stayed indoors
more in the days leading up to death or if
there was a high heat or pollution event),

which could affect exposure misclassification
and potentially bias estimates. Fourth, a small
number of days with co-occurring extreme
Tmax, extreme Tmin, and extreme PM2.5 were
observed in our dataset, thus, the mortality
effects of coexposure to all three extremes
could not be investigated. Fifth, extreme
PM2.5 days could be driven by wildfires in
California, but we do not have direct
estimates for the PM2.5 contributed by
wildfires. However, we manually matched
the 1,380 co-occurring extreme (.99th
percentile) Tmax and PM2.5 days by the start
date, date contained, and location of wildfire
events in California. Wildfire information
was obtained from the CAL FIRE website
(https://www.fire.ca.gov/). We found that
all those identified co-occurred extreme
(.99th percentile) Tmax and PM2.5 days

were linked to documented wildfire events in
California. A future study incorporating
PM2.5 contributed by wildfires is warranted.

Conclusions
In this California statewide study from
2014 to 2019, acute exposure to extreme
heat and air pollution were individually
associated with increased risk of
mortality; however, coexposure to both
extremes had a greater mortality effect
that was beyond the sum of their
individual effects. Assessment of the
health impacts of combined exposure to
extreme air pollution and heat events is
urgent, given projected increases in the
frequency of heatwaves and high
pollution days with the progression of
climate change. These extremes will

Threshold

A

B

> 90 percentile

Lag

Extreme Tmax only days Extreme PM2.5 only days Extreme both Tmax and PM2.5 days

Extreme Tmin only days Extreme PM2.5 only days Extreme both Tmin and PM2.5 days

% ER (95% CI) % ER (95% CI) % ER (95% CI)

2.3 (–0.2 to 5.0)
1.6 (–0.9 to 4.2)
2.3 (–0.2 to 4.9)
2.7 (0.2–5.3)

2.3 (0.0–4.6)
2.3 (0.0–4.7)
3.5 (1.1–5.9)
2.0 (–0.3 to 4.4)

4.0 (0.7–7.4)
2.8 (–0.5 to 6.2)
2.2 (–1.1 to 5.6)
1.7 (–1.6 to 5.1)

2.3 (–0.7 to 5.3)
4.6 (1.6–7.8)
2.5 (–0.5 to 5.5)
5.0 (1.9–8.1)

2.3 (–1.4 to 6.1)
4.3 (0.6–8.2)
4.8 (1.0–8.6)
6.3 (2.6–10.2)

8.6 (2.4–15.3)
6.7 (0.6–13.2)
12.1 (5.8–18.8)
10.2 (4.0–16.8)

3.5 (–4.2 to 11.7)
–0.8 (–8.3 to 7.2)
2.2 (–5.4 to 10.4)
–0.2 (–7.7 to 7.8)

17.7 (1.6–36.3)
–0.5 (–14.5 to 15.8)
11.3 (–4.5 to 29.8)
6.0 (–9.6 to 24.1)

19.1 (–3.4 to 46.8)
16.2 (–6.0 to 43.7)
10.8 (–11.8 to 39.3)
1.7 (–19.3 to 28.1)

14.8 (–26.0 to 78.1)
16.3 (–26.6 to 84.2)
38 (–12.5 to 117.7)
–7.9 (–44.9 to 54.1)

6.2 (2.0–10.6)
2.1 (–1.9 to 6.3)
3.6 (–0.6 to 7.9)
0.4 (–3.6 to 4.6)

6.0 (–0.8 to 13.3)
3.3 (–3.4 to 10.3)
4.6 (–2.1 to 11.9)
2.3 (–4.4 to 9.5)

% ER (95% CI) % ER (95% CI) % ER (95% CI)

1.8 (–0.9 to 4.6)
2.6 (–0.1 to 5.4)
0.4 (–2.2 to 3.2)
0.1 (–2.6 to 2.9)

3.2 (–0.2 to 6.7)
3.5 (0.1–7.0)
2.0 (–1.4 to 5.5)
2.7 (–0.7 to 6.3)

4.1 (–0.1 to 8.6)
1.3 (–2.8 to 5.6)
2.8 (–1.4 to 7.1)
4.1 (–0.1 to 8.5)

5.0 (–1.9 to 12.3)
5.5 (–1.4 to 12.9)
6.3 (–0.7 to 13.8)
6.4 (–0.6 to 13.9)

2.5 (0.1–4.8)
2.3 (0.0–4.7)
3.3 (0.9–5.7)
1.7 (–0.6 to 4.0)

2.8 (–0.2 to 5.9)
4.5 (1.5–7.7)
2.2 (–0.7 to 5.3)
5.0 (1.9–8.1)

2.6 (–1.1 to 6.5)
4.3 (0.6–8.2)
4.7 (1.0–8.6)
6.4 (2.6–10.3)

9.0 (2.7–15.7)
6.6 (0.5–13.1)
11.8 (5.4–18.5)
10.8 (4.5–17.4)

5.4 (–2.3 to 13.6)
0.5 (–7.0 to 8.5)
2.1 (–5.5 to 10.2)
1.9 (–5.5 to 10.0)

10.3 (–4.7 to 27.6)
3.5 (–10.9 to 20.2)

7.5 (–8 to 25.7)

22.3 (0.5–48.8)
20.3 (–1.8 to 47.4)
6.1 (–14.1 to 31.2)
6.1 (–14.4 to 31.4)

33.6 (–8.7 to 95.3)
27.9 (–14.8 to 92.0)
44.4 (–0.4 to 109.4)
–20.1 (–49.5 to 26.4)

Lag-0
Lag-1
Lag-2
Lag-3

> 95 percentile

Lag-0
Lag-1
Lag-2
Lag-3

> 97 percentile

Lag-0
Lag-1
Lag-2
Lag-3

> 99 percentile

Lag-0
Lag-1
Lag-2
Lag-3
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Lag-2
Lag-3
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Lag-1
Lag-2
Lag-3
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Lag-3
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Figure 5. Estimated excess risk of respiratory mortality (and 95% confidence interval [CI]) on (A) co-occurrence of extreme maximum
temperature (Tmax) and fine particulate matter (PM2.5) days compared with nonextreme days; (B) co-occurrence of extreme minimum
temperature (Tmin) and PM2.5 days compared with nonextreme days. Results are shown for same-day exposure (lag-0) to 3 days before
exposure (lag-3). ER=excess risk.
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likely increasingly co-occur as a
result of the shared underlying effects of
climate change, so the cumulative
burden of climate change-driven
extreme air pollution and temperature
cannot be estimated from the
extreme of each acting alone but from
their co-occurrences. Accurate
mortality effect estimates of heat and air

pollution coexposure should lead to
improved climate change health
impact assessments and better guide
adaptation policy and interventions to
reduce deaths occurring during
extreme heat and particulate pollution
days.
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