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Abstract
Background

Temperature variability (TV) has been widely associated with increased mortality risk and burden.
Extensive researches have used the standard deviations of several days’ daily maximum and minimum
temperatures or hourly mean temperatures as daily and hourly TV measures (TVdaily and TVhourly).
However, comparative analysis of daily and hourly TV related to cardiorespiratory mortality is still limited.

Methods

We collected daily mortality and meteorological data in 45 US metropolises, 1987–2000. A three-stage
analyses were adopted to investigate TV-mortality associations using TVdaily and TVhourly as exposure
metrics. We �rst applied a time-series quasi-Poisson regression to estimate location-speci�c TV-mortality
relationship, which were then pooled using random-effects meta-analysis with maximum likelihood
estimation (MLE). We additionally calculated attributable fractions as a re�ection of total mortality
burden associated with TV. Strati�ed analyses by age were also performed to identify the susceptible
group to TV-related risk.

Results

There were a total of 15.4 million all-cause deaths, of which 6.1 million were from cardiovascular and 1.2
million were from respiratory causes. Per 1 °C increase in TVdaily and TVhourly was associated with an
increase of 0.53% (95% con�dence interval: 0.31–0.76%) and 0.52% (0.26–0.79%) in cardiovascular
mortality risks, 0.62% (0.26–0.98%) and 0.53% (0.13–0.94%) in respiratory mortality risks. Estimations of
cardiovascular attributable fractions for TVdaily and TVhourly were 2.43% (1.42–3.43%) vs 1.63% (0.82–
2.43%), whereas respiratory attributable fractions were 3.07% (1.11–4.99%) vs 1.89% (0.43–3.34%). Both
daily and hourly indexes showed approximately linear relationships with different mortality categories
and similar lag patterns, but greater fractions were estimated using TVdaily than those using TVhourly.
People over 75 years old were relatively more vulnerable to TV-induced risks of mortality.

Conclusions

Both TVdaily and TVhourly signi�cantly increased all-cause and cardiorespiratory mortality risks and
burden. Daily TV metrics resembled hourly in risk effects, whilst greater mortality burden was found in
TVdaily than TVhourly. Our �ndings may add signi�cance to TV-mortality research and help to promote
optimal health management strategies to better mitigate TV-related health effect.

Introduction
Climate change has become a leading concern among global communities over the past decades
(Gasparrini et al. 2017; Song et al. 2017). Temperature extremes are closely related to increases in
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mortality among extensive epidemiologic studies at national and regional scales. Global Burden of
Disease (GBD) 2019 has incorporated high and low temperatures into its environmental risk factors
separately (Cheng et al. 2019a; Ye et al. 2012), emphasizing the essentiality of mitigating the health
impact of extreme temperature in the context of global warming.

Except for high and low temperatures, temperature variability (TV) has also been widely regarded as a
potential trigger for excess mortality risks (ERR). Globally the association between TV and all-cause or
cause-speci�c mortality has been well-documented in the scienti�c literature using different analytic
strategies and temperature indexes (Chen et al. 2018). Most studies just adopted either intraday (e.g.
diurnal temperature range, DTR) (Lee et al. 2020) or interday (e.g. temperature change between
neighboring days, TCN) (Zhan et al. 2017) temperature indexes to assess the impacts, which may cause
potential bias to the results (Vicedo-Cabrera et al. 2016). And putting two indicators into the model at the
same time may cause strong collinearity especially when considering the lag effect (Guo et al. 2016; Hu
et al. 2019).

TVdaily and TVhourly, calculated by the standard deviations of several days’ daily maximum and minimum
temperatures or hourly mean temperatures, have been applied separately in studies in different countries
and regions, including Australia (Cheng et al. 2017), China (Ban et al. 2017), England and Wales (Zhang
et al. 2018), Brazil (Zhao et al. 2018), Japan (Ma et al. 2019), etc. Either of these two indexes can
effectively promote awareness of the health effect due to temperature changes, while TVhourly is
considered better to capture the temperature �uctuations at a �ner scale (Cheng et al. 2017).
Nevertheless, sporadic researches have focused on the estimated difference between these two metrics.

Hence, our previous publication has compared the effects of these two TV metrics related to all-cause
mortality in China, US and UK (Zhang et al. 2019a), where TVdaily and TVhourly are found to signi�cantly
increase all-cause mortality risk and burden. However, comparative analysis of TVdaily and TVhourly

associated with cause-speci�c mortality has not been reported. In this study, we aimed to further explore
cardiorespiratory mortality risks and attributable fractions (AF) related to TV, also comparing the results
of these two metrics (TVdaily and TVhourly) to see the differences.

Materials And Methods

Data collection
Daily mortality and meteorological data during 1987–2000 were derived from the National Morbidity,
Mortality and Air pollution Study (NMMAPS), leading by the School of Public Health, Hopkins University.
We extracted 45 metropolises in seven regions from 108 American cities contained in the dataset (Fig. 1):
North West (7), Upper Midwest (4), Industrial Midwest (10), North East (7), Southern California (3), South
East (9), and South West (5). Mortality data for all ages were classi�ed into the following �ve categories:
all-cause, non-accidental, cardiovascular, respiratory and cardiorespiratory disease. Daily meteorological
data covered daily mean temperature (°C), maximum temperature (°C), minimum temperature (°C) and
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daily average relative humidity (%). More details could be seen in previous publications (Peng et al.
2005).

Hourly temperatures were extracted for 45 US metropolises during the same period through Local
Climatological Data (LCD) of National Centers for Environmental Information
(https://www.ncdc.noaa.gov/cdo-web/datatools/lcd/). LCD consists of hourly, daily, and monthly
summaries for approximately 1600 US locations, which provides users worldwide the historical weather
data at airports.

Calculation of temperature variability
In this study, we used TVdaily and TVhourly to assess short-term TV. TVdaily was calculated by the standard
deviation (SD) of daily minimum and maximum temperatures (Guo et al. 2016), whilst TVhourly was
captured from the SD of hourly temperatures during the exposure days (Cheng et al. 2017). These two
metrics could overcome strong collinearity when putting intraday and interday TV into the same model
and account for the delay effects of temperature variation at the same time (Guo et al. 2016).
Additionally, TV at lag 0–1 days was calculated by the SD of temperatures on the same day and one day
before. We conducted separate analyses for TV during different exposure days from lag 0–1 days to lag
0–10 days, and selected lag 0–7 days as our main concern.

Statistical analysis
Statistical analysis was done in three stages. In the �rst stage, we applied a time-series quasi-Poisson
regression to �t generalized linear models for temperature-mortality associations (Bhaskaran et al. 2013;
Gasparrini et al. 2015). This model was based on the de�nition of a cross basis function combining
exposure–response and lag response associations (Gasparrini and Leone 2014; Yang et al. 2015). To
adjust for the potential non-linear effects of daily mean temperature related to mortality, we adopted a
cross-basis function with up to 21 lag days for daily mean temperature, using a natural cubic spline
(NCS) with 4 degrees of freedom (df) for both temperature and lag days (Guo et al. 2016; Zhao et al.
2018). Besides, we modeled the exposure-response curve with a quadratic B-spline with three internal
knots placed at the 10th, 75th, and 90th to speculate city-speci�c temperature distributions, and three
internal knots were placed at equally spaced values on the log scale to measure the lag-response
association (Guo et al. 2014). A few important covariates (Gasparrini and Leone 2014) were also
adjusted in the model, which included: a NCS of time with 7 df per year to exclude long-term and
seasonal trends; a NCS of 3 df for a potential confounder of relative humidity; and indicator variable, day
of the week (DOW), controlling for variations within a week.

In the second stage, city-speci�c estimates were pooled using random-effects meta-analysis with
maximum likelihood estimation (MLE) (Viechtbauer 2010) for different causes of death and exposure
metrics (TVdaily and TVhourly). City-speci�c and pooled estimates of TV effects on all-cause and cause-
speci�c mortality were reported as ERR (%, with 95% con�dence interval [CI]) associated with per 1°C
increase in TVdaily or TVhourly along different exposure days.
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In the third stage, we used the ERR estimates derived from the second stage to calculate attributable
number of deaths (AD) caused by TV on each day, then summed up ADs on each day during the whole
series to get the total attributable deaths (Gasparrini et al. 2015; Zhang et al. 2019a). AF values were
consequently provided by the ratios of total AD to the corresponding total number of observed deaths.
Finally, we strati�ed all these analyses by three age groups (0–64 years; 65–74 years; 75 years and
above).

Sensitivity analysis
To assess the robustness of the results, we conducted sensitivity analyses by changing: df for time trend
(6 8 per year), the maximum lag of temperature (14 days and 28 days), three internal knots were placed to
25th, 50th ,75th as well.

All the analyses were performed in R software version 4.0.3 (R Foundation for Statistical Computing,
Vienna, Austria). The “dlnm” package was used for the �rst-stage distributed lag nonlinear model
(Gasparrini 2011), and the “mvmeta” package was used to �t the meta-analysis in the second stage
(Gasparrini and Armstrong 2013). A two-sided p value of less than 0.05 was considered statistically
signi�cant.

Results

Descriptive statistics
Table 1 summarizes descriptive statistics of daily mean number of deaths and weather conditions during
the study period in 10 representative cities (complete form could be seen in Table S1). A total of
15,421,862 deaths were recorded in the whole study period, of which 6.1 million were from cardiovascular
causes and 1.2 million were from respiratory causes. Daily mean number of total deaths ranged from 2.3
(Kansas City, KS, 0–12) to 77.7 (Los Angeles, 14–280). Due to large heterogeneity in population size, the
number of daily deaths in Chicago and Los Angeles was obviously greater than those of smaller cities.
Regardless of the city, deaths due to respiratory diseases accounted for a relatively low proportion (4.3–
11.4%) of total deaths (Table S2). Average temperatures varied substantially across locations, ranging
from 8.8°C (Minneapolis/St. Paul) to 26.5°C (Phoenix). Additionally, large differences between TVhourly

and TVdaily were found in these 45 metropolises, with location-speci�c averages of 2.4–5.9°C for TVhourly

(Fig. 1) and 3.7–10.1°C for TVdaily (Fig. S1).
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Table 1
Descriptive statistics (mean and range) of daily mortality, mean temperature, relative humidity and

temperature variability (daily and hourly) in 10 selected cities.
City Daily number of

deaths
Temperature
(°C)

Humidity
(%)

TVhourly TVdaily

Albuquerque 5.3 (0–23) 15.8 (− 11.9 to
36.3)

37.2 (4.4–
98.0)

5.1 (2.5–
8.9)

7.6 (3.9–
11.8)

Chicago 60.0 (8–434) 10.5 (− 25.9 to
34.9)

69.2 (25.6–
100)

4.8 (1.5–
12.5)

6.5 (1.7–
13.0)

Colorado
Springs

3.5 (0–17) 9.6 (− 26.9 to
29.6)

52.6 (7.4–
100)

5.9 (1.9–
14.1)

8.3 (3.3–
16.0)

Kansas City, KS 2.3 (0–12) 13.9 (− 23.7 to
35.8)

62.9 (16.5–
100)

5.2 (1.6–
12.9)

8.4 (2.5–
15.9)

Los Angeles 77.3 (14–280) 17.5 (5.4 to
30.7)

71.6 (9.5–
100)

2.6 (1.0–
6.3)

5.8 (2.2–
9.9)

Minneapolis/St.
Paul

14.5 (0–57) 8.8 (− 30.0 to
35.5)

64.6 (17.0–
100)

4.8 (1.0–
13.4)

6.5 (1.2–
14.3)

New Orleans 6.4 (0–27) 20.6 (− 7.5 to
32.5)

75.2 (27.8–
100)

4.1 (1.4–
10.1)

5.8 (2.6–
11.3)

Phoenix 23.3 (1–94) 26.5 (4.2 to
46.2)

28.9 (5.5–
96.4)

4.7 (2.3–
8.1)

7.0 (3.5–
10.1)

San Diego 22.7 (1–91) 17.6 (7.7 to
29.7)

73.8 (11.9–
100)

2.4 (0.9–
6.1)

3.8 (1.5–
7.9)

Stockton 5.2 (0–23) 18.4 (− 2.6 to
35.7)

54.9 (17.0–
100)

5.0 (1.0–
8.3)

10.1 (3.8–
15.3)

TV–mortality associations
Figure 2 estimates hourly TV-related ERR from different mortality categories at lag 0–7 days in each
location (results for daily TV not shown). Magnitudes of ERR estimates varied greatly across cities, for
instance, the increase of cardiorespiratory mortality risks ranged from 0.85% (95% CI: 0.09–1.62%) in
Cleveland to 3.72% (1.55–5.93%) in Los Angeles. After pooling city-speci�c risk estimates, 1°C rise in TV
at lag 0–7 days was associated with 0.52% (0.26–0.79%) and 0.53% (0.13–0.94%) increase in
cardiovascular and respiratory mortality, respectively. As for TVdaily, corresponding increases were 0.53%
(0.31–0.76%) and 0.62% (0.26–0.98%) (Table 2). Pooled results indicated that short-term exposure to
large TV would increase the mortality risks in all �ve mortality categories, while respiratory mortality
tended to be most affected. Old people, particularly the elderly over 75, exhibited higher risk compared to
younger groups.



Page 7/17

Table 2
Estimated excess mortality risks and attributable fractions (%, 95% CIs) in TVdaily and TVhourly at lag

0–7 days.

  ERR (%, 95%CI) AF (%, 95%CI)

TVdaily TVhourly TVdaily TVhourly

Total 0.55 (0.41–0.70) 0.51 (0.35–0.66) 2.55 (1.94–3.15) 1.65 (1.14–2.15)

Cause        

Non-accidental 0.53 (0.38–0.68) 0.49 (0.33–0.65) 2.41 (1.77–3.05) 1.57 (1.05–2.08)

Cardiorespiratory 0.55 (0.35–0.75) 0.52 (0.29–0.75) 2.55 (1.67–3.42) 1.67 (0.97–2.37)

Cardiovascular 0.53 (0.31–0.76) 0.52 (0.26–0.79) 2.43 (1.42–3.43) 1.63 (0.82–2.43)

Respiratory 0.62 (0.26–0.98) 0.53 (0.13–0.94) 3.07 (1.11–4.99) 1.89 (0.43–3.34)

Age        

0–64 0.38 (0.19–0.57) 0.30 (0.09–0.52) 2.55 (1.94–3.16) 1.64 (1.14–2.15)

65–74 0.46 (0.20–0.72) 0.45 (0.15–0.74) 2.57 (1.95–3.18) 1.66 (1.15–2.17)

≥ 75 0.67 (0.48–0.89) 0.64 (0.40–0.88) 2.54 (1.93–3.14) 1.64 (1.14–2.14)

Figure 3 presents the exposure-response curves of cause-speci�c mortality related to hourly and daily TV
exposure metrics. Due to the rare deaths from respiratory diseases, the association between respiratory
mortality and TV showed to-some-extent uncertainty. In general, the curves reveal approximately linear
TV-mortality relationships in the selected categories, identifying no signi�cant differences between two
TV metrics. In all the �ve mortality categories, effect estimates of TVdaily and TVhourly along various
exposure days were generally comparable and similar lag patterns of TV effects were consistently
observed (Figs. 4 & S2). Overall, mortality risks generally increased from 0–1 days to 0–7 days and
tended to be stable when the number of exposure days was longer than 8 (i.e., 0–7) days.

Mortality fraction attributable to TV
Estimates of attributable fractions were the lowest for non-accidental mortality (TVdaily: 2.41%, 1.77–
3.05%; TVhourly: 1.57%, 1.05–2.08%) and the highest for respiratory mortality (TVdaily: 3.07%, 1.11–4.99%;
TVhourly: 1.89%, 0.43–3.34%) (Table 2). Remarkably, greater fractions were estimated using TVdaily than
those using TVhourly. For all mortality categories, the fractions generally increased with the number of
exposure days (Table S3). Smaller fractions among people over 75 at lag 0–7 days were found in all the
causes of death, while the fractions of respiratory mortality were evidently larger than other causes (Table
S4).

Sensitivity analyses
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Sensitivity analyses were performed by controlling df for calendar time, maximum lag and internal knots
(Table S5). Estimation on TV-related mortality risk and attributable fractions were insensitive when
separately modifying df for calendar time (6 and 8 per year), internal knots (25th, 50th, 75th ), and
maximum lag of temperature (14 days and 28 days). All sensitivity analyses yielded similar estimates as
our main analyses. In general, our sensitivity analyses suggested that our results were not dependent on
modeling assumptions.

Discussion
To the best of our knowledge, this is the �rst study to compare the short-term effects of daily and hourly
TV metrics related to cardiorespiratory mortality. Based on 15.4 million deaths, our multi-city analyses
showed that both TVdaily and TVhourly were signi�cantly associated with the increase of all-cause and
cardiorespiratory mortality, with higher risks observed in the elderly and larger attributable fractions were
estimated using TVdaily.

Given no uni�ed de�nition of TV up to date, DTR and TCN are widely used to represent TV to assess the
associations with health outcomes (Li et al. 2021; Lim et al. 2015; Zhan et al. 2017). By contrast, TVdaily

and TVhourly can better capture the variation of temperature over a short period of time. Relying on very
few temperature records (maximum and minimum), the assessed results based on TVdaily are only an
inaccurate assessment of the relationship between TV and mortality. In other words, the standard
deviations calculated by the small-scale temperature (i.e., hourly temperatures) provide su�cient data to
better capture the �uctuation of temperature within a day. Despite similar TV-mortality patterns between
TVdaily and TVhourly were observed in our studies, the potential overestimates were notable in attributable
fractions when using TVdaily. These �ndings were in line with two comparative analyses (Zhan et al.
2020; Zhang et al. 2019a), both of which argued the priority of TVhourly in studies investigating TV-
mortality associations.

In this study, a 1°C rise in TV at lag 0–7 days was associated with an increase of 0.55% (TVdaily, 95% CI:
0.41–0.70%) and 0.51% (TVhourly, 0.35–0.66%) in all-cause mortality. A generally greater risk of 0.9%
(0.82–0.98%) for all-cause deaths was derived from a nationwide study in Japan using TVdaily (Ma et al.
2019), while a study in England and Wales experienced twice higher risk (1.13% [0.88–1.39]) (Zhang et al.
2018). Focused on urban areas, TVhourly-associated increase in this study was comparable to 0.5% (0.3–
0.7%) increase from the �ve most populous Australian cities (Cheng et al. 2019b). We also estimated an
increase of 0.53% (TVdaily, 0.31–0.76%) and 0.52% (TVhourly, 0.26–0.79%) in cardiovascular mortality and
0.62% (TVdaily, 0.26–0.98%) and 0.53% (TVhourly, 0.13–0.94%) in respiratory mortality with per 1°C rise in
TV at lag 0–7 days. No study has ever estimated TVhourly-related cardiorespiratory mortality, whilst
stronger TVdaily-mortality effect of 0.65% (0.24–1.05%) and 0.98% (0.57–1.39%) for cardiovascular and
respiratory deaths have been reported from a previous study in 31 major Chinese cities (Yang et al. 2018).
Yet the increase of respiratory mortality risk was larger than that of other causes of death, which was
similar to our �ndings. The effect magnitude conducted in various countries and regions was quite



Page 9/17

different, and this spatial and temporal inequality was also documented in preceding multi-country
studies (Guo et al. 2016).

Though plenty of epidemiological studies focus on TV-mortality relationships, mechanisms behind health
effects of TV-related cardiorespiratory mortality have not yet been understood. Numerous
pathophysiological responses and mild in�ammation associated with temperatures are postulated to be
responsible for the increase in cardiovascular and respiratory diseases (Gasparrini et al. 2015; Graudenz
et al. 2006). Sudden variations of temperature within several days exceed the capacity of
thermoregulation, causing in�ammatory nasal responses and immune system depression (Lim et al.
2015) and the changes in blood pressure, blood viscosity and coagulability (Martinez-Nicolas et al.
2015). These alterations may trigger cardiovascular and respiratory events. In accordance with previous
publications, our strati�ed analysis observed people over 75 years old were at greater risks related to
large TV, suggesting higher vulnerability to temperature changes (Hu et al. 2019; Zhang et al. 2019b). In
the context of global population ageing (Lee et al. 2019; Yang et al. 2021), cause- and group-speci�c
prevention strategies should be considered to enhance populations’ temperature adaptability, especially
in elderly people.

Our study had some notable strengths. Compared to daily TV, hourly TV had a superior description of
temperature variations. Hourly temperature records can better capture the temporal changes in
temperature, which may decline the potential bias. Moreover, we investigated cardiovascular and
respiratory mortality related to TV, which could further the understanding of cause-speci�c TV-mortality
associations. There are also some limitations of the present study. First, ambient air pollutants were not
taken into account due to data unavailability for some cities, and the previous analyses did not �nd a
signi�cant contribution of air pollutants when assessing the relationship between temperature and health
(Lim et al. 2015). Second, this study could not be considered nationally representative because we
selected 45 megacities in urban areas to analysis and did not cover rural regions. Third, the small sample
size of respiratory deaths might introduce uncertainty when assessing TV-mortality association, with
respiratory results exhibiting unstable linear relationships and relatively large errors. Moreover, we did not
classify cardiovascular and respiratory disease into a �ner scale, which further investigation should
concentrate on.

Conclusions
In summary, our study added evidence to comparative analyses of short-term daily and hourly TV in
association with cardiorespiratory mortality. Short-term exposure to large TVdaily or TVhourly would
signi�cantly increase all-cause and cardiorespiratory mortality risks, with the elderly experienced high
vulnerability to TV-related mortality effects. Comparable mortality risks were detected between these two
metrics, but greater fractions were appeared using TVdaily than those using TVhourly. Respiratory mortality
related to TV exhibited substantially larger fractions than cardiovascular causes. Our �ndings may add
signi�cance to TV-mortality research and help promote optimal health management strategies to better
mitigate TV-related health effects.
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Figures

Figure 1

Locations of 45 metropolises in the United States and city-speci�c hourly temperature variability (7
regions were divided by dotted lines).
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Figure 2

Estimated excess mortality risks due to TVhourly from different mortality categories at lag 0–7 days on
each location.
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Figure 3

All-cause and cause-speci�c exposure-response curves (smoothing using natural cubic splines with df =
3) between TVdaily, TVhourly and mortality. The continuous lines represent the estimated mortality risks
and the grey areas are the 95% con�dence intervals.
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Figure 4

Mortality changes (%, 95% CIs) associated with per 1 °C increase in TVdaily and TVhourly along various
exposure days and different causes of death. The solid dots are the average effect estimates and the
error bars represent the 95% con�dence intervals.
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