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Abstract

Background—~Previous studies have linked both extreme and sub-optimal air temperature to
cardiopulmonary morbidity and mortality, especially in older individuals. However, the underlying
mechanisms are yet to be determined.

Objectives—We hypothesized that short-term increases in air temperature may induce blood
mitochondrial DNA (mtDNA) lesions in older individuals, which could contribute to temperature-
related pathogenesis.

Methods—We repeatedly measured mtDNA lesions in blood samples from 654 participants in
the Normative Aging Study from 1999 to 2013 (1142 observations) by quantitative long-amplicon
polymerase chain reaction assay. Hourly temperature data were obtained from the Boston Logan
Airport weather station (located approximately 12 km from the clinical site). We calculated 2-, 7-,
and 14-day moving averages of 24-hour mean and 24-hour variability of temperature. We fit
covariate-adjusted linear-mixed models accounting for repeated measures to evaluate the
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association between short-term increases in mean and variability of temperature with mtDNA
lesions within each season.

Results—Interquartile increases in 7- and 14-day moving averages of 24-hour mean temperature
in summer were associated with a 0.17 (95% CI: 0.07, 0.27; p=0.0007) and 0.21 (95% CI: 0.10,
0.32; p=10.0001) increase in the number of mtDNA lesions per 10 kb, respectively. Results were
similar when we further adjusted for temperature variability. We also observed significant
associations between increases in temperature variability and mtDNA lesions independent of mean
air temperature. An interquartile range increase in the 7-day moving average of 24-hour standard
deviation in summer was associated with a 0.19 (95% CI: 0.07, 0.31; p= 0.0023) increase in the
number of mtDNA lesions per 10 kb.

Conclusions—Short-term exposure to higher mean air temperature was associated with
increased mtDNA lesions in older adults, supporting the hypothesis that sub-optimal
meteorological conditions may induce pathophysiological responses among susceptible
populations.

1 Introduction

A growing body of evidence has shown that changes in air temperature are associated with
increased cardiopulmonary morbidity and mortality (Braga et al., 2002; Koken et al., 2003;
Schneider et al., 2008; Schwartz et al., 2004; Wolf et al., 2009), especially in older
populations (Kim and Joh, 2006). However, the underlying mechanisms have not been
clearly delineated. Previous epidemiological studies have linked changes in air temperature
with abnormal cardiac output (Alperovitch et al., 2009; Barnett et al., 2007; Halonen et al.,
2011; Ren et al., 2011), myocyte dysfunction (Wilker et al., 2012), increased blood pro-
coagulatory and pro-inflammatory markers (Hampel et al., 2010; Keatinge et al., 1984;
Schauble et al., 2012), and epigenetic modifications (Bind et al., 2014). Yet the role of
mitochondrial-related oxidative stress—an emerging contributor to a range of cardiovascular
disorders, including atherosclerosis, ischemic heart disease, and hypertension (Dhalla et al.,
2000)—remains unknown.

Mitochondria, unlike other cellular organelles, contain their own circular double-stranded
DNA (Mengel-From et al., 2014). Mitochondrial DNA (mtDNA) is a critical cellular target
for oxidative stress mediated via reactive oxygen species (ROS) (Yakes and Van Houten,
1997; Zastawny et al., 1998). Indeed, mitochondrial genomes appear to be more vulnerable
to oxidative attack than nuclear DNA due to a lack of protective barriers, such as histone
proteins and chromatin organization, as well as relatively limited capability to repair mtDNA
damage (Friedman and Nunnari, 2014; Mengel-From et al., 2014). Moreover, because 1%-—
2% of molecular oxygen consumed by aerobic respiration is released as ROS via the
electron transport chain (ETC) reaction in mitochondria, disturbance of normal ETC activity
may further exacerbate mitochondrial ROS formation (Demple and Harrison, 1994). As a
result, damaged mitochondria may themselves become an important source of endogenous
ROS generation and lead to further damage. Oxidative damage to mitochondria can induce
mtDNA lesions, including single- and double-strand breaks, abasic sites, and base damage/
modification (Yakes and Van Houten, 1997). Several lines of evidence indicate associations
between mtDNA lesions and cardiovascular diseases (Corral-Debrinski et al., 1991; Corral-
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Debrinski et al., 1992; Lesnefsky et al., 2001), suggesting that mitochondrial genome
damage, as reflected by increased mtDNA lesions, may represent a plausible biological
mechanism for air temperature-related cardiovascular events.

In a repeated-measure study of older men in the greater Boston area, we investigated the
association between short-term increases in 24-hour mean and variability of air temperature
and blood mtDNA lesions. We hypothesized that older adults may be less adaptive to short-
term increases in air temperature—especially at the extreme or sub-optimal ranges—which
may lead to increased mtDNA lesions in blood.

2 Materials and methods

2.1 Study population

Our study population is derived from the Normative Aging Study, a prospective longitudinal
cohort from the greater Boston area established in 1963 by the U.S. Veterans
Administration. A detailed protocol has been published previously (Power et al., 2011). In
brief, participants underwent clinical examinations every 3-5 years. At each visit, self-
administered questionnaires were collected to provide information on socio-demographic
characteristics, medical history, medication, and lifestyle. Blood samples were drawn after
an overnight fast and smoking abstinence. A total of 654 participants had complete
information on temperature measurements and blood mitochondrial markers for 1-4 visits
during 1999-2013. Specifically, 173 participants came to one clinical visit, 387 participants
came to two clinical visits, and 94 participants came to three or more clinical visits. This
study was approved by the Institutional Review Boards of the participating institutions.

2.2 Ambient temperature measurements

We obtained hourly temperature and humidity data from the National Weather Service
Station at Boston Logan airport, which is located approximately 12 km from the
examination site. For each calendar day, we calculated 24-hour mean and 24-hour standard
deviation (SD) of temperature. We then computed moving averages of the 24-hour mean and
24-hour SD of temperature (i.e., 2, 7, and 14 days prior to clinical visit) (Mehta et al., 2014).

As a secondary analysis, we estimated air temperature at each participant's residential
address for each calendar day using a hybrid land-use regression and satellite-based model
(Kloog et al., 2012). Specifically, we utilized Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite-derived land surface temperature measurements to
predict daily air temperature at a 1 km-by-1 km spatial resolution. The model showed
excellent prediction performance with cross validation of R2 = 0.94 and a root mean square-
predicted error of 1.48. For additional details, refer to Kloog et al., 2014. We then computed
moving averages of 24-hour mean temperatures for 2, 7, and 14 days before each clinical
visit.

2.3 mtDNA lesion measurements

mtDNA lesions were measured as the number of lesions per 10 kb. A detailed protocol has
been published previously (Furda et al., 2014). In brief, we adapted a quantitative long-
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amplicon polymerase chain reaction assay (QPCR) to amplify a long fragment (8.9 kb) and
short fragment (222 bp) of the mitochondrial genome (Ponti et al., 1991). Because each
mitochondrion contains multiple copies of circular DNA, the short fragment was amplified
for normalization based on the premise that the short fragment would have no lesions due to
its short length. Oxidative damage-associated mtDNA lesions, such as single- and double-
stranded breaks, abasic sites, and base damage/modification, halt the progression of DNA
polymerase, which in turn leads to decreased amplification of the desired sequence.
Therefore, only those mtDNA fragments with no lesions would be amplified as a result. We
measured the intensity of fluorescence using PicoGreen dsDNA (Thermo Fisher Scientific,
Life Technologies, Carlsbad, California), and the amount of fluorescence released was
inversely proportional to the number of mtDNA lesions. All samples were run in duplicate.
The between-batch coefficient of variation for the current assay was 10%.

2.4 Statistical analysis

We evaluated the associations of short-term increases in mean and variability of temperature
with number of mtDNA lesions per 10 kb in blood. Because previous studies often indicated
J- or U-shaped relationships when modeling temperature with health-related outcomes (i.e.,
increased risk was observed at high or low temperature ranges) (Gasparrini et al., 2015;
O'Neill and Ebi, 2009; Yang et al., 2016), we tested for effect modification by each season
—spring, summer, fall, or winter. Within each seasonal category, we observed no deviations
from linear dose—response using generalized additive mixed-effects models with penalized
cubic splines. We therefore stratified our analysis by season and modeled mean and
variability of air temperature as a linear term in the analysis.

We fitted linear mixed-effects models with subject-specific intercepts to account for repeated
measurements of mtDNA lesions from the same individual and examined the association of
increases in mean and variability of air temperature and mtDNA lesions. We modeled
cumulative effects of air temperature as the 2-, 7- and 14-day moving average of 24-hour
mean and 24-hour variability of temperature. We considered each moving average separately
in the main analysis. Model estimates are expressed per interquartile range (IQR) increase in
mean and variability of air temperature for specific moving averages.

In each model, we controlled for potential confounders and risk factors for mtDNA lesions:
relative humidity (continuous); age (continuous); body mass index (BMI) [weight (kg) /
height (m)?2, continuous]; race (white or others); regular patterns of physical activity (< 12 h/
week, > 12 and < 30 h/week, or = 30 h/week); smoking status (never, former, or current
smoker); cumulative pack—years of smoking (continuous); alcohol consumption (two or
more alcoholic drinks per day, less than two alcoholic drinks per day); education level (high
school diploma or less, college degree, or graduate degree); platelet, lymphocyte and
neutrophil counts in the blood; and batch effects.

The main regression model took the general form:

Kj:ﬂO‘f'ui"r‘ﬂleij‘f' cee +/8poij+6temperatureTelnperatureij +¢ij
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where 7indexed participants, jindexed visit number, 5y was the intercept for population
mean, and u;j was the subject-specific random intercept. We assumed a linear effect of the
moving average of mean temperature or temperature variability represented by Bremperature
Temperature;j. Finally, B1Xy 7= BpXpjj corresponded to covariates we selected a priori. &jj
was the within-subject error term. We considered separate models for moving averages of
mean temperature and temperature variability as well as a joint model that included both a
moving average of mean and variability temperature. Model estimates are expressed per IQR
increase in mean and variability of air temperature for specific moving averages.

2.5 Sensitivity analysis

3 Results

Among the 654 participants included in our analysis, 27% of participants did not come for a
subsequent clinical visit. We therefore accounted for potential selection bias due to follow-
up loss using inverse probability of weighting (IPW). Specifically, we predicted the
probability of coming to a subsequent clinical visit using covariates from the previous visit
in logistic regression: age, BMI, regular patterns of physical activity, smoking status, pack—
years smoked, forced expiratory volume in 1 s (FEV1) versus forced vital capacity (FVC)
ratio, clinically diagnosed hypertension, clinically diagnosed diabetes, and medication
(diuretics and beta blockers). In a subsequent analysis, we also restricted the analysis to
participants' first visit to examine if differential loss to follow-up was an issue.

In the main analysis, we obtained temperature measurements from the stationary monitoring
station, which was located approximately 12 km from the clinical site. This may have
introduced potential exposure misclassifications, as two participants that came on the same
day would be assigned to the same value. Therefore, for sensitivity analysis, we obtained
temperature measurements from a spatial and temporal resolved model and examined the
association between increases in mean air temperature from modeling data and mtDNA
lesions.

We additionally adjusted for PM,, 5 total mass concentration in the sensitivity analysis, as
PM, 5 total mass concentration may potentially confound the association between air
temperature and mtDNA lesions. Further, to understand the biological significance of the
changes in the number of mtDNA lesions, we examined the spearman correlations between
mtDNA lesions and systolic and diastolic blood pressure.

All analyses were conducted with SAS version 9.3 (SAS Institute Inc., Cary, NC) or R 3.0.1
(http://www.r-project.org/).

3.1 Study population

Table 1 shows participant characteristics at each visit. Of the 654 participants who had blood
mtDNA lesion measurements, 481 participants (74%) came to more than one clinical visit.
Mean age at first visit was 73.1 + 6.8 years, and mean BMI at first visit was 28.1 + 4.0
kg/m2. Current smokers accounted for 4% of participants, and 66% were former smokers at
the first visit. The study population was predominately white (97%). Mean mtDNA lesions
was 1.9 + 0.9 per 10 kb at baseline.
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3.2 Meteorological data

Table 2 describes summary statistics and Spearman correlations of meteorological variables.
Twenty-four-hour mean air temperature was 13.0 °C * 8.6 °C across the four seasons and
was 9.8°C +£6.1°C,21.8°C+4.5°C,135°C+5.6°C,and 1.2°C 5.0 °C in spring,
summer, fall, and winter, respectively. Minimum 24-hour mean temperature in the winter
was — 13.9 °C, while maximum 24-hour mean temperature in the summer was 31.2 °C. We
observed the highest 24-hour variability in air temperature in summer (median = 2.6 °C;
interquartile range = 1.6 °C). Twenty-four-hour mean and 24-hour standard deviation of
temperature showed moderate correlation in spring, summer, and fall (p = 0.36, 0.44, and
0.27, respectively).

3.3 Air temperature and mtDNA lesions

Short-term increases in mean air temperature were associated with increased mtDNA lesions
in blood in summer. An IQR increase in 7-day (3.6 °C) and 14-day (3.8 °C) moving average
of 24-hour mean air temperature was associated with a 0.17 (95% CI: 0.07, 0.27; p=
0.0007) and 0.21 (95% CI: 0.10, 0.32; p=0.0001) increase in number of mtDNA lesions per
10 kb, respectively (Fig. 1). The estimates are slightly attenuated when we further adjusted
for temperature variability of the corresponding moving average (Supplementary Fig. 1). In
winter, we observed positive associations between increases in mean air temperature and
mtDNA lesions both before (Fig. 1) and after adjusting for temperature variability
(Supplementary Fig. 1).

Short-term increases in temperature variability were associated with a higher number of
mtDNA lesions in summer (Fig. 2). These associations were observed before and after
adjustment for mean air temperature (Supplementary Fig. 2). For example, an IQR increase
in 7-day (0.60 °C) and 14-day (0.58 °C) moving average of 24-hour temperature variability
was associated with a 0.16 (95% ClI: 0.04, 0.29; p=0.0104) and 0.21 (95% CI: 0.06, 0.36; p
= 0.0054) increase in number of mtDNA lesions per 10 kb, respectively.

3.4 Sensitivity analysis

We used IPW to account for potential selection bias due to follow-up loss as a sensitivity
analysis. Estimates were similar to those from the primary analysis (data not shown). We
also observed similar results when we restricted the analysis to participants' first visit
(Supplementary Table 3). In addition, we obtained temperature measurements from a spatial
and temporal resolved model and compared results from modeling data to monitoring
stations. Results were slightly attenuated when we obtained exposure measurements from
the stationary monitoring station (Supplementary Fig. 3). For example, a 5 °C increase in 7-
day moving average of 24-hour mean air temperature was associated with a 0.21 (95% CI:
0.07, 0.35) increase in number of mtDNA lesions per 10 kb in summer, based on stationary
monitoring station data. A 5 °C increase in 7-day moving average of 24-hour mean air
temperature was associated with a 0.31 (95% CI: 0.50, 0.57) increase in number of mtDNA
lesions per 10 kb from the spatiotemporal modeling approach in summer. Adjusting for
PM, 5 total mass concentration also did not seem to influence our results much
(Supplementary Table 1). Further, we observed positively associations between mtDNA
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lesions with both systolic (p = 0.11) and diastolic (p = 0.18) blood pressure in the study
population (Supplementary Table 2).

4 Discussion

In this analysis of the association between increases in air temperature and blood mtDNA
lesions in a cohort of older individuals, we showed that a short-term increase in mean
temperature in summer was associated with increased blood mitochondrial oxidative
damage. Interestingly, we also observed positive associations between increases in mean air
temperature and mtDNA lesions in winter. Results were similar when we further adjusted for
within-day temperature variability. Moreover, we found significant associations between
increased within-day temperature variability and mtDNA lesions after controlling for mean
air temperature. To our knowledge, this is the first study describing increases in air
temperature and mitochondrial genome damage.

The observed increase in mtDNA lesions in the summer makes sense biologically. In
humans, core body temperature is usually tightly regulated and maintained within a narrow
range (~ 37 °C). When external temperature increases, thermoreceptors under the skin sense
such temperature changes and send information to the integrating center of the brain via the
afferent neural pathway. The integrating center, located in the hypothalamus, senses
temperature discrepancies between the external environment and core body temperature and
sends signals via the efferent neural pathway to dissipate heat (Leon and Helwig, 2010).

There are both physiological and behavioral responses for heat dissipation. For example,
increases in air temperature impose large demands on the heart and vasculature, resulting in
blood shuttling away from core organs to the body's surface for heat dissipation (Leon and
Helwig, 2010). Animal studies have shown that heat stress increases metabolic demand and
reduces splanchnic blood flow, which in turn reduces visceral perfusion. The prolonged
ischemic environment may result in generation of reactive oxygen and nitrogen species,
which may lead to visceral and, in turn, systemic oxidative stress (Hall et al., 1999; Hall et
al., 2001). Therefore, the observed increased mtDNA lesions in response to higher mean
temperature during hot days may reflect systemic oxidative stress due to heat stress. Further,
higher temperatures on hot days may increase basal metabolic rate, which, in turn, leads to
increased mitochondrial activity. Because mitochondria are the primary site of endogenous
ROS generation, increased mitochondrial activity on hot days may also contribute to mtDNA
lesions.

Interestingly, we observed positive associations between increased mean air temperature and
mtDNA lesions at low temperatures (~ — 10 °C-0 °C). Previous studies indicate J- or U-
shaped relationships between changes in mean air temperature and mortality (Gasparrini et
al., 2015). Epidemiological studies, however, report inconsistent associations between
changes in mean air temperature and blood biomarkers. For instance, Hampel et al. (2010)
and Schauble et al. (2012) report blood inflammatory and coagulation biomarkers increase
with decreased air temperature in patients with cardiopulmonary and metabolic diseases.
However, in individuals with stable heart failure, Wilker et al. (2012) show increased blood
B-type natriuretic peptide and C-reactive protein levels with increased mean air temperature.
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Nevertheless, these studies focused on diseased populations, and individuals with chronic
diseases, such as coronary heart disease (CHD) or diabetes, likely spend less time outdoors
at extreme or sub-optimal temperatures, which may result in potential exposure
misclassifications.

As part of our sensitivity analysis, excluding participants with chronic disease status (CHD
and diabetes) resulted in slightly stronger associations between increases in mean air
temperature and mtDNA lesions. For instance, an IQR increase in 7-day and 14-day moving
average of 24-h mean temperature was associated with a 0.17 and 0.21 increase in mtDNA
lesions, respectively. We observed positive correlations between mtDNA lesion (per 10 kb)
and systolic and diastolic blood pressures (Supplementary Table 2). Since mitochondrial-
related oxidative stress—as reflected by increased number of mtDNA lesions—potentially
serve as a novel biomarker to reflect cardiovascular problems, the observed positive
associations between mtDNA lesion and blood pressure make sense biologically. From the
same cohort, Bind et al. found increased DNA methylation—which often silences gene
expression—in several inflammatory and oxidative stress-related genes with decreased air
temperature. Further, after environmental insults, DNA methylation in inflammatory genes
changes rapidly to fine-tune inflammatory responses (Hou et al., 2014; Peng et al., 2016;
Tarantini et al., 2009).

The observed positive associations between increases in mean air temperature and mtDNA
lesions in cold weather may have resulted from decreased metabolic activity (as elderly
people tend to stay indoor with little physical exercise), which in turn reduces mitochondrial
activity. Mitochondria are the primary sites for cellular energy production as well as
endogenous ROS generation (Murphy, 2009). Because ROS are the byproducts of ETC,
where glucose is metabolized to cellular energy as adenosine triphosphate (ATP), a decrease
in ROS generation due to reduced mitochondrial activity may be coupled with reduced ATP
production. Hence, although we observed decreased blood mtDNA lesions with decreased
mean air temperature, other cellular processes that are ATP-dependent—such as vascular
control—may also be depressed (Crecelius et al., 2015), and impaired vascular control may
be particularly problematic to elderly populations.

Alternatively, such positive associations between increased mean air temperature and
mtDNA lesions in winter may be due to the “cold-weather paradox”: if outdoor temperatures
get very cold, people (especially the elderly) tend to stay indoors and therefore have less
exposure. With less cold winter temperatures, people tend to go outside more often and are
thus more likely to be exposed to cold air.

Our study participants consist mainly of older adults (mean age = 73.1 years at first visit). In
healthy young adults, increased temperatures may result in climate adaptation, which may
involve enhanced cardiovascular performance, activation of the renin-angiotensin axis,
increased capacity to secrete sweat, and expansion of plasma volume (Bouchama and
Knochel, 2002; Leon and Helwig, 2010). However, older individuals are less adaptive to
changes in air temperature due to impaired homeostatic control mechanisms, such as
impaired baroreceptor reflex mechanism (Stauss et al., 1997), lower sweating rate (Inoue et
al., 1999), and diminished renal sympathetic nerve activity (Kenney and Fels, 2002). As a
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result, increased air temperatures can disproportionally affect elderly individuals. Our study
highlights the relevance of investigating temperature influences in such susceptible
populations.

Our study has some limitations. In the primary analysis, we obtained air temperature data
from a fixed monitoring station located approximately 12 km from the clinical site. This
may introduce potential exposure misclassifications. However, in the sensitivity analysis, we
estimated air temperature at each participant's residential address for each calendar day
using a hybrid land-use regression and satellite-based model and examined the association
between increases in mean air temperature and mtDNA lesions. Temperature estimates from
our modeling approach introduced sufficient spatial and temporal variability and minimized
exposure misclassifications, so we found similar results from stationary monitoring station
estimates and modeling approaches. Further, although our exposure matrix used ambient air
temperature, we have no indoor temperature measurements and no information about how
much time each participant spent outdoors. Therefore, our study may suffer from potential
exposure misclassifications, as elderly tend to stay indoors during hot and cold days. In
addition, since our study is based in Boston, Massachusetts, the ambient air temperature
range may not be generalizable to other climate zones.

However, our study also has a number of strengths. We applied a novel PCR technique to
quantify mtDNA lesions, and our assay for analyzing mtDNA lesion yields high precision—
the between-batch coefficient of variation was 10%. We used hourly temperature data from
the National Weather Service Station at Boston Logan airport, which allowed us to examine
short-term increases in both 24-hour mean and variability of air temperature with blood
mtDNA lesions. Further, we accounted for potential selection bias due to follow-up loss
using IPW. Point estimates were similar for models with or without IPW, indicating that
little selection bias was introduced due to follow-up loss.

5 Conclusion

We observed increased mtDNA lesions in elderly adults exposed to short-term higher mean
air temperatures, supporting the hypothesis that changes in meteorological conditions may
induce molecular mitochondrial alterations in older individuals. The potential health
consequences associated with increased mtDNA lesions must be further elucidated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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mtDNA mitochondrial DNA

ROS reactive oxygen species

ETC electron transport chain

QPRC quantitative polymerase chain reaction
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BMI body mass index

IPW inverse probability of weighting
FEV1 forced expiratory volume in 1 s

FvC forced vital capacity

CHD coronary heart disease

ATP adenosine triphosphate
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Highlights
Short-term increases in mean ambient air temperature is associated with
higher blood mitochondrial DNA (mtDNA) lesions in older individuals

Short-term increase in temperature variability is also associated with higher
blood mitochondrial DNA (mtDNA) lesions independent of mean air
temperature

Our study supports the hypothesis that sub-optimal meteorological conditions
may induce pathophysiological responses among susceptible populations
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Fig. 1.
Estimated change in mtDNA lesions per IQR increase of daily mean air temperature over 2-,

7-, or 14-day moving averages by season. Bars represent 95% CI. Results from linear mixed-
effects regression models account for correlation across multiple visits and are adjusted for
age, BMI, race, physical activity (low, < 12 h/week; medium, = 12 and < 30 h/week; or high,
= 30 h/week), smoking status (current, former, or never), pack-years smoked, alcohol
consumption, education level, platelet count, lymphocyte count, neutrophil count, and 24-h
relative humidity.
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Fig. 2.

Estimated change in mtDNA lesions per IQR increase of daily variability of air temperature
over 2-, 7-, or 14-day moving averages by season. Bars represent 95% CI. Results from
linear mixed-effects regression models account for correlation across multiple visits and are
adjusted for age, BMI, race, physical activity (low, < 12 h/week; medium, = 12 and < 30 h/
week; or high, = 30 h/week), smoking status (current, former, or never), pack—years smoked,
alcohol consumption, education level, platelet count, lymphocyte count, neutrophil count,
and 24-h relative humidity.
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Summary statistics and Spearman correlation of environmental variables.

Table 2

Summary statistics

Spearman correlation

Mean + SD | Median (p25, p75) | 24-h Tpean | 24-h Top
Overall (n=1141)
24-h Tyean (°C) | 13.0£86 | 13.3(6.7, 20.0) 1.00 033**
24-h Tgp (°C) 24+12 2.2(15,3.1) - 1.00
Spring (n=281)
24-h Tyean (°C) | 9.8 6.1 10.2 (5.8, 13.1) 1.00 036™"
24-h Tgp (°C) 24+13 2.1(15,2.9) - 1.00
Summer (7= 318)
24-h Tyean (°C) 21.8+45 22.1(19.0, 24.8) 1.00 0.44%
24-h Tgp (°C) 26+1.2 2.6 (1.7, 3.3) - 1.00
Fall (n=365)
24-0 Tyean (°C) | 135+5.6 | 13.7 (9.2, 17.7) 1.00 027"
24-h Tsp (°C) 23+10 2.1(1.4,3.0) - 1.00
Winter (n=177)
24-0 Tyean (°C) | 1.2£50 1.6 (-2.1,4.0) 1.00 0.02%
24-h Tsp (°C) 22+13 1.9 (1.4, 2.6) - 1.00

*
p<0.05.

Aok
p<0.01.
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