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Abstract

Background: Understanding variation in physical activity (PA) and sleep is necessary to develop
novel intervention strategies targeting adolescents’ health behaviors. We examined the extent to
which PA and sleep vary by aspects of the physical environment.

Participants: We performed a cross-sectional analysis of 669 adolescents in the Project Viva

cohort.

Methods: We estimated total PA, sleep duration, sleep efficiency and sleep midpoint timing from
wrist accelerometers. We used multivariable linear regression models and generalized estimated
equations to assess associations of PA and sleep with season and daily weather conditions obtained
from the National Oceanic and Atmospheric Administration archive.

Results: Mean age was 12.9 (SD 0.6) years; 51% were female and 68% were white. Mean sleep
duration was 466 (SD 42) minutes per night and total PA was 1652 (SD 431) counts per minute
per day. Sleep midpoint time was 41 (95%CI: 27 to 54) minutes later in summer and 28 (95%CI:
—41 to —14) minutes earlier in spring and 29 (95%CI: —43 to —15) minutes earlier in autumn
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compared to winter. Higher temperature and longer day length both were associated with small
reductions of nightly sleep duration. Adolescents were less physically active during winter and on
rainy and short sunlight days. There was an inverse U-shaped relationship between PA and mean

temperature.

Conclusions: Season was associated with large changes in sleep timing, and smaller changes in
other sleep and PA measurements. Given the importance of sleep and circadian alignment, future
health behavioral interventions may benefit by targeting “season-specific” interventions.
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Introduction

Sufficient sleep and adequate physical activity (PA) are critical factors for adolescent health
(Chen, Wang, & Jeng, 2006; Hallal, Victora, Azevedo, & Wells, 2006). Adolescence is a
time when decline in sleep duration and PA is often reported, supporting the need to better
understand these behaviors in this developmental period (Dumith, Gigante, Domingues, &
Kohl, 2011; Owens, 2014). Accelerometry yields objective assessments of PA and sleep and
has a number of advantages over self- or parent-report. However, use of accelerometry also
poses several methodological questions, some of which have been previously summarized
(Quante et al., 2015). A recent systematic review suggests that adolescents with higher PA
levels are more likely to experience good sleep, assessed both subjectively and objectively
(Lang et al., 2016). However, other individual, social and environmental factors may
influence both PA and sleep (Moore et al., 2011; Stanley, Ridley, & Dollman, 2012).
Recently, associations of PA with season have been explored in children, showing declining
PA in winter compared to other seasons (Gracia-Marco et al., 2013; Rich, Griffiths, &
Dezateux, 2012; Shen, Alexander, Milberger, & Jen, 2013). A few studies have addressed
the associations of meteorological variables with PA in children and found higher PA during
warmer and rain-free days (Belanger, Gray-Donald, O’Loughlin, Paradis, & Hanley, 2009;
Duncan, Hopkins, Schofield, & Duncan, 2008; Edwards et al., 2015; Harrison et al., 2011;
Harrison, van Sluijs, Corder, Ekelund, & Jones, 2015; Oliver, Schluter, Schofield, &
Paterson, 2011; Yildirim et al., 2014). In contrast, little is known regarding the association
between season and sleep patterns in children and findings are inconclusive (Hense et al.,
2011; Hjorth et al., 2013). We are not aware of any study which has investigated associations
between weather and sleep in adolescents. An improved understanding of the associations of
season and of daily weather conditions with both PA and sleep in adolescents may: 1) help
inform the design and interpretation of epidemiological research in sleep and PA in
adolescents across the year and meteorological conditions; and 2) identify seasonal and
meteorological conditions to be considered in the design of interventions for improving
sleep and PA in adolescents. Thus, the primary aim of this study was to examine the extent
to which objectively measured PA and sleep vary by aspects of the physical environment,
specifically by season, weather and day-length.
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We studied participants in Project Viva, a longitudinal pre-birth cohort study of 2,128
children and their mothers. From 1999-2002, Project Viva recruited pregnant women at in-
person visits in the first trimester of pregnancy from eight Atrius Harvard Vanguard Medical
Associates practices in eastern Massachusetts. Mother-child in-person visits occurred in
infancy, early childhood, and mid-childhood, and additional information was collected from
medical records and annual questionnaires. For this analysis, we analyzed a data subset of
the ongoing “Early Teen” visit (at ages 12—14 years, mean age 12.9 [SD 0.6] years). We
included 669 adolescents who provided valid accelerometry data for at least 3 days and
nights from December 2012 through May 2015 (Figure 1). We compared the characteristics
between the 669 participants and the remaining 1,459 children who originally enrolled
during infancy in the cohort, and found some differences, e.g., the included mothers were
more educated (72% versus 61% >college education) and had higher household incomes
(67% versus 58% >$70,000 at enrollment), but did not differ on race/ethnicity or child sex.
Details of the study protocol and recruitment/retention procedures are available elsewhere
(Oken et al., 2015). Institutional review boards of Harvard Pilgrim Health Care, Brigham
and Women’s Hospital, and Beth Israel Deaconess Medical Center approved the study
protocols and all mothers provided written informed consent.

“Early Teen” visits took place in eastern Massachusetts across all seasons. We defined
season of assessment by a four-level categorical variable according to the meteorological
definition of seasons determined by range of temperature: Spring: March 15-May 31t;
Summer: June 15t —August 30!, Autumn: September 15t — November 30, Winter:
December 15t — February 28, From the National Oceanic and Atmospheric Administration
archive (Logan International Airport weather station, Boston, MA), we obtained daily data
for four weather variables: mean temperature (Fahrenheit), mean wind speed (mph), water
equivalent and snow fall (rain and/or amount of water obtained by melting a snow sample
[inch]), as well as day-length (time difference between sunrise and sunset [hours])
(“National Oceanic and Atmospheric Administration: Daily Weather Observations at Logan
International Airport, Boston, MA,” Accessed from www.ncdc.noaa.gov on 10 November
2015). Each adolescent was studied during one seven day period, with visits scheduled
across the year.

We measured sleep and daytime PA using Actigraph™ accelerometers (GT3X+) and
ActiLife 6® analysis software (ActiGraph, Inc. Pensacola, Fl.). Accelerometers collected
activity data in 60-sec epochs. We asked adolescents to wear the device on their non-
dominant wrist for 7 to 10 consecutive days and nights and to complete a daily sleep log.
The sleep log was a standardized paper form with predefined questions in which the
adolescents recorded bedtimes, accelerometer non-wear times and naps. For each day, we
manually identified a main rest interval as the primary sleep period based on self-completed
logs and observation of a sharp decrease/increase in activity. We considered the primary
sleep period invalid if the device was removed for 1 hour or more within the in-bed interval.
Once we defined rest intervals, we applied the Cole-Kripke sleep algorithm to classify each
epoch as a sleep or wake period (Kripke et al., 2010; Meltzer, Walsh, Traylor, & Westin,
2012). Sleep variables of interest were based on the overnight sleep periods and included
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each individual’s average values for nightly sleep duration (minutes), sleep maintenance
efficiency (proportion of sleep time during the sleep period, defined as sleep onset to sleep
offset, percentage), sleep midpoint time (midpoint between sleep onset and sleep offset,
minutes from midnight) and wake after sleep onset (amount of time spent awake after sleep
onset, minutes). Before analysis of PA, we excluded sleep periods and non-wear times
(Troiano et al., 2008). We considered a day valid if >0 hours of activity counts were
collected. PA was expressed as total PA (vertical axis counts per min [cpm]), where time was
measured as wear-time. We also assessed PA asking mothers the following two questions:
“In the past month, how many hours per week does your child spend engaged in light or
moderate recreational activities or sports such as biking, skateboarding, dancing,
gymnastics, baseball, playing outdoors, or other similar activities? (Do not include
walking.)” and “In the past month, on average, how many hours per week does your child
spend engaged in vigorous recreational activities or sports such as swimming, running,
basketball, soccer, hockey, football, rollerblading, tennis, karate, or other similar activities?”

Child height and weight were directly measured at an in-person visit: (to derive body mass
index [BMI] in kg/mz]) (Kuczmarski et al., 2002). Adolescents reported pubertal stage using
a self-administered, validated rating scale for pubertal development (Carskadon & Acebo,
1993). Demographic data were obtained using questionnaires or from caregiver interviews.
We asked information on school attendance with the sleep logs.

We used Pearson’s correlation analysis to describe the association between accelerometry
PA counts and parent-reported PA. Differences in mean (across days in each recording
period) measures of PA counts and sleep indices by season were assessed using a
multivariable linear regression model adjusting for sex, age, maternal education, household
income, race/ethnicity, BMI z-score and pubertal development scale. We conducted analyses
of associations between daily weather variables and day length with PA and sleep using the
generalized estimating equation (GEE) approach. Since a quadratic relationship between
temperature and PA has been described in the literature (Chan & Ryan, 2009), we included a
mean-centered quadratic temperature term at 52°F (11.1°C) in the GEE model for PA.
Similarly, we identified a non-linear association between sleep midpoint and temperature
from visual exploration of the relationships using in spline plots, and therefore also used a
quadratic term for temperature in the sleep midpoint model. We adjusted the GEE models
for all of the same covariates as in the linear model, plus school attendance. We only
adjusted for school attendance in the GEE models since the regression models used
summary measures across days in each recording period, which includes both school and
non-school days. We also assessed PA as a potential mediator of the observed association of
sleep midpoint time with season, using methodology described by Baron and Kenny (R. M.
Baron & Kenny, 1986). This approach involves fitting a series of regression models to
elucidate the associations among the exposure, the mediator and the outcome and to assess
the influence of including mediator in the model on the association between the exposure
and the outcome. We performed all analyses using SAS 9.3 (SAS Institute, Inc., Cary, NC).
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The sample consisted of equal proportions of girls and boys. Approximately one-third of
children were of minority ethnicity/race (Table 1). Adolescents from the analytical sample
provided a mean of 7.5 (SD 1.2) nights and 7.2 (SD 1.4) days of valid data. Adolescents
slept an average of 466 (SD 42) min/night and accumulated an average of 1652 (SD 431)
cpm per day of total PA. 42.5% of the valid days and 44.4% of the valid nights were on days
with school attendance. The mean ambient temperatures in Boston ranged from an average
high temperature of 75.8°F (24.3°C) in July to an average low temperature of 28.7°F
(-1.8°C) in January.

Associations of Season with Sleep Patterns and Physical Activity

Table 2 shows the association of season with sleep patterns and PA after multivariate
adjustment. Compared to winter, sleep midpoint time was 41 (95% confidence interval [CI]:
27 to 54) minutes later in summer and 28 (95%CI: —41 to —14) minutes earlier in spring and
29 (95%CI: - 43 to —15) minutes earlier in autumn. This relationship did not appear to be
explained by varying PA levels across season; after adjusting for total PA in the model, the
association between season and sleep midpoint time remained highly significant and the
change in magnitude was small (data not shown). Sleep efficiency was slightly higher in
spring compared to winter. Similarly, wake after sleep onset was approximately 6 minutes
lower in the spring. We observed opposite results in the summer, with slightly lower sleep
efficiency and about 6 minutes more wake after sleep onset compared to winter. There was
no association of season with average nightly sleep duration.

Compared to winter, PA counts were higher during spring, summer and autumn,

respectively.

The correlations between accelerometry counts and parent-reported light-to-moderate and
vigorous PA were modest (r = 0.20 and r = 0.21, respectively; p< 0.001), and the variation of
PA recorded by accelerometry with season generally paralleled parent-reported PA.

Associations of Weather and Day Length with Sleep Patterns and Physical Activity

Associations of sleep patterns and PA with local weather conditions and day length are
shown in Table 3. After multivariate adjustment, each additional hour of day length was
associated with 2.11 minutes (95%CI: —3.68 to —0.54) less average nightly sleep duration.
Each additional higher temperature degree was associated with 0.33 minutes (95%CI: —-0.50
to —0.17) less average nightly sleep. Sleep midpoint time followed a U-shaped relationship
with temperature (Figure 2, and 3). As temperature increased up to 47°F (8.3°C), sleep
midpoint time became earlier and then became later with increasing temperature. The rate of
change in sleep midpoint was 0.10 min/°F (95%CI: —0.14 to 0.34) at 52°F (11.1°C).
Snowfall was positively associated with average sleep duration (3 = 2.00 minutes per inch,
95%CI: 0.63 to 3.37). Each additional degree in temperature was associated with a small
(Iess than 1%) decrease in sleep efficiency and every 10 inches of snowfall were associated
with an increased wake after sleep onset by about 7 minutes.

Behav Sleep Med. Author manuscript; available in PMC 2020 July O1.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Quante et al.

Page 6

Each inch of daily rain or snowfall was associated with a total average daily decrease in PA
of 94.90 cpm (95%CI: —134 to —56.2). We found an inverse U-shaped relationship between
PA and temperature (Figure 4). As temperature increased, PA increased up to 68°F (20°C)
and then declined. The rate of change in PA was 2.63 cpm/°F (95%CI: 1.13 to 4.12) at 52°F
(11.1°C). Each additional hour of day length was associated with 40.80 cpm (95% CI: 24.17
to 57.42) more PA.

Discussion

This study provides several novel contributions to the literature regarding the association of
season and daily weather conditions with sleep in adolescents. In a U.S. community-based
sample of adolescents, we found that sleep midpoint time was significantly later in summer
and earlier in spring and autumn compared to winter, indicating seasonal variation in the
timing of the sleep period. Sleep midpoint time also varied with temperature, with
associations showing a U-shaped distribution across a temperature range of 8°F (—-13.3°C) to
89°F (31.7°C). Although sleep duration did not vary by season, daily measurements of
temperature and day length showed that higher temperature and longer day length both were
associated with small reductions in nightly sleep duration. Consistent with previous reports,
we also showed that adolescents were less physically active during winter and on rainy and
short sunlight days (Belanger et al., 2009; Carson & Spence, 2010; Goodman, Paskins, &
Mackett, 2012; Gracia-Marco et al., 2013; Rich et al., 2012; Yildirim et al., 2014). We
observed an inverse U-shaped relationship between PA and temperature: PA first increased
then decreased as temperature increased across the range of temperature, similar to the
results reported in a sample of adults (Togo, Watanabe, Park, Shephard, & Aoyagi, 2005).
Finally, we did not find evidence that variation in PA explained a significant portion of the
variability in the association between sleep timing and season.

Compared to winter, sleep midpoint time was 41 minutes later in summer and 28 to 29
minutes earlier in spring and autumn. Sleep midpoint time also varied non-linearly with
temperature - shifting to earlier times as temperature increased from 8°F (-13.3°C) to 47°F
(8.3°C), and then shifting to later times as temperature increased from 47°F (8.3°C) to 89 °F
(31.7°C). The importance of timing of sleep relates to its potential to disrupt circadian
rhythms; i.e., sleeping at times misaligned to circadian rhythms can disrupt circadian
processes that may adversely affect metabolism and increase risk for weight gain, cancer,
and diabetes (Buxton et al., 2012; Leproult, Holmback, & Van Cauter, 2014; Sahar &
Sassone-Corsi, 2009). A study of adults has shown that “later” sleepers (sleep midpoint time
after 5:30 AM) consumed more calories after 8:00 PM, more fast food and sugar-sweetened
beverages, and less fruit and vegetables (K. G. Baron, Reid, Kern, & Zee, 2011). In a study
of 2,200 children, aged 916 years studied as part of the 2007 Australian National
Children’s Nutrition and Physical Activity Survey, Golley et al.(Golley, Maher, Matricciani,
& Olds, 2013) reported that a delayed sleep phase (i.e., later bedtimes and late wake up time
categories) was associated with poorer diet quality, independent of sleep duration, physical
activity and sociodemographic characteristics. Jarrin et al. (Jarrin, McGrath, & Drake, 2013)
showed that youth reporting later weekend bedtimes and exhibiting a delayed sleep phase on
school days (that is, later sleep and wake times) had larger obesity measures, regardless of
sleep duration.
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The delayed sleep midpoint time during the summer that we observed in an adolescent
population suggests that the summer may be a period when there is a propensity for
obesogenic behaviors and adverse metabolism. The extent, to which this association reflects
meteorological aspects of the summer season, or differences in social schedules, is difficult
to disentangle. Nonetheless, there seems to be a trend in increased weight gain among
children during summer versus school year, particularly for high-risk groups (Franckle,
Adler, & Davison, 2014). Future research aimed at understanding seasonal variation of
eating behaviors as well as metabolism may provide new avenues for promoting health in
adolescents.

The timing of sleep onset is governed by both homeostatic drive (or sleep “pressure,”
reflecting a buildup of sleep need) and the circadian timing system (Borbely & Achermann,
1999), which is strongly influenced by light (Khalsa, Jewett, Cajochen, & Czeisler, 2003).
Morning light exposure facilitates earlier sleep times, while evening light promotes later
sleep times. We found that a day length difference of 5 hours between summer and winter
was associated with only a marginally significant difference of 11 minutes for sleep duration
and a non-significant difference in sleep midpoint of 11 minutes. Small differences in sleep,
however, may have clinical relevance. For example, Boergers et al. (Boergers, Gable, &
Owens, 2014) found that an average increase of school night sleep duration of 29 minutes
resulted in significant reductions of daytime sleepiness, fatigue, and caffeine use in
adolescents. An experimental sleep extension of only about 13 minutes in adolescents with
chronically insufficient sleep was reported to result in a significant decrease of insomnia and
depressive symptoms compared to the control group (Dewald-Kaufmann, Oort, & Meijer,
2014). Data from animal models and human in-laboratory studies suggest an exaggerated
phase-delay response to light exposure in the evening in teens compared to adults
(Hagenauer & Lee, 2013; Hagenauer, Perryman, Lee, & Carskadon, 2009). In other words,
these data suggest that teenagers have an internal clock that interprets environmental time
cues differently from adults. Interestingly, Crowley et al. found that pre- to mid-pubertal
adolescents have a greater sensitivity to evening light compared to late to post-pubertal
adolescents. Of note, the majority of our participants were classified as pre- to mid-pubertal
based on the self-rating scale for pubertal development (Crowley, Cain, Burns, Acebo, &
Carskadon, 2015).

No significant overall associations were observed between season and sleep duration, and
only small differences were observed for sleep efficiency. In contrast, Hjorth et al. (Hjorth et
al., 2013) estimated that sleep duration was 2% longer during winter compared to spring in a
sample of 730 children from 9 Danish municipal schools, ages 8—11 years. In 519 seven-
year-old children of the Auckland Birthweight Collaborative Study, compared to summer,
the mean sleep duration was 41 minutes longer in winter, 31 minutes longer in autumn and
15 minutes longer in spring (Nixon et al., 2008). A lack of an association with season in our
study may reflect the overlap in weather conditions within seasons in the Northeast US. Our
findings are consistent with a large study of 8,542 children, aged 2 to 9 years from eight
European countries that showed no effect of season on the nightly sleep duration (Hense et
al., 2011).
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Increasing outdoor temperature was associated with both lower sleep duration and lower
sleep efficiency, although associations were small in magnitude. The effects of changes in
temperature on sleep regulation have been described in a review by Van Someren et al. (Van
Someren, 2006). The lack of data on indoor temperature limits our ability to fully evaluate
the impact of ambient temperature on the natural sleep of adolescents.

Interestingly, we found that snowfall was associated with slightly longer sleep duration.
Fresh snow absorbs sound and there is a muted silence that follows a snowfall, potentially
promoting sleep. The higher sleep duration with snowfall also may reflect differences in
school schedules (e.g., school cancellations) or other influences not recorded.

We also observed variation of PA with both season and meteorological exposures. To
understand the practical relevance of this study’s findings, we interpret our estimates relative
to the average difference in day length between summer and winter and consider
precipitation on an average rainy day. The difference in day length between summer and
winter in eastern Massachusetts is about 5 hours, which results in a predicted difference in
total daily PA of 204 cpm. The average amount of precipitation on rainy days was 0.24
inches, which would be associated with 23 cpm less PA. Crouter et al. have developed
prediction models for estimates of energy expenditure and time spent in different activities
using the wrist GT3X+ accelerometer placement in youth (Crouter, Flynn, & Bassett, 2015).
Based on their work, we estimate that 105 cpm are approximately equivalent to 2 METs
(metabolic equivalent) (Crouter et al., 2015). The rate of energy expenditure while at rest is
1 MET and therefore a 2 MET activity expends 2 times the energy used by the body at rest.
Thus, differences in PA level between summer and winter may approximate 4 METs.
Studies attempting to estimate “average” PA across the year using data from only a single
season may need to statistically adjust for these differences. Our data provide objective
evidence that good weather and more daylight are associated with higher PA levels. Similar
results have been shown by Goodman et al. who reported in a sample of 325 primary school
children in South-East England more PA on long days (Goodman et al., 2012). Days are
longer in summer, when children usually spend more time outdoors, suggesting a role for
specific strategies for encouraging outdoor activities in winter months (Ajja et al., 2014).

Weather may influence other variables besides PA and sleep. For example, individuals tend
to select lower calorie food on hot days (Stroebele & De Castro, 2004) and television
viewing also may vary with weather (Eisinga, Franses, & Vergeer, 2011). Thus, some
associations of the natural environment on adolescent PA and sleep may be mediated
through dietary habits, screen time, school/vacation schedules or other factors. Further
understanding those influences in future research may help develop “counter-measures” to
optimize PA and/or sleep in the settings of high precipitation, longer day lengths, and
extreme temperatures.

Our study has a number of strengths, including its large sample, objective PA and sleep
measurements over 24 hours, use of longitudinal data analysis methods to quantify
associations between day-to-day variability in weather and sleep/PA, and inclusion of a
racially diverse group. This study also had several limitations. Measures of PA were from
wrist accelerometry, which limited our analysis of PA to counts per minute of activity. The
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participating families in this study were ethnically diverse but overall highly educated. Thus,
findings may not be generalizable to other populations. Traditionally PA is assessed from hip
worn accelerometers and cut-points are used to categorize intensities of PA. However, recent
large scale studies such as the National Health and Nutrition Examination Survey, as well as
Project Viva, use wrist-based accelerometers due to the higher wear-time compliance rates
(Quante et al., 2015). Unfortunately hip and wrist placement provide non-comparable data
with wrist placement overestimating PA compared to hip placement (Fairclough et al.,
2016). Therefore, we report total PA counts per minute, which incorporates the full
continuum of intensities and thus enhances comparisons between studies. We could not
determine if activity took place indoors or outdoors and did not have data on the indoor
environment. Furthermore, data collection occurred both during school days and vacation
and large overlap between season and vacation prevented us from isolating the influence of
vacation from season. Finally, we did not have direct measurements of circadian rhythms.
Although we interpreted the delayed mid-point in the summer as suggestive of circadian
misalignment, it is possible that sleep and circadian rhythms are more aligned during the
summer season when sleep/wake patterns are unrestrained by school schedules (Crowley,
Acebo, Fallone, & Carskadon, 2006).

In summary, our study quantifies the association between factors in the natural environment
and adolescents’ PA and sleep. Except for sleep midpoint time, weather-related factors and
season were associated with only small to modest differences in sleep and PA. We suggest
that simple adjustments for season may be appropriate when collecting data across the year
for most sleep and PA measurements. However, variation in sleep, particularly sleep timing,
and the variation of PA with season and meteorological variables suggest opportunities to
design season-specific health promotion activities.
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Associations of physical activity and sleep patterns with daily weather conditions. Data from 669 participants,

age 12—14 years, in Project Viva.

Exposure Parameter Estimate 95% CI P Value
Nightly sleep duration (min)  Temperature (°F) B -0.33 —-0.50,-0.17 <.001
Wind speed (mph) Bi 0.16 -0.39,0.72 0.57
Water equivalent (inch) B, 0.89 -4.92,6.70 0.76
Day length (hours) B -2.11 -3.68,-0.54 0.01
Snow fall (inch) B 2.00 0.63, 3.37 0.004
Sleep midpoint time (min) Temperature (°F) B 0.10 -0.14, 0.34 0.41
B2 0.01 0.00, 0.02 0.01
Wind speed (mph) B -0.10 —-0.55, 0.36 0.68
Water equivalent (inch) 2.88 -2.16,7.92 0.26
Day length (hours) Bi 2.18 -0.27, 4.63 0.08
Snow fall (inch) B 0.67 -0.62, 1.95 0.31
Wake after sleep onset (min) ~ Temperature (°F) B 0.09 0.00, 0.18 0.05
Wind speed (mph) Bi -0.03 -0.26, 0.20 0.81
Water equivalent (inch) B, -0.90 -3.31, 1.51 0.46
Day length (hours) B 0.47 -0.52, 1.45 0.35
Snow fall (inch) B1 0.71 0.03, 1.40 0.04
Sleep efficiency (%) Temperature (°F) Bi —-0.02 —-0.03,-0.01 0.01
Wind speed (mph) B 0.00 -0.04, 0.04 0.98
Water equivalent (inch) 0.21 -0.20, 0.62 0.31
Day length (hours) By -0.11 —-0.27, 0.06 0.20
Snow fall (inch) B -0.07 -0.17, 0.03 0.18
Total physical activity (cpm)  Temperature (°F) B 2.63 1.13,4.12 0.001
B. —-0.08 —-0.14,-0.02 0.01
Wind speed (mph) B -2.04 -5.75, 1.66 0.28
Water equivalent (inch) B, -94.90 -134,-56.2 <.001
Day length (hours) B 40.80 24.17,57.42 <.001
Snow fall (inch) B1 -7.91 -17.1,1.29 0.09

Generalized estimating equations adjusted for maternal education status, household income, and child race/ethnicity, sex, age, BMI z-score,

pubertal development scale and school attendance. B1=linear term; B2=quadratic term.
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