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Abstract

Objective—Given the lack of studies examining the associations between daily weather and air 

pollution with nightly objective sleep over multiple weeks, we quantified these associations in a 

prospective cohort of healthy participants with episodic migraine.

Methods—Ninety-eight participants completed daily electronic diaries and wore an actigraph for 

an average of 45 days, and a total 4,406 nights of data were collected. Nightly sleep characteristics 

including duration, wake after sleep onset (WASO), and efficiency were assessed using wrist 

actigraphy. Daily weather parameters and air pollution levels were collected from local weather 

station and ground-level air quality monitors. We used linear fixed effects models adjusting for 

participant, day of the week, and day of the year (for weather analysis), and additionally adjusted 

for temperature and relative humidity (for air pollution analysis).

Results—The participants were 35±12 years old and 86 were women. A 10°F higher daily 

average temperature was associated with 0.88 (95% CI: 0.06, 1.70) minutes longer WASO and 
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0.14% (95% CI: −0.01%, 0.30%) lower sleep efficiency on that night. A 14 parts per billion (ppb)

(interquartile range) higher daily maximum 8-hour ozone was associated with 7.51 (95% CI: 3.23, 

11.79) minutes longer sleep duration on that night. Associations did not differ between cold 

(October-March) and warm (April-September) seasons.

Conclusions—Higher daily ozone was associated with longer sleep duration and modest 

associations were observed between higher temperature and lower WASO and lower efficiency.
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1. Introduction

Numerous prospective studies demonstrate that inadequate sleep duration and quality are 

risk factors for incident major depressive episodes [1–3], obesity [4–6], diabetes [7], 

cardiovascular disease [8–10], and mortality [11–13], posing a substantial economic, 

medical, and social burden [14–17]. Yet, over 30% of adults sleep <7 hours per night, below 

the recommend duration for optimal sleep [18,19]. Thus, it is important to identify 

modifiable factors that negatively impact sleep duration and continuity to inform the 

development of novel interventions that target sleep and thereby mitigate these burdens.

Despite several large-scale epidemiological studies examining the associations of daily 

ambient weather parameters and air pollution on sleep-disordered breathing, there is limited 

data on the relationship between environmental exposures and nightly sleep characteristics 

beyond the scope of sleep disorders [20–23]. Much of the evidence is derived from highly-

controlled laboratory environments. Higher room temperature (usually >30 °C) has been 

linked to shorter sleep duration, higher wakefulness, and lower efficiency [24–30]. Despite 

these observations, only one previous epidemiological study in 669 adolescents examined 

the association between daily meteorological factors and objective sleep in the naturalistic 

setting [31]. Using data from 7–10 days of actigraphy monitoring per participant, the authors 

reported that 10°F higher daily temperature was associated with 3.3 (95% CI: 1.7, 5.0) 

minutes shorter daily sleep duration.

Ambient air pollution may also be an environmental factor that impacts sleep continuity. A 

previous cross-sectional study found that higher short-term exposure to PM10 (particulate 

matter <10 μm in diameter) was associated with lower single-night polysomnography 

(PSG)-based sleep efficiency in summer [20]. The finding is supported by plausible 

underlying biological mechanisms, including air pollution-induced respiratory dysfunction 

and neuroinflammation.

Despite the high prevalence of inadequate sleep and the potential for environmental 

exposure to influence it at the population level, there has been no study that investigated 

whether daily ambient weather parameters and air pollution are associated with nightly sleep 

measured over multiple weeks in adults in the naturalistic settings. To elucidate the 

associations between daily environmental exposures (i.e. weather and air pollution) and 

nightly objective sleep, we analyzed data from a prospective cohort study that collected 
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4,406 nights of detailed sleep data using wrist actigraphy and electronic daily sleep diaries 

from 98 participants with episodic migraine followed over 6 weeks. These data represent a 

novel opportunity to investigate the associations of daily weather parameters (ambient 

temperature, relative humidity, barometric pressure) and ambient air pollution (particulate 

matter <2.5 μm in diameter [PM2.5], ozone [O3], nitrogen dioxide [NO2], sulfur dioxide 

[SO2], and carbon monoxide [CO]) with detailed nightly actigraphy and self-reported sleep 

characteristics among individuals with average levels of sleep disturbance.

2. Material and methods

2.1 Study sample

The details of our study have been described elsewhere [32–34]. Briefly, we conducted the 

study from March 2016 to October 2017. Potential participants were identified by: 1) 

accessing the patient and research repositories at Beth Israel Deaconess Medical Center 

(BIDMC) and the clinical research registries at the Massachusetts General Hospital and the 

Brigham and Women’s Hospital; 2) posting flyers in public areas and in the neurology and 

primary care clinics at BIDMC; and 3) physician’s referral. All eligible participants spoke 

English, were 18 years and older, had a diagnosis of episodic migraine, and reported at least 

2 migraines/month over the past 3 months. We screened potential participants using the 

validated Berlin questionnaire [35] at the time of enrollment, all potential participants 

underwent a standard clinical evaluation by a board-certified sleep physician, and those who 

had undergone previous clinical diagnostic sleep testing had their study reports reviewed by 

the sleep physician. We excluded participants if they reported chronic pain or current opioid 

use; were at high risk for obstructive sleep apnea or had untreated moderate-severe sleep 

apnea (defined as ≥15 events/hour on previous clinical sleep testing); had a history of 

hypersomnia; reported ≤15 headache days/month in the past 3 months; were pregnant; or 

failed to complete diaries for 4 of the 7-day run-in period during the pre-baseline visit.

Of the 101 participants enrolled, we further excluded three participants because they 

contributed <21 days of diary data. In the end, we analyzed data from 98 participants. On 

average, we observed each participant for 45 days.

At baseline, each participant completed questionnaires that collected data on demographics, 

medication use, sleep symptoms, lifestyle factors, and psychological factors. Participants 

then completed an online diary each morning and evening and wore a wrist actigraph for the 

subsequent 6 weeks. The electronic data were collected by the Research Data Capture 

(REDCap) tools hosted by BIDMC [36]. All participants provided written informed consent 

and the study protocol was approved by the Committee on Clinical Investigations at 

BIDMC.

2.2 Daily weather and air pollution exposure

All participants lived in the Greater Boston Area. We obtained daily averages of ambient 

temperature, relative humidity, and barometric pressure from the Boston Logan Airport 

Weather Station (https://www.ncdc.noaa.gov/cdo-web/datasets/LCD/stations/WBAN:14739/

detail). Daily levels of air pollutants were measured by local U.S. Environment Protection 
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Agency (EPA) Air Quality System including daily mean PM2.5 (Roxbury, North End, and 

Von Hillern sites), daily maximum 1-hour SO2 (Kenmore and Roxbury sites), daily 

maximum 1-hour NO2 (Kenmore, Roxbury, and Von Hillern sites), daily maximum 8-hour 

O3 (Roxbury site), and daily maximum 8-hour CO (Roxbury and Von Hillern sites). All the 

monitoring sites are located within the Greater Boston Area. In our study region, ambient air 

pollutants are from both regional and local sources, including road traffic, power plants, and 

residential heating [37]. PM2.5 is a mixture of small solid particles and liquid droplets from 

both local and regional sources. Gaseous pollutants including O3, NO2, and CO are viewed 

as correlates of local traffic, and SO2 is primarily from regional sources such as fossil-fuel 

burning power plants. The data are publicly available and can be downloaded at: https://

www.epa.gov/outdoor-air-quality-data/download-daily-data.

2.3 Nightly sleep outcomes

Wrist actigraphy has been established as a valid and objective method of estimating sleep-

wake parameters in naturalistic settings [38–40]. Participants were asked to wear a wrist 

actigraph (Actiwatch Spectrum; Philips Respironics, Murrysville, PA) on their non-

dominant wrist for 24 hours a day for at least 6 weeks. It collected data on movement and 

environmental light in 30-sec intervals and indicated any “off wrist” time. Our trained 

research coordinators provided the participants with instructions on operating the actigraph. 

After the devices were returned, we downloaded the data and transmitted to the Brigham and 

Women's Hospital Sleep Reading Center for scoring [40,41].

A trained technician who was blinded to participants’ questionnaire responses scored 

actigraphy data and manually identified the start and stop of the rest period using a 

hierarchical approach [42]. After designating the rest interval, sleep/wake status was 

determined using the Actiware 6.0 algorithm for each 30-sec epoch. The algorithm weights 

the activity counts in relationship to activity levels in the surrounding 2-min periods, and 

uses a wake threshold activity count of 40. Sleep onset was defined as 5 minutes of 

immobile time and sleep offset as the last epoch in the rest interval. We calculated total sleep 

duration, WASO (minutes), and efficiency (proportion of total sleep duration/duration of rest 

period, %).

We collected data on sleep latency and sleep quality from daily electronic diaries [43]. Each 

morning, participants were asked the question “How long did it take you to fall asleep last 
night?” and “How would you rate the quality of your sleep?”. Sleep quality was rated from 

“very poor, poor, fair, good, to very good”.

2.4 Statistical analysis

We calculated the average levels of temperature, relative humidity, barometric pressure, and 

air pollutants on the day of sleep onset. If the participant fell asleep after midnight, we 

assigned the exposure data on the day before to that sleep. We used multivariable linear 

fixed effects models that account for within person repeated measures to examine the 

associations of the daily average of each exposure with actigraphy-estimated sleep duration, 

wake after sleep onset (WASO), efficiency, and self-reported sleep latency.
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In models of weather conditions and sleep outcomes, we adjusted for a participant identifier, 

day of week (categorical, 1–7), and day of year (continuous, 1–366). For analyses of air 

pollutants and sleep outcomes, we additionally included linear terms of temperature and 

relative humidity because we considered temperature and relative humidity as potential 

upstream common causes of both air pollution and sleep.

Weather, air pollution, hours of sun light, and sleep are likely affected by season. Therefore, 

we considered day of the year as an important confounder for the current analysis. 

Moreover, the associations of weather, air pollution, and sleep with time of a year may not 

be linear. To better account for the underlying seasonal patterns, we modeled day of the year 

as a restricted cubic spline term (mkspline2 in Stata) with boundary knots placed at March 

1st and February 28th, and 3 inner knots placed at May 31st, August 31st, and November 31st. 

The inner knots were selected to reflect local seasonality patterns, and allows for different 

patterns in different seasons.

We then examined associations of weather and air pollution with binary indicators of high 

WASO, low sleep efficiency, and poor sleep quality. High WASO was defined as having 

actigraphy-estimated WASO above the 75th percentile (53 minutes), low sleep efficiency as 

having actigraphy-estimated sleep efficiency no greater than the 25th percentile (88%), and 

poor sleep quality as participants reported their nightly sleep quality as poor or very poor 

(14% of 4,088 responses). We applied multivariable logistic regression models, adjusting for 

the same covariates as in the corresponding linear regression models.

Because weather and air pollution may have cumulative effects on sleep, we also examined 

the associations using 2-day moving averages, defined as the average levels of exposure on 

the day of and the day prior to sleep onset. We further explored non-linear associations by 

modeling each exposure as a restricted cubic spline term with 3 knots placed at 10%, 50%, 

and 90% of the distribution, and we found no evidence of deviations from linearity. We also 

performed sensitivity analyses: 1) including both NO2 and O3 in the same model; 2) 

additionally adjusting for temperature in the models for relative humidity and barometric 

pressure; and 3) additionally adjusting for PM2.5 in the models for other air pollutants. 

Moreover, because the distribution of daily average SO2 were right-skewed, we excluded 

days with daily average SO2 above 2.1 parts per billion (ppb) (95th percentile) or with daily 

CO above 600 ppb (95th percentile), and re-analyzed the data. We also examined whether 

the associations differed between the warm season (April to September) and the cold season 

(October to March) using an interaction term.

To facilitate interpretation of the results, we scaled the parameter estimates for temperature 

by 10°F (5.6°C). We also scaled the parameter estimates for PM2.5 by 3.6 μg/m3, NO2 by 

11.7 ppb, SO2 by 0.55 ppb, O3 by 14 ppb, CO by 150 ppb, relative humidity by 26.5%, and 

barometric pressure by 0.28 inHg. These factors approximate the interquartile range of the 

daily average levels. We reported differences in sleep duration, WASO, efficiency, and self-

reported sleep latency, and odds ratios (ORs) for having high WASO, low sleep efficiency, 

and poor sleep quality, with 95% confidence intervals (CIs). Analyses were performed using 

mkspline2 and glm functions in Stata 13 (StataCorp. College Station, TX).
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3. Results

The mean age of the 98 study participants was 35.1 ± 12.1 years old, the majority were non-

Hispanic whites (72%), and 86 (88%) were women, including 68 who were premenopausal 

(Table 1). At baseline, the average Pittsburgh Sleep Quality Index was 4.7 ± 3.0. During the 

follow-up, the average sleep duration was 7.3 ± 1.2 hours, WASO was 44.8 ± 17.0 minutes, 

and efficiency was 89.5% ± 3.3%. The daily average temperature during the study period 

was 56.9°F ± 16.0°F (13.8°C ± 8.9°C), and the daily average PM2.5 was 7.3 ± 3.2 μg/m3. 

Detailed distributions of temperature, relative humidity, barometric pressure, and air 

pollutants are included in Table S1. Figure 1 shows the daily levels of each weather 

parameter and air pollutant during the study period, which reflects typical weather and air 

pollution patterns in the Greater Boston area. The highest peak of SO2 in 2017 corresponds 

to the Independence Day (July 4th), potentially because of the increased traffic and 

fireworks. Moreover, July 4th, 2017 had slightly lower temperature, higher relative humidity, 

and lower wind speed compared to July 4th, 2016.

3.1 Weather and sleep characteristics

Higher temperature was associated with modestly higher WASO (Figure 2B) and lower 

sleep efficiency (Figure 2C). For example, a 10°F higher daily average temperature was 

associated with 0.88 minutes (95% CI: 0.06, 1.70) longer WASO and 0.14% (95% CI: 

−0.01%, 0.30%) lower sleep efficiency on that night. There were no consistent associations 

between meteorology and sleep duration, self-reported latency, binary indicators of WASO, 

efficiency, and sleep quality (Figures 2 and S1).

3.2 Air pollution and sleep characteristics

Higher levels of daily maximum 8-hour O3 was associated with longer sleep duration 

(Figure 2E): a 14 ppb (interquartile range) higher daily maximum 8-hour O3 was associated 

with 7.51 minutes (95% CI: 3.23, 11.79) longer sleep duration. We also found modest 

positive associations between O3 and WASO (Figure 2F). However, lower SO2 and CO were 

associated with having high WASO (Figure S1D). There were no other consistent 

associations between air pollution and sleep characteristics.

3.3 Sensitivity analyses

Using 2-day moving averages led to similar findings, except that a 11.7 ppb higher 2-day 

moving average of NO2 was associated with a 0.26% (95% CI: 0.04%, 0.48%) lower sleep 

efficiency. The associations did not differ between the cold and warm season (Figures S2 

and S3). Adjusting for NO2 and O3 in the same model; adjusting for temperature in weather 

analysis; and adjusting for PM2.5 in air pollution analysis did not alter our results materially. 

Last, after excluding days with higher levels of SO2 or CO, the negative associations of SO2 

and CO with presence of high WASO were attenuated.

4. Discussion

In this prospective cohort study, we found that higher daily O3 was associated with longer 

nightly sleep duration, and higher daily average temperature was associated with modestly 
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higher WASO and lower efficiency. To our knowledge, this is the first study to examine the 

associations of daily weather and air pollution with repeated objective assessments of 

nightly sleep among adults over a period of several weeks.

Numerous animal and human studies have examined the health effects of ozone [44]. Two 

major pathways have been suggested: (1) ozone may induce oxidative stress and 

inflammation in the respiratory system, and respiratory tract injury, and (2) ozone may react 

with the sensory nerves in the lung, modulate autonomic nervous system and activate 

sympathetic nervous system, triggering neuroendocrine stress responses. Both pathways can 

cause systemic oxidative stress and inflammation [44]. Additionally, circulating 

inflammatory cytokines and reactive oxygen species may reach the brain through 

bloodstream, causing neuroinflammation [44]. Therefore, exposure to ozone may contribute 

to sleep problems through decreased pulmonary function, increased respiratory symptoms, 

and neuroinflammation. Particulate matter and other gaseous pollutants may share the same 

biological pathways as ozone. Moreover, inhaled particle pollutants may be directly 

transmitted into the brain via the cribriform plate and detected by the olfactory bulb, or 

induce local and systemic inflammation that lead to production of inflammatory biomarkers 

capable of reaching the brain [45–47].

In the current study, the associations for O3 were small, which may be due to relatively low 

levels of O3 in our study region (average 33.6 ± 10.4 ppb during our study) compared to the 

U.S EPA national standard of 8-hour O3 (70 ppb). Limited previous studies have examined 

the associations between daily air pollution and objectively assessed sleep duration or 

WASO. One study examining the associations between monthly average BC and self-

reported sleep duration reported generally null associations. Two studies that examined the 

associations between air pollution and sleep efficiency had inconsistent findings: in the 

Sleep Heart Health Study, short-term exposure to higher PM10 was associated with lower 

single-night PSG-based sleep efficiency across individuals only in summer [20], and in the 

Multi-Ethnic Study of Atherosclerosis study, average single-day PM2.5 level at baseline was 

not associated with sleep efficiency averaged over the subsequent 7 days of actigraphy 

recording [48]. We found that O3 was associated with longer sleep duration, which is 

opposite to our hypothesis. Therefore, O3 may not contribute to insufficient sleep on a 

population level. Unlike previous studies, we did not observe associations between other 

pollutants with sleep characteristics. This may be due to the generally low levels of air 

pollution in the region and the overall good sleep quality of our participants.

In addition, several studies conducted in highly controlled experimental settings, found that 

higher room temperature were associated with shorter sleep duration, higher wakefulness, 

and/or lower efficiency on polysomnography [24–30]. These studies generally had small 

sample sizes (≤40) and measured sleep characteristics in single night, except for one study 

lasting for 5 days [26]. Our study extends these data by evaluating daily fluctuations in 

temperature with objective sleep assessments over multiple weeks in the naturalistic setting. 

Moreover, our findings are generally consistent with one previous study that prospectively 

collected daily weather and objective nightly sleep data over 7 days among adolescents in 

the same region [31], which found that a 10°F higher daily temperature was associated with 

3.3 (95% CI: 1.7, 5.0) minutes shorter daily sleep duration, 0.9 (95% CI: 0.0, 1.8) minute 
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higher daily WASO, and 0.2% (95% CI: 0.1%, 0.3%) lower daily efficiency. In the current 

study, with at least 6 weeks of follow-up, we observed associations of daily ambient 

temperature with longer WASO and lower sleep efficiency, of similar magnitudes. However, 

we did not observe any association between weather and nightly sleep duration, which may 

be because we conducted the analyses in adults who may have shorter sleep duration than 

adolescents [49]. We also had a much longer observation period.

Evidence from previous studies also indicated that the associations of daily weather and air 

pollution with sleep may differ by season [20–23]. This may be due to higher levels of 

ambient O3 in the warm season and higher PM2.5 or PM10 in the cold season. Additionally, 

region-specific climate patterns may influence weather and air pollution levels, and 

compositions of ambient air pollutants likely differ by region. However, our findings did not 

differ by season.

Our study has a few limitations. First, the air pollution levels in our study region were 

relatively low during the follow-up, which may influence our ability to assess the relatively 

small variation in measured sleep characteristics that can be attributed to daily ambient air 

pollution. Second, the study participants were patients with episodic migraine and 

predominantly women with European ancestry. Although the participants generally reported 

good sleep quality during the follow-up, our findings may still have limited generalizability 

to other populations. Third, there is a possibility that some of the participants had 

undiagnosed obstructive sleep apnea. However, 69% of our final study sample was 

comprised of young premenopausal women. Therefore, we presumed that the prevalence of 

obstructive sleep apnea among our sample was low. Fourth, weather conditions were 

measured at one fixed station and air pollution levels were measured at several local fixed 

stations, which may induce non-differential measurement errors that may have attenuated 

the statistical power. Additionally, we did not assess indoor thermal conditions or levels of 

air pollution. Previous studies showed moderate to high correlations between indoor and 

outdoor sulfate over the year, whereas the correlations for indoor and outdoor PM2.5 was 

moderate to high in summer but lower in winter. The correlations for other gaseous 

pollutants were generally low [50–52]. It is possible that indoor thermal conditions and air 

pollution are more relevant, and future studies are needed to examined these associations. 

Last, although we collected 4,406 nights of sleep data from 98 participants, we may have 

inadequate statistical power to examine season-specific associations of weather and air 

pollution with objective measures of sleep.

There are also some strengths. First, we objectively estimated nightly sleep among study 

participants for at least 6 weeks using standardized protocols. To our knowledge, this is one 

of the first studies to examine associations of daily weather and air pollution with repeated 

measures of sleep over several weeks in adults. Second, we used fixed effect models that 

accounted for participants’ time-invariant conditions during the relatively short follow-up 

period, such as age, sex, and socioeconomic position. Our study design and within-person 

analysis accounted for each individual’s sleep pattern, and may better capture the impact of 

daily weather and air pollution on their nightly sleep. Third, we conducted several sensitivity 

analyses and found our results to be robust. Fourth, the weather conditions and air pollution 
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levels were measured by National Oceanic and Atmospheric Administration and U.S. EPA, 

independent of assessment of sleep.

5. Conclusions

Among the 98 patients with episodic migraine who were otherwise in good health and 

without known sleep-related disorders, we found that daily maximum 8-hour O3 was 

associated with longer sleep duration, and higher ambient temperature was associated with 

modestly higher WASO and lower efficiency. Future larger-scale studies with longer follow-

up time are warranted in other regions with differing meteorology and air pollution patterns.
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Abbreviations

BIDMC Beth Israel Deaconess Medical Center

CO carbon monoxide

CI confidence interval

EPA Environment Protection Agency

NO2 nitrogen dioxide

O3 ozone

OR odds ratio

ppb parts per billion

PSG polysomnography ()

PM2.5 particulate matter <2.5 μm in diameter

PM10 particulate matter <10 μm in diameter

REDCap Research Data Capture

SO2 sulfur dioxide
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WASO wake after sleep onset
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Highlights

• Weather and air pollution have been associated with sleep-disordered 

breathing

• The impact of daily weather and air pollution on sleep remains unclear

• We collected 4,406 nights of sleep data from 98 participants

• Higher daily ozone is related to longer nightly sleep duration

• Higher daily temperature is modestly related to higher sleep fragmentation
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Figure 1. 
Daily levels of temperature, relative humidity, barometric pressure, ozone (O3), fine 

particulate matter (PM2.5), sulfur dioxide (SO2), nitrogen dioxide (NO2), and carbon 

monoxide (CO) in the Greater Boston area, Massachusetts, 2016–2017.
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Figure 2. 
Associations of weather and air pollution with continuous measures of sleep among 

participants with migraine in the Greater Boston area, Massachusetts, 2016–2017. Models 

were adjusted for day of week, a restricted cubic spline term of day of year, and a participant 

identifier. Models for air pollution were additionally adjusted for temperature and relative 

humidity. Results were scaled to 10°F for temperature, 26.5% for relative humidity, 0.28 

inHg for barometric pressure, 3.6 μg/m3 for fine particulate matter (PM2.5), 11.7 ppb for 

nitrogen dioxide (NO2), 0.55 ppb for sulfur dioxide (SO2), 14 ppb for ozone O3, and 150 

ppb for carbon monoxide (CO). Error bars indicate the 95% confidence intervals.
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Table 1.

Sample characteristics at baseline and sleep characteristics during the study, among 98 patients of episodic 

migraine.

Characteristics Mean ± SD or N (%)

Age 35.1 ± 12.1

Women 86 (88%)

 Premenopausal 68 (79%)

Non-Hispanic White 71 (72%)

Pittsburgh Sleep Quality Index 4.7 ± 3.0

Actigraphy-based sleep duration, hour 7.3 ± 1.2

Actigraphy-based wake after sleep onset, minutes 44.8 ± 17.0

Actigraphy-based sleep efficiency, % 89.5 ± 3.3

Self-reported sleep latency, minutes 27.7 ± 30.0
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