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CLIMATE CHANGE

Nighttime temperature and human sleep loss in a
changing climate
Nick Obradovich,1,2* Robyn Migliorini,3,4,5 Sara C. Mednick,6 James H. Fowler7

INTRODUCTION

Sleep is vital for healthy human functioning. Yet, approximately onethird of adults report sleep difficulties, making insufficient sleep a
pressing public health issue (1). Too little sleep increases susceptibility
to disease and chronic illness (2, 3) and harms psychological and cognitive functioning (4, 5). Both body temperature (6, 7) and ambient
temperature (8, 9) significantly influence sleep patterns.
Regular and sufficient sleep serves a crucial role in maintaining
and restoring the human body. At a physiological level, sleep loss can
undercut the neural consolidation of new knowledge (10), the repair
of skeletal muscles (11), and the efficient removal of waste from the
brain (12). Insufficient sleep may also compromise immune system
functioning (13), dysregulate metabolism (14), and increase systemic
inflammation in the body (15). The subsequent health impacts of too
little sleep are numerous, including increased risk for cardiovascular
disease (3), diabetes (2), and obesity (16). From a neuropsychiatric
standpoint, acute sleep deprivation is linked to worse mood (17), and
sleep problems may contribute to the development of depression (4)
and suicidality (18). Moreover, restricted sleep harms cognitive
performance via reductions in memory, attention, and processing
speed (5). Human well-being suffers without adequate rest.
Of the factors affecting sleep, temperature plays an integral role.
Normal sleep-wake cycles are governed by circadian rhythms—
automatic biological processes that follow a 24-hour clock—and thermoregulation is a critical determinant of both falling asleep and staying
asleep (6). As the body prepares for sleep, dilation of blood vessels in the
skin facilitates heat loss, producing an important signal for sleep onset:
a decrease in core body temperature. This core temperature decrease is
preceded by amplification of temperature at distal sites (for example,
the hands and feet). The ratio of distal to proximal skin temperature is
highly predictive of sleep onset (19), suggesting that heat loss from
distal skin temperature regions helps to cool the core in the evening
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and early morning (20). Once core body temperature drops to produce sleep onset, it remains low throughout the night and rises again
shortly before awakening. By affecting circadian thermoregulation,
ambient temperatures can interrupt the normal physiology of sleep
(21). Previous laboratory-based studies have found that exposure to
elevated temperatures can prevent core body heat shedding (9) and
that poor sleep is associated with elevated core body temperature (7).
Here, we report on the effect of increases in nighttime temperatures
on reported nights of insufficient sleep of 765,000 U.S. residents
spanning the period of 2002 to 2011. Using these data, we examine
four questions. First, have atypically high nighttime temperatures
harmed individuals’ reported sleep quality? Second, do the effects
of nighttime temperatures on sleep vary by season? Third, are the effects
most acute among those least able to cope with anomalous nighttime
heat? Finally, might nighttime warming due to climate change increase
the incidence of insufficient sleep in the future?

RESULTS

Main effect
To investigate whether anomalous nighttime temperatures harmed the
sleep quality of individuals, we constructed a data set of individuals’
reported monthly nights of insufficient sleep linked with monthly
historical nighttime temperature data. Our individual response data
come from the Centers for Disease Control and Prevention Behavioral
Risk Factor Surveillance Survey (BRFSS) pooled over the period 2002–
2011. Randomly selected respondents answered the question: “During the past 30 days, for about how many days have you felt you did
not get enough rest or sleep?”
Questions from the BRFSS have been assessed for validity (22) and
reliability (23) and are largely consistent with other health-related
activity measures, including our specific measure of perceived sleep
insufficiency (24). Further, this specific question is used in widely
cited public health studies related to sleep (25).
We combine these individual responses—marked by interview date
and geolocated to the city level—with station-level daily temperature
and precipitation and climate normals data from the National Centers
for Environmental Information Global Historical Climatology Network–
Daily (GHCN-D) (see Cities and Stations in the Supplementary
Materials) (26). Notably, our analysis is robust to the use of gridded daily
weather data from the PRISM Climate Group instead (see PRISM Data
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Human sleep is highly regulated by temperature. Might climate change—through increases in nighttime heat—
disrupt sleep in the future? We conduct the inaugural investigation of the relationship between climatic
anomalies, reports of insufficient sleep, and projected climate change. Using data from 765,000 U.S. survey
respondents from 2002 to 2011, coupled with nighttime temperature data, we show that increases in nighttime
temperatures amplify self-reported nights of insufficient sleep. We observe the largest effects during the summer and
among both lower-income and elderly respondents. We combine our historical estimates with climate model projections
and detail the potential sleep impacts of future climatic changes. Our study represents the largest ever investigation of
the relationship between sleep and ambient temperature and provides the first evidence that climate change may
disrupt human sleep.
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in the Supplementary Materials) (27). Our theoretical relationship of
interest is the effect of nighttime temperature anomalies on insufficient
sleep. We empirically model this relationship as
Yijst ¼ bXjst þ Zh þ gt þ njs þ Dijst

ð1Þ

Xjst ¼

1 t
∑ TMINjsr  TMIN:NORMjsr19812010
30 r¼t30

ð2Þ

where r indexes the days before an individual’s survey response date.
The Zh term in Eq. 1 represents a set of climatic control variables
that include average temperature range, precipitation anomalies, cloud
cover, and humidity [with cloud cover and humidity data drawn from
the National Centers for Environmental Prediction (NCEP) Reanalysis
2 project (28)]. We included these other meteorological variables
because their exclusion might bias our estimates of the effect of nighttime temperature anomalies (although the magnitude of b is largely
unaffected by the exclusion of these variables; see Main Effect in the
Supplementary Materials) (29).
Further, unobserved characteristics may influence sleep. For example, people may sleep better in cities with lower noise pollution or higher
prevalence of air conditioning, on days when they are more likely to
have leisure time, or because of other city-specific seasonal factors.
To be sure that geographic and temporal factors like these do not interfere with our estimate of the effect of nighttime temperature on human
sleep, we included gt, and njs in Eq. 1. These terms represent calendar
date and city-by-season indicator variables that account for unobserved
characteristics constant across cities and days as well as seasonal
factors that might vary differentially by city (30). Notably, our results
are robust to varying the specification of these controls (see Time and
Location Controls in the Supplementary Materials). Our empirical
identifying assumption, consistent with the literature (31–33), is that
temperature anomalies are as good as random after conditioning on
these fixed effects. The estimated model coefficient b can thus be interpreted as the effect of temperature anomalies on reports of insufficient
sleep (34–36).
Because our estimation procedure uses exogenous city-level variations in nightly temperature deviations to predict individual-level
outcomes, we account for within-city and within-day clustering of standard errors by using heteroskedasticity robust errors clustered on both
city and day. Finally, we omit nonclimatic control variables from Eq. 1
because of their potential to generate bias—a phenomenon known as a
“bad control” (36)—in our parameter of interest (nonetheless, our
results are robust to the inclusion of common demographic covariates;
see Demographic Controls in the Supplementary Materials).
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Heterogeneous effects of nighttime temperature on sleep
The above b represents an estimate of the average effect of anomalous
nighttime temperatures on sleep over the course of a full year. However,
because excessive heat disrupts sleep by preventing normal decreases
in core body temperature (9, 21, 38), above-average summer nighttime
temperatures might plausibly harm sleep more than above-average temperatures in cooler periods of the year. This leads us to our second question: Do the effects of nighttime temperatures on sleep vary by season?
To investigate this question, we stratify our sample and examine
Eq. 1 for each season of the year (excluding city-by-season indicator
variables). We find that the effect size b during summer (b = 0.073, P =
0.019, n = 179,117) is almost three times the magnitude of the effects
observed during any other season of the year, as can be seen in Fig. 2A.
The effects during spring, fall, and winter are all positive but are smaller
in magnitude and fail to gain significance at the a = 0.05 level.
In addition to heterogeneous effects by season, we may expect that
not all individuals will be similarly affected by anomalous increases in

Fig. 1. Nights of insufficient sleep increase with nighttime temperature
anomalies. (A) Relationship between average monthly nighttime temperature
anomalies and 765,000 respondents’ reported number of monthly nights with
insufficient sleep from 2002 to 2011. As temperature anomalies become more
positive, nights with insufficient sleep become more frequent. Points represent
the average of respondents’ monthly number of nights with insufficient sleep
for each 0.5°C nighttime temperature anomaly bin. The line represents a
smoothing of the raw data using a cubic spline fit. Shaded error bounds represent
the 95% confidence interval of this fit. (B) Distribution of 2002–2011 average
monthly nighttime temperature anomalies from the daily nighttime temperature
normals of 1981–2010.
2 of 6
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where b is our parameter of interest. In this pooled cross-sectional
model, i indexes individuals, j indexes cities, s indexes seasons, and
t indexes calendar days (our results are robust to the use of a negative
binomial model instead; see Negative Binomial in the Supplementary
Materials). Our dependent variable Yijst represents respondents’ number
of nights of insufficient sleep over the past 30 days (results are robust
to dichotomizing this variable in a linear probability model; see Linear
Probability Model in the Supplementary Materials). Our independent
variable of interest, Xjst, represents the 30-day average of daily minimum
temperature deviations from their normal daily values (from 1981 to
2010) over the same 30-day window as respondents’ reported nights
of insufficient sleep

As can be seen in Fig. 1, as temperature anomalies become more
positive, the incidence of nights with insufficient sleep increases. The
results of estimating Eq. 1 indicate that a +1°C deviation in nighttime
temperatures produces an increase of approximately three nights of
insufficient sleep per 100 individuals per month (b = 0.028, P = 0.014,
n = 766,761). Notably, nonlinear specifications of nighttime temperatures, precipitation, and daily temperature range return similar
estimates of b, and a permutation test further supports our statistical
inference (see Main Effect and Permutation Test in the Supplementary
Materials) (37). Putting scale to the magnitude of our estimated effect, a harmonized +1°C nighttime temperature anomaly, if extrapolated across the current population of the United States, would produce
nearly 9 million additional nights of insufficient sleep per month or approximately 110 million extra nights of insufficient sleep annually.
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nighttime temperatures. This leads us to our third question: Are the observed effects most acute among those least able to cope with nighttime
heat? For example, more wealthy individuals may be able to afford
running the air conditioning at night, whereas those in lower-income
brackets may not (39). Further, it has been observed that older individuals can have deficient thermoregulation (40), which may make their
sleep cycles more vulnerable to anomalous temperatures.
To examine whether lower-income and elderly respondents are most
acutely disturbed by above-average nighttime heat, we stratify our sample
along relevant demographic covariates, again estimating Eq. 1 for each
subsample. Splitting the sample along its median income bracket
($50,000), we find that the effect of temperature anomalies on insufficient
sleep is greatest for lower-income respondents (see Fig. 2B). The effect for
the lower-income group (b = 0.042, P = 0.009, n = 342,565) is over three
times the magnitude of the higher-income group (b = 0.012, P =
0.455, n = 322,044). Next, splitting the sample along a common age
dimension—over or under 65 years of age—we find that our effects
in older adults (b = 0.041, P = 0.043, n = 223,211) are nearly twice
the magnitude of those found in younger adults (b = 0.025, P =
0.064, n = 535,968) (see Fig. 2C).
Combining these insights, the effect observed in a subsample of
elderly, lower-income respondents during the summer (b = 0.175, P =
0.007, n = 30,532) is approximately 10 times the magnitude of the
effect observed in the remainder of the sample excluding this group
(b = 0.018, P = 0.089, n = 735,743). Thus, our data suggest that both
lower-income and elderly individuals may be most susceptible to
increasing nightly temperatures and that these individuals experience
more severe sleep disruptions in response to atypically warm summer nights.
Potential implications of climate change for human sleep
Our historical data indicate that past nighttime temperature anomalies
have likely altered historical sleep patterns in meaningful ways. In the
Obradovich et al., Sci. Adv. 2017; 3 : e1601555
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future, climate change is likely to produce an increased frequency of
above-average nighttime temperatures (see Fig. 3A) (41), and observed
nighttime temperatures have been increasing more rapidly than daytime
temperatures over the last century (42). These observations lead us to
our fourth question: Might warming nighttime temperatures due to climate change increase the incidence of insufficient sleep in the future?
To examine this question, we calculate projected nighttime temperature anomalies for 2050 and 2099 from NASA Earth Exchange Global
Daily Downscaled Projections (NEX-GDDP) bias-corrected, statistically
downscaled (to 25 km × 25 km), nightly temperature projections (43)
drawn from 21 of the Coupled Model Intercomparison Project Phase
5 (CMIP5) models (44) run on the Representative Concentration
Pathways “high emissions” scenario (RCP8.5) (45). We extract the projections’ time series for the grid cells associated with each city and couple
these predicted anomalies with our historical estimate of the relationship between nighttime temperature anomalies and insufficient
sleep—b from Eq. 1—to calculate a forecast of possible insufficient sleep
due to future nighttime warming at the city level for each downscaled
climate model. We define our forecast of the increase in insufficient
nights of sleep due to climate change by 2050 (DYmj2050) as
DYmj2050 ¼ bðXmjt2050  Xmjt2010 Þ

ð3Þ

and for the additional effect from 2050 to 2099 (DYmj2099) as
DYmj2099 ¼ bðXmjt2099  Xmjt2050 Þ

ð4Þ

where m indexes the 21 specific climate models, j indexes the city, and t
indexes the day. Xmjt—our measure of 30-day nighttime temperature
anomalies—is calculated as in Eq. 2, using 1981–2010 as the baseline. This
forecasting procedure enables us to incorporate uncertainty regarding
3 of 6
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Fig. 2. The effect of nighttime temperature anomalies is most acute during the summer and among lower-income respondents and the elderly. (A) Marginal
effects from our main model specification run on samples stratified by season (rescaled to an effect per 100 individuals). The effects observed in the summertime
sample are over double the magnitude of those observed in other seasons. (B) Marginal effects associated with splitting the sample by median income. Those with
under $50,000 per year have notably higher responses to nighttime temperature anomalies. (C) Sample by age, showing that the effects of nighttime temperature
anomalies on sleep are larger in the elderly. Marginal effects significantly different from zero at the a = 0.05 level are presented in red. Error bars are SEM (see regression
tables in the Supplementary Materials).
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Fig. 4. Geographic dispersion of the predicted effects of climate change–induced nighttime warming on human sleep. This figure presents the 25-km × 25-km
grid cell forecasts of the potential impact of nighttime warming on monthly nights of insufficient sleep per 100 individuals. Downscaled climatic model data are
averaged across the 21 models in the ensemble and then coupled with our historical model parameter b to produce an estimated change in insufficient sleep in
each geographic location for the periods of 2050 and 2099. Areas of the western and northern United States—where nighttime temperatures are projected to increase
most acutely—may experience the largest future changes in sleep.

future downscaled climatic projections into our forecast (29). Figure 3B
plots the estimation results. Each of the 219 cities in our analysis has a
prediction for each of the 21 downscaled climate models, producing
approximately 4600 estimates per period. On average, we project that
climate change may cause approximately 6 additional nights of insufficient sleep per 100 individuals by 2050 and an excess of approximately
14 nights per 100 individuals by 2099 (see Fig. 3C).
Obradovich et al., Sci. Adv. 2017; 3 : e1601555
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In addition, the effects of climate change on nighttime temperatures—
and thus the potential impacts of climate change on sleep—are likely to
vary geographically across the United States. To investigate the spatial
distribution of potential reductions in sufficient sleep due to climate
change, we take the ensemble average of the 21 NEX downscaled climate models for each of the 2010, 2050, and 2099 forecasts. We then
take the yearly average of nighttime temperature anomalies for each
4 of 6
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Fig. 3. Climate change may amplify human sleep loss. (A) Distributions of nighttime temperature anomalies calculated from 21 downscaled climate models for the
cities in our sample in 2010, 2050, and 2099. Nighttime temperature anomalies from the 1981–2010 city nighttime temperature normals increase in both magnitude
and variation by 2050 and 2099 as compared to 2010. (B) City-level forecasts for the impact of climate change on monthly nights of insufficient sleep per 100 individuals. To incorporate downscaled climate model uncertainty, we calculate an estimated change for an ensemble of 21 climatic models for 219 cities, producing
nearly 4600 estimates for both 2050 and 2099. The change between 2010 and 2050 is represented by golden lines, whereas the predicted change between 2050 and
2099 is represented by red lines. The black dashed lines plot the median predicted change between each period. (C) Mean predicted change in sleep for each period
across all climate models (rescaled to an effect per 100 individuals). Error bars are SEM and incorporate downscaled climate model uncertainty.
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grid cell in the continental United States in each year. For the 2050 forecast, we assign to each grid cell the difference in average nighttime temperature anomaly between 2010 and 2050. For the 2099 forecast, we
assign to each grid cell the difference in average anomalies between
2010 and 2099. As can be seen in Fig. 4—with effects scaled to be per
100 individuals—areas of the western and northern United States are
likely to have the most significant changes in nighttime temperatures
and, as a result, may see the greatest increase in climate change–induced
nights of insufficient sleep.

DISCUSSION
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26 May 2017

MATERIALS AND METHODS

We collected data for this project from the public domain. We used the
Centers for Disease Control and Prevention BRFSS Selected Metropolitan/
Micropolitan Area Risk Trends product for our measure of nights of
insufficient sleep. We gathered daily meteorological data from the National Centers for Environmental Information GHCN-D product, the
NCEP Reanalysis 2, and the PRISM Climate Group. In addition, we
incorporated climate model data from the NEX-GDDP bias-corrected,
statistically downscaled models.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/5/e1601555/DC1
table S1. Monthly nighttime temperature anomalies and monthly nights of insufficient sleep.
table S2. Varying time and location controls.
table S3. Regressions by season.
table S4. Regressions by income level.
table S5. Regressions by age.
table S6. Average nighttime temperature regressions.
table S7. Demographic controls.
table S8. Negative binomial regressions.
table S9. Monthly nighttime temperature anomalies and any nights of insufficient sleep (0/1).
table S10. Monthly nighttime temperature anomalies (PRISM) and monthly nights of
insufficient sleep.
fig. S1. Permutation test.
fig. S2. Cities and stations.

REFERENCES AND NOTES
1. M. M. Ohayon, Epidemiology of insomnia: What we know and what we still need to learn.
Sleep Med. Rev. 6, 97–111 (2002).
2. D. J. Gottlieb, N. M. Punjabi, A. B. Newman, H. E. Resnick, S. Redline, C. M. Baldwin,
F. J. Nieto, Association of sleep time with diabetes mellitus and impaired glucose
tolerance. Arch. Intern. Med. 165, 863–867 (2005).
3. N. T. Ayas, D. P. White, J. E. Manson, M. J. Stampfer, F. E. Speizer, A. Malhotra, F. B. Hu,
A prospective study of sleep duration and coronary heart disease in women.
Arch. Intern. Med. 163, 205–209 (2003).
4. C. Baglioni, G. Battagliese, B. Feige, K. Spiegelhalder, C. Nissen, U. Voderholzer,
C. Lombardo, D. Riemann, Insomnia as a predictor of depression: A meta-analytic
evaluation of longitudinal epidemiological studies. J. Affect. Disord. 135, 10–19 (2011).
5. F. Waters, R. S. Bucks, Neuropsychological effects of sleep loss: Implication for
neuropsychologists. J. Int. Neuropsychol. Soc. 17, 571–586 (2011).
6. K. Kräuchi, The thermophysiological cascade leading to sleep initiation in relation to
phase of entrainment. Sleep Med. Rev. 11, 439–451 (2007).
7. L. C. Lack, M. Gradisar, E. J. W. Van Someren, H. R. Wright, K. Lushington, The relationship
between insomnia and body temperatures. Sleep Med. Rev. 12, 307–317 (2008).
8. G. Yetish, H. Kaplan, M. Gurven, B. Wood, H. Pontzer, P. R. Manger, C. Wilson, R. McGregor,
J. M. Siegel, Natural sleep and its seasonal variations in three pre-industrial societies.
Curr. Biol. 25, 2862–2868 (2015).
9. K. Okamoto-Mizuno, K. Mizuno, S. Michie, A. Maeda, S. Iizuka, Effects of humid heat
exposure on human sleep stages and body temperature. Sleep 22, 767–773 (1999).
10. C. M. McDermott, G. J. LaHoste, C. Chen, A. Musto, N. G. Bazan, J. C. Magee, Sleep
deprivation causes behavioral, synaptic, and membrane excitability alterations in
hippocampal neurons. J. Neurosci. 23, 9687–9695 (2003).
11. P. Schwarz, W. Graham, F. Li, M. Locke, J. Peever, Sleep deprivation impairs functional
muscle recovery following injury. Sleep Med. 14, e262 (2013).
12. L. Xie, H. Kang, Q. Xu, M. J. Chen, Y. Liao, M. Thiyagarajan, J. O’Donnell, D. J. Christensen,
C. Nicholson, J. J. Iliff, T. Takano, R. Deane, M. Nedergaard, Sleep drives metabolite
clearance from the adult brain. Science 342, 373–377 (2013).

5 of 6

Downloaded from http://advances.sciencemag.org/ on May 27, 2017

Our analysis of historical data demonstrates a robust link between
atypical nightly temperatures and insufficient sleep that is largest during
the summer and among lower-income individuals and the elderly.
Moreover, across both our city-level and geographic grid cell–level forecasts, we predict that every location in the United States may experience
an increased incidence of insufficient sleep due to nighttime warming
induced by future climate change.
These findings correspond to a growing literature on the close ties
between temperature, climate, and human health and well-being (35).
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may reduce the attainment of sufficient sleep, magnifying many of
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costs may be most acute for the poor and elderly. Although adaptations
to changing nighttime temperature distributions may mitigate some or
all of these sleep effects, positive feedback loops from the other potential
social impacts of climate change—such as increased stress, acute trauma,
and interpersonal conflict—could amplify them.

SCIENCE ADVANCES | RESEARCH ARTICLE

Obradovich et al., Sci. Adv. 2017; 3 : e1601555

26 May 2017

42. M. Donat, L. V. Alexander, H. Yang, I. Durre, R. Vose, R. J. H. Dunn, K. M. Willett, E. Aguilar,
M. Brunet, J. Caesar, B. Hewitson, C. Jack, A. M. G. Klein Tank, A. C. Kruger, J. Marengo,
T. C. Peterson, M. Renom, C. Oria Rojas, M. Rusticucci, J. Salinger, A. S. Elrayah, S. S. Sekele,
A. K. Srivastava, B. Trewin, C. Villarroel, L. A. Vincent, P. Zhai, X. Zhang, S. Kitching, Updated
analyses of temperature and precipitation extreme indices since the beginning of the
twentieth century: The hadEX2 dataset. J. Geophys. Res. Atmos. 118, 2098–2118 (2013).
43. B. Thrasher, E. P. Maurer, C. McKellar, P. Duffy, Technical note: Bias correcting climate
model simulated daily temperature extremes with quantile mapping. Hydrol. Earth Syst.
Sci. 16, 3309–3314 (2012).
44. K. E. Taylor, R. J. Stouffer, G. A. Meehl, An overview of CMIP5 and the experiment design.
Bull. Am. Meteorol. Soc. 93, 485–498 (2012).
45. K. Riahi, S. Rao, V. Krey, C. Cho, V. Chirkov, G. Fischer, G. Kindermann, N. Nakicenovic,
P. Rafaj, RCP 8.5—A scenario of comparatively high greenhouse gas emissions. Clim.
Change 109, 33–57 (2011).
46. R. Basu, J. M. Samet, Relation between elevated ambient temperature and mortality: A
review of the epidemiologic evidence. Epidemiol. Rev. 24, 190–202 (2002).
47. O. Deschenes, Temperature, human health, and adaptation: A review of the empirical
literature. Energy Econ. 46, 606–619 (2014).
48. S. Hajat, B. G. Armstrong, N. Gouveia, P. Wilkinson, Mortality displacement of heat-related
deaths: A comparison of Delhi, São Paulo, and London. Epidemiology 16, 613–620 (2005).
49. P. W. Gething, D. L. Smith, A. P. Patil, A. J. Tatem, R. W. Snow, S. I. Hay, Climate change and
the global malaria recession. Nature 465, 342–345 (2010).
50. Y. Guo, A. Gasparrini, B. Armstrong, S. Li, B. Tawatsupa, A. Tobias, E. Lavigne,
M. de Sousa Zanotti Stagliorio Coelho, M. Leone, X. Pan, S. Tong, L. Tian, H. Kim,
M. Hashizume, Y. Honda, Y. L. Guo, C. F. Wu, K. Punnasiri, S.-M. Yi, P. Michelozzi,
P. H. Saldiva, G. Williams, Global variation in the effects of ambient temperature on
mortality: A systematic evaluation. Epidemiology 25, 781–789 (2014).
51. T. J. Doherty, S. Clayton, The psychological impacts of global climate change. Am. Psychol.
66, 265–276 (2011).
52. S. M. Hsiang, K. C. Meng, M. A. Cane, Civil conflicts are associated with the global climate.
Nature 476, 438–441 (2011).
53. R. P. Larrick, T. A. Timmerman, A. M. Carton, J. Abrevaya, Temper, temperature, and
temptation: Heat-related retaliation in baseball. Psychol. Sci. 22, 423–428 (2011).
54. M. Ranson, Crime, weather, and climate change. J. Environ. Econ. Manage. 67, 274–302 (2014).
55. M. Anderson, C. Carmichael, V. Murray, A. Dengel, M. Swainson, Defining indoor heat
thresholds for health in the UK. Perspect. Public Health 133, 158–164 (2013).
56. J. Hausman, Mismeasured variables in econometric analysis: Problems from the right and
problems from the left. J. Econ. Perspect. 15, 57–67 (2001).
Acknowledgments: We thank the San Diego Supercomputer Center for their assistance and
the Human Nature Group at University of California, San Diego, for their helpful comments.
Climate scenarios used were from the NEX-GDDP data set, prepared by the Climate Analytics
Group and NASA Ames Research Center using the NEX, and distributed by the NASA
Center for Climate Simulation. Funding: This work was supported by the NSF (DGE0707423
and TG-SES130013 to N.O. and DGE1247398 to R.M.). S.C.M. acknowledges funding from
the NIH/National Institute on Aging (R01AG046646), the Department of Defense (Office of
Naval Research Young Investigator Award), and the NSF (BCS1439210). Author contributions:
N.O. constructed and analyzed the historical data, produced the figures, conducted the
forecast, and compiled the Supplementary Materials. N.O. and R.M. conceived of the research
question. All authors drafted the manuscript and edited the Supplementary Materials.
Competing interests: N.O. serves as an unpaid member of an advisory council for the Skoll
Global Threats Fund. The other authors declare that they have no competing interests. Data
and materials availability: All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials. Additional data related to this paper
may be requested from the authors. Replication data and materials can be accessed via
Harvard’s Dataverse (doi: 10.7910/DVN/MYCMKG).
Submitted 7 July 2016
Accepted 23 March 2017
Published 26 May 2017
10.1126/sciadv.1601555
Citation: N. Obradovich, R. Migliorini, S. C. Mednick, J. H. Fowler, Nighttime temperature and
human sleep loss in a changing climate. Sci. Adv. 3, e1601555 (2017).

6 of 6

Downloaded from http://advances.sciencemag.org/ on May 27, 2017

13. P. A. Bryant, J. Trinder, N. Curtis, Sick and tired: Does sleep have a vital role in the immune
system? Nat. Rev. Immunol. 4, 457–467 (2004).
14. S. K. Davies, J. E. Ang, V. L. Revell, B. Holmes, A. Mann, F. P. Robertson, N. Cui, B. Middleton,
K. Ackermann, M. Kayser, A. E. Thumser, F. I. Raynaud, D. J. Skene, Effect of sleep deprivation on
the human metabolome. Proc. Natl. Acad. Sci. U.S.A. 111, 10761–10766 (2014).
15. H. K. Meier-Ewert, P. M. Ridker, N. Rifai, M. M. Regan, N. J. Price, D. F. Dinges,
J. M. Mullington, Effect of sleep loss on C-reactive protein, an inflammatory marker of
cardiovascular risk. J. Am. Coll. Cardiol. 43, 678–683 (2004).
16. R. R. Markwald, E. L. Melanson, M. R. Smith, J. Higgins, L. Perreault, R. H. Eckel,
K. P. Wright Jr., Impact of insufficient sleep on total daily energy expenditure, food intake,
and weight gain. Proc. Natl. Acad. Sci. U.S.A. 110, 5695–5700 (2013).
17. J. J. Pilcher, A. J. Huffcutt, Effects of sleep deprivation on performance: A meta-analysis.
Sleep 19, 318–326 (1996).
18. W. R. Pigeon, M. Pinquart, K. Conner, Meta-analysis of sleep disturbance and suicidal
thoughts and behaviors. J. Clin. Psychiatry 73, e1160–e1167 (2012).
19. K. Kräuchi, C. Cajochen, E. Werth, A. Wirz-Justice, Functional link between distal
vasodilation and sleep-onset latency? Am. J. Physiol. Regul. Integr. Comp. Physiol. 278,
R741–R748 (2000).
20. E. J. W. Van Someren, Thermosensitivity of the circadian timing system. Sleep Biol.
Rhythms 1, 55–64 (2003).
21. K. Tsuzuki, K. Okamoto-Mizuno, K. Mizuno, Effects of humid heat exposure on sleep,
thermoregulation, melatonin, and microclimate. J. Therm. Biol. 29, 31–36 (2004).
22. A. J. Oswald, S. Wu, Objective confirmation of subjective measures of human well-being:
Evidence from the U.S.A. Science 327, 576–579 (2010).
23. D. E. Nelson, D. Holtzman, J. Bolen, C. A. Stanwyck, K. A. Mack, Reliability and validity of
measures from the Behavioral Risk Factor Surveillance System (BRFSS). Soz.
Praeventivmed. 46, S3–S42 (2001).
24. C. R. Jungquist, J. Mund, A. T. Aquilina, K. Klingman, J. Pender, H. Ochs-Balcom,
E. van Wijngaarden, S. S. Dickerson, Validation of the behavioral risk factor surveillance
system sleep questions. J. Clin. Sleep Med. 12, 301–310 (2016).
25. T. W. Strine, D. P. Chapman, Associations of frequent sleep insufficiency with healthrelated quality of life and health behaviors. Sleep Med. 6, 23–27 (2005).
26. M. J. Menne, I. Durre, R. S. Vose, B. E. Gleason, T. G. Houston, An overview of the Global
Historical Climatology Network-Daily database. J. Atmos. Oceanic Tech. 29, 897–910
(2012).
27. M. Di Luzio, G. L. Johnson, C. Daly, J. K. Eischeid, J. G. Arnold, Constructing retrospective
gridded daily precipitation and temperature datasets for the conterminous United States.
J. Appl. Meteorol. Climatol. 47, 475–497 (2008).
28. M. Kanamitsu, W. Ebisuzaki, J. Woollen, S.-K. Yang, J. J. Hnilo, M. Fiorino, G. L. Potter,
NCEP–DOE AMIP-II reanalysis (R-2). Bull. Am. Meteorol. Soc. 83, 1631–1643 (2002).
29. S. Hsiang, Climate econometrics. Annu. Rev. Resour. Econ. 8, 43–75 (2016).
30. J. M. Wooldridge, Econometric Analysis of Cross Section and Panel Data (MIT Press, 2010).
31. M. Auffhammer, S. M. Hsiang, W. Schlenker, A. Sobel, Using weather data and climate
model output in economic analyses of climate change. Rev. Environ. Econ. Policy 7,
181–198 (2013).
32. M. Dell, B. F. Jones, B. A. Olken, What do we learn from the weather? The new climateeconomy literature. J. Econ. Lit. 52, 740–798 (2014).
33. N. Obradovich, Climate change may speed democratic turnover. Clim. Change 140,
135–147 (2017).
34. M. Burke, S. Hsiang, E. Miguel, Global non-linear effect of temperature on economic
production. Nature 527, 235–239 (2015).
35. T. A. Carleton, S. M. Hsiang, Social and economic impacts of climate. Science 353, aad9837
(2016).
36. S. M. Hsiang, M. Burke, E. Miguel, Quantifying the influence of climate on human conflict.
Science 341, 1235367 (2013).
37. P. Good, Permutation, Parametric and Bootstrap Tests of Hypotheses (Springer, 2005).
38. A. Fletcher, C. van den Heuve, D. Dawson, Sleeping with an electric blanket: Effects on
core temperature, sleep, and melatonin in young adults. Sleep 22, 313–318 (1999).
39. L. W. Davis, P. J. Gertler, Contribution of air conditioning adoption to future energy use
under global warming. Proc. Natl. Acad. Sci U.S.A. 112, 5962–5967 (2015).
40. K. Lushington, D. Dawson, L. Lack, Core body temperature is elevated during constant
wakefulness in elderly poor sleepers. Sleep 23, 504–510 (2000).
41. S. I. Seneviratne, M. G. Donat, B. Mueller, L. V. Alexander, No pause in the increase of hot
temperature extremes. Nat. Clim. Change 4, 161–163 (2014).

Nighttime temperature and human sleep loss in a changing
climate
Nick Obradovich, Robyn Migliorini, Sara C. Mednick and James H.
Fowler (May 26, 2017)
Sci Adv 2017, 3:.
doi: 10.1126/sciadv.1601555

This article is publisher under a Creative Commons license. The specific license under which
this article is published is noted on the first page.
For articles published under CC BY licenses, you may freely distribute, adapt, or reuse the
article, including for commercial purposes, provided you give proper attribution.

The following resources related to this article are available online at
http://advances.sciencemag.org. (This information is current as of May 27, 2017):
Updated information and services, including high-resolution figures, can be found in the
online version of this article at:
http://advances.sciencemag.org/content/3/5/e1601555.full
Supporting Online Material can be found at:
http://advances.sciencemag.org/content/suppl/2017/05/22/3.5.e1601555.DC1
This article cites 54 articles, 12 of which you can access for free at:
http://advances.sciencemag.org/content/3/5/e1601555#BIBL

Science Advances (ISSN 2375-2548) publishes new articles weekly. The journal is
published by the American Association for the Advancement of Science (AAAS), 1200 New
York Avenue NW, Washington, DC 20005. Copyright is held by the Authors unless stated
otherwise. AAAS is the exclusive licensee. The title Science Advances is a registered
trademark of AAAS

Downloaded from http://advances.sciencemag.org/ on May 27, 2017

For articles published under CC BY-NC licenses, you may distribute, adapt, or reuse the article
for non-commerical purposes. Commercial use requires prior permission from the American
Association for the Advancement of Science (AAAS). You may request permission by clicking
here.

