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Abstract 

We analyzed (A) the association of short-term as well as long-term cumulative exposure to natural 

light, and (B) the association of detailed temporal patterns of natural light exposure history with 

three indicators of sleep: sleep duration, sleep problems, and diurnal preference. Data (N=1962; 

55% women; mean age 41.4 years) were from the prospective Young Finns Study, which we linked 

to daily meteorological data on each participant’s neighborhood natural light exposure using 

residential postal codes. Sleep outcomes were self-reported in 2011. We first examined associations 

of the sleep outcomes with cumulative light exposure of 5-year, 2-year, 1-year, and 2-month periods 

prior to the sleep assessment using linear and Poisson regression models adjusting for potential 

confounders. We then used a data-driven time series approach to detect clusters of participants with 

different light exposure histories and assessed the associations of these clusters with the sleep 

outcomes using linear and Poisson regression analyses. A greater cumulative light exposure over 

one year or longer was associated with a shorter sleep duration (=-0.10; 95% CI=-0.15 to -0.04), 

more sleep problems (IRR = 1.04; 95% CI=1.0 to 1.07) and diurnal preference towards eveningness 

(=-0.09; 95% CI= -0.14 to -0.03). The data-driven exposure pattern of ‘slowly increasing’ light 

exposure was associated with fewer overall sleep problems (IRR = 0.93; 95% CI =0.88 to 0.98) 

compared to a ‘recently declining’ light exposure group representing “average exposure”-group. 

These findings suggest that living in an area with relatively more intense light exposure for a longer 

period of time influences sleep. 
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1. Introduction  

 

Natural light is the main environmental factor affecting the human biological clock synchronizing 

the physiological functions and behavior, including the sleep-wake schedule (Czeisler et al., 1989; 

Wright et al., 2013). Important characteristics of the light–dark signal are light intensity (Duffy & 

Wright, 2005) and wavelength (Geerdink, Walbeek, Beersma, Hommes, & Gordijn, 2016), 

affecting the suprachiasmatic nucleus (SCN) (Weaver, 1998) and suppression of pineal secretion of 

melatonin (Lewy, Wehr, Goodwin, Newsome, & Markey, 1980) which is a central component of 

the circadian system and sleep. Early studies analyzing the association between light exposure and 

sleep suggested that bright light (found outdoors) was necessary for circadian entrainment in 

humans (Wever, 1989) and thus, subsequent developments of light therapy focused mainly on 

exposure to bright light at specific times of the day (see review (Tahkamo, Partonen, & Pesonen, 

2019)). For instance, light exposure delays the circadian rhythm when applied in the early part of 

the biological night and advances it when applied in the later part (Czeisler et al., 1989). Light 

exposure, whether daylight or artificial lighting, which is not supporting synchronization of the 

individual's circadian rhythms and sleep-wake cycle tends to lead further health adversity and sleep 

problems (Cho et al., 2015; Souman, Tinga, Te Pas, van Ee, & Vlaskamp, 2018).  

More recent evidence suggests that the circadian system responds to light exposure 

over longer time periods to maintain the 24-hour sleep-wake cycle (Dumont & Paquet, 2014; 

Figueiro et al., 2017; Hebert, Martin, Lee, & Eastman, 2002). In non-human species, it has been 

shown that the prior light environment may affect immediate retinal and circadian responses to 

light, and that the circadian system responds to relative rather than to absolute levels of light (Meyer 

& Millam, 1991). Thus, the circadian system processes the light exposure received by the eyes in 

the context of a prior light exposure history and the relative distribution of current light exposure 

intensities. In humans, individual sensitivity to light and a recent change in the light exposure 

history appear to modify the effects of physical characteristics of light exposure on circadian 
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rhythms and sleep (Chellappa, 2021; Hebert et al., 2002). It has been suggested that one explanatory 

factor behind the individual differences in light sensitivity is the intensity of the chronic light 

exposure: for instance, individuals exposed to long nights in Antarctica and to very dim light during 

the days may have an increased circadian sensitivity to light (Chang, Scheer, & Czeisler, 2011; 

Foster, Hughes, & Peirson, 2020; Owen & Arendt, 1992). The central physiological systems 

affecting the mammalian circadian rhythms, such as the intrinsically photosensitive retinal ganglion 

cells (ipRGC) and the retino-hypothalamic tract (RHT), are sensitive to the global luminance in the 

environment, and the suprachiasmatic nuclei (SCN) of the hypothalamus can integrate light 

exposure over relatively long periods of time (Berson, Dunn, & Takao, 2002; Brainard & Hanifin, 

2005; Meijer, Groos, & Rusak, 1986).  

Taken together, previous studies have demonstrated that the association between light 

exposure and sleep outcomes is not only affected by timing of light exposure during the day but 

also by high intensity light and by changes in light intensity (Cho et al., 2015; Czeisler et al., 1989; 

Souman et al., 2018). However, studies have mostly assessed relatively short exposure times of 

days or weeks in small samples (for a review see (Tahkamo et al., 2019)), and the associations 

between natural light and sleep for longer exposure times or time intervals are not known. Here, we 

used data from a representative sample of middle-aged Finns to examine the association of long-

term natural light exposure, derived from meteorological measurements, with three indicators of 

sleep: sleep duration, sleep problems, and diurnal preference. We assessed these associations using 

multiple exposure times to natural light, ranging from two months to five years prior to the 

assessment of sleep. We further modelled the natural light exposure with time-series clustering 

methods to identify clusters of individuals exposed to different patterns of variation in the long-term 

environmental light exposure, and how these clusters are associated with the sleep outcomes. 

Furthermore, we assessed whether area-level (neighborhood socioeconomic disadvantage) or 
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individual-level (socioeconomic status, health behaviors, and depressive symptoms) factors 

confounded the association between the natural light exposure and sleep.    

2. Materials and methods 

2.1 Study design and participants  

The Young Finns Study (N=3596) is an ongoing five-center population-based cohort study 

of cardiometabolic risk factors and endpoints in Finnish children and adolescents (Raitakari et al., 

2008). The first data collection phase took place in 1980 (ages 3-18 years) and the subsequent data 

collections were conducted in 1983, 1986, 1989, 2001, 2007, and 2010-2012.  

We included participants with data on light exposure history who attended the examination 

in 2010-2012 and provided data on sleep (N = 1962). We then traced their history of natural light 

exposure from 2 months to 5 years prior to the assessment of the sleep outcomes in 2010-2012. All 

participants provided a written informed consent and the study was approved by the local ethics 

committees.  

 

2.2.Measures 

2.2.1 Light exposure  

Meteorological data on natural light exposure was obtained from the gridded data base of Finnish 

Meteorological Institute (Aalto, Pirinen, Heikkinen, & Venäläinen, 2013). Based on a 10km x 10 

km gridded daily spatial mean values of global solar radiation (kJ/m2) were calculated for each 

residential zip code in 2006–2012. Residential mobility data based on a complete history of 

residential zip codes with dates of move were obtained for each participant from the Population 

Register Center and the residential location of each participant during follow-up was linked to the 

daily recordings of global solar radiation using residential zip codes. A residential time weighted 

cumulative exposure to natural light was determined for four lengths of exposure time: 2 months, 1 
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year, 2 years, and 5 years, calculated backwards from the exact date of each individual’s sleep 

assessment in the 2010-2012 examination. This measure thus gives an approximation of the 

potentially available amounts of light each participant was exposed to during the defined times.  

Although kilojoules per square metre cannot be converted directly into lux because luminous flux 

differs from power (radiant flux) in that radiant flux includes all electromagnetic waves emitted, 

while luminous flux is weighted according to a model (a luminosity function) of the human eye's 

sensitivity to various wavelengths. However, one solar irridiance (1000 kj/m2) is approximately 

122 ± 1 klx for outdoor sunlight (Michael, Johnston, & Moreno, 2020) 

  
2.2.2 Sleep measures 

Sleep duration was measured by asking the respondents about their usual duration of sleep in hours 

during the night time (on a scale from 1 = 1 hour to 22 = 14 hours, with 30 min intervals). Sleep 

duration was reported as the weekly average (for workdays and non-workdays combined). The 

frequency of sleep problems in the last month was evaluated using Jenkins sleep problem scale 

(Jenkins, Stanton, Niemcryk, & Rose, 1988) which includes four items: difficulty in falling asleep, 

frequent awakenings during sleep, early awakenings and difficulty in getting back to sleep, and 

non-restorative sleep (i.e., waking up after the usual amount of sleep feeling tired and worn-out). 

Each item is rated on a Likert-like scale from 0 to 5, where 0 is ‘never’, 1 is ‘1–3 days’, 2 is ‘about 

1 night/week’, 3 is ‘2–4 nights/week’, 4 is ‘5–6 nights/week’ and 5 is ‘almost every night’. The 

total score is a simple sum of all four item scores and ranges from 0 (no sleep problems) to 20 (most 

sleep problems). 

The behavioral trait of morningness-eveningness, or diurnal preference, was measured using the 

short (6-item) version of the Morningness–Eveningness Questionnaire (MEQ), asking the 

participants about (1) the easiness of waking up in the morning, (2) tiredness during the first half 

hour in the morning, (3) anticipated performance in a morning exercise program, (4) desired timing 

for two hours of physically demanding work, (5) desired timing for 5 consecutive hours of work 
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where you get paid according to the results, and (6) the self-rated extent of belonging to ‘morning’ 

or ‘evening’ people. Responses were obtained on Likert scales (points 1–4 for items 1–4, points 1–5 

for the item 5 and points 0, 2, 4 or 6 for item 6). A higher score indicated an inclination towards the 

morningness (Merikanto et al., 2012).  

 

2.2.3 Neighbourhood-level socioeconomic disadvantage 

Neighbourhood-level socioeconomic characteristics were the average unemployment 

rate and income in the zip code area of the place of residences of the participant. Annual 

information of these characteristics were obtained from Statistics Finland (‘Paavo’ postal code area 

statistics). Each participant was assigned residential time weighted average exposure scores 

corresponding to their residential history during each exposure time interval (mean of annual scores 

during 2 months to 5 years prior to the measurement of the outcomes). 

2.2.4 Individual-level socioeconomic adversity 

As in previous studies in the Young Finns Study (Elovainio et al., 2020; Kivimaki et al., 

2018), we defined individual-level socioeconomic adversity as a composite score comprising data 

on educational attainment in years, mean income, and unemployment during the follow-up from 

1992 to 2011 (yes/no). Educational attainment in years and mean income were reversed and 

standardized (mean=0, standard deviation=1). Unemployment was coded as 1 for a history of 

unemployment and as 0 otherwise. The overall score for individual-level socioeconomic status was 

the mean of the 3 indicators, where a lower score indicates lower socioeconomic adversity. The 

score was finally dichotomized (median split).  

 

2.2.5 Health behaviors   
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Health behaviors were measured in 2011 and included alcohol consumption, smoking, 

physical activity, and body-mass index (BMI). Alcohol consumption was assessed as the self-

reported frequency of drinking to get drunk (7-point scale ranging from daily to never). Physical 

activity was measured using the Physical Activity Index (Telama et al., 2005), which combines self-

reports on the intensity, frequency, and duration of physical activity during leisure time. Smoking 

was self-reported as the current smoking status (yes/no). BMI (kg/m2) was measured during a study 

visit.  

2.2.6 Statistical analyses 

The associations between long-term cumulative natural light exposure and sleep outcomes 

were analyzed using linear (sleep duration and diurnal preference) and Poisson (overall sleep 

problems) regression analyses with four different exposure times: 5 years, 2 years, 1 year and 2 

months prior to the sleep assessment. Poisson regression was used in analyzing light exposure and 

overall sleeping problems due to the count distribution of overall sleep problems. We first assessed 

these associations without adjustments and then adjusted the analyses for age, sex, individual-level 

and neighborhood-level socioeconomic characteristics, health behaviors, and the season at the time 

of the sleep assessment (winter, spring, summer or autumn).  

To assess whether more detailed patterns of the light exposure history were associated with 

the sleep outcomes, we used a data-driven approach to determine clusters of participants with 

similar patterns of light exposure over one year prior to the sleep assessment and assessed whether 

these clusters were associated with the sleep outcomes. To determine the clusters of 1-year light 

exposure, we analyzed the daily natural light data with diverse multivariate time-series clustering 

methods and stochastic learning tools using the TSrepr R-package (Laurinec, 2018). The 

multivariate time series clustering was done using the PAM (Partition Around Medoids) algorithm 

which was applied to discrete Fourier-transformed time series data with 60 coefficients. The 

optimal number of clusters was determined based on Davies–Bouldin and Dunn indexes. The 



 9 

number of clusters was also inspected using t-distributed stochastic neighbour embedding (t-SNE) 

in the original time series data. The associations of the clusters with the sleep outcomes were 

assessed with linear (sleep duration and diurnal preference) and Poisson (overall sleeping problems) 

regression analyses, first without adjustments and then adjusting for age, sex, individual-level and 

neighborhood-level socioeconomic characteristics, health behaviors, and season. Poisson regression 

was used because overall sleeping problems score followed count data distribution (SFigure 1). To 

additionally evaluate the potential non-linear associations between sleep outcomes and cumulative 

light exposure, we examined the unadjusted associations using generalized additive regression 

models (GAM). GAM uses smooth functions of the predictor variables, which can take multiple 

forms. In GAM the observed outcome values are assumed to be of some exponential family 

distribution while μ is still related to the model predictors via a link function. Data analyses was 

performed with R (4.0.3). 

3. Results 

Characteristics of the study participants (Table 1) show that there were 55% women, and on 

average the participants were 41 years old. The daily mean value of natural light exposure ranged 

from 8880 kJ/m2 to 9347 kJ/m2 depending on the length of the exposure time.  The average 

neighbourhood-level unemployment rate was 4.9%, and the average neighbourhood-level income 

was 23,468€/year/household. When compared to the original sample in 1980 (N=3596), the current 

sample included more women (55% vs. 45%, χ2=41.32(1) p ≤ 0.001) and slightly older participants 

(41.9 vs. 40.9, t =5.48, p < 0.001), but there were no other differences between the samples (Stable 

1). 

The unadjusted associations between cumulative light exposure and sleep problems are 

presented in Figure 1. Those with greater cumulative light exposure over 1, 2 and 5 years prior to 

the sleep measurements reported shorter sleep duration (-coefficients -0.07, -0.06, and -0.07; p-

values of < 0.01, = 0.01, and = 0.01, respectively) and were more inclined towards the eveningness 
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diurnal preference (-coefficients -0.06, -0.07, and -0.08; p-values of < 0.01, = 0.01, and = 0.001, 

respectively). No associations were found between light exposure and sleep duration or diurnal 

preference when the cumulative light exposure was calculated over 2 months prior to the sleep 

measurements. The unadjusted analyses showed a negative association with sleep problems in 2 

months exposure time (B = -7.6 × 10-5 p < 0.001), and positive associations in all longer exposure 

times (B = 6.08 × 10-5, 7.6 × 10-5, 7.1 × 10-5; all p-values of < 0.001). 

In the model adjusted for age, sex, neighbourhood-level unemployment and mean income 

(Table 2), participants with a greater cumulative light exposure over 1, 2 and 5 years prior to the 

sleep measurements reported more sleep problems (Incidence Rate Ratios 1.06, 1.06, and 1.06; all 

p-values of < 0.001). In contrast, those with a greater cumulative light exposure over 2 months prior 

to the sleep measurements reported fewer sleep problems (IRR 0.98, p < 0.001). Cumulative light 

exposure was also associated with shorter sleep duration at exposure times of 1 year or longer (-

coefficients -0.09, -0.09, and -0.09; p-values of < 0.001, = 0.001, and = 0.001, respectively) and 

with the evening type of diurnal preference at exposure times of 1 year or longer (-coefficients -

0.07, -0.07, and -0.07; p-values of = 0.008, = 0.004, and = 0.002, respectively). All these 

associations were robust against additional adjustment for physical activity, obesity, alcohol 

consumption, and smoking status. After further adjustment for the season of the sleep assessment, 

the association of 2-month light exposure with sleep problems was no longer statistically 

significant, but all associations at exposure times of 1 year or longer remained (Table 2). 

In the time series analysis, Davies–Bouldin index (0.90) and Dunn index (0.03) both 

suggested that the optimal number of clusters would be three. Also t-SNE suggested three clusters. 

The observed cluster sizes were 568, 807, and 587 participants in clusters 1, 2 to 3, respectively. 

The time series of the cluster means and the 95% confidence intervals are presented in Figure 2. 

The clusters were classified as ‘Recently declining’, ‘Recently increasing’ and ‘Relatively slowly 

increasing’ light exposure. Based on linear regression analyses, there were no differences in sleep 
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duration or diurnal preference between the clusters (-coefficients -0.17 and -0.02, p-values of = 

0.09 and = 0.85 for sleep duration, -coefficients 0.08 and 0.15, p-values of = 0.73 and = 0.61 for 

diurnal preference, compared to recently declining light exposure group (reference). However, the 

results from the Poisson regression suggested that participants in the Relatively slowly increasing 

light exposure cluster had a smaller risk for overall sleeping problems (IRR = 0.93; 95% CI from 

0.88 to 0.98) compared to participants in Recently declining light exposure. This association was 

robust to adjustment for age, sex, socioeconomic adversity, neighborhood-level unemployment and 

neighborhood-level mean income, physical activity, obesity, alcohol consumption, and smoking 

status (IRR = 0.86; 95% CI from 0.84 to 0.94).   

The associations between cumulative light exposure and sleep duration and between 

cumulative light exposure and overall sleeping problems were slightly U-shaped due to a outlier 

observations (SFigure2 and SFigure3). However, the none of the non-linear models 

(GAM) improved the model fit compared to the linear models based on AIC and R-square estimates 

(Table 3) and confidence intervals of nonlinear associations were within linear fit. It is clear that 

humans need some level of light exposure and extreme ends may have negative effects on sleep. 

The association between cumulative light exposure and diurnal preference was clearly linear 

(SFigure4). 

4. Discussion 

In this cohort study, we evaluated the association of long-term natural light exposure with 

various sleep traits, including sleep duration, sleep problems, and diurnal preference. We observed 

that participants who were exposed to more natural light in their residential neighborhood reported 

more sleep problems, shorter sleep duration and had diurnal preference towards later hours than 

participants residing in neighborhoods with less natural light. These associations were evident only 

with exposure times of one year or longer, and they were robust to adjustment for individual-level 
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and neighborhood-level socioeconomic characteristics, health behaviors, and season. In addition, 

the dynamic clustering analyses suggested that participants exposed to a relatively slowly 

increasing light exposure pattern preceding the sleep measurements had less overall sleep problems 

than participants exposed to a recently declining light exposure or a recently increasing light 

exposure. 

Natural light is the key factor synchronizing the human circadian rhythm (Czeisler et al., 

1989; Wright et al., 2013) and thus crucial in terms of sleep. Munch and co-workers listed key gaps 

in knowledge in daylight research, including uncertainty about what daylight quantity and quality is 

needed for optimal functioning in humans, as well as the lack of consensus on practical 

measurement and assessment methods and the tools for monitoring natural light exposure across 

multiple time periods (Munch et al., 2020). Our study offers some information for the future 

hypotheses aiming at filling these gaps.      

Most previous studies on the association of light exposure with sleep have focused on the 

effects of short-term rather than long-term artificial light exposure. Exposure to artificial light 

during the night has previously been found to reduce sleepiness and increase wakefulness 

(Aulsebrook, Jones, Mulder, & Lesku, 2018), which subsequently is likely to interfere with sleep. 

Similarly, artificial light exposure prior to bedtime has been observed to delay the circadian clock 

by suppressing melatonin release and reducing sleep duration, sleep latency as well as morning 

alertness and function (de la Iglesia et al., 2015) Even a small exposure to artificial light has been 

shown to delay the production of melatonin and sleep onset (Zeitzer, Fisicaro, Ruby, & Heller, 

2014).  

Mistimed light exposure disrupts the circadian rhythms in humans and may lead to further 

health effects, such as sleep problems (Cho et al., 2015; Souman et al., 2018). Another important 

characteristics of the light–dark signal are light intensity (Duffy & Wright, 2005) and wavelength 

(Geerdink et al., 2016), affecting the suppression of pineal secretion of melatonin (Lewy et al., 
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1980) which is a central component of the circadian system. Our results add to the previous studies 

by demonstrating that also greater long-term natural light exposure may be associated with poor 

sleep. It is possible that this association reflects, at least partially, similar biological mechanisms 

that explain the effects of short-term artificial light exposure, such as melatonin release suppression, 

immediate stimulation of neural activity in the putamen (Vandewalle et al., 2006) or other non-

image forming effects (Schlangen & Price, 2021). The association might reflect the geographical 

location of Finland on its time zone which, each day throughout the year, gives the country longer 

exposures to daylight in the afternoon and evening hours compared to the exposures before noon, 

thereby reducing sleep duration and increasing the odds for insufficient sleep (Giuntella & 

Mazzonna, 2019). The association might also reflect the degree of urban living and artificial 

lighting, as a greater degree of urbanization has previously been associated with later sleep-wake 

schedules and more sleep problems owing to the presence of high usage levels of electrical lights 

(e.g., (Pilz, Levandovski, Oliveira, Hidalgo, & Roenneberg, 2018)). On the other hand, if the same 

mechanisms were responsible for both long-term and short-term associations between light and 

sleep, we would also have expected to observe an association between the 2-month exposure to 

natural light and the sleep outcomes. In contrast to our findings with exposure times of 1 year or 

longer, we observed that a greater 2-month natural light exposure was associated with less sleep 

problems, although this association was not robust to adjustment for season. It is possible that 

associations of light exposures with sleep outcomes are characterized by different intermediate 

pathways at different exposure lengths, and further studies are needed to evaluate these potential 

pathways as well as the underlying causal dynamics.   

Prior studies have also suggested that longer-term light exposure history may explain some 

of the individual variation in light sensitivity. For instance, recent exposure to very dim light during 

daytime was found to increase circadian sensitivity to light (Owen & Arendt, 1992). In our study of 

light patterns over time, people exposed to a relatively stable increasing light pattern over one year 
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prior to the sleep assessment reported less sleep problems. On the other hand, the relatively stable 

increasing light exposure pattern was most common among participants who underwent the sleep 

assessment in winter and early spring when the exposure to natural light is at its lowest. This 

finding would be in line with our other finding which suggested that less natural light over longer 

time intervals was associated with better sleep outcomes.   

Our results offer insights into the role of natural light exposure in the development of sleep 

problems, which have been recognized as an increasingly serious public health issue during the last 

two decades. Recently, the prevalence of insomnia was estimated to be about 10% of the population 

in Europe (Riemann et al., 2017), and one third of US adults reported experiencing some sleep 

problems (Liu et al. 2020). As sleep disturbance has been associated with numerous health 

problems, including cardiovascular disease (Irish, Kline, Gunn, Buysse, & Hall, 2015), mental 

disorders (Elovainio et al., 2021) and cognitive dysfunction (Daulatzai, 2015), environmental 

factors affecting sleep may have widespread health consequences. The natural light exposure 

represents a potential risk or protective factor for all residents of a specific area, and variation in 

natural light may thus explain wider geographical or climatic variation in sleep and sleep-related 

mental and physical health consequences. It is clear that humans need some level of light exposure 

and extreme ends may have negative effects on sleep, but we didn’t detect any real u-shaped 

associations between long-term cumulative light exposure and sleep outcomes. 

 

Some limitations should be noted. First, our findings are based on observational data, and 

they do not provide possibility for a causal interpretation. Although we controlled for a robust set of 

individual-level and area-level confounders, we cannot rule out the possibility of unmeasured or 

residual confounding. Our data is a long-running cohort study, where the loss to follow-up is 

inevitable. The sample attrition was almost 40% between 1980 and 2011, and this attrition might 

have biased our findings. Also, the self-reported measures of the sleep outcomes are subject to 

response bias, and objective measures, such as actigraphy or polysomnography, would have been 
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preferable. However, the validity of the Jenkins sleep problems scale has been previously 

demonstrated, and the self-reports of sleep duration and diurnal preference have been shown to be 

valid. Our exposure measure was based on daily average and we could not study more detailed day-

time pattering. Light intensity was averaged across zip code areas, which vary markedly by size in 

various parts of the country. Furthermore, our measure of light exposure is based on daily natural 

light recordings in the area the participant officially resides and thus it can only give an 

approximation of the potentially available amounts of light each participant was exposed to. 

However, we had accurate meteorological data on solar radiation as well as detailed information of 

the residential history of each participant, which increases the reliability of our measurement . The 

effects sizes were naturally small and five-year exposure explained variance (R-square) for sleep 

duration was 0.004, for overall sleeping problems 0.001 and for diurnal preference 0.005. The 

explained variances of the fully adjusted models were 0.02, 0.02 and 0.03 respectively. Although 

the effect sizes are small, natural light potentially affects millions of people and thus have a large 

impact on population health. Finally, our study was performed in a single Northern European 

country, which limits the generalizability of our findings, especially given the differences in the 

overall magnitude and seasonal variation in natural light exposure in different latitudes. The 

strengths of our study include objective measurement of natural light exposure over long time-

periods and accurate data on residential history.  

5. Conclusions 

In conclusion, our results suggest that long-term cumulative natural light exposure may be 

important to overall sleep quality, average duration of sleep and the circadian rhythms. Further 

studies are needed to replicate these findings in other geographical areas, and assess the potential 

mechanisms linking long-term natural light exposure to sleep outcomes.  
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FIGURE LEGENDS 

Figure 1. Unadjusted associations between light exposure with different exposure times and sleep 

indicators (sleep duration, sleep problems and diurnal preference). 

 

Figure 2. Light exposure clusters (light exposure measured 1 year prior sleep measurements) of mean 

daily exposures and 95% confidence intervals.     
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Table 1. The characteristics of the Young Finns -study participants, N = 1962. and daily mean values of exposure to global radiation 

   Female Male Total p-value 

Age Mean (SD) 41.5 (5.0) 41.4 (5.0) 41.4 (5.0) 0.305 

Own socioeconomic status High 813 (46.9) 838 (53.4) 1651 (50.0) <0.001 

 Low 921 (53.1) 730 (46.6) 1651 (50.0)  

Unemployment rate (%) Median (IQR) 4.7 (3.5 to 6.1) 4.7 (3.5 to 6.1) 4.7 (3.5 to 6.1) 0.961 

Average income (euros) Median (IQR) 
22714 (20936 to 

25249.0) 

22844 (20722 to 

25422) 

22779 (20877 

25344) 
0.605 

Alcohol consumpion  Mean (SD) 4.9 (1.3) 4.0 (1.6) 4.5 (1.5) <0.001 

Current smoker Never 894 (80.5) 654 (73.6) 1548 (77.4) <0.001 

 Current or Former 216 (19.5) 235 (26.4) 451 (22.6)  

Physical activity (PAI score) Mean (SD) 9.1 (1.9) 8.9 (1.9) 9.0 (1.9) 0.016 

Difficulty falling asleep (0 -5)a Mean (SD) 0.8 (1.1) 0.8 (1.0) 0.8 (1.1) 0.928 

Fragmentary sleep  (0 -5)a Mean (SD) 1.8 (1.6) 1.4 (1.4) 1.6 (1.5) <0.001 

Difficulty to  

maintain sleep  (0 -5)a 
Mean (SD) 1.1 (1.4) 1.1 (1.3) 1.1 (1.3) 0.628 

Tired after sleeping  (0 -5)a Mean (SD) 1.7 (1.4) 1.4 (1.3) 1.6 (1.3) <0.001 

Overall sleep problems  Median (IQR) 4.0 (2.0 to 8.0) 4.0 (2.0 to 7.0) 4.0 (2.0 to 7.0) <0.001 

Sleep duration (scale 1-22)b Mean (SD) 10.8 (1.9) 10.3 (1.8) 10.6 (1.9) <0.001 

Diurnal preference (morningness)  Mean (SD) 18.2 (4.2) 18.8 (4.1) 18.5 (4.2) 0.005 

Global light radioation 2 months kJ/m2) Mean (SD) 8882.5 (7186.5) 8877.9 (7107.4) 8880.5 (7149.9) 0.989 

Global light radioation 1 year kJ/m2) Mean (SD) 9348.5 (525.3) 9346.6 (532.2) 9347.7 (528.2) 0.938 

Global light radioation 2 years kJ/m2) Mean (SD) 9250.9 (434.9) 9254.6 (440.8) 9252.5 (437.4) 0.853 

Global light radioation 5 years kJ/m2) Mean (SD) 9110.4 (459.6) 9118.1 (461.8) 9113.8 (460.4) 0.716 

 a 0 =‘never’, 1 = ‘1–3 days’, 2 = ‘about 1 night/week’, 3 = ‘2–4 nights/week’, 4 = ‘5–6 nights/week’, 5 = ‘almost every night 

 b 1 =1 h to 22 =14 h 
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Table 2. Associations between cumulative exposure to environmental natural light and sleep indicators in various 

follow-up times.  

  Sleep duration Overall sleeping problems Diurnal preference (morningness) 

 std. Beta 

(95% CI) 
P-Value 

IRR 

(95% CI) 
P-Value 

std. Beta 

(95% CI) 
P-Value 

Exposure to 

natural light 
 

Adjusted for age, sex, area-level unemployment and area-level mean income  

2 months 0.01 

(-0.04 – 0.05) 

0.683 0.96 

(0.94 – 0.98) 
<0.001 -0.01 

(-0.06 – 0.03) 

0.633 

1 year -0.09 

(-0.14 – -0.04) 
<0.001 1.06 

(1.03 – 1.08) 
<0.001 -0.07 

(-0.12 – -0.02) 
0.008 

2 years -0.09 

(-0.14 – -0.04) 
0.001 1.06 

(1.04 – 1.08) 
<0.001 -0.07 

(-0.13 – -0.02) 
0.004 

5 years -0.09 

(-0.14 – -0.04) 
0.001 1.06 

(1.03 – 1.08) 
<0.001 -0.08 

(-0.13 – -0.03) 
0.002 

 Additionally, adjusted for physical activity, obesity, alcohol consumption and smoking status 

2 months 0.00 

(-0.04 – 0.05) 

0.879 0.96 

(0.94 – 0.98) 
<0.001 -0.01 

(-0.06 – 0.04) 

0.689 

1 year -0.10 

(-0.16 – -0.05) 
<0.001 1.05 

(1.02 – 1.07) 
<0.001 -0.05 

(-0.11 – -0.00) 
0.042 

2 years -0.10 

(-0.15 – -0.05) 
<0.001 1.05 

(1.03 – 1.08) 
<0.001 -0.07 

(-0.12 – -0.01) 
0.014 

5 years -0.10 

(-0.15 – -0.05) 
<0.001 1.05 

(1.02 – 1.07) 
<0.001 -0.07 

(-0.12 – -0.02) 
0.007 

 Additionally, adjusted for time period/ season 

2 months -0.07 

(-0.17 – 0.02) 

0.136 0.97 

(0.93 – 1.02) 

0.239 0.04 

(-0.06 – 0.13) 

0.447 

1 year -0.11 

(-0.16 – -0.05) 
<0.001 1.04 

(1.01 – 1.06) 
0.002 -0.06 

(-0.12 – -0.01) 
0.021 

2 years -0.10 
(-0.15 – -0.04) 

0.001 1.04 
(1.02 – 1.07) 

0.002 -0.08 
(-0.13 – -0.02) 

0.005 

5 years -0.10 

(-0.15 – -0.04) 
0.001 1.04 

(1.01 – 1.07) 
0.003 -0.09 

(-0.14 – -0.03) 
0.002 

 

Note. Values are Standardized Regression Coefficients (Beta), Incident Rate Ratios (IRR) , and 95% 

CIs    
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Table 3. Comparing linear and non linear models (predictor is five year light 

exposure) 

   Outcome (model type) Sp-criterion AIC R-square 

Sleep duration (linear) 7891 3.4886 0.004 

Sleep duration (non-linear) 7890 3.4872 0.006 

Overall sleep problems (linear) 10565 16.1826 0.001 

Overall sleep problems (non-linear) 10562 16.1498 0.004 

Diurnal preference (linear) 10713 17.5088 0.005 

Diurnal preference (non-linear) 10713 17.5088 0.005 
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