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Abstract

Background: Light has powerful effects on mood, sleep, and the circadian system. Humans 

evolved in an environment with a clear distinction between day and night, but our modern 

environments have blurred this distinction. Negative effects of light exposure at night have been 

well characterized. The importance of daytime light exposure has been less well characterized. 

Here we examine the cross-sectional and longitudinal associations of time spent in daytime 

outdoor light with mood, sleep, and circadian-related outcomes.

Methods: Participants were drawn from the UK Biobank cohort, a large study of UK adults (n = 

502,000; 37–73 years old; 54% women).

Results: UK Biobank participants reported spending a median of 2.5 daylight hours (IQR = 1.5–

3.5 h) outdoors per day. Each additional hour spent outdoors during the day was associated with 

lower odds of lifetime major depressive disorder (95% CI OR:0.92–0.98), antidepressant usage 

(OR:0.92–0.98), less frequent anhedonia (OR:0.93–0.96) and low mood (OR:0.87–0.90), greater 

happiness (OR:1.41–1.48) and lower neuroticism (incident rate ratio, IRR:0.95–0.96), independent 

of demographic, lifestyle, and employment covariates. In addition, each hour of daytime light was 
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associated with greater ease of getting up (OR:1.46–1.49), less frequent tiredness (OR:0.80–0.82), 

fewer insomnia symptoms (OR:0.94–0.97), and earlier chronotype (adjusted odds ratio; OR:0.75–

0.77). Auto-Regressive Cross-Lagged (ARCL) models were used to examine the longitudinal 

association of time spent in outdoor light at baseline with later mood-, sleep- and circadian-related 

outcomes reported at time point 2. Overall, longitudinal associations support cross-sectional 

findings, though generally with smaller effect sizes.

Limitations: Future studies that examine the intensity of daytime light exposure at the ocular 

level are needed.

Conclusions: Our findings suggest that low daytime light exposure is an important 

environmental risk factor for mood, sleep, and circadian-related outcomes.
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1. Introduction

Circadian rhythms are fundamental to general health, including mood and sleep (Allada and 

Bass, 2021). A distinct light-dark rhythm, with dim light at night and bright light during 

the day is essential for both the robust amplitude of circadian rhythms and its appropriate 

alignment with the waking day (Roenneberg et al., 2010). Humans evolved under such 

conditions (Stothard et al., 2017; Wright et al., 2013). Modern human light exposure has 

dramatically altered this pattern. Ubiquitous electric lighting in homes and workplaces and 

the use of light-emitting electronic devices at night has blurred the distinction between day 

and night (Cain et al., 2020). People now spend most waking hours in intermediate, artificial 

lighting conditions, due to reduced sunlight exposure and relatively bright nighttime light 

exposure (Goulet et al., 2007; Martinez-Nicolas et al., 2019).

A blunted circadian rhythm amplitude has been consistently reported in depressive 

disorders, which are characterized by symptoms including low mood, fatigue, and 

disturbances in sleep quality (Germain and Kupfer, 2008; Souêtre et al., 1989; Wirz-Justice, 

2006). Postmortem brain tissue of patients with Major Depressive Disorder has been shown 

to have profoundly disturbed circadian rhythms throughout the brain consistent with a low 

amplitude clock (Li et al., 2013). Modern lighting likely contributes to disturbed amplitude. 

Light exposure during the night can suppress circadian amplitude (Jewett et al., 1994), while 

bright light exposure during the daytime enhances circadian amplitude (Park and Tokura, 

1999; Winfree, 1980). Thus, our modern exposure to more light at night and less light in the 

day will tend to reduce amplitude, which may be of particular concern in depression.

Insufficient exposure to daytime light could be a key factor contributing to poor mood and 

sleep outcomes in depressive disorders. This hypothesis is supported by the recent findings 

that individuals with depression are less sensitive to the effects of light on the circadian 

system (McGlashan et al., 2019), that bright light therapy is efficacious in treating mood 

disorders (Geoffroy et al., 2019; Golden et al., 2005), and that selective serotonin reuptake 

inhibitors (SSRIs) enhance light sensitivity (McGlashan et al., 2018). Furthermore, targeted 
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light exposure, in combination with an SSRI, has been shown to increase SSRI efficacy in 

the treatment of major depressive disorder (Lam et al., 2016) and cross-sectional studies 

report that workers exposed to natural sunlight report fewer insomnia symptoms, better sleep 

quality and fewer depressive symptoms (Harb et al., 2015; Leger et al., 2011).

Despite the well-established role of light in the regulation of circadian rhythms, sleep, and 

mood, there is little epidemiological data relating these outcomes to free-living daytime 

light exposure in the general adult population. Here, we report the first large-scale cohort 

study of cross-sectional and longitudinal associations of daytime light exposure with mood-, 

sleep-and circadian-related outcomes.

2. Methods

2.1. Participants

The UK Biobank prospective general population cohort contains more than 502,000 UK 

residents (aged 37–73 years; ~54% women) recruited via National Health Service (NHS) 

patient registers from 2006 to 2010, with the study population described in detail elsewhere 

(Collins, 2012; Sudlow et al., 2015). Participants provided detailed demographic, lifestyle, 

health, mood and physical information via assessment and touch-screen questionnaire. 

For longitudinal analyses, individuals who participated in both wave 0 (T0) and wave 1 

(T1) of the UK Biobank study were included (ntotal = 20,336). Additionally, from 2016 

to 2017 approximately 160,000 participants completed an extended online mental health 

questionnaire (MHQ). Participants who accepted the invitation to join the UK Biobank 

cohort provided written, informed consent and the UK Biobank has generic ethical approval 

from the North West Multi-Center Research Ethics Committee (Eysenck and Eysenck, 

1984/NW/03820). The current analyses were done under UK Biobank application number 

6818 (Martin Rutter).

2.2. Measurement of time spent in outdoor light

Participants self-reported how many hours they spent outdoors during the day on a typical 

day in both summer and winter (UK Biobank data-fields 1050 and 1060, respectively). 

Participants reported an integer using a touch-screen number pad or selected among alternate 

options including “Less than an hour a day”, “Do not know”, or “Prefer not to answer”. 

Initial cleaning of the data involved excluding participants that rated “Prefer not to answer” 

or “Do not know”, re-coding “Less than an hour a day” as zero (n = 98,431), and excluding 

values larger than the typical day length in the UK during summer (16 h; n = 253) and 

winter (8 h; n = 5,474). Summer and winter reports were strongly correlated (Pearson’s r 
= .65), indicating people who spent more time in outdoor light in winter also tended to 

do so in summer. Furthermore, a subset of approximately 20,000 participants completed a 

repeat assessment of this question from 2012–2013. Both summer and winter reports were 

strongly correlated (both r > .6) across repeat assessments, indicating good reliability of 

the measure. To yield a single measure of time spent in outdoor light, winter and summer 

reports were averaged within-participants. For analysis, extreme bins (9 12 h spent outdoors) 

with low density (total n = 1,016 (0.2%) were collapsed into a single bin. Finally, due to 
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the right-ward skew of the time spent in outdoor light distribution a log transformation was 

applied before being entered into regression analyses.

2.3. Measurement of mood, sleep, and circadian-related outcomes

We extracted self-reported circadian-related outcomes from the UK Biobank dataset. 

Chronotype (“Morningness-Eveningness”; data-field 1180) was measured with the question 

“Do your consider yourself to be?” with six options: “Definitely a ‘morning’ person”, 

“More a ‘morning’ than ‘evening’ person”, “More an ‘evening’ than a ‘morning’ person”, 

“Definitely an ‘evening’ person”, “Do not know” or “Prefer not to answer”. The latter two 

categories were coded as missing and the remaining four categories were treated as an 

ordinal variable. Difficulty getting up in the morning (data-field 1170) was extracted as a 

second circadian-related metric. The use of this metric was informed by both theory and 

empirical evidence for its putative circadian underpinnings. Delayed circadian phase and 

difficulty getting up in the morning are canonical symptoms of delayed sleep-wake phase 

disorder (DSWPD) (American Academy of Sleep Medicine, 2005). Delayed phase results in 

individuals awakening “early” relative to their internal rhythm and closer to the nadir in the 

circadian arousal rhythm, leading to feelings of grogginess upon awakening. Further, in the 

present data set this phenotype correlates with chronotype strongly at both the phenotypic (r 
= .47) and genetic level (rg = .79).

Sleep-related metrics were self-reported insomnia and tiredness. Insomnia symptoms (data-

field 1200) were measured with the question “Do you have trouble falling asleep at night 

or do you wake up in the middle of the night?" with available responses “never/rarely”, 

“sometimes”, “usually”, “prefer not to answer”. The latter category was coded as missing. 

Tiredness (data-field 2080) was assessed with the question "Over the past two weeks, how 

often have you felt tired or had little energy?" with available responses “not at all”, “several 

days”, “more than half the days”, “nearly every day”. Participants were also able to select 

“do not know” and “prefer not to answer, these categories were treated as missing. Sleep 

duration (data-field 1160) was also extracted as a key variable, however, given the potential 

confounding role of this variable on time spent in outdoor light (as it directly impacts 

available time to spend outdoors) this variable was used as a covariate for adjustment instead 

(see below for details).

Mood-related outcomes extracted were subjective happiness, frequency of recent low mood, 

frequency of recent anhedonia, neuroticism, use of common SSRI medication and lifetime 

incidence of recurrent major depressive disorder. Frequency of recent low mood (data-field 

2050) and anhedonia (2060) were measured with the questions "Over the past two weeks, 

how often have you felt down, depressed or hopeless?" and "Over the past two weeks, how 

often have you had little interest or pleasure in doing things?" with available responses 

“not at all”, “several days”, “more than half the days”, “nearly every day”. For the above 

questions, participants were able to select “do not know” and “prefer not to answer, these 

categories were treated as missing. An aggregate neuroticism score was calculated for 

participants who completed all 12 questions from the Eysenck Personality Questionnaire 

Revised (Short Form; EPQ-R-S) Neuroticism Scale at baseline (Eysenck and Eysenck, 

1984). The score represents the number of questions answered in the affirmative (range 
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0–12). Participants self-reported medications (data-field 20003) was used to identify the 

use of common anti-depressant medications from three broad drug classes that are used 

to treat the symptoms of depression: SSRIs, MAOIs and TCAs (see Supplement eTable 1 

for drug names and UK Biobank codes). Medications in these classes were drawn from a 

published, derived list (Howard et al., 2018). A single, binary variable was derived with 

“cases” reporting the use of at least one anti-depressant medication and “controls” who did 

not report the use of any anti-depressant medications. A subset of UK Biobank participants 

completed the additional online Mental Health Questionnaire (MHQ; n = 161,467) that 

measured the incidence of symptoms of mental disorders across the lifetime. Subjective 

happiness and variables necessary to determine major depressive disorder status were 

extracted for this subset of participant who completed the MHQ. Consistent with Smith 

et al. (2013), participants met criteria for lifetime recurrent major depressive disorder if 

they reported having two or more periods of low mood or anhedonia (lasting at least two 

weeks) as well as having visited either a doctor or psychiatrist for “nerves, anxiety, tension 

or depression”. This resulted in a binary variable consisting of “control” participants who 

did not meet the above criteria (with participants reporting a single episode of depression 

or missing information on criteria excluded) and “recurrent major depressive disorder” 

participants. Subjective happiness (data-field 4526) were measured with the question “In 

general how happy are you?” and available responses ranged from 1 “extremely happy” to 

6 “extremely unhappy”. For ease of interpretation, happiness scores were reversed so that 

higher scores reflected greater happiness.

2.4. Statistical analyses

The association between time spent in outdoor light during the day and mood, sleep and 

circadian-related outcome measures was examined via a series of regression models. We 

report three models for each outcome: first, an unadjusted model; second, adjusted for 

age (continuous), sex (male/female), employment status (employed/unemployed) and season 

of assessment (winter/spring/summer/autumn); third, additional adjustment for, physical 

activity (MET-minutes/week; continuous), frequency of socialization (continuous), and 

sleep duration (continuous). Frequency of socialization was measured with the question 

“how often do you visit friends or family or have them visit you”, per week, with 

six levels ranging from “never or almost never” to “almost daily”. Physical activity 

was measured using the short International Physical Activity Questionnaire (IPAQ) and 

metabolic equivalent (MET) minutes of physical activity per week were calculated 

according to published guidelines (Craig et al., 2003). Ordinal logistic regression was 

used for all outcomes excepting neuroticism for which negative binomial regression was 

used; and lifetime major depressive disorder status and anti-depressant medication use for 

which binary logistic regression were used. Odds ratios (OR; ordinal and binary logistic 

regression) and incidence rate ratios (IRRs; negative binomial regression) are reported 

with 95% confidence intervals. To obtain the genetic correlation between chronotype and 

difficulty getting up, representing the degree of overlap in their genetic architecture, Linkage 

Disequilibrium Score Regression (LDSC) was used (Bulik-Sullivan et al., 2015).

The longitudinal association between time spent in outdoor light and mood and sleep 

outcomes was examined using auto-regressive, cross-lagged (ARCL) models (Kenny 
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and Harackiewicz, 1979). This method permits the use of repeated measures data to 

simultaneously examine: the within-person stability of predictor and outcome variables 

over time (termed auto-regressive effects), the cross-sectional association between predictors 

and outcomes variables within a time point (termed synchronous effects) and, importantly, 

the longitudinal association between predictors at earlier time points and outcomes at later 

time points as a measure of temporal precedence (termed cross-lagged effects). Our main 

hypothesis focused on the longitudinal, cross-lagged effect of earlier time spent in outdoor 

light on later mood and sleep outcomes. The R package lavaan (Rosseel, 2012) was used 

to build the models and data from the subset of individuals who participated in both wave 

0 (T0) and wave 1 (T1) of the UK Biobank study were included (ntotal = 20,336). The 

distance between two time points was normally distributed with a mean of 4.3 years and 

an SD of 0.93 years. Strong consistency (large and positive auto-regressive effects) of 

all measures between waves was observed as a pre-requisite for the ARCL models. For 

each outcome, the ARCL model simultaneously tested six paths: two autoregressive (e.g. 
Depressed Mood T0 -> Depressed Mood T1), two synchronous (Time Spent in Outdoor 

Light T0 -> Depressed Mood T0) and two cross-lagged (e.g. Time Spent in Outdoor Light T0 

-> Depressed Mood T1). As such, the ARCL model allows the assessment of the influence 

of time spent in outdoor light on mood and sleep outcomes across time while controlling for 

their within-person stability. Standardized betas and their associated p values are reported 

for all models.

3. Results

UK Biobank participants reported spending a median of 2.5 h (IQR = 1.5–3.5 h) in outdoor 

light during the daytime, per day. Cross-sectional associations between time spent in outdoor 

light and mood, sleep, and circadian-related outcomes for three models of increasing 

multivariable adjustment are presented in Table 1. Analysis of circadian-related variables 

in the fully-adjusted regression models (model 3) found greater time spent in outdoor light 

during the day was associated with both earlier chronotype (OR 0.76, 95% CI 0.75–0.77) 

and greater ease of getting up (OR 1.47, 95% CI 1.46–1.49), after adjusting for age, sex, 

season of assessment, employment status, exercise, socialization and sleep duration. Greater 

time spent in outdoor light during the day was also associated with less insomnia symptoms 

(OR 0.96, 95% CI 0.94–0.97) and less tiredness (OR 0.81, 95% CI 0.80–0.82) in the fully 

adjusted model.

Finally, analysis of mood-related variables revealed that greater time spent in outdoor light 

during the day was associated with lower odds of lifetime recurrent major depressive 

disorder (OR 0.96, CI 0.92–0.98), lower odds of using antidepressant medication (OR 0.95, 

95% CI 0.92–0.98), greater self-reported happiness (OR 1.45, 95% CI 1.41–1.48), lower 

neuroticism (IRR 0.96, 95% CI 0.95–0.96), less frequent low mood (OR 0.88, 95% CI 

0.87–0.89) and anhedonia (OR 0.95, 95% CI 0.93–0.96), after adjusting for age, sex, season 

of assessment, employment status, exercise, socialization and sleep duration in the fully 

adjusted model.

Auto-regressive, cross-lagged (ARCL) models were used to assess the main hypothesis 

of a longitudinal, cross-lagged association between time spent in outdoor light on mood, 
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sleep, and circadian rhythm-related outcomes across wave 0 (T0) and wave 1 (T1) of the 

UK Biobank study (ns between 13,565–18,011) as a measure of temporal precedence. Fig. 

1 displays the ARCL model for the frequency of low mood outcome (see Fig. S1 for 

ARCL models of other outcomes). For all models, the autoregressive path measuring the 

consistency of the timespent in outdoor light variable between T0 and T1, a pre-requisite 

of the model, was positive and large (β = .63–.66, p < 1 × 10−4), indicating strong 

within-person consistency of this measure between waves. The autoregressive paths for 

mood-related variables of frequency of low mood (β = .40, p < 1 × 10−4), frequency of 

anhedonia (β = .37, p < 1 × 10−4), neuroticism (β = .82, p < 1 × 10−4) and the use of 

anti-depressant medications (β = .65, p < 1 × 10−4) also showed good consistency between 

waves. In a test of our main hypothesis, the cross-lagged paths showed that greater time 

spent in outdoor light at T0 predicted less frequent low mood (β = −.06, p < 1 × 10−4), less 

frequent anhedonia (β = −.04, p < 1 × 10−4), lower neuroticism (β = −.01, p = .01) and 

lower odds of taking anti-depressant medications (β = −.02, p = .03) at T1. The alternate 

cross-lagged paths indicated that more frequent low mood (β = −.02, p = .001), more 

frequent anhedonia (β = −.01, p = .03), greater neuroticism (β = −.03, p < 1 × 10−4) and 

using anti-depressant medications (β = −.04, p = .001) at T0 predicted lower time spent in 

outdoor light at T1.

Sleep-related outcomes of insomnia symptom frequency (β = .64, p < 1 × 10−4) and 

frequency of tiredness (β = .51, p < 1 × 10−4) showed strong consistency between waves. 

Cross-lagged paths indicated that greater time spent in outdoor light at T0 predicts lower 

frequency of insomnia symptoms (β = −.02, p = .002) and less frequent tiredness (β = −.04, 

p p < 1 × 10−4) at T1. Further, greater insomnia symptoms and tiredness at T0 predicted less 

time spent in outdoor light at T1 (β = −.02, p = .007; β = −.04, p < 1 × 10−4, respectively).

Both circadian-related metrics of chronotype (β = .82, p < 1 × 10−4) and ease of getting up 

(β = .68, p < 1 × 10−4) also showed strong consistency between waves. The cross-lagged 

paths for these outcomes indicated that greater time spent in outdoor light during the day at 

T0 predicted greater ease of getting up (β = −.05, p < 1 × 10−4) at T1 and a non-significant 

trend for earlier chronotype at T1 (β = −.01, p = .09). Finally, later chronotype and lower 

ease of getting up at T0 predicted lower time spent in outdoor light at T1 (β = −.03, p < 1 × 

10 −4; β = −.05, p < 1 × 10−4, respectively).

4. Discussion

We examined the associations between self-reported time spent in outdoor light during the 

day and mood, sleep, and circadian-related outcomes in the UK Biobank cohort. After 

adjusting for demographic, employment, and lifestyle covariates we observed that greater 

time spent in outdoor light during the day was associated with fewer depressive symptoms, 

lower odds of using antidepressant medication and lower odds of lifetime recurrent major 

depressive disorder, greater ease of getting up in the morning, less tiredness, better sleep, 

and earlier chronotype. These relationships held longitudinally, such that greater time spent 

in outdoor light during the day in the first time point predicted less frequent depressive 

symptoms, lower odds of using antidepressant medications, greater ease of getting up in 

the morning, less tiredness, and better sleep at the second time point. These results may be 
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explained by the impacts of light on the circadian system as well as non-circadian, direct 

effects of light on mood centers in the brain.

We observed that greater time spent in outdoor light was associated with better mood 

outcomes. These associations held longitudinally, such that daytime light exposure at the 

first time point predicted better mood outcomes at the second time point, though with 

a smaller effect size compared to the cross-sectional results. This is consistent with an 

expected decay in the effect of earlier light on later mood with a long lagtime between 

the waves. There are potential circadian mechanisms which could account for these effects. 

First, daytime light exposure may improve mood by correcting abnormal circadian timing 

relative to sleep/wake behavior. Delayed circadian timing is associated with poorer mood 

and correcting this has been associated with recovery (Emens et al., 2009). Thus, daytime 

light, by helping to correct delayed timing, could be beneficial for mood. Second, daytime 

light exposure may have euthymic effects by strengthening the signal (amplitude) from 

the circadian clock. Blunted circadian rhythms are a key feature of depressive disorders. 

Daytime light therapy, which can boost circadian amplitude, is an effective treatment of 

depressive disorders (Geoffroy et al., 2019; Golden et al., 2005; Park and Tokura, 1999). 

Beyond effects on the clock, circadian photoreception is now appreciated to influence 

areas of the brain involved in emotional regulation. Intrinsically photosensitive retinal 

ganglion cells containing the photopigment melanopsin are the primary light input to the 

suprachiasmatic nucleus, but also directly project to the amygdala and habenula (Fernandez 

et al., 2018; Rupp et al., 2019), brain areas associated with negative emotionality and 

implicated in depression (Korgaonkar et al., 2019). Daytime light likely has positive effects 

on mood through circadian photoreception, both by effects on the clock and by direct effects 

on emotional processing.

Greater time spent in outdoor light during the day was associated with earlier chronotype 

and greater ease of awakening. This relationship is expected based on the known effects 

of light on the human circadian system. Light exposure has a different impact on the 

timing of circadian rhythms, such that exposure to morning light shifts rhythms earlier, 

whereas exposure to evening and early night light shifts rhythms later (Khalsa et al., 2003). 

Sunlight tends to shift the clock earlier, compensating for the fact that the average intrinsic 

period of the human circadian clock is > 24 h (speeds up a slightly slow clock). Greater 

daytime light exposure would thus be expected to contribute to an earlier chronotype, as 

is predicted by models of the human circadian system (Skeldon et al., 2017). The greater 

ease of awakening observed with more daytime light exposure is consistent with daytime 

light advancing the circadian clock. The core body temperature trough (when there is the 

strongest signal for sleep from the circadian clock) tends to occur in the late night, but can 

overlap with wake time in those who are delayed (Duffy et al., 1999). If more outdoor light 

tends to advance timing, there would be less overlap of the circadian signal for sleep and 

wake time. Our results are consistent with other cross-sectional studies of adults in smaller 

cohorts, such that greater time in outdoor light is associated with earlier mid-sleep and 

chronotype (Martin et al., 2012; Roenneberg et al., 2003). In addition to this cross-sectional 

association, we describe here a predicted longitudinal association, such that greater light at 

earlier time points predicted earlier chronotype and greater ease of awakening, though the 
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chronotype cross-lagged path was a non-significant, trend level association. These results 

provide evidence for daytime light exposure having an active effect on the circadian system.

Our analysis of sleep outcomes is consistent with the expected downstream effects of 

daytime light on the circadian system. Greater daytime outdoor light exposure was 

associated with fewer symptoms of insomnia and less frequent tiredness, even when 

controlling for individual sleep duration and other relevant covariates. These findings concur 

with smaller cross-sectional studies that reported exposure to natural daylight (Leger et 

al., 2011) and, in general, greater daytime light exposure predicts better sleep quality and 

fewer insomnia symptoms (Wams et al., 2017). There are plausible circadian mechanisms 

that could explain this pattern of results, likely in combination. Firstly, advancing phase 

of the circadian rhythm may lead to improved sleep via improving the alignment between 

sleep-onset and the circadian signal for sleep (Dijk and Czeisler, 1994). Secondly, outdoor 

light exposure may improve sleep outcomes via the enhancement of the amplitude of the 

circadian rhythm in arousal, whereby a larger rhythm would result in both a stronger signal 

for alertness during the day and a stronger signal for sleep at night. Such an explanation 

would be consistent with previous work in both humans and animal models showing 

daytime light bolsters circadian rhythms and concomitantly improves the consolidation of 

sleep in such a manner (Ancoli-Israel et al., 2003; González and Aston-Jones, 2006).

5. Limitations

Despite the proposed evidence for a circadian-related mechanism for the sleep and mood 

associations with time spent outdoors during the day, it should be noted that there are 

limitations of both the sample and the subjective nature of predictors and outcome measures 

used. Firstly, the UK Biobank sample consists of largely healthy, middle-older aged 

adults. Given the changes in circadian rhythms, sleep, and mood across the lifespan, the 

associations we found would conceivably be for younger ages. Secondly, our light exposure 

measure is a subjective report of the length of time spent outdoors in the day. While this 

could measure the time spent in outdoor light, it fails to capture objective intensity and 

duration at the ocular level of light exposure. An advantage of this measure, however, 

over other studies that utilize objective satellite measures of light exposure is that we have 

obtained individual-level light exposure measures for the use of both cross-sectional and 

longitudinal analyses (Paksarian et al., 2020). Finally, we relied on subjective reports for our 

circadian-related outcome measures. Future studies may seek to address the above issues by 

sampling across the lifespan and by utilizing objective measures of both light exposure and 

circadian phase, with a view to enabling the parsing of circadian-mediated and direct effects 

of light on mood and sleep.

6. Conclusions

Here we report the cross-sectional and longitudinal association between daytime light 

exposure and mood, sleep, and circadian-related outcomes in the UK Biobank. Together, 

these results are consistent with the impact of daytime light exposure on the circadian 

system, via advancing circadian phase, enhancing amplitude or a combination of these 

factors, as well as expected downstream effects of these circadian impacts: improved mood 
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and sleep. These findings, while observational in nature, point toward future research that 

may improve our understanding of the role of light in the pathophysiology of mood and 

sleep disorders by directly measuring circadian physiology and daytime light exposure in a 

well-controlled longitudinal design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Autoregressive, cross-lagged (ARCL) model diagram for the longitudinal effect of time 

spent in outdoor light during the day on the frequency of low mood symptoms between 

the first (T0) and second (T1) waves of the UK Biobank study. Auto-regressive paths occur 

between waves of the same measure (e. g. Depressed Mood T0 -> Depressed Mood T1) as 

a measure of consistency, synchronous paths occur between measures within a wave (e.g. 
Time Spent in Outdoor Light T0 -> Depressed Mood T0) as a measure of cross-sectional 

association, and cross-lagged paths occur between measures across waves (e.g. Time Spent 

in Outdoor Light T0 -> Depressed Mood T1) as a measure of longitudinal association and 

temporal precedence.
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