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ABSTRACT 

Light is considered the most potent synchronizer of the human circadian system 

and exerts many other non-image forming effects, including those that affect brain 

function. These effects are mediated in part by intrinsically photosensitive retinal 

ganglion cells that express the photopigment melanopsin. The spectral sensitivity of 

melanopsin is greatest for blue light at approximately 480 nm. At present, there is little 

information on how the spectral composition of light to which people are exposed varies 

over the 24-h period and across seasons.  Twenty two subjects, aged 22 ± 4 years (mean 

± SD) participated during the winter months (Nov-Feb) and 12 subjects aged 25 ± 3 

years, participated during the summer months (Apr-Aug). Subjects wore Actiwatch-RGB 

monitors, as well as Actiwatch-L monitors, for 7 consecutive days whilst living in 

England. These monitors measured activity, light-exposure in the red, green and blue 

spectral regions, in addition to broad-spectrum white light, with a two-minute resolution. 

Light exposure during the day was analyzed for the interval between 9:00 and 21:00 h. 

The time course of white light exposure significantly differed between seasons (p = 

0.0022), with light exposure increasing in the morning hours, and declining in the 

afternoon hours, with a more prominent decline in the winter. Overall light exposure was 

significantly higher in summer compared to winter (p = 0.0002). Seasonal differences in 

the relative contribution of blue light exposure to overall light exposure were also 

observed (p = 0.0006), in particular during the evening hours.  During the summer 

evenings (17:00-21:00 h), the relative contribution of blue light was significantly higher 

(p < 0.0001) (40.2 ± 1.1%) than during winter evenings (26.6 ± 0.9%). The present data 
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show that in addition to overall light exposure, the spectral composition of light exposure 

varies over the day and with season. 
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INTRODUCTION 

Light is not only essential for vision, but also modulates many aspects of behavior 

and physiology.  These are referred to as non-image forming (NIF) responses and include 

classical effects such as phase shifting of sleep timing (Dijk et al., 1987) and circadian 

melatonin rhythms (Bojkowski et al., 1987; Broadway et al., 1987), as well as 

suppression of melatonin  (Lewy et al., 1980; Zeitzer et al., 2000). These NIF responses 

extend, however, beyond circadian phase shifting and endocrine responses and include 

effects on alertness and performance and brain responses detected by either EEG (Badia 

et al., 1991; Cajochen et al., 1998; Phipps-Nelson et al., 2003), PET (Perrin et al., 2004) 

or fMRI (Vandewalle et al., 2006). The photopigment melanopsin, located in the human 

inner retina (Provencio et al., 2000), has been shown to play a major role in mediating 

these responses to light. It has now been established that circadian photo-entrainment is 

mediated in part by intrinsically photosensitive retinal ganglion cells (ipRGC) that 

express this photopigment.  The ipRGCs relay information to the master circadian clock 

in the suprachiasmatic nuclei (SCN) via the retinohypothalamic tract, and to other brain 

regions including the Ventro-Lateral Pre-Optic (VLPO) area. These wide ranging 

projections provide a neuroanatomical basis for the variety of NIF responses to light 

(Hattar et al., 2002; Gooley et al., 2003).   

The spectral sensitivity of melanopsin is known to be greatest for blue light at 

approximately 480 nm (Berson et al., 2002), which is in accordance with the previously 

observed short-wavelength sensitivity of melatonin suppression (Brainard et al., 2001; 

Thapan et al., 2001). Many subsequent studies have investigated the effectiveness of 

monochromatic blue light with respect to a number of NIF responses, including phase 
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shifting (Warman et al., 2003), alertness, performance and EEG detected changes in brain 

function during the evening hours (Cajochen et al., 2005; Lockley et al., 2006) and during 

the biological night (Lockley et al., 2006), as well as fMRI studies of brain function 

during the daytime (Vandewalle et al., 2007a; Vandewalle et al., 2007b). The latter 

results demonstrated that monochromatic light can affect brain responses to cognitive 

tasks almost instantaneously and suggest that these effects are mediated by a melanopsin-

based photoreceptor system. 

These laboratory based studies demonstrating the superiority of blue 

monochromatic light in eliciting a variety of NIF responses have also led to field studies 

investigating the effects of ‘blue-enriched’ light compared to broad-spectrum white light. 

These studies include a small study on the effects of blue enriched light on subjective 

sleep measures and circadian phase in Antarctica (Francis et al., 2008), as well as a large 

scale study of the effects of blue enriched white light on self-reported performance, 

alertness and subjective sleep quality in office workers studied in the UK during the 

winter months (Viola et al., 2008). The latter study demonstrated positive effects of blue 

enriched light on self-reported alertness and performance as well as sleep quality whereas 

the former study demonstrated positive effects on sleep quality only.  

Previous studies have demonstrated that light exposure varies with time of day, 

with light exposure rapidly rising in the morning hours, and then declining in the later 

hours of the afternoon (Graw et al., 1999; Rufiange et al., 2003; Goulet et al., 2007). 

Also, light exposure varies across the seasons, with light exposure being greatest in the 

summer months in the Northern hemisphere (Eastman, 1990; Park et al., 2007). This 

seasonal variation in light exposure has been hypothesized to contribute to conditions 
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such as Seasonal Affective Disorder (SAD), which occurs during the winter months, with 

remission in the summer months (Rosenthal et al., 1984; Golden et al., 2005).   

At present there is, however, little information on the time course of the spectral 

composition of light to which people are exposed over the 24-h period and across 

seasons. In fact, a recent comprehensive review of the available data on light exposure by 

Dumont and Beaulieu (2007) did not contain any information on the spectral composition 

of light exposure.  

England’s latitude and climate is such that day length varies considerably across 

seasons, and more time is spent indoors during the winter than during summer. 

Furthermore, artificial light, in general, is of lower intensity (Figuerio et al., 2006) and 

contains less blue light than natural light. Therefore, we hypothesized that 1) the time 

course of light exposure varies throughout the day and also with season, 2) light exposure 

in summer is significantly greater than during the winter, 3) the relative contribution of 

blue light in summer is greater than that during winter.  

 

METHODS 

Subjects 

A total of thirty-four subjects (14 male) aged 18-29 years participated in the study. 

Twenty-two subjects with mean age 22.5 ± 3.9 years (mean ± SD), body mass index 

(BMI) 22.0 ± 2.3 kg/m2, participated during the winter months (November-February, 

2007). Twelve subjects with mean age 25.4 ± 3.1 years, BMI 22.1 ± 2.9 kg/m2, 

participated in the summer months (April-August, 2007-2008). Subjects completed the 

Horne Östberg (HÖ) questionnaire (Horne & Östberg, 1976) and the Pittsburgh Sleep 



 7

Quality Index (PSQI) (Buysse et al., 1989). The University of Surrey Ethics Committee 

approved the study protocol, subjects gave written consent, and all procedures were 

conducted in accordance with the Declaration of Helsinki and conformed to international 

ethical standards (Portaluppi et al., 2008). 

 

 

Study design 

Subjects wore Actiwatch RGB (Version 1.003) monitors (Cambridge 

Neurotechnology Ltd, Cambridge, UK) for 7 consecutive days in either summer or 

winter. The RGB actiwatch is a small, color-sensing device that combines three 

photodiodes with dye-based red, green, blue (RGB) filters, and a current-to-frequency 

converter circuit on a single chip. It reports in arbitrary units, as analogue frequency, the 

amount of short-wave (blue, 400-580 nm (peak sensitivity 470 nm)), medium-wave 

(green, 500-650 nm (peak sensitivity 565 nm)), long-wave (red, 620-720 nm (peak 

sensitivity 640 nm)) and broad band (white) light. The relative spectral responsivities, 

normalized to the white-light sensor at 540 nm, are approximately 0.7, 0.8, and 0.5 for 

the blue, green and red sensors, respectively. The data were stored with a two minute 

resolution and were recorded for 7 consecutive days while the subjects, mainly university 

students, apart from 3 subjects (1 outdoor worker and 2 indoor workers) went about their 

usual activities. In addition to these monitors, the subjects wore Actiwatch-L monitors 

(Cambridge Neurotechnology Ltd, Cambridge, UK), which measured broad band white 

light and activity, also with a two minute resolution. Both actiwatches were worn on the 

non-dominant wrist. Subjects were instructed only to remove the actiwatches during 
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showering/bathing. These short time periods were excluded from the analysis along with 

rare periods of light exposure during the day where the actiwatch light readings were 

zero. This was based on the assumption that during these periods the actiwatch was being 

covered by clothing. Subjects also completed daily sleep diaries to verify the timing of 

sleep and wakefulness.  In these diaries, sleep onset, sleep offset, sleep latency, sleep 

duration and the number and duration of night awakenings were determined.  

The RGB Actiwatches were used for the analysis of red, green and blue light 

exposure, and the Actiwatch-L‘s were used for the data analysis of broad band white light 

exposure and activity. The seven days of data for each individual subject were averaged 

per hourly bin (1-24 h). 

 

Statistics 

All statistical analyses were performed with SAS version 9.1 (SAS Institute, Cary, 

North Carolina, USA). The absolute and relative light exposure for each of the 3 different 

colors (red, green and blue) and white light exposure were subjected individually to 

general linear modeling with season (winter or summer) as a fixed effect factor and time 

(hourly time points from 9:00-21:00 h) as a repeated measurement. Correlations between 

the observations obtained from the same subject were accounted for with an unstructured 

variance covariance matrix. A season-by-time interaction was also modeled. Variance 

components were estimated using restricted maximum likelihood.  Least squares 

estimates from this statistical model were used to compare the effects of season and time 

on light exposure. Presented values are mean ± SEM unless otherwise stated. 
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RESULTS 

  No significant differences were observed between the subjects studied in the 

summer and winter months in terms of age, BMI, PSQI score (3.4 ± 2.1 and 4.2 ± 1.6) 

and HÖ score (53 ± 4 and 53 ± 2) for summer and winter respectively.  No significant 

differences where observed in the activity levels (17,393 ± 627cpm and 19,679 ± 539 

cpm), mean sleep onset (23:46 ± 0:16 mins and 00:27 ± 0:10 mins), mean sleep offset 

times (07:34 ± 0:09 mins and 08:15 ± 0:09 mins) and sleep duration (7:48 ± 0:12 mins 

and 7:48 ± 0:09 mins) between summer and winter respectively.  

 

Overall broad band white light exposure 

Light exposure during the day was analyzed for the period between 9:00-21:00 h 

because all subjects were awake during these times (See Fig 1). White light exposure 

increased throughout the morning hours, and peaked at approximately 11:00 h (1072 ± 

319 lux) in the summer and 10:00 h (522 ± 188 lux) in the winter. White light exposure 

declined in the afternoon, with this decline being more prominent in winter compared to 

summer. Accordingly, a significant interaction between season-by-time was observed for 

white light (p = 0.0022). Comparing the overall light exposure revealed that in the 

summer subjects were exposed to significantly more light (586.8 ± 89.4 lux) compared to 

those studied in winter (209.9 ± 43.0 lux) (p = 0.0002). 
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Figure 1 about here 

 

 

Spectral composition of light exposure 

Absolute values of red, green and blue light exposure (Table 1, Figure 2) were 

calculated separately for summer and winter months. These absolute values were then 

used to calculate the relative (%) contribution of the three wavelengths, such that the sum 

of red, green and blue light equaled 100%. 

 

 

Table 1 about here 

 

Figure 2 about here 

 

 

 

Significant differences between seasons were observed for all measured variables 

(absolute red, green and blue light exposure, relative red, green and blue light exposure). 

In accordance with the observed lower exposure to white light, exposure to red, green and 

blue during the 9:00 to 21:00 h interval were all reduced during the winter compared to 

the summer (p < 0.01). Thus, during the winter exposure to blue light was significantly 

lower (p = 0.0006) than during the summer. A significant interaction between time-by-

season was observed for all 3 colors (p = 0.0099, 0.0014 and 0.0006) for red, green and 

blue respectively. 
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Analysis of the time course of light exposure during the day revealed that the 

seasonal effect was particularly pronounced in the evening hours (17:00-21:00 h). During 

17:00-21:00 h, the relative contribution of blue light to the overall light exposure in 

subjects studied in the summer was significantly higher (p < 0.0001) (40.2 ± 1.1%) than 

the relative contribution of blue light in subjects studied in winter (26.6 ± 0.9%).  During 

this interval, the relative contribution of both red and green light was higher during the 

winter compared to summer, (p = 0.0001 and 0.0104 respectively).  

Comparison of the relative contribution of red, green and blue light for all hourly 

intervals between 9:00-21:00 h showed that seasonal differences were also present during 

the daytime hours. Thus, in the late afternoon and early evening the relative contribution 

of blue light was significantly lower, and the relative contribution of red and green light 

was significantly higher, when comparing light exposure during the winter and summer 

(p < 0.05; Figure 3). In fact, even during the morning hours, this effect of season could 

be observed, although not all of the contrasts were statistically significant 

 

 

Figure 3 about here 

 

 

DISCUSSION 

The data show that both total light exposure and its spectral composition vary 

across the day and between summer and winter. Our finding that light exposure is highest 

in the morning hours is at variance with two Canadian studies and one Swiss study which 

also recorded light exposure with wrist-worn monitors. Guillemette et al. (1998) reported 
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light exposure from a mixture of students and unemployed subjects to be highest between 

12:00-16:00 h for both summer and winter months, and Goulet et al. (2007) reported peak 

exposures at 14:00 h during the summer months. Graw et al. (1999), reported light 

exposure in a Swiss population in both the summer and winter being highest at 15:00 h. 

Our findings are, however, similar to Rufiange et al. (2003), whose study was conducted 

throughout the year. In that study, light exposure was reported to be highest in the 

morning, with peak times located at 10:00 h and 12:00 h for Canadian outdoor workers 

and indoor workers, respectively, with outdoor workers receiving more light exposure 

than indoor workers. These observed differences in the time course may be attributed to 

latitude and climate variations. The subjects studied in our study were mainly students, 

and so may not be directly comparable to daytime workers who typically rise earlier and 

receive light exposure on their commute to and from work, and possibly during their 

lunch break. 

In this study, different subjects and group sizes were compared in the winter to 

the summer. Therefore, it is possible that subject specific differences in behavior and life 

style could have contributed to the differences of light exposure profiles observed 

between the two seasons. Nevertheless, the explanation that the differences are simply 

related to season remains the most parsimonious explanation. 

Our observation that during the summer, light exposure was significantly higher 

compared to winter is not surprising and is in accordance with previous studies of 

seasonal variation in light exposure (Guillemette et al., 1998; Hébert et al., 1998; Higuchi 

et al., 2007). It cannot be excluded that the lower light levels observed in this study in the 

winter may in part be due to subjects having covered their actiwatches with their sleeves 
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or gloves, though this was hopefully minimized by deleting the raw light exposure levels 

that read as zero during the day.  

A new observation of the present study is that the relative contribution of blue 

light to overall light exposure varies with season such that is lower during the winter than 

summer, and in particular during the evening hours. This may reflect seasonal variation 

in cloud cover and the height of the sun, as well as the larger contribution of artificial 

light exposure during the winter.  

Studies on exposure to white light have previously highlighted that differences in 

light exposure between adapting and non-adapting shift workers (Dumont et al., 2001), as 

well as between morning and evening types (Goulet et al., 2007), are primarily located in 

the evening hours. The present findings extend these observations on white light 

exposure to the spectral composition of light exposure during the evening and point to the 

potential importance of evening light exposure, rather than morning light. From Figure 2, 

it is clearly visible that in the summer subjects are exposed to twice as much blue light 

than in the winter. The timing of this blue light could indeed have some circadian effects; 

it is well known that bright light exposure in the evening will cause a phase delay of the 

circadian clock (Czeisler et al., 1989).  

The contribution of artificial light to overall light exposure is very likely to have 

contributed to the large reduction in the relative contribution of blue light to overall light 

exposure during the winter evenings in particular. Most artificial light sources contain 

relatively little blue light, in part because the specifications for artificial light are based 

on visual requirements and do not take the spectral sensitivity of NIF responses into 

account (European Committee for Standardization, 2003). 
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The role of blue and green light has been highlighted as fundamentally important 

in the treatment of SAD. Meta analyses indicate that wavelengths of short to medium, i.e. 

green, blue and yellow wavelengths of light, and full-spectrum light yield larger 

treatment effects in SAD than longer wavelengths such as red light (Lee et al., 1997). 

More recently, a study by Glickman et al. (2006) demonstrated that narrow-bandwidth 

blue light (λmax 468 nm) was more effective in the treatment of SAD compared to red 

light (λmax 654 nm), though how this compares to normal white light was unfortunately 

not investigated.  

 

CONCLUSIONS 

The present data show that in addition to overall light exposure, the spectral 

composition of blue light varies with time of day and with season. Further investigation 

of these variations and the genetic variation in melanopsin (Roecklein et al. 2008) may 

contribute to our understanding of inter-individual and seasonal changes in entrainment 

and its disorders. The present data contribute to the rationale for investigating whether 

enriching artificial light with blue light, or other novel light therapies, may reduce the 

incidence of seasonal affective disorders and other seasonal sleep and circadian disorders.  

(Standardization, 2003; Glickman et al., 2006; Dumont & Beaulieu, 2007; Roecklein 

et al., 2009) 
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Table 1 

Average Light exposure 9.00-21.00 h Summer (N=12) Winter (N=22) Significance

Red  light exposure (arbitrary units) 3762 ± 673 1174 ± 293 p = 0.0008  

Green light exposure (arbitrary units) 7293 ± 1198 2200 ± 504  p < 0.0001 

Blue light exposure (arbitrary units) 7887 ± 1324 2179 ± 549  p < 0.0001 
Relative contribution of red light (%) 19.4 ± 0.3 21.5 ± 0.5  p < 0.0001 

Relative contribution of green light (%) 39.4 ± 0.2 41.1 ± 0.6 p = 0.0104 
Relative contribution of blue light (%) 41.3 ± 0.5 37.4 ± 1.0 p < 0.0001 
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Figure 3 
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Table 1: Average (± SEM) exposure to red, green and blue light between 9:00-21:00 h 

during summer and winter. 

 

Figure 1: Average (± SEM) 24-h light exposure (lux) in a) summer (N=12) and b) winter 

(N=22). Data are double plotted. Horizontal bars on top of graph indicate the timing of 

sleep periods (± SEM).  

 

Figure 2:  24-h time course of light exposure. Mean (± SEM) absolute values of (a) 

absolute red light exposure, (b) absolute green light exposure, (c) absolute blue light 

exposure for summer (N=12) (white bars) and winter (N=22) (black bars). Horizontal 

bars indicate the timing of  sleep episodes (± SEM).  

 

Figure 3: Mean (± SEM) relative contribution of (a) % red light exposure (b) % green 

light exposure (c) % blue light  to overall light exposure between 9:00 h and 21:00 h 

during  summer (N=12) (О) and winter (N=22) (●), ▲ p ≤ 0.05 * p ≤ 0.0001. Horizontal 

bars indicate  the timing of  sleep episodes (± SEM).  

 
 
 

 


