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ABSTRACT 

Light has a wide and profound non-visual impact on the human body. It is related to the suppression or 

synthesis of a hormone called melatonin which regulates the human circadian clock. In Nordic countries like 

Sweden, lack of natural light in winter may lead to negative health effects such as circadian disorders or 

depression. At the same time, the underground metro system in Stockholm carries more than one million 

passengers on a weekday. The lighting in the train carriage may have distinct circadian effects on the 

passengers. The paper takes the metro system in Stockholm as an example, calculates the non-visual effects 

of the artificial lighting in the train according to Equivalent Melanopic Lux (EML), Circadian Stimulus (CS) 

and Melanopic Equivalent Daylight Illuminance (M-EDI) Models, compares with current guidance and 

suggestions, considers the daylighting conditions of Stockholm, and proposes a new design solution with 

adjustable LEDs to achieve a better healthful circadian lighting result.  

 

KEY WORDS 

Non-visual Effects; Circadian Lighting; Equivalent Melanopic Lux (EML); Circadian Stimulus (CS); 

Melanopic Equivalent Daylight Illuminance (M-EDI); Stockholm Metro System; Light-Emitting Diode 

(LED) 
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1. INTRODUCTION 

Most creatures living on our planet follow a roughly 24-hour biological clock, or the daily circadian rhythm. 
It was developed through millions of years of evolution and is now deeply carved in our DNA [1]. This 
endogenous mechanism is essential for human beings, as it regulates our sleep-wake cycle, alertness, mood, 
and behavior. It has been proven that the circadian rhythm in human beings and most other creatures is 
significantly correlated with light [2]. In ancient times, our ancestors synchronize their circadian clock with 
the 24-h cycle through regular exposure to light and darkness caused by sunrise and sunset [3]. In modern 
days, people spend most of their time indoor, and rely on artificial luminaires as a supplement for the lack 
of daylight. However, the abuse of artificial light sources has negative effects. When exposed to bright light, 
especially at night, the synthesis of melatonin, a hormone which regulates the circadian clock, will be 
suppressed, and thus can lead to negative health effects such as circadian disorders [4].  

On the other hand, people living in Nordic regions like Sweden experience a lack of daylight during the 
winter times and this may in turn lead to negative effects such as circadian disorders or depression [5]. At 
the same time, hundreds of millions of passengers travel with metro in Nordic cities like Stockholm each 
year, and the traveling time is usually morning and night — the shift period of sleep-wake cycle [6]. When 
on board the underground train, the luminaires inside the carriage may contribute to the non-visual effects 
on the human body. The paper takes the underground metro system of Stockholm as an example, analyzes 
the artificial lighting conditions in the carriage, calculates the non-visual effects according to the Equivalent 
Melanopic Lux (EML), Circadian Stimulus (CS) and Melanopic Equivalent Daylight Illuminance (M-EDI) 
Models, compares with current guidance, and provides suggestions to the artificial lighting system in 
Stockholm Metro.  
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2. BACKGROUND 

2.1. Light and Circadian Rhythm 

In 1729, the French biologist Jean Jacques d’Ortous de Mairan placed a mimosa plant in the dark and found 
that the leaves still opened and closed rhythmically at the appropriate time of the day, suggesting an 
endogenous origin of the circadian rhythm [7]. During the 20th century, researchers found that, as for human 
beings, the circadian rhythm is regulated by a hormone called melatonin. It is primarily synthesized by the 
pineal gland in our brain and is strongly related to light exposure [8]. In normal day-and-night cycles, 
melatonin synthesis increases highly at night when it is dark and decreases in the morning with exposure to 
natural light [9]. However, experiments on both mice and humans reveal that exposure to bright light at night 
may suppress the synthesis process, and thus can lead to circadian disorders [10]. The higher the light 
intensity the eyes receive, the stronger the suppression [11]. Therefore, melatonin-based medicine is 
commonly used to treat sleeping disorders or insomnia [12]. Yet, the mechanism between light and melatonin 
suppression remained unanswered in the past century.  

In 1998, based on experiments with mice, scientists found that some cells in the retina, sparse in amount but 
broad in distribution, send signals to the suprachiasmatic nucleus (SCN), where the main circadian body 
clock is situated [13]. In the beginning of the 21st century, evidence was found that, in the human retina, 
there seems to be a new kind of photoresceptor other than the familiar rods and cones. It is responsible for 
the melatonin suppression. In 2002, the cell was found. Unlike rods and cones, it doesn’t create “vision”. It 
signals to the non-image forming centers in the brain, and it was named Intrinsically Photosensitive Retinal 
Ganglion Cell (ipRGC). [14]. The discovery marked the beginning of a new era of circadian photobiology. 
Visual effects were no longer the only factors to be considered in lighting design. The non-visual effects 
should also be taken into account [15].  

As scientists started to venture into the still novel field, the connection between light and circadian rhythm 
became clearer. When light enters the retina, melanopsin, a photosensitive protein in ipRGCs, is activated. 
The activated ipRGCs send neural signals to the SCN. The SCN in turn regulates the circadian cycle by 
controlling the pineal melatonin production according to the received signals [16]. The natural circadian 
rhythm of the human body is not completely synchronized with the 24-hour-day, slightly longer to be exact, 
and the human body relies on the exposure to light through the eye to adjust and synchronize itself with day 
and night, i.e. the circadian photoentrainment. The process is mainly realized by ipRGCs. However, rods 
and cones, the image-forming cells, also participate in this process to some extent [17] [18]. The mechanism 
is complex.  

 

2.2. Short-wavelength Sensitivity 

Even before ipRGCs were discovered, people already realized that, at the same light level, a high correlated 
color temperature light source has a greater effect to a low correlated color temperature one in exciting a 
physiological response [19]. Later studies demonstrated that exposure to short-wavelength monochromatic 
light at night (460nm) has a much greater impact than long-wavelength monochromatic light (550nm) in 
melatonin suppression and alertness [20]. This is because the melanopsin in ipRGCs is mostly sensitive to 
the blue part of the spectrum, with a peak sensitivity at around 480nm wavelength. [21] [22]. Although the 
peak lies in the short-wavelength region of the spectrum, given the same light intensity, exposure to 
specially-tuned polychromatic white light may be more effective than monochromatic blue light in melatonin 
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suppression, indicating that melatonin suppression is not only driven by melanopsin in ipRGCs [23]. 
Therefore, enriching the short-wavelength spectrum in polychromatic light, such as fluorescent lamps, can 
greatly enhance the melatonin suppression [24]. At the same time, lowering the short-wavelength part of the 
spectrum can significantly reduce the impact on the circadian rhythm [25]. Based on these principles, 
spectral characteristics of a light source can be tuned to change the non-visual responses to light in humans: 
when alertness is needed (e.g. in a working space), the short-wavelength spectrum can be tuned up; when 
sleeping quality is needed (e.g. in a bedroom), the short-wavelength spectrum should be tuned down [26]. 
The lighting output can visually “look” the same with different spectrum combinations. It could help change 
the non-visual effects without changing illumination level or correlated color temperature [27].  

The short-wavelength sensitivity property is widely used in electronic display field. In recent years, people 
expose to computer monitors and cellphone screens more than ever. The light emitting from the screens may 
have a significant impact on the melatonin levels [28]. Exposure to such screens at night may lead to sleep 
deterioration and circadian disorders [29]. Hence, some manufacturers choose to lower the short-wavelength 
spectrum of the screens at night to help decrease the risk, such as the night-shift function of iPhone [30]. 

 

2.3. Non-visual Effects and Health 

Light has strong non-visual effects and it relates to health through the circadian clock, either positive or 
negative [31]. Inappropriate nocturnal lighting leads to alertness at night and postpones sleepiness [32] [33]. 
It causes circadian disruption and has negative effects to health [34]. Studies have proven that urban lighting 
at night today may increase the risk of breast cancer [35] [36] [37] [38] [39], obesity [40], abnormal 
metabolism [41], insomnia [42], etc. Yet there are beneficial aspects. Light is sometimes used as an adjuvant 
therapy for patients struggling with circadian disorders [43] [44], mood disorders [45], seasonal affective 
disorders [46], postpartum depression [47], Alzheimer’s disease [48], etc.  

Bright light increases vigilance and delays sleepiness at night through the non-visual effects [49]. On the 
other hand, it decreases sleepiness during daytime, when vigilance is needed for working [50]. Research 
shows that light for working can be dynamic throughout the day to follow the circadian rhythm, in order to 
improve both working efficiency and sleeping quality [51].  

 

2.4. Quantitative Methods 

In order to study and evaluate the non-visual effects in a more scientific way, quantitative methods were 
developed to inform related regulations or recommendations. One question is: how to turn the subjective 
feelings like alertness and sleepiness into objective numbers and find its connections with light?  

One of the suggestions is through the photoreceptors’ spectral sensitivity to light. This leads to the α-opic 
Equivalent Illuminance model, from which derives the Equivalent Melanopic Lux (EML) model [52]. The 
relationship between melatonin suppression level and light spectrum can also be considered. This leads to 
the Circadian Light (CLA) and Circadian Stimulus (CS) models [53]. Another solution is to combine the 
sensitivity of five photoreceptors with standard daylight, which leads to the α-opic Equivalent Daylight 
Illuminance (α-EDI) model [54].  
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2.4.1. α-opic Equivalent Illuminance 

Photoreceptors, including rods, cones and ipRGCs, are not equally sensitive to all wavelengths of light. In 
2011, Enezi et al carried out a series of experiments with mice lacking rod and cone photoreceptors. The 
experiments show that the circadian phase shifting in mice can be predicted using the melanopsin spectral 
sensitivity function (with a peak wavelength at 480nm). They suggested that the melanopsin spectral 
sensitivity function can also be used to predict the circadian effects in humans [55]. In 2013, Lucas et al put 
forward the calculation method for the effective illuminance for each of the 5 photopigments in human eyes. 
The effective illuminance, or α-opic equivalent illuminance is represented as Eα, where α specifies the 
category of the retinal photopigment (Esc for S Cone; Emc for M Cone; Elc for L Cone; Er for Rod; Ez for 
Melanopsin). The formula is as follows [56]: 

𝐸! =
𝐾" ∫𝐸#,%(𝜆)𝑁!(𝜆)𝑑𝜆 ∙ ∫𝑉(𝜆)𝑑𝜆

∫𝑁!(𝜆) 𝑑𝜆
 

In the equation, λ is the wavelength of the radiation (380nm-780nm). Km=683.002lm/W, which is the 
maximum spectral luminous efficacy. V(λ) is the spectral luminous efficacy function for photopic vision. 
Ee,λ(λ) is the spectral power distribution received at the eye. Nα(λ) is the α-opic sensitivity curve with 
arbitrary normalization.  

Considering that ∫𝑉(𝜆)𝑑𝜆=106.857, and ∫𝑁!(𝜆) 𝑑𝜆	is defined as 1, the equation for α-opic Equivalent 
Illuminance can also be written as:  

𝐸! = 72983.254𝐸#,%(𝜆)𝑁!(𝜆)𝑑𝜆 

α-opic Equivalent Illuminance can be understood as the visual illuminance at a specific point and direction 
multiplies by the α-opic ratio, which is the ratio between α-opic response to the visual response. In other 
words, it’s the calibrated illuminance based on the photoreceptor’s sensitivity.  

Lucas et al well knew that all photoreceptors contribute to the non-visual effects, yet the relationship was 
unclear. Hence, they suggested to calculate all five photoreceptors and put them together as the result. 
However, the WELL Building Standard only adopted part of the α-opic Equivalent Illuminance, which is 
the Ez for Melanopsin, or the so-called Equivalent Melanopic Lux (EML). The WELL Building Standard set 
up specific criteria regarding the EML, serving as a reference for circadian lighting design [57].  

However, The EML method has some limitations. For instance, it fails to consider the contributions of rods 
and cones. Studies have shown that in dark environment, it is actually the rods which contribute most to the 
non-visual effects [58]. In addition, the melanopsin sensitivity function with a peak at 480nm wavelength 
cannot accurately predict the nocturnal melatonin suppression in dark environment [59]. A more 
comprehensive method is needed to measure the non-visual effects.  

 

2.4.2. Circadian Light and Circadian Stimulus 

The EML model is based on the melanopsin sensitivity of ipRGCs in the retina. The Circadian Light (CLA) 
and Circadian Stimulus (CS) models, on the other hand, are based on the experiments that measured the 
impact of light on melatonin suppression, the hormone synthesized by the pineal gland. Back in 2001, 
Brainard et al and Thapan et al recognized a sudden change in melatonin suppression at the wavelength 
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around 500nm [60] [61]. Rea et al hypothesized that this is caused by the blue-yellow (b-y) spectrally 
opponent connections in the S-cone cells. To put it in a simple way, when the wavelength is longer than 
500nm, the response of the SCN is mostly based on ipRGCs alone. When the wavelength is shorter than 
500nm, S-cones and rods begin to contribute. The sudden change point is called the spectral opponent cross-
point [62]. Therefore, the model suggested is non-linear. In later studies by Rea et al, they presented two 
measurement indexes: Circadian Light (CLA) and Circadian Stimulus (CS) [63] [64].  

CLA is the illuminance weighted to reflect the spectral sensitivity of the human circadian system based on 
melatonin suppression. It can be compared with photopic illuminance. CLA is calculated as follows:  

𝐶𝐿& =

⎩
⎪⎪
⎨

⎪⎪
⎧1548 =4𝑀𝑐%𝐸%𝑑𝜆 + A𝑎'() C4

𝑆%
𝑚𝑝%

𝐸%𝑑𝜆 − 𝑘4
𝑉%
𝑚𝑝%

I − 𝑎*+, J1 − 𝑒
(∫.!"/",%
0+,123 LMN

																																			𝑖𝑓	 4
𝑆%
𝑚𝑝%

𝐸%𝑑𝜆 − 𝑘4
𝑉%
𝑚𝑝%

𝐸%𝑑𝜆 > 0

15484𝑀𝑐% 𝐸%𝑑𝜆		𝑖𝑓	4
𝑆%
𝑚𝑝%

𝐸%𝑑𝜆 − 𝑘4
𝑉%
𝑚𝑝%

𝐸%𝑑𝜆 ≤ 0

 

The constant, 1548, sets the normalization of CLA so that 2856K blackbody radiation at 1000lux has a CLA 
value of 1000. Eλ is the spectral irradiance distribution of the light source. Mcλ is the melanopsin luminous 
efficiency function corrected for crystalline lens transmittance. Sλ is the S-cone luminous efficiency function. 
mpλ is the macular pigment transmittance. Vλ is the photopic luminous efficiency function. V'λ is the scotopic 
luminous efficiency function. RodSat equals to 6.5W/m2, which is the half-saturation constant for bleaching 
rods. k=0.2616. ab-y=0.7000. arod=3.3000.  

CS, on the other hand, is a mathematical transformation of CLA. It ranges from 0 (no melatonin suppression) 
to 0.7 (maximum melatonin suppression), and it is directly proportional to nocturnal melatonin suppression. 
The CS value can be calculated as follows:  

𝐶𝑆 = 0.7 −
0.7

1 + ( 𝐶𝐿&355.7)
4.4678

 

Compared with the EML model, the CLA and CS models consider the contribution of all five photoreceptors 
in the retina based on the nocturnal melatonin suppression. However, it also has limitations. For instance, it 
doesn’t consider the time and duration of light exposure, and the subject’s photic history. What’s more, 
melatonin level isn’t the only factor that affects people’s alertness and sleepiness. There’s still a long way to 
go towards a more comprehensive quantitative method.  

 

2.4.3. α-opic Equivalent Daylight Illuminance 

In April 2020, the International Commission on Illumination (CIE) released a new toolbox in support of the 
use of the international standard CIE S 026: 2018 CIE System for Metrology of Optical Radiation for ipRGC-
Influenced Responses to Light [65]. Rather than regarding it as a new method, it’s more accurate to recognize 
it as an upgrade to the α-opic Equivalent Illuminance by Lucas et al.  

In the new standard, α-opic Equivalent Daylight Illuminance (α-EDI) was invented to replace the old α-opic 
Equivalent Illuminance. It is defined as the illuminance produced by radiation conforming to standard 
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daylight (D65) that provides an equal α-opic irradiance. And the standard daylight (D65) refers to the relative 
spectral power distribution representing a phase of daylight with a correlated color temperature of 
approximately 6500K, as defined in CIE S 017 [66]. The α-opic Equivalent Daylight Illuminance is 
represented as 𝐸.,!98: and can be calculated as follows:  

𝐸.,!98: =
𝐸!
𝐾!,.98:

 

Eα is the α-opic irradiance, expressed in watts per square meter. 𝐾!,.98: is the α-opic efficacy of luminous 
radiation for daylight (D65). It is the quotient of α-opic radiant flux of standard daylight (D65) and luminous 
flux of standard daylight (D65), expressed in watts per lumen, and can be calculated as follows:  

𝐾!,.98: =
Φ!
98:

Φ.
98: 

Compared with α-opic Equivalent Illuminance, the new α-EDI model creatively uses standard daylight as a 
criterion. The WELL Building Standard has started to adopt part of α-EDI, the Melanopic Equivalent 
Daylight Illuminance (M-EDI) [67]. It should also be noted that whatever the spectral power distribution, 
the ratio between M-EDI and EML is a constant value, about 0.91 to be exact. Therefore, the current 
adaptation of M-EDI in WELL Building Standard is only a supplement for EML.  

 

2.5. Exposure Time and Duration 

It should be noted that all the aforementioned quantitative methods consider only the spectrum and intensity 
of light. In other words, given the relative spectral power distribution and illuminance of the light received 
at the eye, the values can be calculated. Other factors, such as exposure time and duration, are not considered. 
However, exposing to bright light during the night and during the day should have different effects. Exposing 
to bright light for one minute and for one hour will also cause different outcomes.  

Despite the fact that exposing to bright light both during the day and night improves vigilance and decreases 
sleepiness, studies indicate that the circadian system is most sensitive to light during the night [68]. And 
untimely artificial luminaires at night have deprived our sleep during the night in the modern times [69]. On 
the other hand, studies also found that exposure to bright light during the day may improve the sleeping 
quality during the night [70]. Therefore, lighting for both day and night should be considered for a better 
circadian result.  

As for the relationship between the duration of light exposure and the circadian effects, no consensus is 
reached unfortunately yet. Noguchi et al believe that exposing to bright light for 22 minutes will cause 
circadian effects [71]. Rimmer et al discovers that with the same illuminance, exposing to bright light for 
continuous 5 hours has the same circadian effects with intermittent 5 hours (exposing for 5 minutes in each 
25 minutes) [72]. Based on the studies, it is reasonable to make an assumption that circadian effects begin 
to emerge after around 20 minutes of bright light exposure. The longer the exposure, the stronger the effects. 
The higher the light intensity, the shorter the time it takes to cause circadian effects.  
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2.6. A Metro Solution for Stockholm 

People living in Nordic cities like Stockholm experience a lack of daylight during the winter. For instance, 
on the Winter Solstice in Stockholm, the sun rises at 8:43am and sets at 2:48pm. The daylength is only 6 
hours [73]. Lack of natural light is associated with depressive symptoms [74]. As a result, the prevalence of 
depression in the Nordic countries is believed to be higher than other parts of the world [75]. On the other 
hand, public transportation has become a crucial part of urban life. In the United States, for example, people 
spend an average of 105 minutes every day waiting for or traveling on buses, metros, or commuter trains 
[76].  

Table 1 shows the time spent on the train from Stockholm city center to the terminal stations. As can be seen, 
the traveling time is around 20 to 30 minutes. The train mostly runs underground, where artificial lighting 
takes dominance. With such exposure time, the artificial lighting in the train may have a profound impact on 
the circadian system. The facts make people wonder: is it possible to turn the metro train in Stockholm into 
a “therapy center”, with appropriate lighting throughout the day, and improve the negative effects caused by 
the lack of natural light in winter?  

 

From To Duration 

T-Centralen 

(City Center) 

Hjulsta 21 min 

Akalla 20 min 

Mörby Centrum 14 min 

Ropsten 8 min 

Kungsträdgården 2 min 

Skarpnäck 19 min 

Farsta Strand 23 min 

Hagsätra 22 min 

Fruängen 18 min 

Norsborg 37 min 

Hässelby Strand 33 min 

Table 1  Time Spent on the Metro from City Center to Terminal Stations1 

 
  

 
1 The travel time is calculated with https://sl.se/, the official website of Stockholm Public Transport.  
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3. METHODOLOGY 

3.1. Stockholm Metro Train and Luminaires 

 

Fig. 1  Main Subject: SL C20 Train of Stockholm Metro 

 

Fig. 2  Luminaires in the Carriage 
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The SL C20 train is selected as the main research subject (Fig. 1). It entered service in 1998 and is the latest 
train type in Stockholm Metro system today. Most passengers take the metro during the morning and evening 
rush hours, spending the time of circadian shift period underground without daylight. The luminaires inside 
the carriage is almost the only light source the passengers are exposed to (Fig. 2). Yet the non-visual effects 
of the luminaires have rarely drawn scholarly attention.  

Fig. 3 shows an axonometric view of a typical carriage of the SL C20 Train. The overall layout is symmetrical. 
The carriage has 6 doors, 3 on each side. Inside the carriage there are 48 seats in total. Half of the seats are 
next to the windows (Window Seats); the other half are next to the aisle (Aisle Seats). Next to the doors there 
are open areas, where people mostly stand at (Standing Positions).  

 

Fig. 3  A Typical Carriage 

There are 18 luminaires mounted in the ceiling of the carriage (Fig. 4), lighting up the seats and standing 
areas. Measurement of the spectral power distribution shows that they are the same type of fluorescent lamp 
(Fig. 5), with constant lighting output in any trains and at any time throughout the day. The luminaires 
provide warm white light, with a correlated color temperature at around 2880K.  

 

 

 



 13 

 

 

 

 

 

Fig. 4  18 Luminaires in a Typical Carriage 
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Fig. 5  Relative Spectral Power Distribution of the Luminaires 

 

3.2. Measuring Points Selection 

60 measuring points are selected in the carriage, including 48 sitting positions and 12 standing positions (Fig. 
6). The 48 sitting positions include 24 Window Seats, numbered as W1-W24, and 24 Aisle Seats, numbered 
as A1-A24. The 12 Standing Positions are numbered as S1-S12. The light received at the eye level at each 
of the measuring point is measured, including the spectral power distribution, and illuminance. The EML, 
CS, and M-EDI values are calculated for the 60 measuring points.  

 

Fig. 6  60 Measuring Points 
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4. RESULTS 

4.1. Data Analysis 

The measurement was carried out on Apr. 6, 2020. A normal weekday of Monday. A random carriage with 
all luminaires functioning properly was selected. The lighting parameters at the eye level of both standing 
and sitting positions were measured with a CL-500A Illuminance Spectrophotometer. The height of the 
sitting eye level is 1200mm, while the height of the standing eye level is 1650mm. In order to avoid the 
disturbance from the luminaires on the platform, the measurements were only carried out when the train was 
in the tunnel. The spectral power distributions of the 60 measuring points were recorded, as shown below:  

 

Fig. 7  Spectral Power Distribution of 60 Measuring Points 

As can be seen from Fig. 7, all 60 measurements points share an almost identical relative spectral power 
distribution, and they all align with the spectral power distribution of the current luminaires shown in Fig. 5, 
with the same peaks and similar proportions. It indicates that the reflectance of the materials in the carriage 
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doesn’t affect the composition of the light spectrum received at the eye very much. The circadian effects are 
mainly affected by illuminance.  

The illuminance received at the eye level of the measuring points were also recorded2 . Based on the 
Toolboxes by Lucas et al, Rea et al and CIE, the EML, CS, and M-EDI values of the measuring points are 
calculated. As shown in the following tables:   

 

Measuring Pt. Illuminance EML CS M-EDI 

W1 130 52 0.13 47 

W2 100 40 0.10 36 

W3 128 54 0.14 49 

W4 124 50 0.13 45 

W5 124 51 0.13 47 

W6 142 57 0.14 52 

W7 129 52 0.13 47 

W8 123 49 0.13 44 

W9 131 53 0.13 48 

W10 144 57 0.14 52 

W11 88 38 0.10 34 

W12 110 44 0.12 40 

W13 104 42 0.11 38 

W14 80 32 0.09 29 

W15 167 67 0.17 61 

W16 94 38 0.10 35 

W17 148 59 0.15 54 

W18 130 52 0.13 47 

W19 150 63 0.16 57 

W20 136 58 0.15 52 

W21 142 58 0.15 52 

W22 130 53 0.13 48 

W23 83 33 0.09 30 

W24 89 35 0.09 32 

Average 122 49 0.13 45 

Table 2  Illuminance, EML, CS and M-EDI of the Window Seats 

 
2  Technically, the illuminance can be calculated from the spectral power distribution. However, there’s always a slight 
difference (usually less than 2%) between the calculated illuminance and the measured illuminance. In the calculation of EML, 
CS and M-EDI, the measured illuminance is used.  
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Measuring Pt. Illuminance EML CS M-EDI 

A1 156 64 0.16 58 

A2 129 52 0.13 47 

A3 181 75 0.18 68 

A4 171 69 0.17 62 

A5 169 69 0.17 62 

A6 205 83 0.20 75 

A7 186 76 0.18 69 

A8 201 83 0.20 75 

A9 193 81 0.19 73 

A10 189 77 0.19 70 

A11 126 52 0.13 47 

A12 155 62 0.16 56 

A13 170 69 0.17 63 

A14 115 47 0.12 42 

A15 204 83 0.20 75 

A16 140 56 0.14 51 

A17 190 77 0.19 70 

A18 177 72 0.17 65 

A19 206 85 0.20 77 

A20 189 77 0.18 69 

A21 191 78 0.19 71 

A22 185 75 0.18 68 

A23 115 46 0.12 42 

A24 141 57 0.14 52 

Average 170 69 0.17 63 

Table 3  Illuminance, EML, CS and M-EDI of the Aisle Seats 
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Measuring Pt. Illuminance EML CS M-EDI 

S1 352 146 0.30 132 

S2 316 130 0.27 118 

S3 411 164 0.32 149 

S4 372 148 0.30 134 

S5 334 139 0.29 126 

S6 375 155 0.31 140 

S7 301 121 0.26 109 

S8 283 113 0.25 103 

S9 423 168 0.32 153 

S10 400 160 0.31 145 

S11 348 144 0.29 131 

S12 385 160 0.31 145 

Average 358 146 0.29 132 

Table 4  Illuminance, EML, CS and M-EDI of the Standing Positions 

 

The results verify the fact that M-EDI values are directly proportional to the EML values. M-EDI values 
equal to EML values multiply by 0.91. In light of this, the paper mainly takes EML and CS to make analysis. 
Based on the statistics, the average EML and CS of the measuring points are shown in Fig. 8.  

 

Fig. 8  Average EML & CS of the Measuring Points 

As can be seen from Table 2-4 and Fig. 8, people sitting at the window seats receive the least non-visual 
effects, with an average EML of 49, CS of 0.13, M-EDI of 45. This is due to the relative long distance 
between the window seats and the luminaires. On the other hand, the standing positions receive the most 
non-visual effects, with an average EML of 146, CS of 0.29, and M-EDI of 132. This is because that when 
passengers stand there, the eyes are right below the luminaire, receiving a high illuminance. The aisle seats 
lie in the middle, with an average EML of 69, CS of 0.17, and M-EDI of 63. 
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Fig. 9  Illuminance and Circadian Effects: Window Seats < Aisle Seats < Standing Positions 

It can also be verified that with the almost identical relative spectral power distribution received in the eyes, 
the non-visual effects are only affected by the illuminance. The higher the illuminance, the stronger the non-
visual effects (Fig. 9).  

 

4.2. Comparison with Guidance 

Exposing people to the right amount of light at the right time of the day may greatly improve people’s well-
beings. However, when it comes to the lighting in public transportation, there is almost zero standards or 
regulations regarding the non-visual effects. There are some references for circadian lighting in architecture 
design though. The paper borrows them and set up its own standards for the metro. Considering that there 
are few criteria regarding the M-EDI method, the paper will mainly focus on EML and CS.  

As mentioned in Chapter 2, the WELL Building Standard adopts the EML method for circadian lighting 
design. It provides some suggested EML values in different circumstances. For instance, in working areas, 
daylight and electric light should together provide a stable 200 EML or greater. In a bedroom with windows, 
there should be more than 200 EML during daytime while less than 50 during nighttime [77]. Based on the 
standard, it is reasonable to put forward a suggestion that the EML should be higher than 200 during the 
daytime, while less than 50 during the nighttime in the metro.  

As for the CS, it hasn’t been adopted by any universal building standards yet. However, the Lighting 
Research Center who invented the model does give us some recommendations. It is suggested that for a 
typical working area, in the daytime the CS value should be higher than 0.3, and lowering down to less than 
0.1 at night [78]. The paper follows the same guidance for the metro.  

For the sitting positions in the metro, the circadian lighting situation is slightly higher than suggested for the 
nighttime, while far from enough for the daytime. For the standing positions, on the other hand, the lighting 
is almost sufficient for the daytime while too strong for the nighttime. To achieve a better healthful circadian 
lighting result, it is necessary to lower the circadian impact at night while increase the impact during the day.  
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5. DISCUSSIONS 

5.1. An Adjustable LED Solution 

According to the analysis, the current lighting in the metro carriage is constantly not good enough — the 
circadian effects are too high for the night while too low for the day. The paper aims at providing a practical 
solution in two aspects: to reduce the non-visual effects during the nighttime, and to enhance the non-visual 
effects during the daytime. According to new EU regulations, fluorescent lamps will be completely phased 
out by September 2023 [79]. Therefore, the paper looks into new LED solutions in replace of the current 
fluorescent lamps.  

As mentioned in the previous text, ipRGCs are mostly sensitive to short-wavelength light. Studies show that 
lowering the short-wavelength part in the spectrum can significantly reduce the non-visual effects while 
maintaining an acceptable illuminance [80]. Thanks to the development of technology, it is now possible to 
produce dynamic LEDs which could add or remove the short-wavelength spectrum at different times of the 
day to achieve circadian benefits.  

 

Fig. 10  Short-wavelength Enriched (Left) and Depleted (Right) Spectral Power Distributions 

Fig. 10 shows the relative spectral power distributions of the LED for both day and night provided by Healthe 
Lighting [81]. As can be seen, the short-wavelength spectrum around 480nm is enriched for the day while 
depleted for the night. The dynamic LED transitions from short-wavelength enriched light, to promote 
alertness and productivity during the day, to a short-wavelength depleted light, to reduce circadian clock 
disruption in the evening. 

With the change of spectral power distribution, the properties of the light source, such as correlated color 
temperature and color rendering properties, also change (Fig. 11). As calculated using the IES TM-30-18 
Calculator [82], the correlated color temperature of the short-wavelength enriched light is 4221K, relatively 
neutral white light, while the short-wavelength depleted light is 2605K, relatively warm white light. The 
fidelity index (Rf) which indicates the color rendering properties is 96 for the short-wavelength enriched 
light while 71 for the short-wavelength depleted light. Although the Rf is relatively low for the short-
wavelength depleted light, considering that it is suggested that Rf no lower than 70 [83], both the spectral 
power distribution has acceptable color rendering properties. The paper will take the two different spectral 
power distributions as an example and examine their application prospects in the metro carriage.  
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Fig. 11  Properties of Short-wavelength Enriched (Left) and Depleted (Right) LEDs 

 

5.2. Lighting Simulation 

Two typical modules of the metro train are selected as the simulation subject. First is the sitting module (Fig. 
12 Left), it includes 4 window seats and 4 aisle seats. Second is the standing module (Fig. 12 Right), it 
includes 4 standing positions. ALFA is selected as the simulation tool. The calculation points and facing 
directions can be seen from the diagrams (Fig. 12). The LED luminaires are set at the same positions of the 
current fluorescent lamps in the metro. The luminous flux is set as 2000lm. The daylight is turned off to 
simulate the environment in the underground tunnel. The materials are selected from the default ALFA 
library. Their property settings are shown in the following table:  

 

 Material Reflectance 

Floor Grey Nonscratch Floor 38.7% 

Wall White Painted Walls 84% 

Ceiling White Painted Room Ceiling 82.2% 

Window Single Plane Clear 6mm Tvis 88% 8.0% 

Seat Blue Mattress 37.1% 

Table 5  Material Properties in ALFA Simulation 
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Fig. 12  Sitting Module (Left) and Standing Module (Right) 

Based on the simulation and calculation, the average illuminance, EML, CS and M-EDI values of both the 
sitting and standing positions are shown in the following tables:  

 

Calculation Pt. Illuminance EML CS M-EDI 

Window Seats 139 120 0.18 109 

Aisle Seats 193 167 0.24 151 

Standing Positions 399 345 0.37 313 

Table 6  Average Illuminance, EML, CS, M-EDI with Short-wavelength Enriched Spectrum (2000lm) 

 

Calculation Pt. Illuminance EML CS M-EDI 

Window Seats 139 47 0.12 42 

Aisle Seats 193 65 0.16 59 

Standing Positions 399 134 0.28 121 

Table 7  Average Illuminance, EML, CS, M-EDI with Short-wavelength Depleted Spectrum (2000lm) 
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Fig. 13  Average EML & CS (Short-wavelength Enriched/Depleted, Illuminance Constant) 

From the results, it can be concluded that given the same amount of light output (2000lm), the circadian 
effects change dramatically with the existence or absence of the short-wavelength peak. With the enrichment 
of the short-wavelength spectrum, the EML and M-EDI values almost triple and the CS values also increase 
by around 50%.  

Although there is great improvement compared with the current fluorescent lamps which only provides 
constant circadian effects, the results of the new LEDs are still not good enough according to our goal 
(Daytime EML≥200, CS≥0.3; Nighttime EML≤50, CS≤0.1). In other words, the circadian effects are still 
not strong enough for the daytime and still a little too high for the nighttime. Of course, we can ask the LED 
engineers to continue increase the short-wavelength spectrum for the day while further decrease it for the 
night. However, a severely-biased spectrum may cause other side effects like unpleasant appearance and 
decrease in color rendering qualities.  

A more practical way is to use LED dimming controls to increase the light output during the day and decrease 
it at night. In the previous simulations, the light output for both day and night are set as 2000lm. In order to 
satisfy the requirements, the light output for the daytime may increase to 4000lm, while for nighttime lower 
down to 1000lm. The new average illuminance, EML, CS and M-EDI values are shown in the following 
tables:  

 

Calculation Pt. Illuminance EML CS M-EDI 

Window Seats 280 242 0.30 219 

Aisle Seats 388 336 0.37 304 

Standing Positions 784 678 0.50 614 

Table 8  Average Illuminance, EML, CS, M-EDI with Short-wavelength Enriched Spectrum (4000lm) 
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Calculation Pt. Illuminance EML CS M-EDI 

Window Seats 70 23 0.06 21 

Aisle Seats 96 32 0.08 29 

Standing Positions 197 66 0.16 60 

Table 9  Average Illuminance, EML, CS, M-EDI with Short-wavelength Depleted Spectrum (1000lm) 

 

 

Fig. 14  Average EML & CS (Short-wavelength Enriched / Depleted, Illuminance Increased / Decreased) 

By taking the strategy of modifying both spectrum and light output of the LEDs in the carriage, most of the 
areas on the train satisfy the requirement previously set (Fig. 14). Although the EML and CS of standing 
positions at night still exceed the requirement a little bit, considering that people get on and get off near the 
area, it is reasonable to maintain the relatively high illuminance. Note that with such strategy, both the 
illuminance and correlated color temperature of the light in the carriage change throughout the day and night 
(Fig. 15).   

 

Fig. 15  Both Light Intensity and Spectral Power Distribution Are Changed to Satisfy the Criteria 
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It should also be noted that the solution has to be under the premise that a minimum required illuminance is 
maintained. According to the US Transportation Guide [84], the illuminance received at the eye level should 
be higher than 100lux for high activity areas, such as where people get on and get off (standing areas), and 
50lux for low activity areas, such as where people stay (sitting areas). The solution with the change of light 
output satisfy the minimum required illuminance.  

 

5.3. Summary and Limitations 

The paper has provided a practical solution towards better circadian effects. By combination of the 
modification of the LED short-wavelength spectrum and the adjustment of light output, a healthful circadian 
lighting solution for the metro may be obtained. However, there are still limitations.  

To begin with, all of the measurements and calculations are based on the ideal assumption that all passengers 
in the metro stand or sit precisely at the designated positions and look straight ahead like soldiers. In real 
life, however, passengers may be looking at smartphones or reading a book with their heads lowered down. 
Additionally, during rush hours when the metro is crowded, the light entering the eyes may be blocked by 
other passengers. The light received in the eyes might not align with the measurement results.  

Secondly, the paper doesn’t consider the effects of daylight. In some parts of the metro line, the train runs 
above the ground. The daylight through the windows also contributes to the circadian effects. This is 
especially important in summer time when the sun rises before 4am and sets after 10pm [85]. A shading 
device can be installed to block the daylight in the evenings when necessary.  

Thirdly, the paper doesn’t answer when and how the light output and spectrum should be changed. The 
author believes that the light output should change gradually throughout the day, in compliance with the 
change of natural light. For instance, during the morning hours (before 11am), the luminaires should provide 
the highest light intensity and maximum short-wavelength spectrum; During the noon and afternoon (11am-
5pm), the light output and short-wavelength spectrum can decrease to an acceptable level; In the evening 
(after 5pm), the light intensity should reach the minimum and the short-wavelength peak should be 
completely removed. Unfortunately, the standards and regulations regarding the circadian lighting are still 
in preliminary stage. A more detailed guidance is needed and it should draw scholarly attention.  

Finally, all the current models regarding the circadian lighting, no matter EML, CS, or M-EDI, are still in 
theoretical stage. It wasn’t until recent days in 2020 that scholars began to examine whether the models can 
accurately predict the circadian effects or not [86]. Therefore, even if the data shows that all the indicators 
meet the criteria for circadian lighting, a test in a field study with actual lighting and people should still be 
carried out, in order to evaluate how much the “metro solution” works.  
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6. EPILOGUE 

Imagine that one day, you step into the Stockholm metro train on a dark winter morning. You are exposed to 
the bright and short-wavelength enriched artificial light. You feel like being bathed in the bright daylight. 
This signals to your body to wake you up, and all your sleepiness and depression are gone. You arrive at 
your working place energetically and vigorously and start your brand-new day. When you finish the day’s 
work in the evening, you step into the metro train again. This time you’re exposed to relatively dim and 
short-wavelength depleted light. The soft and warm light feels like gloaming dusk. The circadian clock in 
your body is not affected, and you can expect a good night sleep when you arrive home.  

The method for the Stockholm Metro System can also be applied to other high latitude regions around the 
world where daylight is insufficient. It can also be applied to buses, commuter trains and taxis. Hopefully, it 
can greatly relieve the depression and other health problem in these areas. The future of healthful circadian 
lighting is bright. And how to improve our quality of life considering the circadian effects should be the next 
topic in the field of lighting design.  
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