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Featured Application: This work clarifies light sources’ circadian effect and mesopic vision effect
in road lighting for the first time, and guides circadian and efficient outdoor lighting application.

Abstract: Several models on the circadian effect have been applied to indoor circadian lighting design,
but applications in road lighting have not yet been clarified. Based on existing models and circadian
research, we examined equivalent melanopic lux (EML), circadian light (CL,), and circadian stimulus
(CS) representing the circadian effect and the S/P ratio representing the mesopic vision effect, among a
dataset of light sources at photopic adaptation illuminance values of 1, 3, 10, 30, and 100 Ix. The results
show that the S/P ratio correlates with EML and CS (or CLa) much stronger than it correlates with
color temperature. The EMLs of light sources are below 50 EML in mesopic vision, and the CSs of
most light sources are below or around the threshold value of 0.05. We conclude that the circadian
effect is not a significant issue in mesopic vision under most conditions and that optimization for
mesopic efficiency is still a good strategy. There are quite a few light sources that may achieve both
ideal mesopic efficiency and low CS. This work clarifies the circadian effect and mesopic vision effect
performance of light sources in mesopic vision and will help guide choosing suitable light sources
and optimization strategies for road lighting.

Keywords: S/P ratio; EML; CS; CCT; mesopic vision; photopic vision

1. Introduction

There are two kinds of visual imaging photoreceptors [1], cone and rod cells, and one kind of
non-visual imaging photoreceptor, ipRGCs [2,3]. The cones, rods, and ipRGCs relate to the spectral
sensitivity of photopic vision, scotopic vision, and melatonin suppression [4,5], respectively. For the
visual imaging system, the activation levels of the cones and rods differ at different luminance (or
illuminance) ranges. Road lighting is mainly in the mesopic vision stage, where both cones and
rods activate. For non-visual imaging systems, melatonin suppression occurs under a large range of
illuminance levels, even as low as 1 Ix [6]. Most studies focus on indoor circadian lighting applications
with illuminance values of about 100 to 1000 1x in photopic vision. Only a few works [7] focused on
dim outdoor lighting applications (<30 Ix), which might also be in the mesopic vision stage. It is not
clear how the circadian effect and mesopic vision effect work for dim road lighting applications.

For road lighting applications, the lighting should meet several needs, including the detection
of small objects and safety [8,9]. Generally, luminance for road lighting is about 0.5 to 2 cd/m? for
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energy-saving concerns in a mesopic vision state. Mesopic vision is a vision state in which both cone
and rod cells activate at a luminance level from 0.005 to 5 cd/m? [10]. In road lighting, the empirical
rule of E = L7/p governs transforming luminance to illuminance, where E is the illuminance, L is
the luminance, and p is the reflectance rate of the road. Roads are mainly paved with two materials,
concretes and asphalts. There are several kinds of common concrete road surface materials. The average
reflectance rate of concrete’s surface is about 0.18 to 0.32 [11], according to data from the National
Aeronautics and Space Administration (NASA) Jet Propulsion Laboratory’s Advanced Spaceborne
Thermal Emission Reflection Radiometer (ASTER) library. The average reflectance rate of the asphalt
surface varies greatly from several percent to about 70 percent due to the aging process [12]. We adopt
a reflectance rate p as 0.3 for the road surface. For road lighting luminance measurements, one method
is to measure from 83 m ahead of a vehicle at a 1.5-meter height with a 1-degree angle representing the
driver’s view. Here, we adopt the above-mentioned empirical formula to calculate road luminance
more simply. Therefore, the illuminance levels for mesopic vision can be roughly taken as 0.05 to 50 Ix.
As is well known, human sensitivity to light shifts to shorter wavelengths from photopic to scotopic
vision [13]. The peak wavelengths of photopic and scotopic spectra sensitivity are 555 and 507 nm,
respectively. A mesopic vision state is a combination of these two vision states, and the lower the
luminance level is, the greater the sensitivity to blue light. Light sources with rich short wavelengths
may have high mesopic efficiency. This was a claimed advantage during the transition process from
high-pressure sodium to white light-emitting diode (LED) light sources a decade ago. Many works
have been dedicated to optimizing high mesopic efficiency light sources [14-16]. Although mesopic
vision applications in road lighting have been widely accepted, Gibbson et al.’s work showed that there
are no significant differences in the detection distances for high and low correlated color temperature
(CCT) sources when the speed is over 56 km/h [17]. This might change the optimization strategy under
certain conditions.

The circadian rhythm is mainly influenced by distinct photoreceptors in the eye,
melanopsin-containing intrinsically photosensitive retinal ganglion cells (ipRGCs) [2,3]. The spectral
sensitivity of melanopsin is similarly invariant across species, with peak intensity at approximately
480 nm [18-22]. Melatonin secretion is decided by both intensity and spectrum. In almost all
species, including human beings, melatonin levels are high at night and low during the day [23,24].
Human physiology and behavior are influenced by retinal illumination [25]. To better apply the
circadian design mechanism, the circadian parameters should be better expressed, similar to illuminance.
Therefore, researchers have proposed different metrics for this application. Lucas proposed equivalent
melanopic lux (EML) [5] based on melatonin spectral sensitivity. In the nocturnal application, 50 EML
is taken as the upper limit [26]. However, the circadian rhythm may be influenced not only by ipRGCs
but also by rods and cones. Thus, Rea proposed a comprehensive model expressed as circadian light
(CL4a) and circadian stimulus (CS) to describe the circadian impact considering influences from all
neuro paths [27,28]. The CS ranges from 0 to 0.7, namely, from 0 to 70% melatonin suppression levels.
In the daytime, the CS > 0.3 (equivalent to 30% melatonin suppression) is required for at least 1 h to
maintain circadian health [29]. Acosta adopted a CS equal to 0.1 as the threshold [30], and Rea et al.
used a CS value of 0.05 as the target threshold [28]. A series of indoor circadian lighting research [31,32]
and optimization works [33,34] show that circadian-guided lighting design helps improve light quality
for human health. This influence is significant in a brightly lit environment. However, some research
also shows that there is likewise significant melatonin suppression under dim light conditions [35].
Wright et al. showed that illuminance as low as 1.5 Ix affects circadian rhythms [36]. Under certain
conditions, as little as 1 Ix or less can suppress melatonin in humans [30]. Andrew et al. [37] showed
that a 50% melatonin suppression level corresponds to 13.5 Ix for Hour 1, 19.4 Ix for Hour 2, and 38.9 Ix
for Hour 3. These illuminances are mainly in the mesopic vision range.

Exposure time under light is also an important factor that decides the melanopic effect. Most studies
adopt ‘hour’ as their measurement scale [27,28,31,37], and a one-hour duration is used in most studies.
If the exposure time is much shorter than one hour, the melanopic effect might be minimized.
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Recent studies found that ipRGCs, as well as S cones, might enhance scene brightness in the
photopic range covering low, moderate, and high illuminance levels (i.e., 2 to 20 1x [38], 6.3 1x, 108 1x [39],
and 1000 Ix [40]). This might be a good measure, but the relevant mechanism study is currently still
in progress. Moreover, mesopic models might already include scene brightness enhancement in the
mesopic luminance range, although former researchers might not think that this phenomenon is caused
by ipRGC. We thus do not include this part in the research.

The spectral sensitivity of mesopic vision peaks at 507 nm and melanopsin at 484 nm for crystalline
lens transmittance. These two action spectra are close to each other and sensitive to blue light.
At nighttime, rich blue light sources may improve mesopic efficiency and suppress melatonin
secretion. High correlated color temperature (CCT) white LEDs suppress melatonin secretion about
4 to 5 times [41] more strongly than high-pressure sodium (HPS) light sources in humans using a
fitted action spectrum of melatonin suppression [42]. Meanwhile, white LEDs may provide mesopic
efficiency 2 times higher than HPS [15]. The relation or tradeoff between mesopic efficiency and the
circadian (or melatonin suppression) effect requires clarity.

2. Materials and Methods

2.1. Materials

To test the circadian effect and mesopic efficiency under a dim road lighting environment,
we calculated the CCT, S/P ratio, EML, CL,, and CS of a large set light source and analyzed their
relationships. We adopted the light source data from IES TM30-15 for 318 light sources [43], as shown
in Figure 1, including all kinds of light sources, such as incandescent lamps, fluorescent lamps,
high-pressure intensity discharge lamps, and LEDs, to assess EML, CL4, and CS in mesopic and
near photopic vision. We set the photopic adaptation illuminance levels at 1, 3, 10, 30, and 100 Ix.
These illuminance levels are equal to 0.1, 0.3, 1, 3, and 10 cd/m? for asphalt or concrete roads with
a reflectance rate equal to 0.3, covering both mesopic and near photopic vision luminance ranges.
In the assessment of the melanopic effect, retinal illuminance is required. For simplicity, we assume
that retinal illuminance is equal to mesopic illuminance in mesopic vision and photopic adaptation
illuminance in photopic vision.
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Figure 1. Spectral power distributions of light sources.

Figure 2a shows the spectral sensitivity curve of the photopic vision V,, scotopic vision V'), S-con
fundamental S), and melanopsin corrected with the lens, which are used in the calculations. We further
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adopt typical road lighting sources, an HPS light source, and a low CCT phosphor-converted (PC)
LED and high CCT PC LED, as shown in Figure 2b, to test their circadian and mesopic performance.
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Figure 2. (a) The relative spectral sensitivity curve of the photopic vision V}, scotopic vision V”y, S-cone
fundamental Sy, and melanopsin sensitivity curve Mc;, (corrected for crystalline lens transmittance).
(b) Spectral power distributions of high-pressure sodium (HPS), phosphor-converted (PC) light-emitting
diode (LED) 1, and PC LED 2 with CCT 2238 K, 2497 K, and 6060 K, respectively.

2.2. S/P Ratio

The S/P ratio is a calculation of the scotopic lumens of a lamp divided by the photopic lumens.
The calculation formula is shown in Equation (1), where E, represents the light-source’s spectral power
distribution, Kj, is the maximum photopic luminous efficacy (=683 Im/W at 555 nm), and K}, is the
maximum scotopic luminous efficacy (=1700 Im/W at 507 nm):
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2.3. Equivalent Melanopic Lux
EML is a metric for measuring the biological effects of light on humans and is defined as shown in
Equation (2) [5].
EML = 72983.25fEAMcAd/\ )

2.4. Circadian Light and Circadian Stimulus

CLA mathematically describes the modeled spectral sensitivity of the human circadian system
by Rea et al. [28] and is defined as shown in Equation (3), where CL, is the circadian light, 1548 is
the constant setting for the normalization of CL4 such that 2856 K blackbody radiation at 1000 Ix has
a CLy4 value of 1000, E, is the spectral power distribution, S, is the S-cone fundamental, mp, is the
macular pigment transmittance, RodSat is the half-saturation constant for bleaching rods = 6.5 W/m?2,
k =0.2616, a—, = 0.7000, and 4,07 = 3.3000. CL, is measured in units of spectrally weighted flux per
unit area. CS is a proposed metric based on the CL4 value with a maximum value of 0.7, as shown in
Equation (4) [28], and is dimensionless. Due to a blue versus yellow (b-y) mechanism [28], the CLj, is
expressed by a piecewise function depending on whether b-y, namely f %E AdA =k f mV—;;‘AE AdA, >0
or <0. If the yellow stimuli dominate, only the intrinsic sensitivity of the ipRGC contributes to the
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circadian response; otherwise, all photoreceptors contribute to the circadian response. The default
calculations of CL4 and CS correspond to a one-hour duration of exposure.

— [ V7 EydA
1548[ch/\EAd/\ + (ap-y ([ nf—lj/\EAd/\ —k[ mV—;AEAdA) —a,04(1 —efm#))
CLa = if [oAErdA k[ 3AExdA >0 ®)
1548 [ Mc,EdA iffm—;“EAd/\—kf sprErdA <0
CLA 1.1026
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Cs=07-07/[1+ (352%) | )

2.5. Analysis Method

We conducted a Shapiro-Wilk normality test of the data and a Spearman correlation analysis
between the independent variables (CCT and S/P ratio) and dependent variables (namely EML and CS).
We also conducted a curve fitting analysis of the corresponding variables.

3. Results

3.1. EML as a Function of the CCT and S/P Ratio

Figure 3 shows EML as functions of the CCT and S/P ratio at a 1 Ix level. The EML is linear to the
illuminance value, so the EML values at different illuminance levels can be achieved by multiplying
by an intensity factor k of 3, 10, 30, and 100. The goodness of fit for EML and CCT reaches a
moderate level of 0.685, while the EML and S/P ratio reaches an extremely high level of 0.989. These
data do not conform to the normal distribution at a 0.05 significant level. We thus use a Spearman
correlation analysis. The Spearman correlation coefficients between EML and CCT and between EML
and S/P ratio are about 0.77 and 0.99, respectively.
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Figure 3. (a) Equivalent melanopic lux (EML) plot against correlated color temperature (CCT) at an
illuminance value of 1 Ix. In the graph, x represents CCT, y represents EML, and k is the adjusting
coefficient equal to the illuminance level, e.g., 1 at a 1 Ix level. (b) EML plot against the S/P ratio at an
illuminance of 1 Ix.

3.2. CLy and CS as a Function of the CCT and S/P Ratio

Figures 4 and 5 show CL, and CS as functions of the CCT and S/P ratio, respectively, at 1, 3, 10, 30,
and 100 Ix. At each illuminance level, both CL, and CS increase with the CCT and S/P ratio. However,
the CLp and CS scatters are divided into two clusters. Both CL, and CS increase with illuminance
levels. However, despite presetting a similar trend, they are not simple linear relations.
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Figure 4. Circadian light (CL,) plot against the (a) CCT and (b) S/P ratio.
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Figure 5. Circadian stimulus (CS) plot against the (a) CCT and (b) S/P ratio.

Table 1 shows the EML, CL,, and CS of HPS, with low CCT LED and high CCT LED at various
photopic adaptation illuminance levels. HPS, with a minimum CCT of 2238 K and an S/P ratio equal to
0.8417 < 1, shows a minimum EML, CL, and CS. The low CCT LED shows a moderate level of EML,
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CL4, and CS, which are about 1.5 times that of HPS. The high CCT LED has a maximum EML, CL,,
and CS, which are about 2 to 3 times the values of HPS.

Table 1. The EML, CL,, and CS of HPS and the low CCT LED and high CCT LED at different photopic
adaptation illuminance levels.

HPS LED 1 LED 2
CCT (K) 2238 2497 6060
S/P ratio 0.8417 1.1642 2.0711
11x 0.2807 0.4453 0.8781
31x 0.8421 1.3358 2.6342
EML 10 1x 2.8069 44527 8.7808
30 Ix 8.4206 13.3580 26.3424
100 Ix 28.0687 44,5265 87.8080
11x 0.5196 0.8330 1.1096
31x 1.5588 2.4989 3.3293
CLa 10 Ix 5.1959 8.3298 11.1040
30 Ix 15.5878 24.9893 33.3659
100 Ix 51.9594 83.2978 111.8434
11x 0.0005 0.0009 0.0012
31x 0.0018 0.0029 0.0040
cs 10 Ix 0.0066 0.0110 0.0150
30 Ix 0.0216 0.0355 0.0480
100 Ix 0.0750 0.1175 0.1528

4. Discussion

The circadian effect is a non-visual imaging effect, mainly caused by a third photoreceptor. The two
types of visual photoreceptors, cones and rods, which are sensitive to luminance and color, also play
important roles in circadian responses under specific situations. EML takes the melanopic sensitivity
curve as the main influence of the circadian response, while CL4 (CS) is a comprehensive model
dedicated to measuring the general circadian response.

EML includes the melanopic sensitivity curve, which is close to the scotopic sensitivity curve.
There is moderate correlation between EML and CCT and extremely high correlation between the
EML and S/P ratio due to the similarity of the melanopic and scotopic sensitivity curves. It is practical
to predict the EML value using the S/P ratio in road lighting. EML only includes the melatonin
sensitivity curve, which might adapt to an ideal situation for the circadian response. However,
all photoreceptors contribute to the circadian response. Therefore, EML may not be practical for
some situations. At present, the International Well Building Institute [26] recommends the use of
EML for circadian lighting evaluations by setting a threshold in various scenes and requires no more
than 50 EML under nocturnal lighting. Figure 6 shows EML as a function of the S/P ratio at a 30
Ix level, where the maximum EML is below 50. Rea et al. [44] reported that two high CCT LEDs
(5200 K) might cause a small stimulating effect (namely, 12-15% nocturnal melatonin suppression) in
the human circadian system after one hour of exposure at a 95 Ix level under outdoor lighting, while
low CCT light sources would not. These results are consistent with ours. Thus, in a mesopic vision
state, the melanopic suppression level might not be a significant problem.

Because CL and CS are piecewise functions, there are no significant correlations between the
CLA (or CS) and S/P ratio using the Spearman correlation test. We categorized these points into
two groups according to their b—y relation. For example, at a 10 Ix illuminance level, there is a high
goodness-of-fit between the CS and S/P ratio of 0.955 for b—y < 0 and 0.842 for b—y > 0, as shown in
Figure 7. However, in actual applications, this conclusion might be impractical due to the trouble of
declaring the b-y value.
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Figure 6. EML as a function of the S/P ratio at 30 Ix.
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Figure 7. CS as a function of the S/P ratio at 10 1x.

A high CCT light source is likely to have high EML and CS. However, there is a moderate
correlation between EML and CCT and a weak correlation between CS and CCT. Moreover, due to the
divergence of CS caused by the b-y mechanism, at each varying CCT, there are great variations among
the CS values. Therefore, CCT is not a good indicator for determining the circadian response levels.

In the mesopic vision range, intensity might reach the threshold of suppressing melatonin.
Therefore, although blue light improves mesopic efficiency and suppresses melatonin, this might not
be a significant issue according to present knowledge on circadian responses. Improving mesopic
efficiency is still a good optimization strategy for road lighting. Previous work on optimizing light
sources might still work in road lighting applications. However, some people are sensitive to light,
and about 10 to 30 Ix may cause 50% melatonin suppression after about one-hour exposure [37]. Thus,
choosing light sources with relatively high S/P ratios and moderate EML and CS would be a better
strategy. In some roadway activities, such as walking and cycling activities, the duration of exposure
to artificial light might be less than one hour, so there might be a smaller suppression effect. By taking
the road surface reflection rate as 0.3, we transformed photopic adaptation illuminance to mesopic
illuminance for 318 light sources. Figure 8 shows the CS plot against mesopic illuminance at a photopic
adaptation illuminance of 10 Ix. When mesopic illuminance increases from 10 to 11 Ix (i.e., a 10%
improvement), although the CSs vary in a large range, there is still a group of light sources with very
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low CSs, as shown in the red dashed circle. It is possible to find ideal light sources with relatively high
mesopic efficiency and low CS in application.

0.030 — : :

0.025 : | y .
0.020
8 0.015
0.010

0.005

0.000 L ‘I L i L L
9.5 100 105 11.0 11.5 12.0

Mesopic Illuminance

Figure 8. CS as a function of mesopic illuminance at 10 Ix. Within the red dashed circle, CSs stay at a
relatively low level, but mesopic illuminance increases.

The mesopic vision design of road lighting work is dedicated to providing a good brightness
lighting environment for pedestrians and drivers. In the mesopic vision state, peripheral vision,
which contains many rod cells, plays an important role and works for most dim light situations.
However, Gibbons et al. [17] noted that mesopic vision-designed light may not help improve visibility
at night for high driving speeds. For relatively high driving speeds, foveal vision may be the dominant
mode of detection. Therefore, for some road lighting that is used for people driving cars, rather than
pedestrians or cyclists, road lighting strategy might not focus on mesopic vision design.

There are several situations in which road lighting luminance levels are suitable for photopic vision,
and some of the results for EML, CLs and CCT may still work. Both EML and CL4 (under the
condition of b—y < 0) are linear with illuminance levels, and their characteristics with varying CCTs are
quite similar in photopic and mesopic vision. CL under the condition b-y > 0 does not have a simple
linear relationship with intensity, but the trend along with CCT similarly remains. The low/high CCT
PC LED is about 1.5/3 times higher than the HPS in EML, 1.5/2.3 times higher in CS, and 40%/150%
higher in the S/P ratio. These results are different from those of previous work [41] showing that high
CCT LED suppresses melatonin secretion about 4 to 5 times more strongly than HPS. Therefore, in
mesopic vision applications, we recommend using relatively high CCT LED (about 4000 to 5000 K)
light sources to achieve high mesopic efficiency because both the EML and CS of light sources are
below or around the threshold; in photopic vision applications, we recommend using HPS or low
CCT light sources (2000 to 4000 K) in road lighting for low EML and CS levels. In a low-to-moderate
photopic range, short-wavelength output enhances scene brightness [39,45], which might indicate a
partial contribution of cones and ipRGCs. This brightness mechanism is still being studied and might
affect the optimization strategy for light source SPD values in outdoor lighting applications. Although
we did not include this scene brightness enhancement mechanism in the present work, it deserves
attention and further study.

5. Conclusions

In this article, we focused on light sources’ circadian effects and the mesopic vision effect in road
lighting. Based on an examination of the EML, CS, and S/P ratio of over 300 light sources, we conclude
that (1) the EMLs and CSs of most light sources in a mesopic vision state are below or around the
melatonin suppression threshold according to present research; (2) most light sources can cause a
very small circadian response in a mesopic vision state, which might influence a few people who are
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sensitive to light. Therefore, under most conditions, there is no need to consider the trade-off between
the circadian effect and mesopic efficiency. Moreover, reaching high mesopic efficiency is a good
optimization strategy under mesopic vision for road lighting. Further, the CCT cannot be used as an
accurate indicator for determining the potential circadian effects of light sources.
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