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Applied scotobiology in luminaire design
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Studies of our illuminated environment demonstrate the importance of light to
humans, who by evolution are essentially daytime creatures. However, the study
of behaviour and the biology that occurs during the night has clearly shown the
importance of darkness for both humans and the ecological integrity of the
countryside. Since humans are expanding their activity throughout the night and
into rural areas, is there a compromise between the human desire for light and the
need for darkness? All animals and plants have light thresholds to which they
have evolved. We have applied the findings of scotobiology to determine outdoor
lighting that minimizes the disruption of artificial light at night on the natural
environment and on human health. It is not surprising that the key characteristics
to be limited are the brightness, duration and extent of the emitted light, the
amount of glare and the spectrum of the emitted light. To test the practicality of
these limits, we present the patented design of a luminaire that bridges the desire

for 24 x 7 human lifestyles and the protection of the nocturnal environment.

1. Introduction

It is becoming widely understood that artifi-
cial lighting has more than just a local impact.
Urban light scattered into the sky is visible as
sky glow, which can affect the ecology of an
area of over 10000 km? for large population
centres. So, although our desire to illuminate
the night is mainly confined to urban areas, it
has a much wider ecological impact.

During the last half of the 20th century, we
have discovered that the most effective way of
controlling pollution of the environment is at
the source and this applies to outdoor lighting
as well. It is not practical to eliminate outdoor
lighting but what has been lacking is a
quantitative assessment of how much artifi-
cial light can be tolerated by the ecosystem.
We have taken advantage of the considerable
amount of existing knowledge on the impact
of light on life forms to develop a compromise
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that satisfies nature’s need for periods of
darkness and the human desire for artificial
light at night (ALAN). We discuss a few
examples of impacts to demonstrate the
ecological limits for ALAN.

The levels and periodicity of light affect
behaviour and biochemistry in profound
ways through circadian and circannual
rhythms.! All life has evolved and adapted
to the natural light levels. So, the ecosystem
does not need or want any more light than is
provided by natural sources. However, the
increase in human activity at night since the
industrial revolution and the recent develop-
ment of 24 x 7 life styles have increased the
human desire for nocturnal lighting. Human
vision and activity-based studies have led to
rising light levels, as permitted by technology,
in order to minimize human risk with the goal
of a ‘safe’ night environment. By including
the impact on the environment and human
health, we can counter these arguments in
what would otherwise be a one-sided debate.

We use scotobiology to assess the bio-
logical and behavioural drivers for ALAN.
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Scotobiology is the study of the need for
periods of darkness and its application pro-
vides a rational assessment of ecological limits
to outdoor lighting. Current artificial lighting
guidelines are based on the capabilities of the
lighting technologies in use when the guide-
lines were written (i.e. based on best practice).
Studies of these light levels by researchers
documented the resulting improvements in
visibility and these were subsequently adopted
by professional bodies as guidelines.
Governments then adopted these guidelines
as ‘standards’ since there were no competing
arguments. This situation is slowly changing.
Medical research is now better able to char-
acterize our visual system and studies into our
biochemistry and that of wildlife are revealing
widespread sensitivities to ALAN. Our recent
concern for the environment is placing a
greater value on the natural environment and,
coincidentally, lighting technologies are
advancing to allow lighting that minimizes
its adverse effects.

This paper presents the critical character-
istics of ALAN and a lighting specification
that will significantly reduce the adverse
effects while assisting human visibility out-
doors at night. In order to test the practicality
of these characteristics, we have developed a
luminaire that satisfies all these requirements.

Although there is no single lighting condi-
tion that represents all niches across a region,
we can identify five lighting attributes that are
critical to reducing light pollution:

1) The amount of illumination

2) The extent of the illuminated area
3) The degree of glare

4) The spectrum of the emitted light

5) The duration of the illumination

Specifying the characteristics of light is com-
plicated by the range in tolerance that the
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multitude of life forms have for nocturnal
lighting. They have evolved to fill neighbour-
ing, and in many cases overlapping, niches
and exercise very different behaviours in
response to light. Therefore, a single illumi-
nated or dark condition is not ideally suited
for all nocturnal animals. However these
studies have revealed a set of basic qualities
for ALAN that can be generally applied to
minimize its impact.

We approach the determination of the
appropriate lighting by first studying the
natural brightness of the night. We then
assess the threshold levels for a cross-section
of creatures for vision, biochemistry and
behaviour. The selection of creatures is
based on the available literature, which is
not extensive. Many species have not been
studied for their reaction to low levels of
illumination (<20 lux).

2. Amount of light

2.1. Natural light

The natural night is rarely very dark.
Twilight and dusk provide a gradual transi-
tion between daylight and night-time.
Starlight, natural sky glow and =zodiacal
light provide sufficient illumination for low-
level activity as long as there is no artificial
lighting to degrade our rod-based night (sco-
topic) vision. Only under thick cloud cover in
a non-light polluted countryside can it be so
dark that we cannot see. Natural night-sky
light illuminates the countryside to about
0.001lux and the moon can illuminate the
countryside up to 0.27lux (more typically
0.1lux) for a period of time each month
(Figure 1). All life on Earth has evolved or
adapted its behaviour to accommodate this
range in night-time illumination.

2.2. Human vision

Historically, human activity at night has
been pedestrian with a casual walking speed
up to about 1m/s. For a relatively flat
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Figure 1 The moon dominates the night sky for about a week centred on its full phase.? At other times when its phase
is much thinner, it provides relatively little illumination and it sets soon after the sun at night and rises just before the
sun in the morning, leaving most of the night dim. The enhanced illuminance centred on the full moon is caused by
the optical properties of the lunar regolith at high incident angles.® Although the maximum illuminance is about 0.27
lux, this applies to the illumination of the ground with the moon in the zenith under a very clear sky. A more typical

illuminance is about 0.1 lux

landscape, starlight is sufficient to provide
visibility for a few physical hazards. However,
humans are not primarily creatures of the
night and the visibility needed for more
vigorous activity requires more illumination
to provide faster recognition and assessment
of hazards.* For relatively passive activity, my
experience under a range of light levels
suggests that very little extra artificial light
above a full moon is needed for good visibil-
ity. For example, I can read a phone book at
1 lux but not at 0.5 lux.

Modern mechanized human activity is
much faster than a walking pace. Hazards
are increased with fast vehicles in close
proximity to pedestrians. A person walking
could take many seconds to react after seeing
a hazard, whereas a driver may have only a

few seconds to make a decision. The need for
reaction times less than about 0.5s requires
light levels greater than the scotopic limits
(the full moon). Early studies into light levels
and reaction times* show that an increase by a
factor of 10 in illumination reduces reaction
time by only a factor of three — from about
0.5s to a limit of about 0.17s. Illumination of
about 10 times that provided by the full moon
(about 1lux) reduces reaction times from 0.5's
down to about 0.2s, which is also the
approximate speed of our pupillary reflex.’
We are living longer than our ancestors and
this exposes us to the degradation of our
vision. We are now beginning to realize that
light thresholds are not the only limits for
vision. Studies into human vision and visibility
have tended to use young subjects — especially
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students of university age. However, the eyes
of senior citizens absorb and scatter more light
with increasing age and are less responsive to
light, especially at short wavelengths.®’
Studies of pupil contraction give a threshold
of between 1 lux and 3 lux.® Higher illumin-
ance cause our pupil to close down — letting in
less light (Figure 2). This can be very detri-
mental to the visual capabilities of senior
citizens. As we age, the centre of our lens
begins to crystallize (incipient cataracts).
However, if our pupil is reduced by relatively
bright illumination or glare, light enters our
eye primarily through the central crystallized
portion of the lens, thereby degrading the

8 %\(l
- .D\:\b,n\c Monocular
6 lQ\
£s
5 Binocular ];
|=
o 4
a ‘\J
E
>
&3
2
Threshold h
of Pupillary Reflex
1 (Photopic)
Watson, Yelott, 2012,
from Table 13

1 10 100
Luminance (cd/m2)

1000

Figure2 The photopic sensitivity of our pupillary reflex.®
The pupillary reflex is primarily mediated by the intrin-
sically photosensitive retinal ganglion cells (ipRGCs). The
threshold illumination level is approximately 1-3 lux.
This change in pupil diameter is typical of a young adult.
The pupil of older subjects has a smaller upper limit less
than 6 mm in diameter
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retinal image. With less illumination or less
glare, more of the light enters the eye through
the clear periphery of the lens.

2.3. Plants and aquatic life

If ALAN were restricted to only human
habitats, then its impact would only be social
and cultural. However, plants and animals are
strongly affected by the duration of dark
periods."'%!"" Due to space limitations, we
will highlight only two very different life
forms — plants and fish, both having signifi-
cant economic value, to illustrate a few effects
of ALAN.

It has been known for almost a century
that plants can detect light levels between 0.1
lux and 1 lux'? and use the length of dark
periods to determine the season of the year."?
They respond to this cue by preparing for the
seasonal changes.'* Extending the length of
daylight with ALAN can ‘fool’ a plant into
reacting as though it was still summer;
shortening the day can cause some plants to
flower out-of-sync with the actual season. For
example, it is common practice to artificially
extend daylight for chrysanthemums through
autumn and then shorten daylight in
December to delay them from flowering
until Christmas, when they are sold as decor-
ation. We probably do not see many urban
plants dying due to seasonal stress caused by
ALAN since sensitive plants will have died off
earlier in the 20th century and this would be
attributed to general ‘habitat loss’, of which
we now know lighting is a component.

The retail food market would like to have
the same produce all year. It is known that
some fish are daytime feeders, some are night-
time feeders and others are crepuscular (twi-
light) feeders and this response to light can
switch between summer and winter."
Although temperature and availability of
food influence this pattern, the only long-
term predictor of seasonal change is the
relative length of daylight/darkness. Fish
raised in enclosed aquaculture facilities can



be manipulated by changing the length of
daylight to shift the period of spawning to
later or earlier in the actual year.'® However,
in the wild, late maturation of fish may be out
of synchrony with food supplies and support-
ive temperatures, which can contribute to the
reduced survival of fish stocks.
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Figure 3 Diel vertical migration of zooplankton recorded
in Saanich, British Columbia. It shows the relatively rapid
descent of zooplankton during dawn. These records were
made during a 3-day old moon (crescent in evening sky)
and do not show the effect of the lunar phases
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Although moonlight has been a periodic
source of nocturnal light since the Earth
formed 4.5 billion years ago, it still disrupts
the activity of wildlife with its monthly
brightening. For example, nocturnal foraging
species alter the extent of their travels under
the light of the full moon'’ and some
zooplanktons restrict their vertical migration
in the water column during times of natural
lighting.'®'” Studies on zooplankton, which
are near the base of the aquatic food chain,
show that they alter their foraging behaviour
in response to faint incident illumination.
This diel (daily) vertical migration moves
organisms through considerable depths
(Figure 3) but even the light of the crescent
moon (less than 0.021Iux) affects the ampli-
tude of this behaviour (Figure 4).

Studies also support the hypothesis that the
behaviour of fish can be compromised by
altered lighting patterns® as well as tempera-
ture. Low temperatures are indicative of

30+ Daytime Depth
Depth Range
Mean Animal Density
Sea = === Integrated Scattering Strength
Floor 1 I i I i
1.0 0.5 0.0 0.5 10

Lunar Phase

Figure 4 Zooplankton off the island of Oahu, Hawaii, were influenced by the phase of the moon. At surface
illuminances of less than 0.1 lux, the surfacing of zooplankton was suppressed. The line for the integrated scattering
depth indicates that the column density of animals remained constant during the period. At 25 m scattering depth, the
illumination that was sensed by the zooplankton was about 0.02 lux.2' This is a summary of more detailed data

presented in the referenced paper
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autumn. However, long periods of ALAN
suggest summer, providing conflicting signals
that can produce unexpected behaviours.
Understanding the illumination thresholds
to prevent or minimize these mis-cues is
important for the survival of the sports
fishing industry on inland waterways and
lakes that may be affected by shoreline
lighting and artificial sky glow from nearby
urban areas.

2.4. Human non-visual aging effects

Many human physiological processes are
cyclic, with a period of about a day (circadian
rhythms). Evening darkness is associated with
the release of the hormone melatonin,>® which
then enables a number of diverse processes to
occur while we sleep. The amplitude in the
cyclic variation of melatonin is important for
our continued good health.

High levels of light during the day are
associated with low melatonin concentrations
while very low illumination at night is neces-
sary for its release. However, melatonin
concentration also decreases with age
(Figure 5); thus, even low levels of illumin-
ation at night can have a greater effect on
limiting melatonin release for senior citizens
than for younger subjects.”*

Our cognitive functions degrade if the
amplitude of the cyclic release of melatonin
is lowered, so we should maximize the day-
time exposure to bright light and minimize
our exposure during the night.?’ These find-
ings are particularly important as more senior

citizens spend their days indoors. ALAN
exacerbates the effects of dementia such as
Alzheimer’s disease®® due to this reduced
daylight/night contrast. In healthy humans
5-171ux is already high enough to reduce our
night-time levels of melatonin.**~*° However,
new lighting products (LEDs) with prominent
blue wavelengths in the spectrum have a
much greater impact on our circadian rhythm
than suggested by the lux value. The ‘blue
peak’ that characterizes white LEDs targets
the non-imaging light sensitive cells in our
eyes that influence our biochemistry. What is
the night-time threshold in senior citizens
below which there is little effect? Animal
studies show that illumination as low as
0.2 lux will affect melatonin secretion, leading
to increased cancer risk.>'

3. Lighting specification

The above summary of light thresholds is not
exhaustive but it provides a broad sample of
ecological impact. It is clear that any ALAN
will impact the environment and human
health to some extent. However, factoring in
human activity with 24 x 7 life styles indicates
that illuminances at the eye of 1-31ux can be
used; so this range is a reasonable comprom-
ise that should not be exceeded for most
applications of ALAN. However, the extent
of this illumination should be strictly limited
to the area and period it is required in order
to minimize its impact on those not partaking
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Figure 5 The variation in melatonin concentration over time and with age (left 21-25 years, middle 51-55 years, right
82-86 years) shows the significant decrease in the amplitude that makes senior citizens more susceptible to ALAN?>26
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in late-night activities and more sensitive
species. Higher illuminances may be used on
roads with higher speeds and traffic densities,
as discussed in supporting documentation for
roadway lighting by the IESNA, but well
shielded luminaires must be used to limit the
illumination to only the roadway and to
minimize glare.

3.1. Extent of the illumination

There are three reasons for limiting the
extent of an illuminated area. It reduces light
trespass. It limits the impact of ALAN to only
the target area and it focuses the light within
the target area, so less light is needed for a
given purpose. This is usually achieved with
‘full cut-off” (FCO) and ‘sharp cut-off” (SCO)
luminaires that do not directly shine any light
above a horizontal plane that passes through
the bottom of the fixture (Figure 6). However,
the ‘FCO’ luminaire permits 10% of the light
to be emitted below the horizon within 80-90°
of nadir (glare zone), which contributes to

Glare

<10 deg
to max
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light trespass and can compromise night
vision a 100 m away, as shown in Figure 7,
where the light 80° from nadir is clearly
visible. Therefore, a more stringent shielding
specification is needed to reduce the emitted
light in the glare zone. We suggest the more
stringent SCO shielding.

It is impossible to completely shield a
luminaire. The lamp must be visible from
the target if it is to illuminate the target.
However, a more restrictive shielding require-
ment will reduce the apparent brightness of
the luminaire when viewed by a person (about
1.8 m tall) in the periphery of the target area.
In the 1990s, some manufacturers produced
luminaires with ‘SCO’ shielding that
restricted the emission of light within the 10°
band below the horizon. These did not
become popular because they produced nar-
rower light distributions and hence needed
closer spacing than FCO luminaires, thereby
increasing the cost of installing the lighting.
However, FCO luminaires also create the

- e —

Fill Cut-Off (FCO) Luminaire

10 deg - Cut Glare o _,-_-j:‘_?.:r-*’ I

<10 deg
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e —

Sharp Cut-Off (SCO) Luminaire

Figure 6 Comparison between the shielding of full cut-off and sharp cut-off luminaires. FCO luminaires permit up to
10% of their light to be emitted within 10° of the horizon. Sharp cut-off luminaires reduce the amount of light that is
emitted within this 10° band to less than 1%. This reduces the amount of emitted light in this 10° ‘glare zone’. The

maximum light is between 70° and 80° of nadir
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direct view of the lamp from a considerable
distance (about 10 times the mounting
height), even though the illuminance on the
ground at that distance is insufficient due the
glare from the lamp. So, light that shines
beyond the target area creates glare, without
the benefit of illumination. In order to more
tightly contain the illuminated area, the more
aggressive SCO shielding is needed.

In rural and semi-rural areas, the ideal
would be for the target area to be restricted to
less than the foraging range of the local
animals. This allows them to detour around
the affected area. However, determining the
foraging range is complicated by the number
of different species that inhabit the area. The
foraging range is very roughly a function of
the size of the animal®> and can exceed a
hectare. Therefore, it is not possible to
prevent all impact in the countryside without
setting aside large areas in which no light
should be permitted. (This has been done to

some degree with Canadian Dark Sky
Preserves and more effectively in the new
RASC Nocturnal Preserve Program).*?

3.2. Glare

The definition of glare is complicated by
our need to quantify it. In our context, glare
will refer to a light source or lit surface that
compromises visibility. It can be caused by
the direct view of the light-emitting compo-
nent in the luminaire, which can cause us to
squint and will bleach a portion of the retina.
Such a bright point or surface also causes our
iris to close — letting less light into our eyes.
And it will reduce our night vision in less-
illuminated areas. These detrimental effects
are made worse by imperfect eyes (especially
for senior citizens) and the additional scatter-
ing of light by airborne particles, weathered
windows and scratched eyeglasses. These
effects combine to reduce the contrast in the

field of view.

Figure 7 Re-lamping a major street. The benefits of FCO luminaires over semi cut-off fixtures are evident. However,
roadside commercial signage should be addressed. After-hour signage for closed businesses should be turned off.
Minimal traffic does not require ‘rush hour’ light levels. (Photo by the author)
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To reduce glare, the light source must be
diffused over a large area. Most road lighting
luminaires use refractors to distribute the
light. FCO luminaires use internal reflectors
to direct the light onto the road. The new
LED luminaires have small lenses mounted
on each LED and these direct the light onto
the target area, so we can see the individual
LEDs by looking up from the target area. The
luminance of the individual LED is roughly
the luminance of a tungsten filament in a clear
incandescent bulb. This causes our iris to
close down and creates a temporary blind
spot in our field of view and the blue spectral
components have a potential to reduce visi-
bility or at worst it may cause eye damage.™
A direct view of the LEDs should not be
allowed.

To ensure sufficient illuminance uniformity
on a road, more light must be directed to the
periphery of the target area than the nadir.
However, the light emitted in the zone
between 80° and 90° (glare zone) from nadir
is particularly distracting unless SCO shield-
ing is used. A uniformity of 3:1 is very good,
given the past acceptance of 6:1 uniformity.
If the peak illumination is 31lux, then the
minimum can be 1 lux, resulting in sufficient
illumination in the periphery for pedestrian
traffic if the emission in the glare zone is
minimized.

3.3. Light spectrum

The daytime sky is dominated by the sun,
which for the most part is white (Figure 8).
But as the sun sets, the disk (the sun’s
photosphere) disappears and the major
yellow component of the light is reduced.
This large variation in the sun’s spectrum
does not affect our judgement of the colour
due to our mind’s ability to correct for these
changes. However, this change is noted sub-
consciously and is used by our biology to
determine the time of day. Unfortunately, this
important evening colour change can be
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masked by the broad
ALAN.

Plants take advantage of different parts of
the spectrum and insects (mosquitoes) use it
to help find their targets (Figure 9). This
attraction for mosc!luitoes results in greater
exposure to disease.*”

Our daytime photopic vision, provided by
our cone cells (Figure 10), is about a thou-
sandth the sensitivity of our night-time sco-
topic vision. However, illumination brighter
than a few lux saturates or blinds the rods.
The spectral sensitivity of the rod cells is
centred on 507nm. By limiting the emitted
spectrum of ALAN to the longer wavelengths
where the rod cells are less sensitive, we can
preserve our night vision, without signifi-
cantly affecting our photopic vision.

The transition in colour during twilight
from white to blue-plus-red and then to blue
(Figure 8) is detected by non-visual intrinsic-
ally photosensitive retinal ganglion cells
(ipRGCs). Our ability to detect this light is
a survival advantage because it keeps us alert
for an extended period of safety during
twilight while we begin to settle down to
sleep, but it also has a biochemical function.

The ipRGC are most sensitive to the
spectrum of light centred about the wave-
length of 480 nm. The light threshold for
individual cells in the literature is around

spectrum (white)

Solar
Spectrum

Relative
Level

Twilight
Spectrum

400 700

500 600
Wavelength (nm)
Figure 8 The spectral properties of the sky change from

daylight®® through twilight.® Yellow light decreases with
twilight as the sun’s disk sets below the horizon
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Figure 9 The absorption spectra for three major plant molecules show their preference for blue and red light®’—3°
(cryptochrome, chlorophyll and phytochrome). Of these, cryptochome helps mediate the plant’s response to light; so
plants are primarily sensitive to the blue spectrum of ALAN. Mosquitoes, major disease vectors,*° are also attracted by
blue light and to a lesser extent, red light. The spectral gap between 500 nm and about 650 nm may be used to

minimize the impact on these behaviours.
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Figure 10 The spectral sensitivity of the two visual
detector cells in our retina: rod cells for our night
scotopic vision and cone cells for our daytime photopic
vision. The intrinsically photosensitive retinal ganglion
cells (ipRGCs)*' are used to ‘detect’ night-time when the
blue light of twilight falls below their detection threshold

1-101ux® and together their network has a
threshold sensitivity of very approximately as
low as 0.1 lux."' However, their biochemistry
and neuron logic suggest an even lower
sensitivity — at the single photon level —*
though it seems unlikely that this luminance
would affect our circadian rhythm. As the
illumination from the sky decreases, these
cells are not able to confirm it is still twilight.
In response, the hormone melatonin is

Lighting Res. Technol. 2013; 0: 1-17

released® to reduce our metabolism and put
us to sleep.

This detection of nightfall also enables the
release of other hormones that repair damaged
tissue and fight infection.' These are created in
late afternoon in preparation for their release
but they begin to break down several hours
later and are re-absorbed. Therefore, their
production must be well timed with our rest
period. If the release of these hormones is
delayed, due to the extended period of ALAN,
then the benefits of our rest and resulting
health are compromised. It is important that
ALAN does not contain short wavelength
light (less than 500 nm) that will be detected by
our ipRGC and alter the timing of biochemical
processes during the night.

3.4. Duration

The natural environment is not static;
however, nature’s tolerance to the length of
night, before it has a significant impact on the
ecosystem, has not been studied but that does
not mean we cannot deduce some guidelines.
Two phenomena are twilight and the seasons.

The length of twilight is caused by the
gradual setting of the sun and its illumination
of the upper atmosphere. In summer, it sets at
a low angle, taking about 3.5 minutes for its
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Figure 11 The varying lengths of daylight and darkness are used by plants and animals to estimate the season and

prepare for winter*:

apparent disk to disappear, and another
30-35 minutes for the illumination to fall
below 1lux. Animals take advantage of this
time to prepare for night-time. Increasing this
time with artificial lighting increases their
exposure to predators.

A second effect is the duration of daylight
as measured over a year (Figure 11). Only on
the equator are the day and night of equal
length throughout the year. The annual cycle
in the length of day and night increases in
amplitude towards the north and south poles.
At the mid-latitudes, daylight can range
between 8 hours and 16 hours during winter
and summer, respectively.

Wildlife and plants use the lengthening
period of daylight in the spring and shortening
in the autumn as an indication of the time of
year.'*** Plants generally bloom in spring and
drop their leaves in late autumn. Animals
prepare for hibernation or migration late in the
year. Disrupting the perceived length of the
day, or more precisely, the length of the night,
can confuse these visual cues and leave some
animals and plants ill-prepared for winter.

Although the length of night is used to
indicate the season, it is the temperature of
the environment and snow cover that causes
the real hardship. Temperatures vary consid-
erably from year to year, delaying snowfall
for over a month or more. Temperatures at
mid-latitudes in North America can result in
the first snow in mid-October or December.
The change in the length of daylight at these
times is about 2 hours (Figure 11) or 1 hour in
the morning and again in the evening. By
adding the duration of twilight (about
30 minutes), recognizing the weak coupling
of season to temperature, and further recog-
nizing the random effects of cloud cover and
local shading due to vegetation, we estimate
that a permissible duration of ALAN into the
night and again in morning of 2 hours will not
have a serious impact on local wildlife.

Any ALAN that extends into the night will
advance preparations during spring for
summer and delay those in autumn for
winter. Therefore, determining the duration
of ALAN after sunset and before sunrise to
permit illumination does not suggest that it is

Lighting Res. Technol. 2013; 0: 1-17
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a ‘good idea’. Efforts should be made to
reduce the impact from artificial sky glow
that is visible beyond the city limits with SCO
shielding and reduced illumination levels.
Since ALAN is only used to assist human
activity, the light level should match this
activity.  Although many people have
embraced 24 x 7 lifestyles, traffic records for
major cities indicate that most people do not.
High-speed roadways have the greatest use
for high light levels due to the need for short
reaction times of motorists. Traffic records
(Figure 12) show the clear pattern of high-
density traffic during the day and very little
traffic at night. During spring, summer and
autumn, the periods of greatest traffic volume
are during daylight. Only in the winter
months does this traffic, bounded by morning
and evening rush hours, extend well into
night. Reducing the illumination levels, within
2 hours of sunset during summer and most of
the spring and autumn (the ecologically
sensitive seasons) will not affect most com-

muters. Leaving the lights fully on
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Figure 12 Traffic density along major roadways in Great
Britain. Although winter rush hour traffic occurs in

relative darkness, summer daylight encompasses rush
hour traffic*®
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throughout the night is therefore a decision
based on politics and aesthetics, not necessity.

There are sufficient arguments for reducing
ALAN in urban areas based on its impact on
human health and the costs of urban infra-
structure. The current wildlife within urban
areas has survived because of their tolerance
to ALAN. Clinical studies into human health
issues have shown that ALAN is a contribut-
ing factor to a number of ailments.'' And
cities are now subjected to greater economic
pressure to reduce electricity consumption.
Since about half the municipal electricity is
used for outdoor lighting, primarily for
streetlights, it is now appropriate to review
our use of ALAN.

Decorative lighting is used extensively in
urban areas. The historical acceptance of this
aesthetic use of light pre-dates our current
understanding of its impact on human health.
The psychological value for the people that
view the displays is limited to only those at
the site to view them in the late evening
or early night, after which time they should be
turned off to conserve electricity and
to reduce their impact on the environment.
This is not a new suggestion; Vienna turns off
many building lights and reduces roadway
illumination at 23:00 and 24:00.%°

4. Luminaire specification and
performance

During the development of a lighting protocol
for ecologically sensitive areas, it became
evident that there were no commercial lumin-
aires that complied with the requirements. To
assess the practicality of such a luminaire, we
designed a general-purpose luminaire that
could be used in environmentally protected
areas. Subsequent tests on the prototype
showed that it could be used in other rural
lighting and urban applications as well. It is
currently being upgraded for roadway light-
ing where the environment and human health



are the primary concerns. The targets for the
design of the luminaire were:

e The luminaire should be capable of produ-
cing illuminances in the range 1-3lux on
the ground over a defined area. These
illuminances must be limited in extent due
to the sensitivity of other wildlife. The
luminaire should produce less than 3 lux at
the eye for normal directions of view to
avoid affecting scotopic vision.

e The spectrum of the light emitted should be
limited to >500 nm to avoid impacting
plants, reducing the scattering of light and
the attraction of flying insects. It will also
reduce the impact of the illumination on our
circadian rhythm and our night vision.

e The luminaire should be controlled so that
it does not operate for 2 hours before
sunrise and 2 hours after sunset. These
limits have been derived from traffic pat-
terns and astronomy and atmospherics.
However, in cities, these times may be
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made flexible depending on the season
and local traffic flow.

Our luminaire (Figure 13) connects directly to
a wide range of AC power. It uses light-
emitting diodes that consume less than 25 W
at maximum light output and more typically
less than 10 W, making it appropriate for off-
grid lighting and solar power applications.

4.1. Illumination level and uniformity

The luminaire is designed for a maximum
of 1-31ux, though higher levels are achieved
when mounted at lower heights or used with
higher currents (up to five times the current
used in Figure 13) to allow for various
mounting heights and applications.

The optical design can be adjusted for
limited backlight to prevent significant light
trespass and to reduce vertical-surface glare if
it is wall-mounted.

4.2. Degree of glare
All components fit inside the enclosure and
luminance is minimal in the glare zone from

Figure 13 The Canadian Scotobiology Group (CSbG) luminaire has been patented. It is a compact unit with LED light
sources powered through an adjustable driver for 110 Vac, 220 Vac or 277 Vac. The thermal design maintains the LED
junction temperature to less than 50°C above ambient air temperature at maximum light output, though more
typically 20°C for intermediate power settings. The unit was demonstrated at the 2013 Conference on Light Pollution
Theory, Modelling and Measurement (photo by Jose Jimenez). The luminaire was mounted at 4.3 m and set for 3.5 W,
producing 1 lux at nadir. The main mirror was set for an optional 1.5 m backlight

Lighting Res. Technol. 2013; 0: 1-17



14 R Dick

10m 5 m?__ Nadir _ﬁ&i m 10m
2.5 Ix
5
Nzl S
1.0 Ix -___-_-__-__-—gggfffd
10 S~ 7 10 m
5 m Mounting Height w—/
0.63A

Figure 14 The Canadian Scotobiology Group (CSbG) luminaire provides relatively uniform illumination over an area
about 3 x 1.5 times its mounting height with a uniformity of about 3:1. The field-adjustable light output allows for
different mounting heights and for lower light levels. The values in the figure are for a mounting height of 5 m using
about 25 W. The optics were set for use as a wall-mounted fixture with no backlight. When used along a pathway, the
uniformity is 3:1 for a spacing of three mounting heights and 4:1 for a spacing of four mounting heights.

Measurements by author

80° to 90° of nadir providing SCO shielding.
Reflective baffles prevent a direct view of the
LED emitters from outside the luminaire.

A curved main mirror expands the light
into a broad uniform pattern. The textured
surface increases the effective surface area of
the light sources, reducing the apparent
luminance of the emitters to about 3% of
the original LEDs, and minimizes the light/
dark structures in the illumination pattern.

4.3. Light spectrum
The LEDs do not emit wavelengths less

than 500nm and have low emission above
650nm to minimize the impact on wildlife,
human health and plants (Figure 15).
Although it has to be tested, the restricted
light spectrum seems to be less attractive to
mosquitoes, a known vector for infectious
diseases® than white LEDs, florescent and

incandescent light sources.
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Figure 15 The Canadian Scotobiology Group (CSbG)
spectrum differs from typical white LED spectra. The
CSbG spectrum is a closer match to our photopic vision
than a white light LED spectrum but has low exposure to
the ipRGC. It has limited exposure to our scotopic vision
so it helps to preserve our night vision. However, the
high sensitivity of our scotopic vision at the suggested
low illumination levels can still take advantage of this
illumination without bleaching our rod cells. Comparing
the CSbG amber spectrum to the environmental sensi-
tivities in Figure 9 shows that it also has less impact on
wildlife***7 and mosquitoes® than white LEDs



5. Summary

The study of scotobiology has been used to
develop rational limits for ALAN. This is in
contrast to our current lighting paradigm that
gives the highest priority to human photopic
and mesopic vision. To the best of our
knowledge, there is no commercially available
luminaire that can meet this specification. We
have developed and patented a luminaire that
is a viable alternative for ecologically sensitive
areas and to reduce light pollution for other
applications. Although any ALAN will
impact the environment, these requirements
minimize the adverse effects.

Field tests with the luminaire confirm its
performance and the subsequent improve-
ment in visibility as long as there are no
unshielded lights in the area. The initial
market is for ecologically sensitive areas
with human visitors.
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