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SECTION ONE:
FOUNDATION
This section covers the background of this thesis going through the
history of light, the search for darkness and defining light pollution.
These issues are the foundation for the vision and research question
.

“We find beauty not in the thing itself but in the patterns of the shadows, the
light and darkness, that one thing against another creates.”				
								Junichiro Tanizaki

Figure 1.1: Global map illustrating lightpollution from 2012
Ref: Quast, 2017

1 BACKGROUND
1.1 INTRODUCTION
Light in the context of darkness is often quite beautiful. The quote
from Tanizaki describes how the counterbalance between light and
darkness is essential for creating beauty. Figure 1.1 is a picture of light
directed up into the sky - also called light pollution - in 2012. The
image depicting light pollution is actually brilliant and aesthetically
beautiful for the human eye, with various light and darkness nuances. Maybe this is one of the reasons that we ignore the detrimental
effect of light pollution, and the emission of light is still increasing
globally with 6 percent every year, through the growth of urban environments (Hölker et al., 2010; Rich & Longcore, 2006)? With the technological developments in the lighting industry, the introduction of
LED improved the efficiency and reduced the cost of lighting. This improvement anticipated saving energy, but rather than saving energy is
causes increasing illuminance levels (Hölker et al., 2010) A study from
2016, estimated that 80% of Americans and 60% of Europeans could
not see the Milky Way, because they live in cities with a high level of

severe physiology and behaviour consequences for humans and animals by shifting the light and dark cycle (Rich & Longcore, 2006; Fleury
& Kalsbeek, 2020; Navara & Nelson, 2007). Still, light pollution is not
considered a legitimate form of pollution, and artificial lighting levels
increase at night, making darkness an endangered natural resource
(Rich & Longcore, 2006). Therefore the delicate counterplay between
light and darkness is more relevant than ever and should be essential
in developing future outdoor lighting schemes.
This thesis is divided into four sections. Section one is a run-through
the history of light, light pollution and the methodology used. Section
two is a comprehensive literature review on (1) how animals, plants
and humans are affected by artificial light at night, (2) the human vision and adaption to darkness and (3) how light and darkness affect
the human perception. Section three explores other alternatives for
artificial lighting at night by investigating the interplay between light,
darkness, colour and materials. This knowledge is used as a basis for
forming lighting principles to design outdoor lighting, with the least
damaging effect on humans and the ecosystem. Section four is an
evaluation and discussion of the findings that are presented in this

light pollution (Falchi et al., 2016.)

thesis.

Light pollution is a problem with many layers. There is the aesthetic

While no one would dispute the importance of natural light, this thesis

and poetic issue with the loss of the view to the dark sky and thereby
the direct link to the universe. Another layer of light pollution is that

is concerned about the importance of natural darkness for nature and
human.

a growing number of studies have shown that light pollution causes
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1.2 Historical view on light and darkness

from the sun is the essential light source for living organisms on the

History tells us how we got to where we are today. Therefore, under-

(Rich & Longcore, 2006; Hölker et al., 2010). Not long ago, but before

standing how humans have used lighting after dark throughout history is interesting when creating useful outdoor lighting solutions. This
section will examine the use of light and darkness from the creational
myth over medieval times to the industrialization and last how we use
light today.

1.2.1 The natural darkness
According to the Jewish creational myth, two lights, the sun and the

earth, natural darkness is as crucial for the ecosystem’s functioning
introducing electrical light, the moon and stars still lighted up the
earth after darkness and were navigators throughout the night. The
celestial elements were studies by scientists and served a universal
function as administrators of time. Roads were cut to follow the Milkyway and the lunar cycle was very important when travelling after dark,
and to reflect the moonlight piles of chalk were placed along with the
road functioning as markers. Instead of having static public lighting,
personal light was used first as hollow turnips and later as lanterns,
thus only illuminating when and where one needed it (Busch, 2014;

moon, were both made to illuminate the earth.

Gallaway, 2010; Mirco, 2006).

Genesis 1:16 16 God made the two great lights — the larger light to rule

1.2.2 From dark sky to bright street light

the day and the smaller light to rule the night — and the stars. 17 God
put them in the dome of the sky to give light to the earth (The Bible

The nightfall brings a very different mood than in daylight. Symbol-

New International Version, 1987)

ically through history night and darkness are sociated with chaos

Interestingly, the sun was not the only light source illuminating the

rooted in Western Christianity, where light is associated with God and

earth; the moon also gave light at night. For millions of years, the
earth’s inhabitants used the natural light from the celestial element
for orientation and navigation and almost all living creatures on the
earth evolved and adapted to the natural light that illuminates the
planet both day and night. Thus the circadian cycle for human, flora
and fauna contains both darkness and light. Although natural light

and mythic evilness (Schivelbusch, 1995). This understanding is also
darkness with evil and diabolism (Edensor, 2012). Artificial light is no
different, and through history, artificial light is linked to order and
crime-fighting banishing darkness from the night (Mirco, 2006).
The historian Wolfgang Schivelbusch state that “The newer a culture
is, the more it fear nightfall” (Schivelbusch, 1995). He explains that
humans’ relationship to the nighttime has changed by splitting dark-
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ness from the night. Now we take advantage of the visual prospect

ments. In the summertime, the lantern was restricted to only a few hours,

that artificial light offers and use lit outdoor spaces at night. However,

and under a full bright moon, the public lanterns were not lit at all.

lighting up the night has distanced us as a society from darkness,

With the development towards brighter illuminance by increasing the

which gives rise to an uncanny feeling when darkness falls, because it

distance between the light and intensifying the light source using

is embedded in the unfamiliar that empowers anxiety (Edensor, 2013;

lenses and reflectors, the street light was slowly released from its re-

Lam, 1992).

lationship with the natural light, gradually intensifying and expanding
the time span of the artificial light. (Schivelbusch, 1995; Boyce, 2014)

In the sixteenth century, the larger cities’ officials issued directions
that a light should be installed on every house. The intension was

The new public lighting gave rise to a change in nocturnal experi-

not to illuminate the streets, but merely to identify the house, acting

ence, where cafes, theatres started to spread in Europe and were in-

as a navigator after dark. In the seventeenth century, the authorities

creasingly open later and later. These new possibilities for socializing

in France organized that lantern was relocated from the house to be

as well as the brighter illuminance, made the dark hours accessible

hung on wires over the centre of the streets. This development was

for people, extending the legitimate social and symbolic uses of the

the first step towards the public lighting we see today, but the artificial

night (Bogard, 2013). The artificial street lighting then started to have

light at night was not installed in the same interval, intensity and uni-

a twofold purpose and served not only for social control but was now

formity we know of today. The light was placed at the beginning and

supporting community and urbanity.

end of a street, serving as a marker. However, the number of installed
lanterns increased rapidly. In Paris, there was initially placed 2700 lan-

Although the night had opened the dark hours to the public, the

tern in the late seventeenth century, and in 1750 the number was 8000

darkness was still associated with chaos and criminality. In 1963

lantern that was administrated by the police to gain control over the

FBI director J. Edgar Hoover stressed this by installing high-in-

streets at night. Still, watchmen were patrolling the streets at night,

tensity lights which he proclaimed would banish darkness “an ally

keeping order and reporting to the police any suspicious incident do-

to crime” (Mirco, 2006). Today, bright light levels are still believed

ing the night. (Schivelbusch, 1995; Bogard 2013)

to be an effective tool in fighting crime, (see section 4.8) but outdoor lighting also has many other jobs to fulfil including provid-

Until the nineteenth century, public lighting was bound to nature’s

ing visibility for vehicles, safety for pedestrians, enhance the feel-

rhythms, thus complementing the natural light from the celestial ele-

ing of safety and support the social life after dark (Boyce, 2019).
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With the development of new light sources, different qualities of artificial light followed such as colour temperature (CCT), light spectrum
and distributions. About 100 years ago, gas was that major source for
outdoor lighting, but with the invention of the incandescent lamp
and following distribution of electricity, it quickly took over as the
main outdoor light source at the beginning of the twentieth century (Schivelbusch, 1995; Boyce 2014). Since then the light source has
evolved through many different light sources including fluorescent
lights, metal-halide, low- and high-pressure sodium lamps and finally,
the light-emitting diodes (LEDs) that are rapidly increasing in number
because of the efficiency. Figure 1.2 show the spectral distributions
of the different light sources. Metal-halide and low- and high-pressure sodium lamps have dominated outdoor lighting in the past years,
where low-pressure sodium lamps with a narrow spectrum have been
preferred around observatories and shorelines (Gallaway, 2010). However, as LEDs offer the possibility to alter the light spectrum and are
easily dimmable, it can be a game-changer to minimize light pollution.
However, it can also be very harmful if used without consideration of
nature.

1.3 Light pollution
Today the celestial elements and the natural light at night are hard
to observe by the naked eye because light pollution blocks the view
to the dark sky. Figure 1.3 demonstrates this effect quite dramatically.
Without the view to the dark sky, the most direct connection humans
Figure 1.2: Relative Spectral power distribution of different light sources
Ref: Boyce, 2014
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had with the cosmic universe and our ancient history for thousands

The impact of light pollution can be characterized into two cat-

of years is lost. The appraisal of beauty is the essential value of dark

egories; astronomical and ecological effects. Astronomical ef-

skies, but economic policies make it difficult to articulate the meaning

fects of light pollution are when the celestial forms are impos-

of natural beauty for the individual wellbeing. Consequently, it is still

sible to observe because artificial light is reflected or directed

poorly understood how the deprivation of nightly beauty affects our

upward. Ecological impacts of light pollution are the severe im-

society and humans individually. Still, it is evident that humans have a

pact artificial light has on the ecosystems where animals and

biological and psychological need for darkness. See section 2.6. How-

plants behavioural patterns are disrupted (Rich & Longcore, 2006).

ever, darkness with the increasing light pollution becomes rarer and

Nevertheless, it is not just the nature that suffers from a dispropor-

rarer (Bogard, 2013; Gallaway, 2010).

tionate distribution of light. Light pollution also has a significant detrimental impact on human health and wellbeing. A fair amount of
research has shown links between severe illnesses (from cancer to
cardiovascular) and maladaptive light exposure (For a review see Navara & Nelson, 2007)

1.3.1 Definition
Light pollution is a global problem with severe effects, but we have to
define light pollution to understand how to solve it. The International
Dark-Sky Association (IDA) strives to protect the night skies and certifies darkened places on earth, where it is possible to see the dark
sky. IDA defines light pollution as “any adverse effect of artificial light”
(Bogard, 2013) and divides the sources to light pollution into three
main categories (see figure 1.4).
1 Glare:
Glare is the sensation of visual discomfort when bright luminance is
Figure 1.3: Photographs taken before (left) and during (right) a blackout, illustrates how the
artificial light blocks the view to night sky.
Ref: “Light Pollution,” n.d. Photo by Todd Carlson
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directed into the eye. In addition to causing visual discomfort, glare
also limits the perception of space, creating a wall of darkness that
functions as a visual barrier that the vision can not penetrate (Descottes, 2011).
II Skyglow
Skyglow is artificial light that brightens the night sky. In urban areas
under an overcast sky, skyglow lights up the clouds that bounce the
light back to the earth. This effect makes a night under overcast sky
in cities brighter, then a starry sky. Under a starry sky, the city skyglow
makes it almost impossible to see any celestial elements. (Jechow et
al., 2020; Kyba et al., 2012)
III Light trespass

Figure 1.4: Illustation for the different components of light pollution
Ref: McKensey, 2018

Light trespass is light that falls where it is not intended or needed.
Light trespass can be both exteriors when light fall where it is not used
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and interior when artificial light falls in through a window and causing
a disturbance on the residents (Bogard, 2013; Boyce, 2014)
Light pollution occurs because artificial light is often overly bright,
improperly shielded and poorly aimed. Many different light sources
cause urban light pollution, including building exterior and interior
lighting, billboards, factories, streetlights, sports stadiums, parking
lots, and gas stations. Since LED technology has become cheap and
easily installable private gardens also contribute to light pollution
(Bogard, 2013).

Figure 1.5: The Bortle Scale
Ref: Modifed after “Conserving Dark Skies,” n.d.
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1.3.2 The search for darkness
In the book, “The end of Night” Poul Bogard searches for natural darkness. He states that darkness has been banished from the night and
that we no longer know what true darkness really is. He sets on a
mission to find the darkest places on earth by using the Bortle scale
of darkness that ranges in darkness categories from 1 to 9. See figure
1.5. The amateur astronomer John E. Bortle created the scale in 2001
to evaluate and compare the darkness of an observing site. Category
1 is the darkest and is undisturbed by any artificial light. It is so dark
that the Milkyway cast visible shadows. In category one, it is actually
brighter than category two because of the natural light from the celestial sky. Category 9 is the inner city where it is almost impossible to
see any stars due to an artificial light overload. This scale illustrates
that darkness holds many nuances. Most people recognize the bright
end of the Bortle scale from 9: Inner-city sky and maybe down to 5:
Suburban Sky for these are the classes that most of us live in and what
we consider as dark. When being presented with the Bortle scale, we
become aware of new levels of darkness. A darkness that is very rare
and that many humans never felt or experienced. (Bogard, 2013).

Figure 1.6 Illustration of natural and artificial illumination at the Earth’s surface with solar (positive) and lunar altitude (negative) SS Sunset, CT civil twilight, NT nautical twilight, AT astronomical twilight. Each arrow represents an illuminance level at which artificial lighting at night has
been recognized to have biological effects on animals.
Ref: Retrieved from Gaston et al. 2014.

1.3.3 Nuances in the Natural Darkness
The natural light at night is changeable depending on the weather and

as blueish, because of our night vision. See section 3.4 on Human vi-

lunar cycle. In the dark sky, the moon is the celestial elements with the

sion. A typical lunar illuminance on the ground is around 0.05–0.1 lux,

highest luminance. The moon reflects the incident sunlight and the

but the illuminance can increase to 0,3 lux under a full moon. These

spectrum are similar to daylight, although humans perceive moonlight

illuminance levels do not sound like much, but the moon’s luminance
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can be so intense that it cast prominent shadows, if not disturbed by

methods where the understanding of how artificial light affects na-

artificial light (Kyba, Mohar, & Posch, 2017). In rural areas on a clear

ture and human perception is turned into design principle for outdoor

starry sky under a new moon, the illuminance is approximately 0,001

lighting in urban green areas.

lux, and an overcast night sky is around 0,00003–0,0001 lux. However, the overcast sky in urban areas reflect the artificial light down to
the earth’s surface, and thus the illuminance has similar magnitude

1.5 Research question

as under full moon, but with less prominent shadow, since the light

When designing outdoor spaces for nocturnal experiences, we need

is scattered by the clouds giving a more evenly distribution of light.
(Kyba, Ruhtz, & Fischer, 2012). With the extreme low illuminance in
natural darkness, the artificial light even with low intensity is quite
a change in the night’s natural lightscape. Figure 1.6 illustrates the
change in both natural and artificial illuminance level on the Earth’s
surface (Gaston et al. 2014).

1.4 Vision
Artificial light destroys the natural habitat for many species and distrups the natural patterns of animals, plants and humans. (Gaston,
2014) Allthough reaserch shows that human, animals and plants would
be better off without artificial light at night, many people do not view
light as a legitimate form of pollution (Schulte-Römer, Dannemann,
& Meier, 2018). This is a huge problem, since artificial light with the
LED technology is easy for anyone to install. With this thesis, I want
to explore how and why artificial light affects the biological patterns
of nature and human and how light and darkness affects the human
perception. This knowledge will serve as the basis for generating new

artificial light. The question is, what kind of light? How to incorporate
lower illuminance levels without causing fear? How to use artificial
light, without disrupting the ecosystems and the circadian rhythm in
humans and animals? These questions are summarized in the overall
research question:

How can outdoor lighting support the coexistence of human and nature in urban green areas?
1.5.1 Success Criteria
To elaborate on the research question; supporting the existence of
nature refers to the biological pattern of animals and plants. Supporting human existence include both humans biological pattern and how
light and darkness affect human vision and perception. Thus, the initial research question can be parted into three criteria that the lighting principles must answer to fulfil the research question.
1 Minimizing the impact on biological patterns of nature and human
2 Enabling human eyes adaption
3 Enhancing the feeling of reassurance
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These criteria will function as a guideline throughout the thesis.

1.6 Methodology
This thesis explores how to design outdoor lighting for urban green
areas, that supports both human and nature. Through the process,
new knowledge is generated, which finally is formed into practical design principles. The method used is inspired by the transdisciplinary
process model for designing lighting developed by Michael Mullins
and Ellen Katrine Hansen (Hansen & Mullins, 2014). In their model
knowledge from different fields are combined throughout the design
process. Figure 1.7 illustrates a modified version, where the lighting
design model is split into three stages: 1 Input 2 Process and 3 Output.

Input
The input is the preliminary reflections before the process. This stage
consists of prior knowledge, which is the basis for the vision. The vision defines the potential and problems and functions as a catalysator for the whole process. When having described the problems and
potential in the vision, the research question is formed as a practical
question, that is elaborated into success criteria that serve as guidelines throughout the process.

Process
The process is an iterative loop where new knowledge is developed
by combining findings from a broad theoretical literature review, research of state of the art and current lighting solutions, observations,

Figure 1.7 Process model.
Ref: Adapted from Hansen & Mullins (2014)
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test and qualitative measurement. This iteration is repeated as new

abolism. With the technological development of the light sources, the

knowledge is gained.

global use of artificial light is still increasing removing darkness from

Output

the night, vanishing the view to the night sky and altering the natural
cycle of light and dark. Still, light pollution is not yet considered a le-

The third stage is where the new knowledge is evaluated and elabo-

gitimate form of pollution, and it is only recently that researchers ad-

rated into design principles for urban green areas. The evaluation is

dress how the alteration of the natural light-dark cycle affects human

refers back to the research question and is a measure of whether the

and nature. Therefore the research is limited, but a growing number of

design fulfils the success criteria.

studies show that all organism on earth (including humans) would be
better off without any artificial light at night.

1.7 Limitation
The experimental work of this thesis has been limited due to the
Covid-19 pandemic. Consequently, it was not possible to conduct experiments with participants, and the observations rely only on my own
perception. The access to the university was also limited, making the
light laboratory and lighting equipment inaccessible, which limited
any further measuring. Additionally, all libraries were closed so I could
not seek help from librarian to search for literature. Therefore the

Consequently, it is about time to challenge the standard illuminance
levels and find other alternatives to artificial lighting at night.
This thesis investigates the critical effect that artificial light has on
aminals, plant and humans. That is the starting point. Further, the thesis will cover the function of the human vision’s adaption to darkness
and human perception as this knowledge is important when designing
lighting for human. The understanding of these issues will support the
final design principle for outdoor lighting in urban green areas.

literature used in this thesis is primarily found by using the online
databases from Aalborg University webpage.

1.8 Summary
Since the dawn of man, humans have feared darkness and have tried
to light up the night. Throughout history, artificial light has therefore
been linked to order and crime-fighting, and darkness to evil and di-
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SECTION TWO:
THEORECTICAL FRAMEWORK
The research part is divided into three sections. The first section focuses on the effect artificial light has on animals, plants, and humans
and elaborates on the first criterion; Minimizing the impact on biological patterns of nature and human. The second part describes how
light enables human vision and how the eye adjusts under various
lighting conditions and elaborates on the second criterion; Enabling
human eyes adaption. The last part focuses on human perception and
how light and darkness affects our emotions and experiences and
elaborates on the third criterion; Enhancing the feeling of reassurance.

2 EFFECTS OF LIGHT POLLUTION
2.1 Introduction
The earth’s rotation around its axis generates the daily changes in
light and dark and temperature variations. The tilt of the earth and
orbit around the sun regulates the annual changes in light and dark
and temperature; hence, the seasonal changes (Bradshaw & Holzapfel, 2009). These cosmic rhythms organize biological patterns and every creature on the earth has evolved to synchronize with the cycle
of light and dark and seasonal changes. Thus, to sustain basic behavioural patterns like foraging, reproduction, hibernation, migration
and protection from predators, plants and animals rely on the light
and dark cycle (Gaston et al., 2014; Rich & Longcore, 2006).
Light affects two primary biological cycles; the circadian and photoperiodism. The circadian cycle and the photoperiodic timer are pre-

Since the invention of electrical light, it has been used to improve
visibility at night for humans, thus enhancing navigation, safety and
the feeling of safety. Until recently, little care was put into how artificial light at night alters the natural cycle of light and darkness and
how this affects the biology of nature and human. Consequently, the
extensive use and global increases have turned relatively dark cities
into bright lightscapes. This rapid and significant increase in artificial lighting at night have drastically disrupted the light and dark cycle with severe effect for both nature and human (Hölker et al. 2011).
In the following section, animals, plants and humans biological, behavioural responses to light will be examined. The focus is on why
and how organisms react to light. These questions need answering to
design outdoor lighting that disturbs the natural behavioural pattern
as little as possible.

dictable cycles synchronized to the natural cycle of light and dark.

2.2 Circadian Rhythm

The circadian rhythm enables organisms to recognize daily changes in

The circadian clock occurs in almost all species, including plants. The

their surroundings and is reset daily. Photoperiodism determines the
seasonal timing and is the capacity to use the length of day or night
to adjust seasonal behaviour or physiology. Photoperiodism is not an
innate rhythm and acts as a physiological switch that directs the organism’s behavioural response to shifts in seasonal light and dark
cycles. (Bradshaw & Holzapfel, 2010).

circadian clock enables organisms to track daily changes in their surroundings and is reset on a day to day basis (Bradshaw & Holzapfel,
2009) It follows the 24 hours dark/light cycle and controls vital aspects
of physiological events including the sleep/wake cycle, hormone production, body temperature, heart rate, blood pressure and metabolism
(Fleury, Masís-Vargas, & Kalsbeek, 2020; Hickie et al., 2013) See figure
2.1. Many studies have shown that exposure to light at the beginning of
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dark to different places in the body including the pineal gland, that
synthesizes and secretes the hormone melatonin. Measurements of
the circadian timing system in animals and humans are mainly based
on melatonin production (Boyce, 2014). At night the production of melatonin is high and falls in the morning. However, it is not time that determines melatonin production, but the exposure to light or darkness.
Consequently, artificial light at night can alter melatonin production.
(Gaston, Davies, Bennie, & Hopkins, 2012). Melatonin receptors are
found throughout the whole body in animals and humans and obtain
melatonin as a sign of darkness. This way, melatonin signals the time
of day to the body, which synchronizes the activation of many physiological functions. (Boyce, 2014).
The circadian clock is sensitive to different wavelengths of light at different times of the day. The ipRGCs in humans have a peak sensitivity
at a 480 nm and are most sensitive to short wavelengths. The ipRGCs
Figure 2.1 Circadian clock for mammels
Ref: Hansford, 2017

the night will delay the phase of the circadian clock, whereas exposure
to light at the end of the night will advance it (Fleury, Masís-Vargas, &
Kalsbeek, 2020; Tri Hoang Do & Yau, 2010).
The circadian input starts when light enters through the eyes and
reaches the retina where the intrinsically photosensitive retinal gan-

are also found in many animals, but their peak sensitivity differs from
that of humans (Tri Hoang Do & Yau, 2010). The human sensitivity follows the daily cycle, with blue light in the morning and yellow light in
the evening. Studies have discovered that exposure to artificial light
at night, particularly in the blue spectrum, suppresses melatonin production, disrupting the circadian rhythm that controls many vital functions of the body for both human and animals. (Boyce, 2014).

glion cells (ipRGCs) are located. The ipRGCs send the signal of light or
darkness to the internal master clock, Suprachiasmatic Nuclei (SCN)
that drives the circadian rhythm. The SCN send signals of the light or
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2.3. Photoperiodims

2.4 Artificial lights impact on Animals

Throughout the year, the weather and temperature are highly un-

Timing of the circadian clock depends on the species spectral sensi-

predictable, but the changes in the length of the day are repeatedly the same every year. The ability to determine the length of day
or night is called photoperiodism. Photoperiodism consists of two
components; photoperiodic timer and counter. In close collaboration, they act as a seasonal switch (Bradshaw & Holzapfel, 2010).
The counter calculates the dark/light cycles, and when a specific number of inductive cycles is reached, the photoperiodic timer triggers the
corresponding physiological response such as hibernation, migration
and reproductive processes. Once this response is set in motion, it
cannot be reversed, before the seasonal event is completed (Brad-

tivity and is crucial for animals to follow their normal behaviour and
co-exist in the ecological structure (Bennie, 2014). The circadian clock
and spectral sensitivity differ across the different species with corresponding adaptations in their visual systems (see figure 2.3). Their
peak periods of activity follow their peak spectral sensitivity, and animals are categorized accordingly; diurnal animals are active during
the day, nocturnal are active during the night, crepuscular are active
around twilight, cathemeral are active in both daylight and darkness.
Former research has shown that artificial light has a severe effect on
nocturnal and crepuscular animals (Hölker et al., 2010; Rich & Long-

shaw & Holzapfel, 2009). The photoperiodism responses change over
the year and are different from species to species. R-selected animals
usually respond to complete day length whereas K-selected animals
with prolonged reproductive maturation depend on incorporating the
response to complete daylength and synchronizing the internal circannual clock by longer and shorter days lengths. Most of these animals than have a period where they do not respond to the length of
the day. (Bradshaw et al. 2010) This knowledge is interesting in relation to lighting design because the artificial light could be timed, so
it is mainly used in the periods where animals do not respond to the
length of the night or day.

Figure 2.2 Spectral sensitivity of light in humans and animals.
Ref: Pendoley (2019) where adapted from Campos (2017)
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core, 2006; Jetz, Steffen, & Linsenmair, 2003), but recent studies have

the same time, nocturnal insects delay their nightly activities, caus-

stressed that also diurnal animals are affected by artificial light (Sand-

ing them to be more exposed to predation (Owens & Lewis, 2018).

ers et al., 2020). The highest activity level happens near dawn and

Photoperiodism has been recognized in insects, and measurement

dusk, and animals are extremely sensitive to artificial around these

of night length is fundamental in most insect species. Their prima-

hours (Jetz, Steffen & Linsenmair 2003; Rich & Longcore, 2006; Gaston

ry response to longer nights is the diapause state (Saunders, 2002),

et al., 2012). Therefore, lighting should be turned off or dimmed in

but photoperiodism also regulates, seasonal morphs, growth rate and

these hours of peaking activity to minimize the impact.

migration strategy. (Numata, Miyazaki, & Ikeno, 2015; Saunders, 2009).

The following section describes how light interferes with the behavioural patterns of insects, birds and bats. Artificial lighting at night

2.4.1.1 Insect attraction towards artificial light

obviously also affects many other species, but these species are cho-

Artificial light at night attracts and confuses insects, so they differ from

sen because they live in the cities and are significantly affected by

their normal behaviour and draws towards artificial light sources. The

light pollution.

attraction zone is up to 40 meters, depending on the lights spectrum,
height, distribution and intensity (Rich & Longcore, 2006; Baker & Sa-

2.4.1 The impact of artificial light on insects

dovy, 1978, Perkin, Hölker, & Tockner, 2014). This attraction often leads

The total number of insects is decreasing globally, and research in-

bat and birds that hunt near artificial light at night. Insects flight-

dicates that artificial light at night might be the most critical driv-

to-light behaviour is well documented, and can be categorized into

ers for their declining (Owen et al. 2019). Both direct light and sky-

three patterns; Fixation, Crash barrier and Vacuum cleaner effect Rich

glow can impact the physiology, behaviour, and fitness of insects.

& Longcore, 2006). See figure 2.3.

to high mortality and insect become easy prey for predators such as

The direct light has an immediate attraction on insects, and skyglow
blocks out the natural nocturnal light souces that insects used for

Fixation

navigation, with consequences for foraging and reproductive suc-

The fixation effect is when insects get caught in the zone of light and

cess in these species (Rich & Longcore, 2006). The skyglow also al-

hollows around it, unable to escape. Here insects are either captured

ters insects patterns of activity and rest, causing diurnal pollinators

by predators or drop on the ground of exhausting. When captured in

and insects to prolong their foraging periods into the evening. At

a light source, the insects remain fixed within the illuminated area for
several hours.
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Crash barrier
The crash barrier effect is when the flight route of an insect is disturbed by artificial light. Some insects use natural light from the
moon, stars or a stream for orientation, but the artificial light blocks
the natural light. Therefore, the insect cannot follow the usual route
and fly directly towards the artificial light source and orbit around it.
Vacuum cleaner
The vacuum cleaner effect is when insects that otherwise would not
move are drawn towards artificial light and leave their habitat, which
leads to areas that are totally devoid of insects.
Understanding how insects are attracted to light can be turned into
guidelines on how to place artificial light, so it reduces insects’ attraction to the artificial light. If artificial light sources are placed along a
stream, they should have a yellow light spectrum, a very low illuminance, and be turned off as early as possible to minimize disturbance
on the insects. However, placing light sources along a stream would
not be recommendable.

2.4.1.2 Moon phases
The moon phases have a significant impact on insects attraction to artificial light. Less flight to light behaviour happens during a full moon.
This behavioural change occurs because the background illumination
from the bright moonlight affects the contrast of the artificial light
source, so it seems less bright; therefore, insects cannot see the arFigure 2.3 Insects attraction towards light
Ref: Rich & Longcore, 2006
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tificial light source from a long distance, resulting in fewer insects

has many nuances in influencing bats behaviour pattern with both

attracted to the artificial lights. Under a new moon, the insects’ attrac-

positive and negative phototaxis depended on the species. (Spoelstra

tion towards artificial light is highest (Owens et al., 2019).

et al., 2017) Light-tolerant species benefit from insect attractions to
light and forage around artificial light sources (Rowse, Harris & Jones,

2.4.1.3 Insects' attraction to different light spectra

2018; Rich & Longcore, 2006). The opposite effect alters the light-shy
species patterns that avoid lit areas and flee to dark places where in-

The spectral distribution of light is essential for insects attraction to-

sect prey may be limited due to the before mentioned vacuum cleaner

wards artificial lights. Even though the spectral sensitivity varies within

effect in section 2.4.1.1

insect species, multiple studies have shown that many insects species
are sensitive to UV light and short wavelengths which has an enormous attraction on insects (Gaston et al., 2012; van Grunsven et al.,

2.4.2.1 Bats attraction towards artificial light

2014; Wakefield et al., 2018). Longer wavelengths in the yellow to infra-

Many light-tolerant bats species in urban areas have been observed

red spectrum attract fewer insects, thus indicating that many insects

foraging from insects caught in light from streetlamps, but some evi-

are less sensitive to wavelengths in this spectrum. However use of

dence indicates that bats primarily flies to the artificial light because

artificial light also within the yellow spectrum, should be used with

they are attracted to it directly, not because of the food (Blake et al.,

carefulness and with low intensity, to have minimal impact on insects

1994; Müller et al., 2009). This way of foraging is so frequent among

(Saunders, 2012).

bats that it is regarded as a common habit for many bat species, although it is not natural and influences the competition, the surviv-

2.4.2 The impact of artificial light on bats

al and reproductive performance of both insects and bats (Rich &

Bat are nocturnal animals and uses the natural light and dark cycle as

ly. Artificial light at night interferes with bats’ navigation under mi-

a signal to synchronizes their timing of activity with their environment

grations, or nocturnal commuting flights (Voigt, Rehnig, & Lindecke,

(Gaston et al., 2013). Many bats possess UV cones, which they use

2018) and disrupt the circadian rhythm which they fail to entrain even

for visual orientation at twilight. Consequently, bats are more active

over an extended period of a new photoperiodic cycle (Heideman &

around dawn and dusk (Müller et al., 2009; Azam et al., 2015), but their

Bronson, 1994). Potentially this can result in problems with breed-

peak activity differs from species to species. Artificial light’s impact

ing, growth, foraging and communication (Rich & Longcore, 2006).

Longcore, 2006). Still, artificial light also affects bats more indirect-
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In a study from France, the comparison of bat activity was recorded in 2015, to evaluate if bats would benefit from part-night lighting.
Bats was counted in lit, unlit and part lit areas resulting in very different behaviour patterns from species to species. The lamp used as
high-pressure sodium, which has spectrum in the UV range, so further
testing with LED is necessary. However, this study showed that the
light-shy bat species were more active under part-night lighting than
under full-night lighting; hence the part-night lighting was beneficial
for these species. (Azam et al., 2015)

2.4.2.2 Bat’s attraction to different light spectra
A study from Germany comparing different bats’ activity patterns near
LED and MV streetlights showed that the response to light spectrum
varies greatly from species to species. Pipistrellus, which are considered a light-tolerant bat, was the most common listed species near
streetlights. It was 45% less active near LED streetlight compared to
MV streetlight, but the light spectrum did not affect other bat species
activity, except the Myotis bats, that is a light-shy species. The activity
for Myotis bats level increased near LED when comparing to MV light.
Consequently, when many light-tolerant bats in urban areas have
adapted to foraging at the MV lamp, the replacement to LEDs may
significantly change the influence of artificial light on urban bats,
and increase the natural competition among light-tolerant and lightshy bats (Lewanzik & Voigt, 2017). In the other study, bats were exposed to different spectra; white, green and red light. The results
indicated that bats are insensitive to red light. The light-shy Myotis
species showed reduced activity in white and green light, but not
in red light. The light-tolerant Pipistrellus species were more active in white and green light than in red light. (Spoelstra et al., 2017).
Therefore, bat researchers often use red light to decrease the light disturbance on bats. The light company Philips has made a bat-friendly
red light, that is used in some dutch cities (Philips, n.d.). See figure 2.4.
However, a study from 2018 shows that migratory bats are attracted by
red light, indicating that the attraction towards artificial light varies
between seasonal events (Voigt, 2018).

Figure 2.4 Bat-friendly light in Nieuwkoop in Holland
Ref: Philips, n.d.
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2.4.3 The impact of artificial light on birds
Artificial light at night has a significant effect on the timing of daily
and seasonal activities for birds living in urban areas, leading to an extension of the duration of their activities, with onset and cessation of
singing and foraging, reproduction and migration (Miller, 2006; Dominoni, 2015; Silva, Diez-Méndez, & Kempenaers, 2017; Liu et al., 2019).
A study has compared European blackbirds (Turdus merula) in two
light treatments. One kept in almost dark at night (0.0001 lux), and the
other birds were exposed to light-at-light (0.3 lux). This study showed
that artificial light at night affected birds’ daily melatonin patterns,
altering not only their timing of daily activities but also seasonal timing. Even though the birds were exposed to a low illuminance of only
0.3 lux, it still reduces their melatonin release. The birds exposed to

Figure 2.5a Memorial light tribute of 11/9 in New york.
Ref: Howell, 2012 photo by Greg Chow

light at night had an overall higher locomotor activity during both day
and night. The data was collected in both summer and winter, with
suppression of melatonin in both seasons. However, the winter data
showed that the reproductive system was developed up to a month
earlier in birds exposed to light and they also moulted earlier, indicating that the artificial light produces the physiological signal that the
night is shorter than the natural photoperiod, and therefore speeds
up reproductive activation. (Dominoni, Quetting, & Partecke, 2013)

2.4.3.1 Birds attraction towards artificial light
Migratory birds are exceptionally sensitive to artificial light. Several
light accidents happen during their flight because the artificial light

Figure 2.5b A close look into the light sources reveals that thousands of migrating birds are
disorientated in the light unable to escape the sphere of light.
Ref: Howard, 2017 photo by flickr
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disorientates migrating birds (Erickson et al. 2005, Rich & Longcore,

appears to influence their magnetoreception of compass information

2006). Many different species of birds migrate every year. Most of them

(W. Wiltschko, Munro, Ford, & Wiltschko, 1993; R. Wiltschko & Wiltschko,

migrate at night (La Sorte et al., 2017). When migrating at night, birds

2009). Another study from China has shown that birds sleeping time

use their magnetic compass for direction and the celestial elements

are delayed when the birds are exposed to red and amber light and

for navigation and are therefore sensitive to artificial light, because it

are not affected by blue or green light (Lui et al. 2019)

disturbs their natural clues, particularly with an overcast sky or misty
weather (Rich & Longcore, 2006; R. Wiltschko & Wiltschko, 2009). Both
skyglow and direct light exposure at night during migration cause birds

2.5 The impact of artificial light on plants

to alter their flight route by circling, shifting direction or slowing down.

Sunlight is the main driver for plant growth and development. Studies

It is well documented that birds migrating manoeuvre towards artifi-

concerning seedlings growth showed that dark and light cycle imitat-

cial light at night and are reluctant to leave the sphere of light once

ing natural cycles gave the best result compared to continuous light

encountered (Rich & Longcore, 2006). Figure 2.5ab illustrates this effect

and dark or changing light duration. Plants have developed four fam-

where migrating birds every year are caught in the tribute light to 11/9.

ilies of photoreceptors for perceiving light, which provide the plant

This fixation can be compared to the attraction towards artificial light

information about presence and absence of light. The photoreceptors

seen in insects (see section 2.4.1.1), where birds are unable to fly away

enable the plant to react to four light parameter: light spectrum, light

and then end up on the ground fatigued and unable to continue.

intensity, light direction, and light duration (Rich & Longcore, 2006;

This understanding suggests that artificial light in migrating seasons

Singhal, Kumar, & Bose, 2019). Plants use light as a clue for seasonal

should be used with extreme carefulness and consideration of the
weather condition, so intense uplight is never used during the migration season, especially with an overcast sky.

2.4.3.2 Bird’s attraction to different light spectra
Unlike insects and bats, birds are more sensitive to yellow or red light.
A study comparing white, green, blue and red light has confirmed that
red light causes the greatest disorientation of migratory birds, and it

changes and time their biological clocks accordingly (Singhal, Kumar,
& Bose, 2019; Bennie et al., 2016) The circadian clock in plants controls various biological processes and regulates the timing of output
responses, such as leaf opening, photosynthesis, flowering, cell cycle
progression, hypocotyl elongation and seed germination to an appropriate time of day (Inoue, Araki, & Endo, 2018; Dodd et al., 2014).
The day length affects the growth of various plants and trees, but also
the intensity and spectrum of the light influence how the light effects plant. (Singhal, Kumar, & Bose, 2019). Because artificial light can
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modify the apparent day length perceived by plants and consequently
their photoperiodism response, artificial light at night can shift or delay seasonal events, causing excessive growth in plants and blossoming at inappropriate times - especially for late-successional species,
where photoperiod trigger budburst later in the spring (Boyce, 2014;
Ffrench-Constant et al., 2016; Bennie et al., 2016) There is not much research on how light pollution affects plants, but a substantial amount
of horticultural studies aims to verify the optimal lighting conditions
for plants grown in artificial lighting. These studies show that artificial
light significantly impacts the plants’ development and blue and red
light at night promote growth and flowering in plants (Rich & Longcore, 2006; Singhal, Kumar, & Bose, 2019).

2.5.1 Plants’ response towards artificial light
Plants respond differently to artificial light depending on the species.
Some are insensitive to artificial light at night, and other species seem
to be more sensitive to direct illumination at night. Figure 2.6 is an
example from Liverpool on three dates in 2014, where a deciduous
tree (Platanus x acerifolia) is illuminated by artificial light, where the
right side receives direct lighting. Consequently, there is no autumn
colouration, and the part of the canopy that is most lit still retains
leaves into December. (Bennie et al., 2016)
Besides the direct effects on plants, artificial light at night also indirectly affect plant and has a complex influence on the interaction
between plant and animals. The circadian clock in plants adjusts the
Figure 2.6 Artificial light on tree in
Ref: Bennie et al., 2016
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timing of flower opening for pollinators to a specific time of the day,
where potential pollinators are most productive. When plants are ex-

2.6 The impact of artificial light on humans

posed to artificial light at night, the timing for the flower opening for

Light affects humans in two primary ways: The image forming effect

nocturnal pollinators can be shifted, resulting in less nocturnal polli-

that enables vision (see chapter 3) and physiological effects1 that con-

nators, which have detrimental consequences for plant reproductive

trols the circadian rhythm (Godley, 2020). The image-forming relates

success (Inoue et al., 2018; Knop et al., 2017; Bennie et al., 2016).

to the senses, e.g. the vision and gives a visual response whereas the

The other effect is that artificial light disrupts the behavioural pattern of many nocturnal pollinators, that then not will fly to a lit tree.
It has been explored if part-night lighting would have a positive effect on nocturnal pollination, but the results are ambiguous, due to
the different light respond from different plant species. A study from
New Castle University showed less pollination under part-night-lighting than under full-night lighting. These results were contrary to their
prediction and earlier studies, that showed higher pollination under
part-night lighting than under full-night lighting conditions (Newcastle University, 2019; Macgregor et al., 2019). Whether part-night lighting rather than full-night lighting on plants is beneficial for nocturnal
pollinators depends on the specific plants’ sensitivity towards light.
Therefore when planning vegetation near artificial light, it is essential to consider the plant sensitivity towards light. Not many studies
have researched this area, but in 1975 Cathey and Campbell made a
shortlist of plant sensitivity towards light. (Cathey & Campbell, 1975)
However, there is a massive gap in research that must be examined to
make valid conclusions on how artificial light affects plants. So until
then, the artificial lighting on plants need to be used very carefully. .
1 Physiological effects if often referred to as non-image-forming effects, but physiological effects
or biological and behavioural effects is a more accurate description (Godley, 2020)

physiological effects affect the circadian rhythm and gives a biological, behavioural response by regulating biological processes including
hormones, body temperature, alertness and cognitive performance
(Boyce, 2014). (See section 2.2 on circadian rhythm). Even though human insist on having artificial light at night, the darkness is important
for humans to rest and rejuvenile. When exposed to artificial light at
night, the melatonin secretion is suppressed, increasing sleep onset
and alertness. Suppression of melatonin disrupts the circadian rhythm
with severe consequences for human health, such as sleep deprivation, diabetes and cancer (Cho et al., 2015; Navara & Nelson, 2007).

2.6.1 Humans response towards artificial light
Humans are also creatures that are drawn to artificial light, and it is
suggested that humans have a diurnal bias that allows us to ignore
the fact that darkness is as important as the light for human health
(Rich & Longcore, 2006). Human’s eye always fixates on the brightest
point in an environment, and research has shown that people feel
safer in light and prefer going to a lit site rather than a dark site (Descottes, 2011). These effects on perception will be further explored in
chapter 4.
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2.6.2 Humans respond to different light spectra
The impact of artificial light on human depends on the light spectrum.
The biological clock expects the light to follow the natural rhythm with
blue wavelength in the morning and yellow in the evening. Hence the
blue light in the evening will cause a greater disturbance of the circadian rhythm than yellow light (Navara & Nelson, 2007; Fleury et al., 2020).
However, the illuminance level also influences how artificial light affects humans at night. A light source in the yellow spectrum, but with
high intensity can be as disturbing for circadian rhythm as a light
source within the blue spectrum but with lower intensity (Boyce, 2014).
If an outdoor light source has blue wavelengths in the spectrum, the
intensity must be as low as moonlight to have minimal effect on the
humans. Streetlights that follow the lunar cycle and adapt to the
natural light at night have already been designed. See figure 2.7. The
idea is to use highly sensitive photo-sensors to detect and respond
to moonlight, and by adding only the light levels needed these street
light would provide an evenly light distribution and thereby actually
improve nighttime visibility (Steen, 2007; Boyce, 2004)

2.7 Summary
This chapter reviews how the artificial light’s quality, hence the spectrum,
distribution, and intensity, affects nature and humans to explore a way to
design artificial light at night with minimal impact on nature and humans.
The conclusion is crystal clear; artificial light is never impartial, it affects
Figure 2.7 Lunar-resonant streetlights. Streetlights that follow the lunar cycle and only add
very subtle illuminance.
Ref: Civil Twilight Design Collective, 2016
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organisms in various ways and disrupt natural patterns of light/dark.,
As all organisms of the earth have evolved to synchronize with the
natural light/dark cycle, this disruption has enormous consequences

activity ceases. (“Smart Streetlights at City of Van Gogh,” 2013). Such
lighting systems are a key element in reducing lighting pollution in
the future.

for animals, humans and plans, either directly because of the acute
attraction to artificial light or more indirectly with disruption of the
circadian rhythm and altering of the timing of the photoperiodism
response. From this review, it is clear that all living organisms on the
earth would benefit if there were no artificial light at night. Whenever we put up an artificial light source at night, it destroys the habitat where the light falls. Still, humans demand artificial light at night.
Therefore we need to be smarter with using artificial light at night,
so it has a minimal effect on nature and human. The impact of the
artificial light depends on the spectral sensitivity, duration of light,
direction and distribution and intensity. These light requirements differ from species to species; hence a specific light spectrum might not
affect bats but is harmful to birds, making it impossible to design a
light source that would reduce all ecological consequences of light
pollution. Still, the light intensity should be kept at a minimum for all
species. With the development of LED’s light spectra can be altered,
and with technology and sensors, the artificial light at night can be
dimmed when possible and turned off when it is not used. This would
be a smarter and more efficient way to design outdoor lighting. In
Nuenen in Holland, an adaptive artificial lighting system is installed
where the streetlights for both vehicles, bikes and pedestrians are
dimmed when there is no activity. When something approaches, the
lights increase in luminance, giving better visibility, and dims when the
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3 HUMAN VISUAL SYSTEM

Photorecepters
Rod cell

Cone cell
Lens

Retina

3.1 Introduction
Fovea

Light facilitates the visual sense; without light, we cannot see anything.
The visual system consists not of the eye alone but is an operation
between the brain and the eye, which functions as a complex im-

Pupil

Optic
Nerve

age-processing system that draws out the retinal image for interpretation by the brain (Lam, 1992). Because of the complexity of the
human visual system, the eye’s response differs depending on various factors, such as the lighting intensity and spectrum, the position

Figure 3.1 Structure of the human eye.
Ref: Modified from BenQKnowlegde, 2015

and size of an observed target, and the observer’s age (Boyce, 2014).
This section will cover the human eye’s structures and function,
the day and night vision, and how the eye adapts to darkness.

3.2 Atomony of the human eye
Light enters the eye through the lens and reaches the retina, in the
back of the eye. (See figure 3.1) The retina has a layer with different light-sensitive cells, photoreceptors, that react to a light signal.
Under this layer is another layer with cells that process the output
of the photoreceptors and send signals through the optic nerve
to the brain. The fovea is located in the back of the retina and is
responsible for the centre of the visual field of view, giving the eye
the best visual acuity (Tregenza & Loe, 2013).
Figure 3.2 The binocular visual field displayed in degrees deviation from the point of fixation. The shaded areas are visible to only one eye.
Ref: Boyce, 2014
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3.3 Field of view
The field of view is the binocular visual field composed by the human eyes that are mounted frontally. It is the observable area the
human eyes can detect. Figure 3.2 illustrate the area and the limits of
the field of view.

3.4 Human vision
The human visual system is sensitive to wavelengths between 380 780 nm, rances from ultra-violet over blue, green and yellow to infra-red (see figure 3.3). When light enters and reaches the retina, different light-sensitive cells, react to a light signal. There are two main

Figure 3.3 Visible spectrum of light for humans
Ref: BenQKnowlegde, 2015

categories for photoreceptors responsible for the human vision: rods
and cones (Tregenza & Loe, 2013).
The cones are for discrimination of colour and are dominating in photopic vision, which we use during the day. They activate when luminance
is over 3 cd/m2 and can respond to a vast amount of changes in high levels of brightness, but they are unable to respond in dim light condition.
Humans have three different types of cones, characterized by their
peak sensitivity, although they have a broad spectral sensitivity overlap
(Boyce 2014). The S-cone respond to blue (short) wavelength, peaking
at 450nm, the M-cone respond to green (medium) wavelength, peaking 525nm and L-cone respond to red (long) wavelength, peaking at 575
(See figure 3.4) Their combined response is represented as a standard
in the v(λ) curve that illustrates the relative sensitivity of the human
eye with a peak at 555nm (see figure 3.5)

Figure 3.4 The spectral sensitivity of cones and rods
Red: Modified from Godley, 2020
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The other photoreceptor, rods, do not respond to colour but are sensitive to light intensities and responsible for scotopic vision, the night
vision. They activate in dim light levels under 0,001 cd/m2 and operate
as light detectors and can, when well adapted to darkness, respond
to a single visible light photon (Lamb & Pugh, 2006). In the scotopic
vision, the eye is thus more sensitive to brightness and shorter wavelength with a peak sensitivity at 507nm (see figure 3.5). Wavelengths
within the blue spectrum at night is therefore perceived much brighter
than in daylight.

3.4.1 Mesopic vision
In between the photopic and scotopic, the mesopic vision is active.
Mesopic vision occurs when illuminance is around approximately
0,005 - 5 cd/m2. Road and street lighting is usually in the mesopic
range between 0.005 cd/m2 and 5 cd/m2, and this state is therefore
essential when working with outdoor lighting (Viikari, Ekrias, Eloholma,
Figure 3.5 The photopic V(λ) and scotopic V’(λ) spectral luminous efficiency functions
Ref: Prismalence, n.d

& Halonen, 2008). In the mesopic state, both rod and cones are active.
The spectral sensitivity in the mesopic state is continuously adapting
according to the illuminance level, brightness, spectral distribution
and viewing condition. As the light level decreases, the eye’s spectral sensitivity will shift towards shorter wavelengths (Fotios & Cheal,
2011; Boyce 2014). This combination of photopic and scotopic vision
can be perceived when observing red colours because cones are more
sensitive to red light than rods. Therefore as darkness increases, red
colours will visually darken faster than other colours, the so-called

Figure 3.6 Illustration of how the perception of the red colour quickly becomes less sensitive with
increasing darkness— the Purkinje Effect.
Ref: Hedrick, 2014 - photo by Justin Underhill.

Purkinje effect (Hedrick, 2014) See figure 3.6.
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3.4.2 Central and peripheral vision

light intensity and how the human eye perceives it (Boyce, 2014). So

The eye moves continuously and adjusts the visual acuity, so the focus

half as bright, and in low illuminance levels, even small differences

is held in the central field of view, the fovea. The fovea controls the

are perceivable. Studies have shown that outdoor lighting in some

central vision, which is the ability to distinguish small details. The fovea

areas could be dimmed down to 25 percent, without people noticing

contains only cone cells and is therefore insensitive at low illuminance

any change in illuminance level (Gendall, 2015).

if a light source is dimmed 50 percent, the perceived response is not

levels. The rest of the retina is responsible for peripheral vision, that is
particularly sensitive to motion. The peripheral vision has automatic

Figure 3.7 illustrates the different ranges of vision when the eye adapts

alertness for objects moving in the outskirt or coming into the field of

to darkness - going from photopic over mesopic to scotopic vision,

view (Tregenza & Loe, 2013; Boyce, 2014). Rods dominate in the periph-

both rods and cones partake in adaption to darkness, but cones adapt

eral field, and the perception of colour in this area is therefore low.

faster than rods. The first few minutes of adaptation, therefore follow

In the photopic state, foveal and peripheral vision works together, and

the cone based vision, which then is inactivated. Rods work slower than

due to the eye constant motion, the two visions are perceived as the

cones, but because they perform under low luminance, they gradually

same by the brain.

become more dominant, and after the initial cone adaptation period they take over, and vision becomes rod-based. See figure 3.8. The

3.4.3 The human eye adaptation

vision is then in a continuous decline of colour discrimination and

The visual system continuously adapts to the brightest point in the

However, the scotopic state’s vision is highly sensitive for motion and

field of view and can adapt and balance an astounding range of light
variations from bright sunlight to shallow starlight as we move from
brighter to darker areas. Thus, the rods and cones are in continuous
oscillation, responding to the changing light level enabling human
vision in specific lighting conditions. (Tregenza & Loe, 2013; Lamb &
Pugh, 2006). When working with outdoor lighting, it is important to
notice that the human perceived response of brightness is not linear,
but logarithmic meaning that there is a discrepancy in the measured

central vision and shift in spectral sensitivity to shorter wavelengths.
changes in luminance (Tregenza & Loe, 2013; Boyce, 2014).
Another component of darkness adaption is the pupil. The size of the
pupil varies depending on the amount of light that enters the eye,
enabling the photoreceptors to adjust accordingly. In dim light condition, the pupil expands, thus allowing as much light into the eye as
possible and when brightness increases the pupil contracts (Tregenza
& Loe, 2013)
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The headlight on cars illustrates how adaption (and contrast) influence perception. The headlights luminance is the same in both day
and night time, but during the day, the headlights are not perceived as
bright, but as darkness falls, the perceived brightness of the headlight
increases and can be glary if look at directly. Thus, headlight at night
on cars disrupts the adaption, but the typical street light placement
with specific intervals on a line is often not sufficient for the eye’s
adaptation either. When walking under them, one travels in and out of
light and darkness. Consequently, the eyes never transit entirely into
the scotopic range, but will continuously adapt to different stages of
the mesopic range (Boyce 2014; Raphael & Macleod, 2015).
Figure 3.7 Different ranges of vision and the corresponding photoreceptors.
Ref: Hansen, 2019

The contemporary artist James Turell has illustrated the time it takes
for the eye to adapt to darkness in Minamidera an Art House Project
on the Island Naoshima in Japan. In this work, the visitor is guided
from the bright outdoor into a completely dark room, sat on a bench,
looking straight and ask to wait. Then slowly after a few minutes, what
seemed to be a completely dark space change and small nuances in
the shadows appears, and at the end of the room, a white rectangular
box of light emerges, as the eye adapts into the scotopic state and
become more sensitive for the light intensity.

3.4.4 Light Spectrum and S/P ratio
As mentioned in section 3.4.1, the eye’s spectral sensitivity change as
the eye adapt to mesopic state and become more sensitive to blue
Figure 3.8 Timescale of darkness adaption curve
Ref: Tregenza & Loe, 2013
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wavelengths, which affects the perception under different light sources.

spectrum. Consequently, artificial light sources within the blue spec-

Therefore, light sources with blue wavelengths in the light spectrum

trum can have a much lower illuminance at night than artificial light

will be perceived brighter at night, than light sources without blue

sources within the yellow spectrum and still have the same perceived

wavelengths. For the lighting industry, the scotopic/photopic ratio

brightness. Therefore, light source within the blue spectrum must be

(S/P ratio)1 is assigned to a given light source. It is a tool to calcu-

installed with great carefulness and consideration, as they would eas-

late the relative efficiency in stimulating the rods and cones under

ily disrupt the adaption.

a given light source. A high S/P ratio will stimulate the rods more
than a low S/P ratio. A low S/P ratio will stimulate the cones more
than rods. (Houser, Fotios, & Royer, 2009; Boyce, 2014) Therefore, it is
often recommended to use a light source with a high S/P ratio under
mesopic condition because the perceived brightness is higher than a
light source with a low S/P ratio.

However, a light source with a high

S/P ratio also has more blue wavelengths in the light spectrum and is
thus more harmful to the environment and disruptive of the circadian
rhythm.

3.5 Summary
When working with outdoor lighting, the eye adaption to darkness and
the mesopic vision must be considered not to overlight an environment or cause any glare. Accordingly, it would be interesting to lower
the illuminance levels in urban green areas, so the eye with adaptation becomes more sensitive for light intensity.
The spectrum of light is also vital as the adaption transform the vision.
In the mesopic state, the eyes are more sensitive to light in the blue

38

4 PERCEPTION OF LIGHT AND DARKNESS
4.1 Introduction
The visual perception is a complex process where the brain converts
the visual impressions the eye register to images. The visual response
in the form of perception obviously depends on the visual stimulus
received, but not only on this stimuli. Three other factors also affect
visual perception (Boyce, 2014).

1 Adaption
Visual perception relies on the state of adaption. As explained in section 3.4.3 on the human eye adaptation, the various adaptation stages
have different visual capabilities. In the photopic state, the ability to
discriminate colour is higher than in the mesopic state, and in the
scotopic state, the visual system cannot discriminate colour at all.

Figure 4.1: Illustration of perception of brightness. The circle has the one brightness but appears
to have various because of the influence from the background.
Ref: Modified after Boyce, 2014

Likewise, the sensitivity to light increases as the vision adapt from
photopic to scotopic state (Boyce, 2014). Different spectra of light give
different stimuli to the visual system that influences these capacities
- especially in the mesopic state.

2 Variation in contrast
The visual perception stimulus cannot be isolated to a single item
but is a complex arrangement, where objects are seen against numerous background. Variations in the background contrast will modify
the perception of objects seen on that background. An object appears
bright if the surroundings are dark, and the other way around. Figure
4.1 illustrate how the surroundings affect the perception of brightness.

Figure 4.2: The effect of figure 4.1 is intensified when splitting the figure
Ref: Modified after Boyce, 2014

This effect is enhanced by dividing the figure, as seen in figure 4.2,

(Tregenza & Loe, 2013). Prior knowledge generates expectations to the

which proves that perception is determined by how the luminous en-

experienced world that have a massive influence on our perception.

vironment is arranged (Descottes, 2011; Boyce, 2014).

Expectations create extensions of the visual world in our mind (Lam,

3 Preliminary knowledge

1992; Aru et al., 2016). An example is in figure 4.3, where the footprints

Perception is also a product of our knowledge and past experience.
When a newborn opens the eyes for the first time, they are only aware
of vague sensations of brightness, but as the brain generates connections between repeated experiences, their vision starts developing

seem dent or hollow depending on the image’s orientation. This illusion happens because we expect the light to come from above. Therefore seeing is not a passive response to the luminous environment;
rather, it is a complex information-seeking process directed and interpreted by the brain.

4.2 The effect of contrast
The human eye is attracted to light. In any environment, the eyes will
immediately scan, fixate and adapt to areas with the highest brightness. As mentioned above brightness is never perceived on a single
item, but depends on the background luminance and the contrast between them, so a target will only seem bright if an area of low luminance surrounds it. Two similar objects lit with different luminance
will hierarchically be perceived very differently. The object with the
highest luminance will seem closest, and the other object with lower
luminance will appear further away. See figure 4.4. Therefore, differences in luminances establish a hierarchy in the environment and
are essential for understanding depth and distinguishing foreground
from background. Luminance contrast influences the mood in a space,
where high contrasts compose a dramatic state, capturing the viewer’s
Figure 4.3: Depending on the orientation of the image, the foodprint is perceived as hollow
or dent.

attention, low contrasts provide a comfortable state, where the view-
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er’s attention is not on the light, but on the surfaces where it falls.
Thus, the different degrees of luminance affects the overall enjoyment
of space and guide peoples’ behaviour, leading their journey through
a site, indicating importance, movement or pause (Descottes, 2011).

4.3 The effect of glare
Glare occurs when an excessive amount of luminance is directed into
the eye, causing the viewer to squeeze the eyes or even look away because of the discomfort. Glare at night occurs when the artificial light
source in the field of view is very bright or is insufficiently shielded.
Glare is depending on contrast and size. A small area with a giving

Figure 4.4: Illustration of how contrast in lighting creates depth in a space. The object are at the
same distance, but the brighter appears to be closest.
Ref: Author (modelling in DIALux evo)

Figure 4.5: Illustration of how glare limits the vision and how shielding the light improves visibility. Notice the discernability of the man in the gate and how the shadows are perceived brighter
in the bottom picture.
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Ref: Bogard, 2013

luminance can be visually acceptable, whereas a larger area with the
same luminance is visually intolerant. Furthermore, the viewing point
angle can lead to discomfort glare, where a fixture in the outskirts
of the viewing point is acceptable, but in eye level is intolerant. (Descottes, 2011; Boyce, 2014)
Discomfort glare is never planned but is the product of bad lighting design. It is very problematic when it distracts the intended aim
of the artificial light source. Such lighting is often found in streets
or parks, where the artificial light source that was supposed to illuminate the environment instead causes glare (Descottes, 2011).
Besides causing discomfort, glare also limits the perception of space

Figure 4.6 Demonstrations of the spatial effect of different distributions and directionalities.
Ref: Descottes, 2011

and depth, functioning as a visual barrier that the vision cannot penetrate. Thus glare has a significant impact on the feeling of reassurance
in nocturnal outdoor spaces and must be avoided. See figure 4.5.

4.4 The effect of direction and distribution
The direction and distribution of light and shadow can visually expand
or compress a space and are important tools for transforming an outdoor environment at night. Typically the distribution is either a narrow
or wide beam, but there are many different distribution shapes in outdoor lighting, that gives different qualities of light and shadow. Combining the various distributions and directionalities gives the lighting
designer endless possibilities to render a space in the desired effect.
See figure 4.6 with different The distribution and direction of light also
have the capacity to strengthen or dissolve the perception of form,

Figure 4.7 Illustration of how the direction of light can either enhance or negate form and texture.
Ref: Author

43

surface and space, which set a dramatic or blend mood. See figure 4.7.

sual perception. For the visual sense, light always relates to the ma-

(Descottes, 2011; Kelly, 1952) This effect can be used in outdoor lighting

terial it falls on, which means that materiality, colour and structure

to enhance shapes and contours.

affects how light is reflected, absorbed or transmitted. There is a sort
of poetic tradeoff between light and materials, which the lighting de-

4.5 The effect of spatial brightness

signer, Linnaea Tillett, describes as

Another aspect that affects the perception of an environment is

the other, material gives light its character. That the properties that we

spatial brightness, which relates to the perceived amount of light

“on the one hand, light gives material its particular character, but, on
typically ascribed to light itself, its shimmer, sparkle, gleam or glow

in a space in relation to the ambient lighting rather than direct

are properties that materials lend to light.” (Tillett, n.d.)

lighting. Spatial brightness is defined as “a visual sensation to the

For any lighting designer, this is not news. Still, the usual practice in

magnitude of the ambient lighting within an environment, such as
a room or lighted street. Generally, the ambient lighting creates atmosphere and facilitates larger visual tasks such as safe circulation
and visual communication. This brightness percept encompasses
the overall sensation based on the response of a large part of the
visual field extending beyond the fovea.” (Steve Fotios & Atli, 2012)
Spacial brightness is linked to ambient lighting, which often is defined
as reflected or indirect light, that produces shadowless illuminance
(Kelly, 1952). Thus, the light distribution and reflectance are key elements when working with spacial brightness. However, the light spectrum and illuminance intensity also influence the spacial brightness

outdoor lighting is to ignore the close kinship between light and the
surrounding materials and their interplay and only take measure of illuminance levels. However, working with reflectance and colour in the
surrounding materials will produce much more diffuse and indirect
lighting, which reduces sharp shadows and minimize the impact of
disability glare and increase spatial brightness (Boyce, 2014). Richard
Kelly also states that ambient light “is usually reassuring. It quiets the
nerves and its restful” (Kelly, 1952). Therefore, the spacial brightness
and inter-reflected lighting are exciting elements to incorporate in the
design when working with outdoor lighting.

(Fotios & Cheal, 2011).

4.7 The effect of spectrum and colour

4.6 The effect of light and material

The spectrum and colour of light are inseparably linked to perception

Light and material are relationally bound to each other in human vi-

perception of objects and spaces and can thereby transform the fa-

of space and time. (Descottes, 2011) The spectrum of light alters the
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the same luminance, will visually merge if they have the same colour
(Descottes, 2011). Therefore when the contrast in luminance is low colour contrasts are important for visual performance (Boyce, 2014). Low
luminance contrasts are common for street lights, but it is not common to use colours to enhance the visual performance under these
lighting conditions. Lighting designer Linnea and her studio has created a design in Syracuse, NY, where they use red reflective paint on
various elements in the city as a signal to create awareness. See figure
4.9 Tillett states: “The objective here is more about changing perceptions than it is about people physically being able to see where they
are going.” (Ulam, 2014)
In another project by Tillett Lighting, they were asked to light up an urban waterfront in Connecticut. Rather than adding extra artificial light,
they suggested coating the surfaces with a bronze reflective paint
Figure 4.8 Illustration of colour perception under different light sources
Ref: Godley, 2020b

to amplify the light that already exists. In the sunlight, the reflective
paint shines, and in the night it reflects the light from passing cars, the

miliar into new experiences because a surface only reflects a colour,

waters sparkling reflection and the light from existing fixture. See fig-

that is in the light spectrum. See figure 4.8. The spectrum affects the

ure 4.10. Tillett approach is “to celebrate what you have. Use the least

colour temperature (kelvin). Colour temperature influence humans

amount of materials. Make it legible, vibrant, exciting.” (Busch, 2014)

behavioural pattern and can thus be used to tool to nudging people.
Artificial light with low kelvin and warmer colour temperatures create
intimacy and make people slow down and stay in an area for longer. In

4.8 The effect of darkness

contrast, artificial light with a high kelvin and cool temperatures have

It is fascinating how the human’s sensory system responds to dark-

the opposite effect and give a space remoteness that makes people
move faster through a site (Descottes, 2011).
The material’s colour also affects visual perception. Two surfaces with

ness. When the visual sense is undermined the hearing sense sharpens, and sounds are perceived differently, performing a more holistic
experience in the dark. This regulation happens rather quickly, and
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Figure 4.9 “The connective corridor” in Syracuse, NY
Ref: Lighting Tillett, 2013

Figure 4.10 Waterfront in Connecticut painted with reflective paint that at night catches the light from
passing cars, the water and existing fixtures.
Ref: Busch, 2014
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if one is blindfolded after just a few minutes, sounds are amplified

fear of darkness; therefore, Zardini’s approach using darkness in the

(Howes, 2004; Brodoehl, Klingner, & Witte, 2015). This adjustment oc-

nocturnal experience to enhance other senses is exciting and rele-

curs because the visual overview is lost, and the other senses com-

vant. It is time to relate darkness to other feelings than just fear. It

pensate by trying to establish another overview of the environment.

is often forgotten in the public debate with the dualistic approach to

Therefore when we lose sight, we become more alert and thus are

light and darkness, but darkness is a part of the light. Tanizaki states,

more sensitive to the environment (Howes, 2004). The architect Mirco

“Were it not for shadows, there would be no beauty” (Tanizaki, 1977).

Zardini has describes this transformation in the following quote:

Darkness creates intimacy and creativity and is the time for closeness

“In the darkness, noises are suddenly amplified, odours are intensified, and we even rediscover the sense of touch. So perhaps there is
an alternative strategy for experiencing the nocturnal city. Instead of
colonizing it for the eye, we might take advantage of the darkness for
a time, forgetting about vision and rediscovering and remembering
other sensorial experience.” (Mirco, 2006)
Humans have always feared darkness because we lose the primary
sense of vision. Thereby darkness covers information about the environment, leaving us in the unfamiliar, which breeds fear. Darkness at
home is not fearful because we know our surroundings and can find
our way without vision. However, the darkness outside, especially in
an unfamiliar environment, is frightening (Lam, 1992). In our fear of
darkness, we light up the city, and because we so rarely experience
darkness, it is so foreign to us, that we cannot relate to it anymore
(Edensor, 2013). Throughout the history of light, we have become so
dependent on artificial light that we blindly use artificial light in abundance without thinking of all the impact artificial light has on both
human and nature. Still, artificial light alone can never remove the

and retreat (Bille & Sørensen, 2007; Edensor, 2012; Tanizaki, 1977). These
values are important to relate to the nocturnal experiences of urban
green areas and provide the city with spaces for resting and rejuvenizing after the fall of darkness. Therefore, when designing outdoor
lighting, it is vital to have other senses than the visual in mind. Historically the human sensory system is divided into fem categorized, where
vision hierarchical has been the highest-ranked and touch the lowest
(Pallasmaa, 2012). The domination of the eye, in the sensory system,
is a considerable catalysator for the development of overlighting the
night (Bogard, 2013). The architect Pallasma states that
“The perception of sight as our most important sense is well-grounded in physiological, perceptual and psychological facts. The problems
arise from the isolation of the eye outside its natural interaction with
other sense modalities, and from the elimination and suppression of
other senses, which increasingly reduce and restrict the experience of
the world into the sphere of vision.” (Pallasmaa, 2012)
The problem is not that the eye dominates the sensory system; it is
when the vision is isolated that the problem occurs. In a lighting de-
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sign where the focus has been solely on the vision, the design out-

The obvious answer is that light enhances visibility and makes it easi-

come becomes unnatural and flat because the design experience is

er to be seen, which is not preferable from the criminal’s view. Higher

bodily where the vision works in collaboration with the other senses.

illuminance increases the speed of visual processing which improves

A good lighting design needs to include all senses. It is not obvious

the ability to discriminate details and colour, but how does this affect

how to incorporate other senses into the lighting design, but it is es-

the crime rate? After all, both the criminal and the law-abiding citizen

sential to create a holistic method that takes in the whole bodily ex-

benefits from improved visibility. (Boyce, 2019) For the law-abiding

perience. Therefore, when designing, it is vital to think of what smells

citizen, the improved visibility increases the distance and time to take

and sounds the environment supply to a site and relate the lighting to

account of something suspicious and select an appropriate response.

these impressions.

Additionally, the improved visibility is likely to encourage more people
to go outside after dark (Painter & Farrington, 1997). On the other side,

4.9 Artificial light's effect on crime

the improved visibility makes it easier for criminals to see and select

The emotional response from a perceived environment is undeniably

on the criminals’ propensity to take higher risks (Boyce, 2014).

affected by darkness, and when working with outdoor lighting, the is-

Many studies have tried to demonstrate the relationship between light

sue of safety and security needs to be discussed. The following section

and crime. The results are all very ambiguous and make it difficult to

discusses artificial lights influence on crime. Artificial lights impact on

set any simple explanation for how light affect crime. (Boyce, 2019) An

crime is something other than artificial lights impact on the feeling of

interesting study to see how illuminance and spectrum effects crime,

safety, which will be addressed in the next section.

was made by Painter in England. She replaced low-pressure sodium

It is a common belief that higher illuminance level will reduce crime.

lamps with an illuminance range from 0,6 - 4,5 lux with high-pressure

This approach and argument for more and brighter artificial light at
night have been used throughout history, even though the indisputable
evidence has yet to be proven (Bogard, 2013; Boyce, 2019; Schivelbusch,
1995). That being said, lighting does influence crime, and upgrading
lighting (not illuminance levels(!) can lead to a drop in crime incidents,
but it is not certain that light will have any effect on crime (Boyce,
2019) The question then is why lighting is assumed to reduce crime?

a target. Therefore, whether improved visibility reduces crime depends

sodium lamps with an illuminance range from 6-25 lux. Before and
after data was collected to see how the new lighting affected crime incidents and peoples perception and fear of crime. It was clear that the
feeling of safety increased and the crime incident was reduced at first,
but a followup study showed that this reduction was not sustained.
Painter made further studies and came to the following conclusion:
“One must acknowledge that there are limits to what can be achieved
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by any single strategy. It cannot be expected that relighting will ad-

in 2018 validated this suggestion and went even further to propose a

dress crime and fear problems in all contexts. What works in one ur-

horizontal illuminance down to 2 lux for a pedestrian footpath (Fotios,

ban street will not necessarily work in another. What holds true at one

Monteiro, & Uttley, 2018). However, this study’s subject was between

time may not hold good at another” (Painter, 1996)

18 - 38 years, and therefore needs further testing for older people.

4.10 Artificial light’s effect on the
feeling of reassurance
Another assumption is that higher illuminance at night reduces fear
and makes people feel more reassurance after darkness. The feeling
of reassurance is defined as “that which provides the comfort that
makes someone feel less worried, less afraid or doubtful and restores
confidence” (Fotios, Unwin, & Farrall, 2015). Several studies have also
concluded that reassurance increases with higher illuminance levels
(Blöbaum & Hunecke, 2005; Boomsma & Steg, 2014), but this statement is challenged, and the method where subjects only were evaluating scenes after dark, is criticized because so many factors influence

Still, compared to the illuminance level in a typical urban green area,
where the average illuminance level is between 10-30 lx (Boyce, 2014),
these suggestions are very low. In the danish guideline “Håndbog til
Vejbelysning” the instruction for urban green areas with no traffic has
actually no requirements, giving the lighting designer freedom to either cover a site in darkness or overlight it at night (Vejdirektoratet,
2015). Usually, the last scenario happens. Consequently, it would be
refreshing to have guidance for the maximum illuminance level at 5
lx for pedestrian footpaths based on the studies mentioned above.
This statement needs further validation for elderly pedestrians, and
to include visual tasks like detection obstacles (Uttley, Fotios, Cheal,
2015) and judging other people’s intentions (Lin & Fotios, 2015; Yang &
Fotios, 2015).

the feeling of reassurance. However, a method where subjects are presented for an environment in both day and night conditions, enhancing the familiarity to a site, gives a better indication of how light might
improve the feeling of reassurance (Steve Fotios & Castleton, 2016). In
the review “Specifying Enough Light to Feel Reassured on Pedestrian
Footpaths” Steve Fotios and Holly Castleton try to specify how much
light is needed to feel reassured on pedestrian footpaths. Here a horizontal illuminance between 3-5 lux is suggested to ensure pedestrians’ feeling of reassurance (Steve Fotios & Castleton, 2016). A study

4.11 The physical factor’s effect on crime
and feeling of reassurance
Lighting is not the only factor affecting the feeling of reassurance. Various studies have shown that the feeling of reassurance is affected by
age and gender (Painter, 1996), but also exterior site features in the
surroundings influence the feeling of reassurance in an outdoor envi-
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ronment. Several studies have found that criminal activity is influence

ance), but it may also give an offender a place to hide (decrease the

by the physical environment and that “there is a connection between

feeling of reassurance).

the organization of the environment and the opportunity for crime”
(Loewen, Steel, & Peter, 1993). When working with outdoor lighting, it
is necessary to understand how physical factors may influence crime
and the feeling of reassurance.

3. Escape
Escape can be a route to exit from a potential threat or a connection
to other people that would help in case of an attack. The level of escape also has a significant impact on the feeling of reassurance. For

In 1975 the geographer Jay Appleton suggested a prospect-refuge the-

example, being in a closed-off alley with no escape route; the feel-

ory for human preferences in the outdoor environment. The pros-

ing of reassurance decreases, no matter how high the illuminance is.

pect-refuge try to describe what makes some spaces feel unsafe

(Boyce, 2019) A street with zero or one person also decreases the feel-

and others safe, thereby answer basic human psychological needs.

ing of reassurance (especially for women), but when there are two or

Appleton’s point was that an area that offered the ability to see

more the feeling of reassurance increases (Nelson & Loewen, 1993).

(prospect), without being seen (refuge) would be perceived as safest. (Appleton, 1975) See figure 4.12. In 1992 Nasar and Fisher made

These three factors affect the feeling of reassurance, and artificial light

a study inspired by the prospect-refuge theory but added an extra

can alter these factors, thereby influencing the feeling of reassurance.

factor; escape (Fisher & Nasar 1992). The physical factor that influ-

Prospect decreases when darkness falls, which will minimize the feel-

ences the feeling of reassurance in Naser and Fischer study was
then categorized into three categories; Prospect, Refuge and Escape.
1 Prospect
Prospect is the overview gained when gazing over an area. When the
prospect is profitable, a person has a clear overview and the feeling
of reassurance increases, when the prospect is blocked the feeling of
reassurance decreases.
2 Refuge
Refuge is a place where hiding is possible. Refuge works two ways
because it may offer a victim shelter (increase the feeling of reassurFigure 4.12: Typology of perceived safety
Ref: Fisher & Nasar 1992
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ing of reassurance. Therefore lighting plays an enormous role in offer-

would be encouraged, and humans would adjust to that. (Tillett, 2011)

ing prospect, refuge and escape after dark.
This statement is validated in Tillett’s PhD study, where she devel-

4.12 The effect of clutter and maintenance

ops a new lighting design in a high crime neighbourhood in East-

Another physical factor that affects the feeling of reassurance is often

pedestrian lighting could make the streets safer, I considered how it

forgotten, but we have to address how clutter is also an issue in this
manner. In the field of Environmental Psychology Harold Proshansky
explains in his article “The Environmental Crisis in Human Dignity”
that we need to design with human dignity. His point is that often “the
human properties of the individual are ignored, oversimplified, or implicitly assumed”. The danger Proshansky explains “is the person will
adjust and at the price of a continuing erosion of the properties that
make him distinctively human.” The lighting designer Linnaea Tillett
that also holds a PhD in Environmental Psychology elaborates on Pro-

ern New York. (Tillett, 1998). Tillett states “Instead of looking at how
could increase the freedom of movement and quality of life for people
walking on them” (Mirco, 2006). Rather than increasing illuminance
levels with high-intensity lights, Tillett added soft light using aesthetic
luminaires. She used alternative methods and painted white paint on
a subway underpass to reflect the light, creating a more uniform light
and higher illuminance without adding extra luminaries. See figure
4.13. These changes have shown a reduced crime rate and a more lively neighbourhood, which is concluded from the library where more
books have been borrowed.

shansky theory “The results are spaces that are not only improperly
designed in physical terms but also overlook human needs for privacy,
territoriality, freedom of choice, the need to be creative, to have aesthet-

4.8 Summary

ic experiences, and to relate to others in complex ways.” (Tillett, 2015)

The visual perception is inextricably linked to light, but also to dark-

Tillett further explains how in the world of light, this translates into

ness. The interplay of light and darkness is the essence in every light-

high-intensity light that was intended to reduce crime but instead

ing design. Still, darkness is often forgotten when designing outdoor

might have the opposite effect. Thus, humans living in an area with

lighting, but differences in luminance establish a hierarchy in the

high-intensity “crime” light will adapt to the environment and poten-

perceived environment and can be used as a design tool to guide

tially become more aggressive because that is what their surroundings

people through a site. However, luminaires must be well place and

expect. On the other hand, if the artificial light is designed for children

well shielded not to cause any glare and disrupt the eye’s adaption

and families to enjoy the outside one or two hours after darkness, that

to darkness. The spatial brightness is important to achieve ambient
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light that provides overall higher visibility, thereby enhancing the feeling of reassurance. Using the colour and reflectance of the surrounding material to reflect light improves the spacial brightness, and it is,
therefore, important to incorporate the surrounding materials into the
lighting design to achieve the desired effect.
This chapter addresses the debate about artificial bright light as crime
prevention. Artificial light at night influences crime, but higher illuminance does not necessarily diminish crime. It is not a question of more
light; instead, it is a question of better lighting that improves visibility,
and thereby also improves the feeling of reassurance. High-intensity
light at night creates an uncomfortable area, where either criminals or
the law-abiding citizens feel uncomfortable because high luminance
levels are glary at night. Besides, lighting alone can not create outdoor spaces that enhanced the feeling of reassurance. The organization of the environment is extremely important as maintenance also
influences the feeling of safety. It is, therefore, necessary to have a
profound understanding of the social and community structure in an
environment to achieve the intended effect of the outdoor lighting
solution

Figure 4.13: Illustration on the improved visibility by using reflective light
Ref: Mirco, 2006

SECTION THREE:
DESIGN
The design part is divided into an experimental part, where contrast
and colour are key elements in testing the perception of light, darkness and materials. The second part condensates the research and
experiments of this thesis into design principles for outdoor lighting
in urban green areas.
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5 EXPERIMENTS
5.1 Introduction
In chapter two, the research part establishes that all living organisms
on the earth would benefit if there were no artificial light at night.
However, humans cannot see in darkness and need artificial light at
night to facilitate vision. Artificial light enables orientation and the
ability to see obstacles and enhances the feeling of reassurance outside after the fall of darkness, which lead to more use of outdoor facilities and nocturnal experiences (Boyce, 2019). However, the research
in this thesis indicates that lowering illuminance levels can improve
the visibility at nighttime, thus enhancing the feeling of reassurance.
Therefore, it is interesting to focus on the human perception of light
and darkness to develop other alternatives to illuminate green urban
areas, than just putting up extra light. Chapter four explains how human perception is affected by light and darkness. This chapter reviews
different experiment on how material contrast and colour affects the
human visual perception. Due to the Covid-19 pandemic, I had limited
access to lighting equipment, and could only use my own perception.
Therefore the results will only relate to people under 33 years of age.

5.2 Problem case
The research on how the human eyes adapt to darkness in section 3.4.3 led to questioning the present artificial lighting solu-

tions at night. The continuously moving in and out of bright and
dark areas is constantly disrupting the eyes adaption. Nevertheless, when the eyes adapt to darkness, it is incredibly susceptible
to brightness and detects the brightest area in the environment.
I wondered if it was possible to integrate the human eyes adaption
in a lighting design, exploiting the eyes sensitivity to brightness and
use bright material as navigators at night instead of artificial light.
Turning to the design test, I wanted to investigate the human
perception of contrasting materials to determine if a material with great contrast would be visible in a green urban area with
no street lights. I also wanted to test how the reflectance of coloured material is perceived in different lighting conditions.
The question that I wanted to answer in my experiments was::
How are contrasting and coloured materials perceived in darkness?

5.3 Testing contrast under a full moon
In the first experiment, I focused on the human perception of contrast
in materials. For getting started with the process, I painted different
sized stones in chalk inspired by how chalkstone earlier has been
used as navigators at night (Gallaway, 2010), and I wanted to test if it
was possible to see the chalk in an urban green area after dark (See
Figure 5.1). To test this effect at night, I needed to find a place with no
streetlights. The site chosen for the experiment was in Copenhagen
on a pathway at Utterslev swamp. (See map in figure 5.2). This location
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was selected, due to the placement near residential areas, but with no
street lights on the pathway and no spill light. Figure 5.3 is an image
of the site in daylight.
The first test was performed after nightfall on October 27th 2020,
around 8 p.m. It was a clear sky, and the moon was full, creating prominent shadows in the lightscape. When going to the site, it was fascinating to experience the eyes adaption to the darkness enabling
visibility in low luminance. The picture in figure 5.4 is taken just before
entering the site. It illustrates how the contrast between the bright
illuminated streets and the dark urban area creates a “dark wall” that
the vision cannot penetrate.
When going from the bright street to the dark site, the vision adapted
Figure 5.1: Preparing for experimenting with bright materials. Painting stones with chalk
Ref: Photograph by auther

Figure 5.2 The site chosen for the experiment seen from above
Ref: https://www.google.dk/maps

Figure 5.3 The site in daylight
Ref: Photograph by auther
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immediately to the new lighting conditions. There were not many people outside using the pathway, but surprising some did walk or jog in
the dark. However, some used a flashlight that was glaring people in
the opposite direction and disrupting the eyes adaptation.
The chalkstone was placed near the pathway, to see if they could function as a visual marker at night. The chalkstones were visible and the
brightest objects in the environment, so the vision fixated on them,
making them easy to see. This experiment was hard to document with
pictures because it was so dark that it was difficult to use a camera. Nevertheless, figure 5.5 shows how the chalkstone was very bright
in the environment, functioning as markers - both in and out of the
shadows. .

Figure 5.4 Exemplification of the “wall of darkness” created by the contrast between the lit and
unlit area. Ref: Photograph auther archive

Figure 5.5 The chalkstone are visible both in and out of shadows,
Ref: Author
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5.3.1 Measurements
The illuminance levels were measured on ground level with a Hagner
EX-1 Luxmeter ranging from 0,01 - 0,11 lx depending on being in or out
of the shadows from the moon.
For analyzing the area’s luminance differences, a Konica Minolta LS-150
luminance meter was used to measure the luminance levels. See figure
5.6 illustrating luminance levels. The moon had a luminance of 500 cd/m².
The difference in luminance on the pathway does not sound like much,
but the distinction between 0,004 cd/m² in the moonlight and 0,002
cd/m² in the shadows was easy to perceive visually. The chalkstone
only had a luminance of 0,007 cd/m² and quickly detected by the eye.
This analysis illustrates that when the eyes adapt to darkness, it is very
susceptible to even to smallest brightness difference (See section 3.4.3
on the human eye adaptation).

5.4 Testing contrast under an overcast sky
The second test was performed after dark on October 31st 2020, around
8 p.m. under an overcast sky. It was interesting to visit the same site at
night, but with an overcast sky. The light was uniform, and the shadows
diffuse, which produced lower contrasts in the environment compared
to the first test. The overall spatial brightness appeared higher, which
might be because the clouds functioned as a diffuser reflected the
city’s artificial light on the ground. The chalkstone was again placed
Figure 5.6 Luminance map under an almost full moon
Ref: Author
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near the pathway and was appearing for visual perception, indicating
the pathway. However, the chalkstones seemed less bright. See figure
5.7. The stones lower brightness might be because of the overall higher
spatial brightness, that gave a lower overall contrast.

5.4.1 Measurements
The illuminance level was measured on the ground with a Hagner EX-1
Luxmeter. It was around 0.09 - 0.11 lx, which is the same as the highest
level under an almost full moon. This effect that skyglow in the cities
under overcast conditions can give the same illuminance as under full
moon is mentioned in section 1.3.3 Nuances in the Natural Darkness.
The luminance level was again measured with a Konica Minolta LS150 luminance meter. See figure 5.8. The luminance differences were
lower, compared to the first test under an almost full moon, but the
contrast still made the chalkstone brighter than the surrounding materials. However, they seemed less bright under an overcast sky than
under a full moon.

5.5 Testing contrast in the light laboratory
After testing the chalkstone’s effect in the urban environment, further
testing was conducted in the light laboratory at Aalborg University in
Copenhagen. In the laboratory, I wanted to test how low illuminance
was required for the chalkstone to be visually perceivable. Additional
materials were also tested in the laboratory.
Figure 5.7 The chalkstone under an overcast sky seems less bright
Ref: Photograph author (taken with Olympus E10)
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The setup in the lab and the values of the different material reflectances is illustrated in figure 5.9. The reflectance was calculated by
dividing the illuminance exiting from the surface with the illuminance
falling on the surface.
The chalkstones were placed in a row to function as a marker for a
pathway. In the lab, al light was off, and the Hagner EX-1 lux meter
measured 0.00, but from under the door, a small amount of light came
in, making it possible to see the chalkstone. The luminance on the
chalkstone was 0.002 cd/m², and the background was 0.001 cd/m².
The picture in figure 5.10 illustrates that the chalkstone and some of
the brightest of the additional material is visually perceivable under
very low luminance. The picture also shows that it is not only the reflectance of the materials that matter for the perception. The shape
and size of the object also influence the perceived brightness, as the
direction of light has a significant impact on how bright the item is
perceived. This experiment was important to establish that the chalkstone would be visible in the urban environment under very low illuminance and could function as path markers when all artificial light
at night is turned off in urban green areas. However, further testing of
size and shape is needed.
In another experiment, I wanted to investigate how the chalkstone
was perceived under illumination in different heights and spread of
light. See figure 5.11. The light source’s luminance was kept at 800 cd/
m². This experiment shows an interesting observation. When the light
source was placed 20 cm over the ground with a small spread of light,
Figure 5.8 Luminance map of the site under an overcast sky
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Test one

Test two

Figure 5.9 The experiments setup and the materials reflectance value.
Ref: Author

Test three

Figure 5.10 In darkness where the illuminance is 0.01 lx it is possible to see the chalkstone and
some of the additional material.
Ref: Author

Figure 5.11 Experiment on how the spread of light affect the perception of the materials
Ref: Author
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the chalkstone and materials were visible although the illuminance
meter showed 0.00 lux on the material. The luminance measured on
the material was 0.001 cd/m² and 0.000 on the floor (test one in figure 5.11). However, when the light source was placed 80 cm over the
ground, increasing the light spread and illuminance level to 0,04 lux
on the materials, the chalkstone and materials reflect more light, thus
becoming more apparent to perceive visually. The luminance on the
material was 0,005 cd/m² and 0,003 on the floor (test two in figure

5.6 Testing colours in darkness
Another test was concerning the perception of colour reflectance in
light and darkness. Section 4.7 “The effect of spectrum and colour” explains that coloured surfaces are rarely used in street lighting, where
luminance contrast low. However, colour differences are important for
visual performance in such lighting condition. Therefore, I wanted to
test how coloured surfaces change the spectrum of light and influence

5.11). When the light source was placed at 150 cm above ground, the

human perception.

material was in the spread of light, making both the background and

The first test setup was a red fabric on the floor. See figure 5.12. An

materials equally visible. The material’s illuminance level was measured to 5,4 lux, and the luminance on the material was 0,94 cd/m²
and on the floor 0,56 cd/m² (test 3 of figure 5.11). This experiment
shows how the brightness and contrast must be balanced to achieve
the material’s highest possible brightness. It also illustrates that the
sensitivity of the perceived brightness is logarithmic, as the very small
difference in luminance in the first two tests seems higher than in test
three, although the measured difference in luminance is higher in test
three. Interestingly, the illuminance level at 0,04 lux, where the material brightness and contrast are best balanced is in the range of the
illuminance level at night in an urban green area without streetlights,
but further testing of shape and size of the contrasting object would
be necessary before making any reliable suggestion of how to incorporate the material in an urban green area.

Asensetek Lighting Passport (Model: ALP-01) spectrometer was used
to measure the spectrum from the light falling on the fabric and the
reflected spectrum, to see how the colour changes the reflected light
spectrum. Figure 5.13 depicts the two spectra. It shows that the red
surface absorbs the blue and green wavelengths from the original
spectrum and that it is almost only the red wavelengths that are reflected back. The intensity of the two spectra are very different, where
the illuminance for the original spectrum is 330 lux, the illuminance
for the reflected spectrum is only 20 lux. Figure 5.15 compared the
relative intensity of the two spectra, and the intensity of the reflected
spectrum is comparatively low. Therefore, it could be questionable if
the reflected light is perceivable for humans. However, figure 5.14 illustrates the red reflection on a white object and compares the effect to
the same object without the red reflectance, showing a significant red
effect of the reflected light. This test was executed in a bright environment with a ground illuminance level at 300 lux. Therefore I went on
test the effect of reflected colour as darkness increases.
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Figure 5.12 Setup of the experiment with red colour reflectance, where the spectrum of the light
falling on the red fabric and the reflected spectrum was measured. Ref. Photograph by author.

Original Light Spectrum

Figure 5.13 Original and reflected spectrum.

Reflected Light Spectrum

Figure 5.14 The percieved effect of the reflection with(left) and without (right) the red reflection from
the fabric.
Ref. Photograph by author.

Normalised Spectra

Figure 5.15 Comparison of the intensity of both spectra.
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5.7 Testing of reflectance in DIALux-evo
The software Dialux-Evo was used to calculate the illuminance and
luminance level in two digital scenarios of a pathway in an urban
green environment. In the first scenario, the material on the pathway
has a reflectance of 7 %, and in the second scenario, the reflectance
on the pathway is 72% (see figure 5.18a and 5.18b). The light spectrum, intensity and distribution were kept the same in both scenarios.
The comparison of figure 5.18a and 5.18b only show vague differences
between the two scenarios, but figure 5.20a-b and 5.21a-b illustrate
the illuminance and luminance levels, respectively. Here, the difference in the increased illuminance and luminance levels are quite obFigure 5.16 Light spectrum

The second test with colour was concerning the perceived reflection of
coloured material in bright lighting condition with a background luminance on the wall of 450 cd/m², intermediate lighting conditions with
a background luminance on the wall of 180 cd/m² and dark lighting
condition with no background luminance. The setup was a lamp with
a luminance of 800 cd/m² and a spectrum shown in figure 5.16. The
lamp was held at a distance of 2 cm from the material. The result is
shown in figure 5.17 and illustrates how darkness influences perceived
colour and how the colour saturation increases the darkness. Thus, in
a dark setting, the reflected light colour is prominent, and it could be
an exciting feature to use in outdoor lighting to create better visual
guidance in low contrast lighting conditions. However, further testing
with distance to the light source and material would be needed

vious. This test illustrates how illuminance and luminance levels can
increase not by adding extra light but by using materials’ reflectance.
It is an interesting tool to use in outdoor lighting, but should also be
used with great consideration of where the lighting is reflected, so the
reflected light does not fall where it is not intended.

5.8 Summary
The chalkstone experiments show that the human eye, when adapted
to darkness, can perceive bright contrasting materials even without any
artificial light at night in an urban environment. Under an overcast sky,
the city’s skyglow will provide enough illuminance for the chalkstone
to be visible. However, these experiments do not give sufficient light
for a visual overview, and the feeling of reassurance is not included.
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Bright lighting conditions with a background luminance on the wall of 450 cd/m².

Intermediate lighting conditions with a background luminance on the wall of 180 cd/m².

Dark lighting conditions with no background luminance.

Figure 5.16 Eksperiment of how the reflected colour of a object becomes more apparent as darkness increases.
Ref: Author

The idea is not to turn off all artificial light and use contrasting materials instead everywhere. However, using bright contrasting materials
to create areas in the city, without artificial light -reserved for darkness - is an interesting experiment. In these darkened zones, it could
be possible to explore a deeper, more tactile darkness and experience the eye’s darkness adaption. Moreover, it would minimize light
pollution in these areas, with beneficial value for human and nature.
This principle could be adjusted according to the needs of the different urban green areas so that contrasting material in certain areas could be the only “light source” and in other areas,
the contrasting material could complement artificial lighting.
The other experiment with reflected colour illustrates that the surrounding materials greatly impact the perceived experience. This tool

Figure 5.18a Scenario 1: Material with 7% reflectance
Ref: Author

can be used in outdoor lighting to create an overall appraisal of an
environment, and when the luminance contrast is low, the colour differences can be used as guides for the visual experience. However,
when the eyes are well adapted to darkness colour discrimination is
poor. Therefore these experiments mainly related to street lighting
and might not function in dark zones. It would be interesting to make
further experiments to see the colour differences in lower luminance.
These experiments stress that materials and lighting are inextricably
linked in human perception. Therefore when designing an outdoor
urban space, the lighting designer must be involved in choosing material, creating shapes and contour and the overall organization of the
space. terial, creating shapes and contour and the overall organization
of the space.

Figure 5.18b Scenario 2: Material with 72% reflectance
Ref: Author

65

Figure 5.19a Scenario 1: Material with 7% reflectance - illuminance levels
Ref: Author

Figure 5.19a Scenario 1: Material with 7% reflectance - luminance levels
Ref: Author

Figure 5.19b Scenario 2: Material with 72% reflectance - illuminance levels
Ref: Author

Figure 5.19b Scenario 2: Material with 72% reflectance - luminance levels
Ref: Author
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6 DESIGN PRINCIPLES
6.1 Introduction
Creating principles that support both human and nature pulls in
two opposite directions, where blue wavelengths are most disruptive of the natural patterns for human and nature, the blue light
gives the best visibility at night for human, stimulating the rods
thus enhancing the perceived spatial brightness and consequently the feeling of reassurance.

However, from the research of this

thesis, understanding the importance of darkness for the natural patterns of human and nature can not be underestimated.
Therefore when designing outdoor lighting, the lights’ ability to consume darkness is significant to always keep in mind and make every light count, so that the nocturnal scenery is not overlit and the
artificial light only falls where it is needed (Gendall, 2015). Lighting
designer Nathan Rynell points to two critical questions when designing lighting the first question to answer is what needs to be lit
and why? After the lighting design is finished, the question is then
can we get the same effect with less light? (Dark-Sky Conversations,
2020). It is an interesting experiment how outdoor lighting would
look like if designers worldwide would reflect upon these question
when creating outdoor lighting. However, understanding how artificial light disrupts natural patterns, and human perception needs
to be incorporated to create good, sustainable lighting solutions.
In 2020 the International Dark Association (IDA) in collaboration with
Figure 6.1 Design principles
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Illuminating Engineering Society (IES) developed five Principles to re-

tion (see chapter three), and 3 Enhancing the feeling of reassur-

duce light pollution called “Light to protect the night” (Liebel & Hart-

ance (see chapter 4) The principles are is then summarized into:

ley, 2020). The principles are as follows:
QUANTITY AND INTENSITY: LESS IS MORE
1. Useful
All light should have a clear purpose, and with consideration of the

DIRECTION AND DISTRIBUTION: ONLY LIGHT WHAT IS NEEDED

environment.
2. Targeted

SPECTRUM AND COLOUR: NARROW AND WARM LIGHT SPECTRUM

Aiming the light source and use shielding to avoid light trespass.
3 Low light levels

The following elaborates how each of these principles should be used

Light should be no brighter than necessary.

to facilitate the three above mentioned criteria. See figure 6.1.

4 Controlled
Use timers and sensor, so light is only lit when needed.
5 Colour

6.2 Quantity and intensity - Less is more

Minimize blue light emissions and use warm light when possible.

Minimizing the impact on biological patterns of nature and human

These principles are intended for designing outdoor lighting with a
minimal amount of light pollution. There are many overlaps with my
research and testing, which supports the finding of this thesis
In my design principles, the focus is on the three characteristics of

Nature would be better off without any lights, and therefore it would
be useful to create zones of darkness in some urban green areas,
without artificial light at night. Some animals need dark zones to trespass to other areas and at night and, therefore, creating dark zones in
the cities could function as passages for the nocturnal animals.

light, 1 quantity and intensity, 2 direction and distribution and 3
spectrum and colour, that has the potential of being very either

Sensors and timers on the artificial light source is an essential tool to

harmful if used without consideration or useful if used wisely. Us-

minimize the impact on nature so that the artificial lighting is only on

ing these characteristics of light wisely I pair them with the three

when it is needed; when it is possible the lighting should be dimmed

success criteria: 1 Minimizing the impact on biological patterns of

and turned off when it is not used. The sensor should be programmed,

nature and human(see chapter two) 2 Enabling human eye adap-

so the artificial light follows the daily and seasonal shifts. However,
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the light should be controlled, so it is not bright during dusk and dawn

spaces to avoid any form of glare.

where many animals are active and is disturbed by the artificial light.
Enabling human eye adaption
The amount of light influence the state of the human eye adaption.
As lighting decreases, the human eye adapts to darkness and can see
in lighting conditions below 1 lx. Hence, low illuminance can enable
vision, as long as the adaption is not disrupted. Therefore, it is imperative to use low illuminance and reduce glare by hiding the light source
to enable adaption to darkness.
When enabling the eyes’ adaption to darkness, it is imperative not to
have any glary light source, that might disrupt the adaption. Therefore creating zones of darkness in the cities green areas, where there
are no artificial would facilitate a sensory, more tactile experience of
darkness light as the eye would adapt further into the scotopic vision.
In these dark zones contrasting materials could be used as navigators
and signs and to highlight stairs and other obstacles guiding humans
through the dark zone at night.
Enhance the feeling of reassurance
When creating a lighting design that improves the feeling of reassurance, it is helpful to consider how the shadows fall. High bright light
produces sharp dark shadows that the vision cannot penetrate, where
lower luminance creates softer shadows and minimize glare. It is im-

6.3 Direction and distribution:
Only light what is needed
Minimizing the impact on nature

The direction of light can contribute to light pollution. Unshielded light
causes more glare and attracts more animals. Therefore light sources
most be shielded, pointed down and carefully aimed at the target, to
prevent skyglow and light trespass. Uplighting is light directed into the
night sky and is a considerable source of light pollution. Therefore uplighting is not recommendable. Still, uplighting on trees is a typically
used effect in urban lighting design. However, the tree can be significantly affected by the lighting, so when lighting at trees and plants,
one must consider if the tree is very light sensitive and turn the lighting off in the evening so nocturnal pollinators will be more inclined to
go to the tree. Placing light near streams or lake should also be done
with great consideration of the animals living in the areas.
Enabling human eyes adaption
The viewing angle can cause a light source to be glary, even with low
luminance. See figure 1.3. Therefore the viewing angle is important
for the eye adaptions to darkness. It is crucial to control the light
spread by shielding the light, and the height of the light source must
be placed so that it does cause any glare.

perative for designing a pleasant nocturnal experience of outdoor
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Enhance the feeling of reassurance
The direction and distribution can visually expand or contract the human perception of space and greatly impact the feeling of reassurance. The direction of light can transform the perception of an object.
Ambient lighting produces soft shadows and can improve the feeling of reassurance by increasing the spacial brightness (Boyce 2014).
Therefore, it is useful to include the surrounding material’s reflectance
in the lighting design, increasing the spatial brightness and feeling of
reassurance. Here it is also important to consider where the light falls
and to enhance shapes and contours.

6.4 The light spectrum and colour:
Narrow light spectrum
Minimizing the impact on nature

Figure 6.2 Spectrum of a phosphor-converted amber LED with low emmision of blue wavelengths

At night, artificial light with blue wavelengths disrupts the circadian
rhythm for both human and nature. Artificial light in the yellow/red
spectrum has the least negative influence on most species and will
therefore be preferable at night. The yellow light is also the light that
produces the smallest amount of skyglow and is used near observatories (Gallaway, 2010). Figure 6.2 shows the spectrum from a phosphor-converted amber LED, which has minimal impact on nature. If an
outdoor light source has blue wavelengths, the intensity must be as
low as moonlight to have minimal effect on the ecosystem. While this
is true for many species, some studies show that some bird species
are more sensitive to yellow light than blue light. This is a paradox and

Enabling human eyes adaption
The viewing angle can cause a light source to be glary, even with low
luminance. See figure 1.3. Therefore the viewing angle is important
for the eye adaptions to darkness. It is crucial to control the light
spread by shielding the light, and the height of the light source must
be placed so that it does cause any glare.

establishes that artificial light at night, even in the yellow spectrum
must be used with great consideration.
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Enhancing the feeling of reassurance
The spectrum and colour of light are inseparably linked to perception

6.5.2 Maintenance

of space and time. The spectrum of light alters the perception of objects

Outdoor light fixtures and light sources are exposed to weather change

and spaces. Colour temperature influence humans behavioural pattern

and can be exposed to vandalism. It is, therefore, necessary to check

and can thus be used to nudging people. Artificial light with low kelvin

up on the installed lighting. If the lighting is programmed, it is also

and warmer colour temperatures create intimacy, curiosity and make

essential to check how the lighting works after a while. In a complex

people slow down and stay in an area for longer. In contrast, artificial light

lighting system with many luminaries, each luminaire can have a sen-

with a high kelvin and cool temperatures have the opposite effect and

sor sending error messager to a central computer. However, it is also

give a space remoteness that makes people move faster through a site.

recommendable that a lighting designer (or a substitute) visits the de-

However, the visibility is better at night under light within the blue

sign site once a year to check if the lighting design is still functioning

spectrum, and therefore the colour and spectrum of light must be

as intended. Too many outdoor lighting is not fixed, and this can cause

adjusted to the needs of the different sites.

a completely different experience than what is intended as Linnaea
Tillett states “Nothing can undermine the visual quality of a space,

6.5 Other factors
This section is principles beyond the design process, but they are essential for gaining and sustaining the intension of the lighting design.

6.5.1 Finetuning the artificial light
When the project is built, and the artificial light is set up, the lighting
designer must go to the site, experience the light at night and finetune
it if needed. The intended experience is challenging to communicate,
and it is, therefore, imperative that it is included in the budget that the
lighting designer verifies that the lighting is correctly dimmed, aimed
and programmed.

including the perception of whether it is safe or not, more than burntout lamps or broken fixtures.” (Tillett, 2012) It is, therefore, necessary to
include maintenance of the lighting design in the budget.

6.6 Summary
As in all good design, it is essential to analyze and know the users and
their needs to understand what needs to be lit and why. In lighting
design, it is vital to include animals and plants in these analyzes, for
lighting can destroy their habitat if used in the wrong way. Designing
light for both human and nature is a paradox. The research stresses
that light with the blue wavelengths at night is harmful and disrupts
the circadian rhythms for humans and many animals. However, the
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blue light improves visibility and colour discrimination at night, thus
enhancing security and the feeling of reassurance. Therefore, lighting design is always a tradeoff and compromises of the user’s needs,
where it is essential to understand how artificial light affects the biological patterns of nature and human, the human eye adaption and
human perception to create a good lighting design where coexistence
between human and nature is possible.

SECTION FOUR
EVALUATION
This section is divided into a discussion where the issues of light pollution and the possible solutions found in this thesis are addressed.
The conclusion digest the finding of this thesis, and finally, future work
considers other testing possibility and the responsibility of having
gained important knowledge of how detrimental light pollution can
be.
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7 REFLECTIONS
7.2 Discussion
Through this thesis, I realized that the research question on how outdoor lighting can support the existence of both nature and humans
in urban green areas will always fall out to benefit humans because
animals and plants do not have any benefits from the artificial light
at night; they are victims for the humans demand on artificial light at
night. The benefits that humans gain from artificial lighting at night
are improved visual orientation and the feeling of safety, something
the animals and plants do not require or need. Therefore, we need to
think smarter about the current lighting solution and search for new
alternatives incorporating the human eyes adaption and perception in
darkness in future lighting solution.
The research of this thesis stresses the importance of darkness for the
natural patterns of human and nature and thereby, the urgent need
for darkness. Still, light pollution is not considered a legitimate form
of pollution, and current lighting standard only specifies minimum
illuminance requirements and never maximum. It is a huge problem
since we have become accustomed to bright light levels at night and
use light without considering that artificial light alters the natural
dark/light cycle and how this influences nature and human health.
Besides the circadian disruption that humans, animals and plants,

especially in urban areas - also has a great loss from the vanishing
view and beauty of the night sky. However, beauty is a soft value
and is often overlooked by economical doctrines. Still, Terrel Gallaway, a professor in economics, emphasizes how the beauty of darkness has a critical and inspirational role in society (Gallaway 2010).
Focusing on the beauty in darkness is interesting because lowering the illuminance levels improves the human visual perception,
that becomes more sensitive for subtle light changes. Therefore, it
is not about turning all artificial light at night off but to get people
to appreciate the light, not insist on it. This can only be achieved
by introducing more darkness since beauty is found not in light
nor in darkness but “in the patterns of the shadows, the light and
darkness, that one thing against another creates” as Tanizaki states.
Many people will oppose and call it extreme and dangerous to darken the night, but we are now in an extreme position with high illuminance level and luminaires that light in the middle of the night
where on one uses it. It is not just wasting light, but also energy and
money. A question that keeps coming back to me “Do we need to
have high colour discrimination in the middle of the night outdoors,
and is it worth losing the night sky, disruption our circadian rhythm,
and destroying animals and plants habitat and natural patterns?”
It is about finding the golden way in the middle, where we do not overflow the street and parks with artificial light at night, but add a subtle
amount of light needed for the visual sense to function

suffer from, due to artificial light at night, humans (and animals) -
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7.3 Conclusion

the city at night. However, the knowledge I have gained and deeper

The importance of creating outdoor lighting solutions supporting

man and nature urged me to educate and communicate this issues to

both human and nature in urban green areas is critical and relevant.

create a shift in paradigm, where the focus in outdoor lighting is not

As mentioned in the discussion animals and plant do not benefit

on assumptions of crime prevention but on the human eyes adaption

from the artificial light, and the only reason for installing artificial

and the sensitiveness of brightness in low light level

understanding of how disrupting artificial light can be on both hu-

light at night is to facilitate the human vision. Therefore it is necessary to understand the functionality of human vision in lower light

Further testing is needed, and other material can also be added. Work-

levels. This thesis explores the human vision adaption to darkness

ing solely with contrast and reflection, I did not touch upon fluores-

and states that the human vision can operate in urban green areas,

cent materials, all though this would be a great asset to experiment

with no artificial light. Thereby it is suggested to incorporate dark

with in the future. However, fluorescent material, because of the high

zones in the urban green areas, to enable the human’s eye adaption.

brightness will have a higher attraction of the eye’s attention, reducing

As the human eye adapts to darkness, the visual perception becomes

the attention to the darkness, so further testing is needed to have the

extremely sensitive for changes in luminance level and contrasting

same results as with chalk. Still, florescent could give another mood

materials, such as chalkstone, can function as guiders in urban green

to a site and might be more playful and thus enhancing the feeling of

areas with no street lights. These dark zones could also function

safety.

as passages for nocturnal animals that flee to dark areas at night.
However, the idea with dark zones should be adjusted accordingly to
the different need in the environment, and therefore this idea is also
complemented with other principles of light that reducing the impact
artificial lighting has on nature and human.

7.3 Future work

When advocating for more darkness in the city at night, the future
holds a lot to do by convincing politicians and municipalities about
the benefit of dimming the artificial light and creating dark zones in
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