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Protect the Night, Control the Light!

Summary

People generally are struck by the ‘beauty” of city lights without realizing that these
are also images of pollution, like admiring the beauty of the rainbow colours that gaso-
line produces in water and not recognising that it is chemical pollution. In this paper,
we construct a broadly applicable Light Pollution Risk Assessment Model to assess the
risk level of a given location, and propose an Intervention Strategy Model to mitigate
the effects of light pollution in various locations.

For Task 1, we propose a Light Pollution Risk Assessment Model. The model
integrates risks from four dimensions: humans, wildlife, plants, and energy waste
caused by light pollution. Considering multiple related indicators, EWM-TOPSIS is
applied to solve the overall risk score, which is divided into four levels: fragile(0-1),
poor(1-2), ordinary(2-3), and good(3-4).

For Task 2, the Light Pollution Risk Assessment Model is applied to four typical
regions in Shenzhen, representing urban, suburban, rural, and protected areas. In the
data preparation phase, we use nighttime remote sensing and multi-spectral remote
sensing data to estimate the Normalized Difference Vegetation Index (NDVI), night-
time radiance, and population density in the study areas. The protected area has a risk
score of 0.357992, while the rural community has a risk score of 1.859474, the subur-
ban community has a risk score of 2.114942, and the urban community has a risk score
of 3.19662. These scores correspond to the fragile, poor, ordinary, and good levels,
respectively.

For Task 3, we develop three intervention strategies including improving the light
source, lowering the lighting intensity and optimizing regional light layouts. Then
we list multiple specific actions for each strategy. Intervention Strategy Model based
on Differential Equation is established to quantify how three strategies impact the
risk level.

For Task 4, we select urban and suburban communities to verify the effectiveness
of the three intervention strategies. Over the next 50 years, the risk scores after the
implementation of the three strategies are reduced by approximately 2%, 6%, and 3%
respectively. It can be concluded that the second strategy, lowering the lighting in-
tensity that aims to reduce the total amount of light radiance is the most effective
intervention strategy for both urban and suburban areas.

Finally, the sensitivity analysis of the risk assessment model shows that the fluctua-
tion of a single evaluation indicator by -10% - 10% has a reasonable impact on the final
risk score shown in Figure 16. Therefore, the model is robust to changes in a single
indicator. Besides, the sensitivity analysis of the Strategy Model shown in Figure 17
means that our model is robust to the growth rate.

Keywords: Light Pollution; Intervention strategies; EWM-TOPSIS; Differential Equa-
tion
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1 Introduction

1.1 Problem Background

Looking at the International Space Station’s images of the Earth at night, people
generally are struck by the ‘beauty’ of city lights, as if they were lights on a Christmas
tree, without realizing that these are also images of pollution. It is like admiring the
beauty of the rainbow colours that gasoline produces in water and not recognising that
it is chemical pollution.

The inappropriate or excessive use of artificial light, known as light pollution, can
have serious environmental consequences for humans, wildlife, and our climate. Com-
ponents of light pollution include:

¢ Light trespass: light falling where it is not intended or needed
¢ Over-illumination: lighting intensity higher than that which is appropriate
¢ Light cluster: bright, confusing and excessive grouping of light sources

The impacts of light pollution can be far-reaching and varied, affecting both natural
and human systems. There is a growing body of evidence that links light pollution to
measurable negative impacts on human health, wildlife, and the environment. Some
examples of these negative impacts include:

* Harming human health and effecting crime and safety
* Disrupting the ecosystem and wildlife

* Increasing energy consumption

¢ Affecting astronomical observations

It is important to understand these impacts and to take steps to mitigate them to
minimize the negative effects on our environment, health, and economy. There’s a lot
of room for improvement - if we light more carefully, we should be able to reduce
negative influences, whilst still lighting the ground.

There are several intervention strategies that can be employed to address light pol-
lution, such as using shielded, directional and energy-efficient lighting, enacting light-
ing ordinances and implementing lighting curfews etc.

(a) Image taken from the International Space  (b) Light trespass falls where it is not needed. (Image
Station. (Image credit: NASA) credit: Twitter @St Brian)

Figure 1: Light Pollution Display
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1.2 Restatement of the Problem

We were asked by COMAP’s [llumination Control Mission (ICM) to promote aware-
ness of the impacts of light pollution and develop intervention strategies to mitigate
negative impacts.

Task 1: Address a broadly applicable metric to measure the light pollution risk level
of a location, incorporating both human and non-human concerns.

Task 2: Apply our metric and interpret its results on four diverse types of locations in-
cluding a protected land location, a rural community, a suburban community,
and an urban community.

Task 3: Outline three possible intervention strategies to address light pollution and
discuss specific actions that can be taken to implement each strategy. Consider
the potential impacts of these actions on the overall effects of light pollution.

Task 4: Select two locations and apply the previously developed metric to determine
the most effective intervention strategy for each location in addressing light
pollution. Discuss how the chosen intervention strategy impacts the risk level
for the location.

1.3 Our Work

In order to avoid complicated descriptions, intuitively reflect our work process, the
flow chart is shown in Figure 2:

Figure 2: Flow Chart of Our Work

2 Assumptions and Explanations

Considering that practical problems always contain many complex factors, first of
all, we need to make reasonable assumptions to simplify the model, and each hypoth-
esis is closely followed by its corresponding explanation:

Assumption 1: We divide the types of lighting fixtures used in the market into LED,
fluorescent, and other lighting fixtures.
Explanation: The spectra and energy efficiency of LED and fluorescent
lamps are significantly different from those of other lighting fixtures
on the market. To simplify the model, we categorize the main types of
lighting fixtures into LED, fluorescent, and other lighting fixtures.
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Assumption 2:

Assumption 3:

Assumption 4:

We assume that the indicators that we have not selected in the eval-
uation model have a small impact on the system.

Explanation: There are too many factors that affect light pollution to
consider, so this assumption is reasonable and helps to avoid unneces-
sary trouble when building the model.

During the research period of the strategy model, variables such as
population density, species richness, vegetation coverage, and the
luminous efficiency of various lighting fixtures in different regions
and cities remain relatively stable.

Explanation: These variables may experience some fluctuation, but to
simplify the model, we ignore these small changes.

We assume that the four selected regions are representative enough,
so the weight coefficients of the evaluation model that we estab-
lished in previous research can be applied to any location in the
world for risk assessment. Explanation:The four regions we selected
have typical urban, suburban, rural, and protected area characteris-
tics. To simplify the problem and make the model applicable to any
region, the weight coefficients of the model indicators obtained from
these four regions can be considered constant.

3 Notations

Some important mathematical notations used in this paper are listed in Table 1.

Table 1: Notations used in this paper

Symbol Description
L Radiance
PD Population Density
|46 Vegetation Coverage
Dmn Menhinick’s index for animal diversity
Pr Utilization rate of fluorescent lamp
Py Utilization rate of LED lamp
Po Utilization rate of other kinds of lamps
Angle Lamp emission angle
Py Utilization rate of high reflective building materials
H Average height of buildings
BD Building density
R Scores of light pollution risk level
Ry, Risk for humans
R, Risk for vegetation
R, Risk for wildlife
R, Risk for energy consumption
n Energy efficiency

*There are some variables that are not listed here and will be discussed in detail in each section.
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4 Task 1: Regional Light Pollution Risk Level Metric

4.1 Problem Description and Analysis

Traditionally, people use Sky Quality Meters(SQMs) and remote sensing data to
evaluate light pollution levels in a given area.However, neither of them can provide
information about the spectral content of the light, resulting in difficulties when study-
ing the impacts of light pollution on ecosystems and wildlife, as different species may
have different sensitivities to different wavelengths of light.

We propose a method to combine the light source spectrum and light intensity to
calculate the response of the specified biological behavior to the light source spectrum,
evaluating the impacts such as plant maturation delayed or accelerated, migration pat-
terns of wildlife affected and human circadian rhythms confused.

To capture ground-level effects which light pollution has on humans, wildlife, vege-
tation, energy consumption, we take both radiance(brightness) and spectrum into con-
sideration to assess the light pollution risk through the following steps:

Step 1: Investigate sources of light pollution.
Step 2: Choose a rich and comprehensive set of evaluation indicators.

Step 3: Assess the light pollution risk of humans, vegetation, wildlife and energy con-
sumption using EWM-TOPSIS Model.

Step 4: Calculate the final score and classify pollution risks into four levels.

4.2 Indicator selection

Some indicators that could be used to measure the risk of light pollution are shown
in Figure 3:

Figure 3: Indicator selection
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1. Radiance

Radiance is a measure of the amount of light energy emitted in different directions
from a light source. It is used in the field of light pollution research to estimate the
luminance of the sky at night, which is an important indicator of light pollution.

Using radiance to estimate luminance is a well-established method in the field of
light pollution research, and has been used in numerous studies to assess the impacts
of different sources of light on the night sky.

The Luojia 1-01 remote sensing satellite is equipped with a high sensitivity night-
time imaging camera, which can provide nighttime light images at 130-m spatial res-
olution with a width of 260 km. The spatial resolution of Luojia 1-01 is significantly
higher than DMSP/OLS and NPP/VIIRS used in the previous study of light pollution,
providing the potential for a detailed investigation of urban light pollution. Luojia
1-01 data can be freely available from the Hubei Data and Application Center of the
High-Resolution Earth Observation System (http://www.hbeos.org.cn).

According to the official calibration equation, the Luojia 1-01 image was radiomet-
ric calibrated to covert the digital number (DN) value to radiance:

L = DN3?2.10710 (1)

where L is the radiance W -m™2 - st - um ™', DN is the digital number value.

2. Building height, density and material

High-rise buildings require more lighting to illuminate their larger surface areas,
which can contribute to increased light pollution. In addition, tall buildings can block
out natural light, leading to an increased need for artificial lighting.

Higher building density can result in more artificial lighting being used to illumi-
nate buildings, streets, and public spaces. This can lead to increased levels of light
pollution in urban areas.

Buildings made from highly reflective materials such as glass can increase the amount
of light reflected into the surrounding environment, leading to more light pollution
and vice versa.

3. Proportions of different types of lamps

According to scientific research, blue light exposure effectively suppressed mela-
tonin secretion, leading to changes in the circadian rhythm; green light inhibited plant
growth and development. So we choose two widely used lamp and study the spec-
trum shown in Figure 4.

(a) Spectrum of a fluorescent lamp (b) Spectrum of a LED lamp

Figure 4: Spectrum of a fluorescent and LED lamp
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Obviously, fluorescent lamp has a more negative impact on vegetation and LED
lamp has a more negative impact on human and wildlife. Here, we use the proportion

of different types of lamps to quantify how the spectrum affects humans, vegetation
and wildlife.

Light emission angle also matters. When outdoor lighting fixtures are poorly de-
signed or installed, light can be emitted at high angles, leading to upward and outward
light pollution.

4. Density of population, plants and animals

When the population density, vegetation coverage and species diversity index of a
region are larger, there will be a wider range of objects subject to the negative impact
of light pollution. Therefore, we chose the following three indicators:

Population density refers to the average number of people in a certain unit area of
land during a certain period of time, calculated by dividing the total population by
the total area. The vegetation coverage rate usually refers to the proportion of forest
area to the total land area, and is generally expressed as a percentage. In particular, we
choose to use Menhinick’s diversity index to express the animal diversity.

S

where Dmn is Menhinick’s diversity index, N is the total number of individuals in the
sample and S is the species number.

4.3 Light Pollution Risk Evaluation Model based on EWM-TOPSIS

4.3.1 EWM-TOPSIS

The basic principle of TOPSIS is that the most desirable alternative is nearest to the
positive-ideal solution and farthest from the negative-ideal solution. In other words,
the positive-ideal solution is the best value solution for each alternative by maximizing

the profit criteria and minimizing the cost criteria. The step-wise working details of
EWM and TOPSIS are shown in Figure 4.

(1) Build decision matrix Z. Based on the indicator system for the light pollution
risk , we establish a multi-attribute decision matrix.

i1 T2 0 Tin
z - | T (3)
x1;11 4177;12 ce Inm mXn
where z;;(1 = 1,2,---m;j = 1,2,--- ,n) is the j-th indicator parameter value of the i-th

plan.

(2) Normalization of the decision matrix. Since the units of the parameters in the
decision matrix are not consistent, the matrix needs to be dimensionless and standard-
ized. The commonly used normalization method is the average value method.

ZEij

dij = ="
’ Z:L Lij

(4)
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Figure 5: Flow Chart of EWM-TOPSIS

where d,; is the weight of the j-th indicator for the i-th plan.

(3) Determine the metric weights based on the EWM method. In multi-indicator.
In decision problems, each indicator is represented by the indicator weight coefficient
degree of importance.

Z dij h’ldij
H(d)=1+=2——

Inm
where H (d,) is the coefficient of variation for the jth criterion.

(5)

W, = H{(d;) ©)

H{(d;)
=1
where W is the weight of the jth indicator.

(4) Construct the weighted decision matrix V.
V= (05) i = (Widig) )

(5) According to the positive and negative ideal solutions C'*, C~, calculate the de-
gree of proximity of each evaluated object to the ideal solution. The evaluated objects
that are closer to the positive ideal solution are considered as the optimal evaluated
objects. Therefore, we have:

1= > () ®
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where L and L; represent the distances between each evaluated object and the pos-
itive and negative ideal solutions, respectively; d;” represents the relative closeness of
each evaluated object to the positive ideal solution. The larger the value of relative
closeness, the closer the candidate object is to the ideal solution, and the correspond-
ing solution is the optimal solution.

4.3.2 Model establishment

To score better, we use min-max normalization to perform a linear transformation
on the original data of R, R, R., R.. The formula to achieve getting all the scaled data
in the range (0, 1) is the following:

r — min(z)

= ©)

max(x) — min(x)

‘/L.HOI‘H]

1. Risk for Humans

Exposure to lighting that contains a high level of blue light can disrupt the normal
circadian rhythm of melatonin, often leading to an increased risk of insomnia, stress,
various diseases, and even cancer. By blocking wavelengths below 530nm with a filter,
blue light components are prevented from reaching the eyes, preserving the production
of human nighttime melatonin. This means that the blue components of light have the
most severe impact on the environment and human health.

Rh = (PD : dj)norm (10)

2. Risk for plant

LED lights emit high levels of blue light, which can be particularly disruptive to
plant growth and development. Blue light is an important cue for many plant species,
as it is involved in regulating the timing of flowering and other growth processes.
However, exposure to high levels of blue light at night can disrupt these processes and
lead to reduced plant growth and productivity. In addition, blue light can interfere
with the production of the hormone melatonin, which regulates circadian rhythms in
plants, leading to further disruptions in plant growth and development.

VCXPF

Rp - ( InZ )norm

(11)

3. Risk for Wildlife

One of the most well-known impacts of light pollution on wildlife is its effect on
the behavior and health of nocturnal animals. Many species, such as bats, birds, and
insects, rely on darkness for navigation, hunting, and mating. Artificial light at night
can disrupt these behaviors and lead to reduced reproductive success, altered migra-
tion patterns, and increased mortality. For example, bright lights can disorient and
attract migrating birds, causing them to collide with buildings or become exhausted
and vulnerable to predation.

Ry, = (Dmn x Py -1nL)uorm (12)

4. Risk for energy consumption
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Re - (sz : (1 - ni>)norm; 1= F,L,O (13)

5. Calculate the final score of light pollution risk

Finally, we add four normalized risk score to get the final score of light pollution
risk score.
R=R,+R,+Ry,+ R, (14)

where R is the total risk score, R}, R,, R, R. are four risk scores calculated above.

5 Task 2: Metric Application and Result Interpretation

5.1 Data Preparation

Shenzhen is a major sub-provincial city and one of the special economic zones of
China. The total area of the city is around 4000 km?. We have chosen 4 separated
regions of Shenzhen to evaluate their light pollution risk level, as urban community,
suburban community, rural community and protected area.

1. Urban community: Futian district. Futian, a district located at the heart of Shen-
zhen, has benefited from an extremely rapid growth rate since it was first established
in 1980.

2. Suburban community: Guangming district. Since Guangming district is Shen-
zhen’s new district with developed agriculture, We selected it as the suburban research
area for study:.

3. Rural community: Pingshan district. Located in the northeast of Shenzhen, Ping-
shan district is one of the most remote area in Shenzhen, therefore it is a suitable rural
area.

4. Protected land: Wutong Mountain Reserve. Wutong Mountain Reserve owns a
total area of 31.82 km”. Its vegetation area is also quite large.

Figure 6: Four diverse types of locations
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In order to obtain the vegetation coverage of each study area, we introduced NDVI
(Normalized Difference Vegetation Index).

NIR - R
NDVI=<7p TR (15)

where NIR is spectral reflectance measurements acquired in near-infrared regions,
R is spectral reflectance measurements acquired in the red (visible) regions.

Using Landsat remote sensing image and ArcGIS raster calculator tool, the NDVI
map of Shenzhen can be extracted as follow:

Figure 7: Spatial distribution of NDVI values in Shenzhen, 2020

In addition, we also collected the population density distribution map of Shenzhen
and the luminous remote sensing image from Luojia 1 satellite. Overlay and average
the areal vector data of the four study areas with the above three statistical maps to
obtain the VC, PD and L of the study area.

0 20 40 60 80 100 120 140 160 180 200

Figure 8: Population density map of Shenzhen in 2020 (units: individuals/0.01 km2).
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5.2 Metric Application and Result Interpretation

Taking the indicator data of the four research areas as the input of the risk rating
evaluation model, we can get the risk scores of the four dimensions of vegetation,
wildlife, energy consumption and human life in the four areas.

i
0.8 |
0.6 m
0.4 -
0.2 104

vegetation
city
suburban

wildlife

ener
ay rural

human reserve

Figure 9: Risk scores of four locations in four dimensions

Analyzing the urban area score: The risk score for all dimensions in urban areas is
very high, except for the wildlife dimension, as the total amount of light radiation in
urban areas is much greater than in the other three types of areas, but the number of
wild animals in cities is very small.

Analyzing the suburban area score: The vegetation in suburban areas has the high-
est risk score for light pollution, possibly due to its significantly higher vegetation cov-
erage compared to cities. Additionally, due to the difference in development level, the
use of fluorescent lamps in the suburbs is also high.

Analyzing the rural and protected area score: The risk score for rural and protected
areas is generally low, as their total exposure to light radiation is much lower than
that of cities and suburbs. However, these areas have a high risk score in the wildlife
dimension due to their abundance of wildlife.

Sum the four dimensions to get the total risk score of the four regions:

Table 2: Total risk score of the four regions

Protected land Rural community Suburban community Urban community

0.357992 1.859474 2.114942 3.19662




Team # 2307336 Page 14 of 24

According to our scoring criteria, the light pollution risk scores of the four research
areas fall into the risk levels of good, ordinary, poor and fragile respectively (Fig. 10).

Protected Rural Suburban Urban
region Community community community Land Type

0* 1 2 3 4

Good Ordinary Poor Fragile Risk Level

Figure 10: Risk level evaluation of four selected locations

6 Task 3: Intervention Strategies and Specific Actions

Based on our above evaluation model, it can be seen that it is urgent to implement
certain intervention strategies for light pollution. Based on our research and under-
standing of the mechanism of light pollution, we propose three intervention strategies
from three different perspectives to reduce the degree of light pollution.

Figure 11: Risk level evaluation of four selected locations

6.1 Strategy 1: Improve the light source

Action 1: Customize lamps with specific spectrum This involves developing lamps
with unique spectrums that are optimized to minimize light pollution in specific envi-
ronments or applications. By customizing the lamps, it is possible to improve the ef-
ficiency of the lighting and reduce the amount of light that is unnecessarily dispersed
into the environment. This approach would require a thorough understanding of the
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lighting needs of the specific environment, as well as the impact that light pollution
has on the local ecosystem. By designing and customizing lamps with specific spec-
trums, it is possible to reduce the negative effects of light pollution while still providing
adequate lighting for the intended purpose.

Action 2: Refine new lamps layout

From the above research, we found that the improper and excessive use of fluo-
rescent lamps, LEDs, and floodlights has aggravated the harm of light pollution. We
consider reducing the use of such lamps to reduce light pollution.

We know that fluorescent lamps can inhibit plant growth and increase the risk of
light pollution in the region. In this regard, the first action proposed by us is to ad-
vocate reducing the excessive use of fluorescent lamps, and at the same time develop
and produce new lamps to replace fluorescent lamps, so as to reduce the proportion
of fluorescent lamps. Regardless of the development of new luminaires, we assume
that after a period of educational advocacy, the proportion of fluorescent lamp use in
the region drops to a minimum ratio xImin (generally not exactly 0), which satisfies a
retardation drop model similar to Logistics:

P,
dt

Pr

:Tl'PL(l—P
Lmin

) (16)

where Py, is the proportion of fluorescent lamps used, Py, is the minimum proportion
of ideal fluorescent lamps used, and r, represents the rate of decline of the proportion
of fluorescent lamps used.

After the development of new lamps, they will replace fluorescent lamps. The rela-
tionship between the proportion of people using fluorescent lamps and the new lamps
can be described by a differential equation similar to a population competition equa-
tion.

dP P, P,
— L P(1- =t~ N
dt PLmin PNmax (17)
dPy Pyl Py Py )
—_— =Ty - — — O
dt ? N PNmaac ? Pme

where Py represents the usage ratio of the new lamps, Py,.,represents the maximum
usage ratio of the new lamps in the local lamp market, and r; represents the rate of in-
crease in the usage of new lamps. o represents the degree to which the new lamps can
replace fluorescent lamps (the competitiveness of the new lamps relative to fluorescent
lamps, and the larger the competitiveness, the larger this value), and o, represents the
degree to which fluorescent lamps can replace new lamps (the competitiveness of fluo-
rescent lamps relative to new lamps, and the larger the competitiveness, the larger this
value).

Action 3: Develop new lamps with better spectrum

Many large cities had decreases in DNB radiance in the city center but increases in
outlying areas. These decreases can often be directly attributed to replacement of older
lamps with LEDs. This is vividly demonstrated by photographs of Milan, Italy, taken
by astronauts on the International Space Station in 2012 and 2015 (Fig. 5, A and B). The
street lights in the city changed from yellow/orange (sodium vapor) to white (LED),
whereas the surrounding areas remained yellow/orange. As a result, the radiance



Team # 2307336 Page 16 of 24

observed by the DNB decreased (Fig. 5C) because of the sensor’s lack of sensitivity to
light in the range of 400 to 500 nm. Similar transitions can be seen (and verified with
newspaper accounts) in many cities worldwide.

Figure 12: Change in lighting technology in Milan, Italy, observed from space.

Potential Impacts: Improving the spectral distribution of lamps and adjusting their
usage ratio corresponds to changes in the Pf, P1, and Po in the risk assessment model.
Designing new lamps requires high R&D (Research & Design) costs, which includes
examining the environmental effects of the lighting location and light source spectrum,
and searching for new lighting materials that meet the requirements, which requires
a lot of manpower and resources. Secondly, forcibly changing the current lamp struc-
ture can result in the waste of many lamps that have not yet reached their useful life,
causing unnecessary waste.

6.2 Strategy 2: Lower the lighting intensity

Action 1: Educate the public We can provide information about responsible out-
door lighting practices, raise awareness about the importance of preserving dark skies
and the beauty of the natural night environment and encourage more individuals to
get involved in the fight against light pollution.

Action 2: Implement lighting curfews

According to news reports, Germany is taking precautions and recently imple-
mented energy consumption controls in municipal engineering to alleviate the energy
crisis. Night lights in major cities across the country, such as those in landmarks, mon-
uments, city halls, museums, libraries, etc., have been turned off. In the capital city of
Berlin, after sunset, lights inside 200 landmark buildings, including the Victory Col-
umn and Berlin Cathedral, are also synchronously turned off.

Action 3: Enact lighting ordinances

To prevent unnecessary light pollution, it is recommended to refrain from using
luminances or illuminances that exceed the minimum requirement for a given task.
Additionally, whenever possible, lights should be dimmed to reduce their brightness.

Action 4: Use motion sensors
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Instead of keeping lights on during the night for security reasons, the installation
of motion sensors on the lights can prove helpful. Motion sensors will only have the
lights on when motion is detected, thus reducing the overall costs on electricity while
at the same time cutting back on light pollution at night. Dimmers and timers can also
help to reduce average illumination levels and save even more energy.

Potential Impacts: All of the above actions aim to reduce the total amount of light
radiation, L, but regional economic development and community safety are closely re-
lated to lighting. Low light levels can lead to increased crime rates because it provides
an ideal environment for criminal activity. In areas with low lighting, it is more diffi-
cult to detect suspicious behavior, and criminals are more likely to remain undetected.
This increases their confidence in committing crimes and their likelihood of getting
away with it. In addition, low lighting can make it difficult for witnesses to provide
accurate descriptions of criminals or their activities, which can hinder law enforcement
efforts to identify and apprehend them. Furthermore, low lighting can create a sense of
fear and unease among residents, making them feel vulnerable and more susceptible
to criminal activity. All of these factors contribute to an increased crime rate in areas
with low lighting. Reducing the brightness at night may make people less willing to
go out, which can suppress the activity of regional economic development and have a
negative impact on it.

6.3 Strategy 3: Optimize regional lighting layouts

Action 1: Equip shielded and directional lighting Do not allow luminaires to send
any light directly at and above the horizontal, with particular care to cut the light emit-
ted at low elevations (in the range gamma % 90 135 above the downward vertical, i.e.
Oe45 from the horizon plane). In practice, light in this range travels long distances
through the atmosphere and enhances the additive property of light pollution (Cin-
zano and Castro, 2000; Luginbuhl et al.,2009), an effect that compounds the problem,
especially in densely populated areas. An additional limitation on the light leaving the
fixture downward (in the range gamma % 80 90 from the downward vertical, i.e. 0e10
below the horizon plane) should also be enforced. This is because the nearly specular
reflection of asphalt at grazing incidence considerably increases the amount of light at
low angles above the horizontal (although this reflected light is much more subject to
screening by surrounding vegetation and buildings). This limitation will also improve
the comfort and visual performance of road users by lowering the direct glare from
fixtures.

(a) Directional lighting (b) Shielded lighting

Figure 13: Equip shielded and directional lighting
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Action 2: Limit building height and density

We can increase green spaces: Increasing the amount of green space in urban ar-
eas can help to reduce the overall density of buildings, which can in turn reduce the
amount of light that is emitted into the night sky.

Action 3: Restrict reflection material

We can choose to use more opaque materials, such as concrete, brick, or wood,
which are less reflective and can help to reduce light pollution. Finally, the use of light
control technologies, such as light shields or directional lighting, can also be employed
to minimize the amount of light that is emitted and reflected from buildings.

Potential Impacts: In this strategy, Action 1 aims to reduce the angle index in the
risk assessment model. Reasonable restrictions on building height and density can
reduce the i/ and BD indices. Managing the use of building materials and utilizing
low-reflectance coefficient building materials as much as possible can reduce the Rm
index. However, on the contrary, the reduction of building height and density will lead
to a sharp decrease in the number of residents within the same area, which will bring
pressure to housing. This impact is particularly significant in urban areas.

7 Task 4: Strategy Determination and Impacts Evalua-
tion

Balancing trade-offs, such as safety-energy conservation trade-off, development-
environment trade-off, health-convenience trade-off etc., requires careful consideration
of the specific circumstances and goals of a particular location or community. Here, we
selected cities and suburbs as areas to verify the effectiveness of the strategy.

It is important to consider the long-term impacts of lighting choices and to evaluate
potential intervention strategies for their effectiveness in reducing light pollution while
also meeting the other needs of the community. Here, we assess the impacts of the next
50 years.

7.1 Strategy Implementation and Impacts Evaluation

The effects of each strategy are as follows:

Figure 14: Risk score change after implementing strategy
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By changing the current lamp use ratio through various policies, Pp, P, and Pp can
change in the next 50 years. Therefore, the risk score changes of the research area in
the next 50 years can be obtained by taking these three indicators as variables.

It can be seen from the results in the Figure 14 that the urban risk score will expe-
rience a rapid growth of about 17 years without strategic intervention, and then begin
to decline slowly; After policy intervention, the radian of this growth will decrease
and enter a stable period ahead of time. The risk score of suburbs would have de-
clined year by year without policy intervention, but replacing more light sources can
accelerate this process.

In general, the strategy of changing the light source can slow down the increase of
risk or accelerate the decrease of risk in both research areas.

By lower the light intensity, the L in evaluation model can be reduced. Therefore,
we can get the risk score decline in the next 50 years.

Figure 15: Risk score decline

Since we assume that the total amount of light radiation L will remain stable with-
out policy intervention, the risk score of the corresponding region will also remain
unchanged in this case, with the change of 0.

After the implementation of the strategy, the risk scores of both urban and sub-
urban research areas decreased. Among them, the decline in urban areas is greater.
We analyze the possible reason for this phenomenon is that the population density in
cities is far greater than that in suburbs, so the decline in L value can lead to a more
significant reduction in risk score.

According to the decline ratio of angle, H, BD and P,, determined by us in Task
3, the risk scores before and after the implementation of the strategy are compared
through the evaluation model in Table 3.

The optimized layout strategy has little impact on the light pollution risk score of
urban and suburban areas, both within the range of 0.01 0.05. We speculate that this
is because the weights of angle, H, BD and P,, in R}, calculation are small, and the
impact on the overall risk assessment is also small.
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Table 3: Change of risk score

Region Urban Suburban
before strategy 3.19662 1.414942
after strategy 3.183761 1.374156
change 0.012859 0.040786

7.2 Strategy Determination

Based on the application effects of the above three strategies, it can be concluded
that strategy 2 can have the most obvious and stable impact on the regional light pol-
lution risk assessment. It can be concluded that reducing the total amount of light
radiation L through a series of publicity and education policies for the public is the
most effective intervention strategy.

8 Sensitivity Analysis

8.1 Evaluation model sensitivity

Since our evaluation model contains many different indicators, the change of an
indicator in a region should not have a significant impact on the risk score of that
region. In order to verify the robustness of the evaluation model, we selected four
indicators: L, H, BD, angle, and adjusted them by 10% from the current value to see
the change of the final risk score. We will analyze the data of suburban areas.

Figure 16: Sensitivity to L,H,BD,Angle

It can be concluded that the change range of H, BD and angle is small, about
4%, and the risk score caused by the fluctuation of L value is large, about 10%. On
the whole, it reflects that changes in individual indicators will not lead to excessive
changes in risk scores.
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In addition, we can also confirm from the figure that the change of L value has a
great impact on the risk assessment, and it is very suitable to be the key direction for
the government to formulate strategies.

8.2

Strategy model sensitivity

We have changed the rate of decline, 1, in the proportion of fluorescent and LED
lights after implementing the policy. We have drawn a sensitivity analysis graph for
urban communities, and it can be seen that the final change in the proportion of fluo-
rescent lights is minimal and the overall trend remains consistent. This indicates that
our model is robust.

(a) Sensitivity to Pp (b) Sensitivity to Po

Figure 17: Sensitivity to Pr and Pp

9 Strength and Weakness

9.1

Strength

We used RS (Remote Sensing) data and GIS (Geographical Information System)
analysis to obtain indicators such as radiation brightness and vegetation coverage
in the study area, which means that our data sources are more comprehensive
and scientific.

Our light pollution risk assessment model selects a rich and comprehensive set of
evaluation indicators, which not only consider basic indicators such as radiation
brightness, but also incorporate spectral information and reflection principles re-
lated to lighting into the model.

In our strategic planning, we formulated strategies from the perspectives of light-
ing fixtures, buildings, and users, hoping to influence the indicators in the risk
assessment model and thereby reduce the risk of light pollution. We referred to
policies and related research on light pollution in different regions, and devel-
oped detailed action plans for each strategy.

From our sensitivity analysis results, it can be seen that the evaluation and strat-
egy models we have developed are stable and can be widely applicable to differ-
ent regions.
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9.2 Weakness

* For some of the negative impacts of light pollution intervention strategies, we
only conducted textual discussions and did not quantify these negative impacts.

¢ Light pollution is not only a scientific problem, but also a complex social problem.
Although we strive to consider as many factors as possible, there is still a lot of
room for expanding the assessment indicators in the risk assessment model.

10 Conclusion

The beauty of city lights can often be deceiving, as it is also a form of pollution that
can have detrimental effects on humans, wildlife, plants, and energy waste. This paper
proposes a comprehensive Light Pollution Risk Assessment Model and Intervention
Strategy Model to address this issue. By assessing the risk level of a given location
and implementing effective intervention strategies such as improving the light source
and lowering lighting intensity, we can mitigate the effects of light pollution in various
locations. The results from applying the models in typical regions of Shenzhen and
conducting sensitivity analysis show that the intervention strategies can effectively
reduce the risk scores. This research provides a valuable contribution towards the de-
velopment of sustainable lighting practices and encourages further investigation and
action towards mitigating light pollution.
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