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TO: MAG Dark Sky Stakeholders Group
FROM: Heidi Bickart, Regional Planner
SUBJECT: MEETING NOTIFICATION AND TRANSMITTAL OF TENTATIVE AGENDA

Tuesday, February 15,2011, 1:30 p.m.
Saguaro Room 2™ Floor
302 North I Avenue, Phoenix

The MAG Dark Sky Stakeholders Group will meet at the time and location listed above. Interested parties may
attend in person or by telephone conference call. Those attending by telephone conference call are requested
to contact Steve Gross at (602) 254-6300 for dial-in instructions.

Parking is located under the building and tickets will be validated. For those using transit, the Regional Public
Transportation Authority will provide transit tickets for your trip. For those using bicycles, please lock your
bicycle in the bike rack in the garage. If you have any questions about the meeting, please contact me at (602)
254-6300.

The following are tentative agenda items for the February |5, 201 | Dark Sky Stakeholders Group meeting:

[
2.
3.

Welcome and Introductions.

Presentation on Dark Sky by Richard Green, Large Binocular Telescope Observatory.

Presentation on Outdoor Lighting Codes (OLC), their purpose and benefits by Dan Brocious,
Smithsonian Institution Whipple Observatory.

Discussion of each concern in order to reach consensus on Alternatives A-C in the Technical Basis and
Background document. All attendees are strongly encouraged to review the Technical Basis and
Background document prior to the meeting. Since this is a technical document please be prepared to
provide comments on your review or have the appropriate person(s) at the meeting to provide
comments.

Please see attached documents: Technical Basis and Background, Digital Billboard Luminance
Recommendation ver 7 MAG.pdf, Luginbuhl.2002.pdf, Luginbuhl.2002.pdf,
Luginbuhl.et.al.2009a.PASP.v121.p 1 85.pdf and Luginbuhl. Walker.Wainscoat.2009.Physics Today.pdf.
[tems for next meeting.

Date of Next Meeting: March 15, 201 | @ 1:30pm in MAG Saguaro room.

Please feel free to invite others that you feel may be interested in the topics on the agenda.
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MAG Dark Sky Stakeholders Group (DSSG)
Draft Meeting Notes

January 18, 2011

Heidi Bickart welcomed the group to the January DSSG meeting. Introductions were
made.

Heidi Bickart recapped the November 2010 meeting and asked for corrections to the
meeting notes. No comments were provided.

Heidi Bickart stated that MAG staff has been providing regular updates to the
Intergovernmental Representatives of MAG member agencies to ensure they are
informed about the Dark Sky project.

Due to many concerns with the draft Pattern Outdoor Lighting Code
(POLC), a draft alternatives table was created. The table was included with the agenda
packet and made available on the MAG web site’s Dark Sky project page. Heidi Bickart
explained the table. The left column contains a list of the concerns from all stakeholders
and the next 3 columns include alternatives to these concerns. Alternative A is a more
friendly option for the astronomy community or a “darker” option, Alternative C is a
more friendly option for the business community or a “brighter” option and Alternative B
represents the middle ground. All options allow good lighting to be designed to meet the
recommendations of the llluminating Engineering Society of North America (IESNA).
The goal is to use the stakeholders group to work through each concern and reach a
compromise.

Heidi Bickart discussed the purpose of the Stakeholders Group. She said it was to collect
information on outdoor light pollution, review best practices in lighting codes, and
develop a draft Pattern Outdoor Lighting Code (POLC) for MAG member agencies.

Heidi Bickart provided background on the Dark Sky initiative. The November 2010
meeting notes contain the background. She encouraged all new participants to review
materials on the MAG Dark Sky web site.

Heidi Bickart said member agencies will be encouraged to adopt the POLC either in
whole or in part. She noted that MAG created a POLC for the cities and towns within the
Maricopa County region to use as is or with changes to best fit their jurisdictional needs.
She said the draft alternatives table is a way to create options for various sections of the
code so that a city or town has choices when crafting their own outdoor lighting
ordinance.

Trish Hart said she is very concerned with the proposed POLC. She provided 5 letters on
behalf of business. Ms. Hart said that the business community representatives need to talk
to their constituents in order to provide input in this process. She noted that she hopes
there is lengthy and thorough conversation on the POLC.
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Heidi Bickart proceeded to explain the first concern listed in the table, Section 3,
Applicability. After discussion the 3 alternatives proposed were: Alternative A 25
percent, Alternative B 50 percent, and Alternative C 75 percent. Representative from
shopping centers explained that in practice city planners use discretion with the
percentages in Section 3. City of Avondale said this may be true but the standard varies
to fairly accommodate each unique proposal. Queen Creek said the POLC is a guidance
document, it is not written with shall or shall not, so he thinks it if fair to have various
percentages and leave it up to each jurisdiction to choose the percent that best meets their
needs.

Table 4.1 is Luminaire Shielding Standards for all nonexempt outdoor lighting fixtures.
Table 4.1 was listed as a concern. This concern was explained and the alternatives were
presented. It was noted that the classes of lighting were removed from the POLC to
simplify it and lighting zones were added to the POLC as most member agencies use
lighting zones. The lumens level was increased after discussion with a professional
lighting designer and scientist.

There is a typical suburban shopping center in North Peoria where one lamp fixture is
80000 lumens and that falls within Peoria’s code.

Chris Luginbuhl said 80,000 lumen lamps are permitted in the POLC. There is no
brightness limit in the code. The 2,000 or 3,000 lumens in Table 4.1 only applies to
whether a lamp has to be fully shielded or not. Lights that are greater than the lumens
limit identified in Table 4.1 need to be shielded and directed toward the ground.

City of Glendale does have a dark sky ordinance and parking lots lights are required to be
fully shielded which means that no light is allowed to go above the horizontal horizon.
The POLC has a clear definition of fully shielded fixture. The POLC would allow
uniformity in lighting codes among jurisdictions within Maricopa County.

Trish Hart said their big concern is sign curfew and lighting in parking lots due to safety
for their employees. She said she would need to take the draft alternatives table back to
her lighting designer in order to get constructive feedback on the table.

Mark Grenawalt said the POLC is intended to have responsible lighting that is directed
where it is needed and not up into the sky where it is not needed. For landscape or
architectural lighting that is purposely directed upwards, the POLC provides a
lumens/lamp limit for light directed up.

Elizabeth Alvarez noted that it is critical to educate participants on lighting, glare,
visibility, etc.

Gordon Keig said the shopping center owner is responsible for upgrading lighting in a
shopping center parking lot and pays the cost to upgrade the lights. The shopping center
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tenant benefits from better lighting, that is more energy efficient and the shopping center
owner benefits by having increased value for that property due to upgraded lighting.

Richard Hubbard asked if the POLC is necessary if each jurisdiction is going to create
their own outdoor lighting code using any combination of the 3 alternatives. He asked if
this is a priority for MAG since this was first brought forward to MAG in 2008. Nathan
Pryor said this is still a priority to MAG since Management Committee in October 2010
directed us to go back and work on the POLC.

MAG Regional Council placed enough value on the Dark Sky project to have MAG staff
work on it. Arizona is one of the 3 leading places in the world for astronomy and light
pollution in Maricopa County is impacting the world class observatories north and south
of the Maricopa County. The purpose of the POLC was provided from Section 1 of the
POLC.

Paul Blyer requested to know what existing MAG member agencies outdoor lighting
ordinances are ineffective. MAG staff informed that this evaluation is not a part of the
POLC development process and would happen at the jurisdictional level.

Attendees were encouraged to provide to MAG staff the economic impacts of the POLC
to astronomy and to business. This information would be shared.

MAG staff said the next meeting is set for February 15, 2011 at 1:30pm in the MAG
Saguaro room. Future meetings are scheduled for third Tuesday of every month at
1:30pm.

MAG staff requested to please let them know of other stakeholders not represented that
should be at the table. MAG is encouraged to see everyone here and hopes that all
participants will continue to participate.

Action Items for Future Meeting
e Provide presentation on dark sky
e Provide information on Outdoor Lighting Codes and their purpose and benefits
e Provide rationale and data for each alternative and figure listed in the Draft
Alternatives Table and the MAG POLC
e Mark Grenawalt offered to give a presentation on good parking lot lighting in a
shopping center if that would be helpful to the DSSG.




MAG Draft Pattem Qutdoar Lighting Code Technical Basis and Background

At the January Dark Sky Stakeholders Group (DSSG) meeting, attendees asked for the rationale behind the
numbers and figures in the draft MAG Pattern Qutdoor Lighting Code (POLC). This document identifies
the technical reasons for figures that appear in the MAG POLC, as well as concerns raised by a variety of
stakeholders. It also provides a brief rationale for the non-technical figures (e.g. administrative or legal).
The technical rationale and background has been provided by Chris Luginbuhl of the US Naval Observatory
Flagstaff Station.

The Frequently Asked Questions (FAQ) provide accurate and relevant information on the MAG draft
POLC. The FAQ can be used as a resource for new participants to the process.

All attendees to the February 15, 2011 MAG DSSG meeting are strongly encouraged to read this
document prior to the meeting. Since this is a technical document please be prepared to provide
comments on your review or have the appropriate person(s) at the meeting to provide comments. The goal
is to discuss each concern to arrive at consensus on Alternative A-C.
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FAQ
Why did MAG develop a draft Pattem Qutdoor Lighting Code?

e o provide a pattern code for guidance in updating existing (out-of-date) outdoor lighting codes of
MAG member agencies.

e o preserve Arizona astronomy - a 250 million dollar per year business.

e o help the member agencies save energy as well as costs by recognizing and prohibiting
unshielded and excessive outdoor lighting. Luginbuhl & Lockwood (2008) estimate that up to $30
million / yr could be saved in Arizona.

What is the need and purpose for an autdoor lighting code?
e To encourage optimum use of outdoor lighting for future development and growth.
e To permit reasonable uses of outdoor lighting for nighttime safety, utility, security, and enjoyment
while preserving the ambiance of the night.
e o conserve energy and resources to the greatest extent possible.
e To minimize glare and obtrusive light by limiting outdoor lighting that is misdirected, excessive, or
unnecessary.

Does an Qutdoor Lighting Code regulate street lights?

Section 3.5 of the MAG POLC addresses public roadways and states that lighting for public roadways and
pedestrian lighting must comply with the code, except the lumens cap of Section 4.2. Typically the
municipality’s Street or Transportation Department sets and implements street lighting standards.

What about existing lighting?

All outdoor lighting codes in Arizona, including this draft MAG POLC, grandfather any installation
compliant with the previous regulations. New installations and significant modifications or replacements are
where the new code would take effect.

What about retrcfitting? Is there additional expense for existing businesses?
There are no requirements for retrofitting existing lighting. Currently existing lighting will not be affected by
adoption of the POLC.

Gan MAG adopt the POLC2
MAG is not an enforcement agency, as such, the POLC is not for adoption by MAG. It is anticipated that
MAG member agencies may adopt the POLC either in whole or in part as necessary for their jurisdiction.

What is a pattem code?

The term “pattern code” means that the code is a guideline or template that can be modified to suit each
community. It offers a comprehensive guide to minimize obtrusive aspects of outdoor lighting. The drdft
MAG POLC is intended for use by any community of any size or locale that wishes to create a new, or
update an existing, outdoor lighting code.



MAG DRAFT Pattern Outdoor Lighting Code
Technical Basis and Background (7 February 2011) by Chris Luginbuhl, US Naval Observatory

What is it nat?

The POLC is not a lighting design standard. It does not require a property owner or business to meet any
particular lighting design standards. All standards in the POLC are intended to limit the obtrusive aspects
of outdoor lighting, such as glare and decreased visibility, to areas/people off-site from the obtrusive lighting
source.
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Technical Basis and Background (7 February 2011) by Chris Luginbuhl, US Naval Observatory

Section 3

CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C

Section 3.
Applicability
Change 25 percent
to 50 percent to be
consistent with
building code
requirements.

25 percent 50 percent /5 percent Do nothing.

Figures: 25 /50 percent
Type: non-technical

Under Arizona law dll lighting legally installed before passage of a new or updated code is entitled to legal
nonconforming status in perpetuity; it need not be modified to meet the standards of the new or modified
code. Reasonable maintenance such as lamp replacement is allowed without requiring conformance.
However, when lighting equibment is replaced or “significantly” modified, the new lighting must conform to
the codes in place when the replacement or modification occurs. All jurisdictions establish a threshold to
differentiate maintenance from true additions or substantial modifications. In the POLC a threshold of 50
percent of initial value is suggested to determine when significant modifications or upgrades to sites
requires conformance. A 25 percent threshold is used in many lighting codes. This threshold will be
discussed and decided upon by each jurisdiction.

ALTERNATIVE D

Section 4. |

CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 4. | LZ 1 rural and LZ 1 rural As many lighting Do nothing.
Create 3 lighting | suburban LZ2 suburban zones as deemed

zones, rurdl, LZ2 urban LZ3 urban necessary by the

suburban and jurisdiction.

urban.

Table 4. | 2000 lumens all LZ1 2000 lumens | 3000 lumens all Do nothing.
Change 2000 zones L2 3000 lumens | zones

lumens to LZ3 3000 lumens

something greater

than 2000

lumens.

Figures: Qass | /2 /3

Type: technical
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The definition of lighting class recognizes three principal general uses for outdoor lighting: lighting for
outdoor sales or activity areas where color rendition is important (class |); lighting for wayfinding and safety
of automobiles and pedestrian/customers where general illumination is important but color perception less
so (class 2); and lighting for decorative uses (class 3). These lighting types/uses are distinguished because
they have different needs for lighting color, type of lamps used, and relation to critical needs such a sdfety,
utility and security.

To simplify the MAG POLC, it has been suggested and accepted by the DSSG to remove the class
distinctions, referring only to “decorative” lighting in section 4.7.A.

Figures: Lighting Zone | /Lighting Zone 2 / Lighting Zone 3
Type: technical

The use of lighting zones is based on the concept that the sensitivity of different environments to off-site
impacts of outdoor lighting varies. For example, environments dominated by residential uses are much
more sensitive to light trespass and glare than heavily developed commercial environments. In general, the
DSSG felt that two lighting zones, with some additional conditions for commercial/residential boundaries,
were adequate to address the majority of the issues and provide a simpler code than one using more
zones. Lighting Zone | is defined as primarily residential environments (including rural and suburban areas
and commercial properties located in residential areas), and Lighting Zone 2 including environments
dominated by commercial and industrial uses, such as urban districts.

It has been suggested that three (or more) lighting zones be offered as an alternative. The POLC will
include an option for three zones, to include rural areas (Lighting Zone |), suburban (primarily residential)
areas (Lighting Zone 2), and downtown urban districts (Lighting Zone 3). Some jurisdictions use a larger
number of lighting zones.

Figures: 3000 /2000 / 1000 lumens; 50’
Type: technical

(The impact of unshielded lighting on sky glow is discussed under Section 4.2.)

To minimize glare and light trespass into residential properties (arising at both commercial-residential and
residential-residential boundaries), unshielded lights on non-residential properties may not be brighter than
2000 lumens (Im) or located closer than 50 feet to a residential property line. This is approximately based
on the concept of limiting illuminance at the property line from an unshielded light to 2x full moonlight
(0.06 footcandle). (A 2000 Im lamp is equivalent to about 100 W incandescent or 26 W compact
fluorescent.)

In a three-zoned lighting code, the limit is raised to 3000 Im, allowing approximately 4x full moonlight (0. |
footcandle) at the property line.

In residential environments the single largest source of complaint related to lighting is light trespass or glare
from unshielded lighting. On a residential property, the POLC allows a maximum brightness for an
unshielded lamp of 1000 Im, equivalent to about 60W incandescent or |3 W compact fluorescent. This
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lowers light trespass levels, again assuming 50" distance, to about full moonlight level. (A 1000 Im lamp is
equivalent to about 60 W incandescent or |3 W compact fluorescent.)

Figure: 45-degrees
Type: technical

Spotlights commonly used on residential properties can have a much higher intensity than an unfocused
lamp. Therefore, the POLC requires that they be aimed downward to limit the off-parcel brightness. The
angle used — 45-degrees or half-way between straight down and straight sideways — is chosen to allow
flexibility in light placement relative to the illuminated area (i.e. the lamp can still be used to illuminate an
area located some distance away from the lamp), to limit glare and trespass off-site, and to simplify
interpretation for users and code enforcement.

Section 4.2
CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 4.2 Lz 50,000 Lz 50,000 As many lighting Do nothing.
Revise highest lumens lumens zones as deemed
lumen level of Lz2 150,000 Lz2 100,000 necessary by the
150,000 to a lumens lumens jurisdiction.
higher number. LZ3 200,000 Unknown number of

lumens LZ therefore cannot

specify lumen limits.

Figures: 50,000 / 100,000 / 150,000 /200,000 lumens/acre (total nonresidential lumen budget)
Type: technical

The majority of lighting needed on nonresidential properties is for basic area lighting, such as lighting for
automobile and pedestrian areas including parking lots and walkways. Other lighting is often used for
decorative purposes such as landscape lighting and building floodlighting.

A basic metric of the lighting design professions is the illumination level, measured in footcandles. The
MAG POLC uses a metric related to the overall amount of light used on the site, scaled to the area of the
site, or lumens per acre. This “lumens per acre” approach is based on lighting codes whose primary
concern are off-site impacts, rather than on-site lighting design, and has been used for more than 20
years. Further, it has been found critical to avoid specifying lighting design in detail for a number of
reasons, including the wide variation in expertise and training of those that must interpret and apply the
lighting code (such as community planning staff, electricians, engineers, lighting designers, business and
property owners), maintaining maximum flexibility in lighting design, minimizing costs and staff training for
jurisdictions, legal implications for jurisdictions taking responsibility for lighting design, and complications for
confirming conformance to the lighting code. Nonetheless, a general lumens per acre limit must be
compatible with lighting design needs.




MAG DRAFT Pattern Outdoor Lighting Code
Technical Basis and Background (7 February 2011) by Chris Luginbuhl, US Naval Observatory

For area lighting needs, basic recommendations of the lighting industry are for an illumination level of 0.2
footcandle (fc) at the dimmest point on the parking lot (IESNA, 1998). Assuming typical lighting technical
parameters such as fixture efficiencies, light loss factors, and application efficiencies (see table below),
between 50,000 lumens/acre (Im/ac) and 100,000 Im/ac are adequate to meet these needs. With
typical design efficiencies, 100,000 Im/ac allows a substantial amount of lighting for nonessential uses such
as ornamental lighting, while 50,000 Im/ac has much less room for such uses. A limit of 150,000 Im/ac or
200,000 Im/ac dallows a substantial amount of light for nonessential uses, or for less efficient designs.
50,000 Im/ac can also meet the basic area lighting needs but will require in many cases designs that are
more efficient than average but achievable with good lighting design.

Lighting technical parameters

Im/ac 50000 50000* 100000 150000 150000* 200000
application CU 0.5 0.7 0.5 0.5 0.7 0.5
LLF 0.65 0.65 0.65 0.65 0.65 0.65
fixture CU 0.65 0.65 0.65 0.65 0.65 0.65
parcel illuminated fraction 0.65 0.65 0.65 0.65 0.65 0.6
average illuminance (fc) 0.4 0.5 0.7 . l.6 .5
ave/min illuminance 2.1 2.9 3 3 3 3
minimum illuminance (fc) 0.2 0.2 0.2 0.4 0.5 0.5

* efficient design
CU= coefficient of utilization; LLF = light loss factor

Figures: 5,000 /10,000 Im/c (total nonresidential unshielded lumen budget)
Type: technical

Research shows that unshielded lighting has a dramatically increased impact on dark skies compared to
the same amount of shielded lighting. A 10,000 lumen unshielded light has a 2-10x greater impact on
dark skies than a 10,000 lumen fully shielded light (Luginbuhl, Walker and Wainscoat, 2009).

Though there are no critical lighting needs, and very few lighting needs of any kind, which require
unshielded lighting, in some applications unshielded lighting is commonly used (for example building fagade
lighting, landscape lighting, flag lighting). Despite the dramatic increased impact on dark skies, the POLC
allows as a compromise some unshielded lighting, though with tight limits on the total amount. Though
there is no particular lighting design or application that dictates the figures of 5000 Im/ac or 10,000 Im/ac,
these values have been found to be a practical compromise that provides flexibility with reasonable
impacts on night skies.

Figures: 20,000 Imfesidence (total residential lumen allowance); 5,000 Im/tesidence (total residential
unshielded lumen allowance); 5,500 Im/esidence (total residential unshielded allowance minimum)
Type: technical

Lighting needs and desires on residential properties are highly variable and subject to individual tastes. The
fisures listed in the POLC are liberal, allowing as many as ten 100 W or eighteen 75 W incandescent
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lamps. As many as 5,000 Imfesidence may be unshielded, equivalent to about five 60 watt incandescent

lamps.

Section 4.3

CONCERN

ALTERNATIVE A

ALTERNATIVE B

ALTERNATIVE C

ALTERNATIVE D

Table 4.3
Consider a higher

4300K appropriate
for all LZ

4300K appropriate
for all LZ

no CCT limits

Do nothing.

CCT. Highest is
4200K as currently
written.

Remove Class 1/2/3
distinction from
POLC.

Table 4.3

Class 2 lighting at
2200K s too low

LZ] 3000K
LZ2 4300K

LZ] 3000K
LZ2 4300K
LZ3 4300K

no CCT limits Do nothing.

Figures: 4300 /3000 K CCT
Type: technical

As discussed under Section 4. |, the distinction of Class 1/2/3 has been removed to simplify POLC.

Standards for lower correlated color temperatures (CCT) limit light emissions with wavelengths shorter
(bluer) than about 500 nm (blue-green to the human eye). Light emissions below 500nm wavelength
contribute very little to vision, but have larger demonstrated or potential negative impacts such as sky glow,
glare and circadian rhythm and health disruption (IDA, 2010). Thus, lower CCT diminishes these negative
effects with minimal impacts on efficiency, while still allowing a wide variety of available products and
design approaches to outdoor lighting. The specific figures chosen (4300 K and 3000 K) are selected to
include the majority of LED products (4300 K), and to specify "warm white" or lower CCT (3000 K) in
residential areas.

Section 4.5

Figures: 10,000 lumens /50 feet
Type: technical

When residential properties are located adjacent to commercial properties, the potential for the high
intensity lighting commonly used on commercial properties to intrude on residential properties requires
particular attention. The POLC requires that brighter lights (10,000 Im and greater) mounted within 50
feet of a residential property line must have an additional shield, called a "house side shield," to limit
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trespass.  The particular figures chosen are guided by a general principle of requiring the additional
expense of special shielding only when the potential for light trespass is greatest.

Section 4.7

CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 4.7 60 minutes 60 minutes no curfew Do nothing.
Change 30 minute

curfew to one hour.
Add requirement to
POLCfor automatic
contrds on lights to
be used at curfew.

Figure: |0pm etc.
Type: non-technical

Applying curfews to decorative and area lighting that is not directly associated with security arises from the
general principle of energy conservation and the idea that the business/advertising and sdfety value of
lighting when businesses are not open or late at night is reduced. This is a compromise where lighting is
reduced when business or safety impacts are minimal, even though all night hours are of equal importance
to professional astronomy - astronomy begins at sunset and ends at sunrise. The specific times chosen are
suggestions only, and must be decided on jurisdiction by jurisdiction basis following business activity and
community godls.

Section 5. [.A

CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 5 Leave as currently | Move sign Eliminate Section 5 | Do nothing.
Remove sign written standards to

standards municipal sign code

Figure: 200 lumens/f
Type: technical

This figure is based on recommendations of the IESNA (IESNA, 2000) as well as a survey of 510 billboard
faces in the Tucson metropolitan area. In the Tucson survey, 83 percent of the billboard faces used 200
lumens per square foot and less.
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Section 5.2
CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 5.2 Add text to POLC Eliminate Section Eliminate Section Do nothing.
Sign color designs. indicating this does | 5.2A. 5.2A.
Be careful regulating | not apply to
sign color. registered
trademarks.

Figure: "nat white, off-white, cream or yellow...”

Type: technical

Text will be added to the POLC to exempt trademarks from background color restrictions when the color of
the background is explicitly part of a registered trademark,

Otherwise, the colors used for interndlly illuminated signage have a large impact on light output and are
important to address to reduce light pollution. A study by Luginbuhl (2002) shows that the total light
output of a typical light-background internally illuminated sign is about 7x that of a colored background
sign, and 30x that of an opaque background sign. Further, as the light emitted from internally illuminated
signs is directed sideways with 50% going upward and into the sky, the impact of such signage on dark
skies is disproportionate to the amount of light used in such signs. In other words, even though signs do not
account for a large amount of the light emitted by a city, because this light is unshielded its impact is
much greater than would be indicated by its proportion of the total light output. In Flagstaff, where new
light-background signs have been prohibited since 1989, a survey (Luginbuhl et al., 2009) estimated that
the total amount of upward-directed light output due to signs was only |.3% of the Flagstdff total; if these
signs had used light backgrounds this proportion would have been about 4%, |.5x as much uplight as
produced by all hotels in the city, and almost 30x as much as produced by all roadway lighting.

CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 5.2B Modify POLC to Modify POLC to Modify POLC to Do nothing.
Rewrite this section | strike second and strike second and strike second and

to clarify meaning. third sentences third sentences third sentences

ASA recommends “Any lighting... * “Any lighting... * “Any lighting... *

eliminating all

references to lumens

cap for signage.
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Section 5.3.A

CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D

LZ1 100
LZ2 150
LZ3 200

Section 5.3A 300 nits all LZ
Change nighttime
luminance limit for
multicolor
changeable-copy
LED displays
(current limit is 100
nits)

100 nits all LZ Do nothing.

Figure: 100 /150 /200 /300 nits
Type: technical

Unlike previous technologies, digital LED billboards are designed to produce brightness levels that are
visible during the daytime; though they are adjusted to fainter levels at night, should too large a fraction of
this brightness be used at night serious consequences for driver visibility and safety are possible. Further,
like any sign, the light emitted by billboards is unshielded, and thus has a disproportionate impact on dark
skies. A review of the lighting professional literature (Luginbuhl et al,. 2010) indicates that drivers should be
subjected to brightness levels of no greater than 10 to 40 times the brightness level to which their eyes are
adapted for the critical driving task. As roadway lighting and automobile headlights provide lighting levels of
about one nit, this implies signage directed at drivers should appear no brighter than about 40 nits.
Standard industry practice with previous technologies, based on a survey of over /0 billboards in the
Phoenix, Chicago, Los Angeles and San Francisco metropolitan areas, shows such billboards are illuminated
on average to less than 60 nits (Luginbuhl et al., 2010, with additional data), and rarely exceeds 100 nits.
As these billboards were not limited in brightness by any regulation, it appears sensible from all
perspectives to limit digital billboards to 100 nits. Higher values up to 300 nits are included as alternatives
at the request of the sign industry.

Section 5.4
CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Table 5.4 Leave as currently | modify to read “... | no sign curfew Do nothing.

Remove sign curfews

written

or within one hour
of the business
closing, whichever is
later.”

Figure: curfews
Type: non-technical
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As for Section 4.7, applying curfews to sign lighting arises from the general principle of energy conservation
and the idea that the business/advertising value of signage when businesses are not open or late at night is
reduced. Specifically regarding signs, the issues for unshielded lighting discussed above under Section 5.2
also apply. The specific times chosen are suggestions only, and must be decided on a jurisdiction-by-
jurisdiction basis following community godls.

Section 6.1.D
CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 6.1D Modify POLC to Modify POLC to Modify POLC to Do nothing.

The words “no
greater than” do not
allow for an
engineering design
margin.

allow illumination up
to 110 percent of
IESNA
recommendation.

allow illumination up
to 110 percent of
IESNA
recommendation.

allow illumination up
to 110 percent of
IESNA
recommendation.

Figure: [llluminance]
Type: technical

The illuminance requirements are based on the IESNA recommended practice RP-6-01 (IESNA, 2001).
Increasing the allowance to |10% of the recommendation allows a design margin for the differences
between designed and actual illumination levels of an installation.

Section 6.2.C

CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 6.2 LZ] =40 Lz =40 As many lighting Do nothing.

60 lumens/square lumens/sq ft lumens/sq ft zones as deemed

foot is too low for the | LZ2 = 60 Lz2 = 60 necessary by the

frontage row of lumens/sq ft lumens/sq ft jurisdiction.

vehicle display areas 73 =80 Unknown number of

Add zones to POLC.

lumens/sq ft

LZ therefore cannot
specify lumen limits.

Figure: 40 /60 /80 lumens per square foot

Type: technical

The limit of 60 Im per square foct is based on efficient lighting design using metal hdlide fixtures, and
allows 150% of the highest illumination level listed for outdoor sales lots in the IESNA recommended
practice RP-33-99 Lighting for Exterior Environments (IESNA, 1999). Lighting using white LEDs can
achieve approximately 200% of the RP-33-99 recommendation. Limits of 40 and 80 Im per square foot
will allow 100% and 200% of the same recommended levels (or approximately 150% and 300% using

LEDs).
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Section 6.3.C

Figure: 60 lumens per square foct

Type: technical

The limit of 60 Im per square foct is based on efficient lighting design using metal halide fixtures, and
allows 150% of the highest illumination level listed for service dishing canopies in the IESNA recommended
practice RP-33-99 Lighting for Exterior Environments (IESNA, 1999). Lighting using white LEDs should be
able to achieve approximately 200% of the RP-33-99 recommendation.

CONCERN ALTERNATIVE A ALTERNATIVE B ALTERNATIVE C ALTERNATIVE D
Section 6.3D Modify POLC from | Modify POLC from | Modify POLC from | Do nothing.
Change curfew from | 30 minute curfew to | 30 minute curfew to | 30 minute curfew to

30 minutes to 60 60 minute curfew. | 60 minute curfew. | 60 minute curfew.

minutes.

Section 9.2 Modify POLC to Modify POLC to Modify POLC to Do nothing.
Allow search lights allow search lights | allow search lights | allow search lights

with a permit. Also | with a permit. with a permit. with a permit.

suggested to add
laser lights with a
permit. Be sure to
note that they need
to be below the
horizontal.
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Section 16 Definitions

As used in this Code, unless the context clearly indicates otherwise, certain words and phrases shall mean
the following:

[6.1.  Abandoned. Abandonment shall be determined as provided in Section of the City/Town’s
Zoning Ordinance.

16.2. Billboard. Any sign designed for use with changeable advertising copy and which is normally used
for the advertisement of goods produced or services rendered at locations other than the premises on
which the sign is located.

16.3. CCT. See Carelated Cdor Temperature.

16.4. ass | Lighting. All outdoor lighting used for, but not limited to, outdoor sales or eating areas,
assembly or repair areas, advertising and other signs, recreational facilities and other similar
applications where COLOR RENDITION IS IMPORTANT to preserve the effectiveness of the activity.
Designation of lighting as Uass | lighting requires a finding by the Planning Director of the essential
nature of color rendition for the application. Recognized Uass | lighting uses are: outdoor eating and
retail food or beverage service areas,; outdoor maintenance areas where maintenance activity occurs
after dark; display areas; assembly areas such as concert or theater amphitheaters.

16.5. Qass 2 Lighting. All outdoor lighting used for, but not limited to, illumination for walkways,
roadways, equibment yards, parking lots and outdoor security where GENERAL ILLUMINATION for
safety or security of the grounds is the primary concern.

16.6. ass 3 Lighting. Any outdoor lighting used for DECORATIVE effects including, but not limited to,
architectural illumination, flag and monument lighting, and illumination of trees, bushes, etc.

16.7. Corelated Cdor Temperature. (of a light source) The temperature (in Kelvins - K) of a black-body
radiator (e.q. the tungsten filament in an incandescent lamp) that radiates light of comparable hue to
that light source. Higher CCT sources appear bluer or “cooler,” lower CCT sources appear yellower or
‘warmer.”

[6.8.  Development Prgect. Any residential, commercial, industrial or mixed use subdivision plan or
development plan which is submitted to the City for approval.

16.9.  Direct lllumination. lllumination resulting from light emitted directly from a lamp or luminaire, not
light diffused through translucent signs or reflected from other surfaces such as the ground or building
faces.

[6.10. Directly Msible. Allowing a direct line-of-sight to the light source or lamp.

6.11. Display Area. Outdoor areas where active nighttime sales activity occurs AND where accurate
color perception of merchandise by customers is required. Recognized display area uses include
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automobile and recreational vehicle sales, boat sales, tractor sales, building supply sales, gardening or
nursery sales, swap meets. Uses not listed here must be approved as display lot uses by the Planning
Director.
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16.12. Frontage Row of Vehicle Display Area. That portion of a display area used for vehicles located
adjacent to the parcel frontage. Includes only the front row of vehicles adjacent to the parcel frontage;
does not include the driving area located behind the parked vehicles or the remainder of the display
area not adjacent to the frontage. (Figure 16.10)

Parking for customers and other vehicles for sale

|| bbbt g | ||

frontage

Figure 16.10. Frontage Row o Vehicle Display Area

16.13. Flood Lamp. See Spct Lamp.

[6.14. Footcandle. The standard imperial unit used to measure illuminance, or the amount of light falling
onto a surface, such as a roadway or athletic field. One footcandle equals one lumen per square foot.
One foctcandle equals approximately 10 lux.

16.15. Fully Shielded (Light Fixture). A lighting fixture constructed in such a manner that all light emitted
by the fixture, either directly from the lamp or a diffusing element, or indirectly by reflection or
refraction from any part of the luminaire, is projected below the horizontal. Any structural part of the
light fixture providing this shielding must be permanently affixed and part of the fixture, not part of any
surrounding building or architectural elements.
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o

Figure 16.13a. Examples of fully shielded fixtures.

LS8

Figure 16.13b. Examples of fixtures that are NOT fully shielded (*even though the lamp in these
fixtures is shielded from direct view when viewed from the side or above, reflective surfaces and/or lens
covers are directly visible from the side).

[6.16. llluminance. The amount of light falling onto a unit area of surface (luminous flux per unit area) -
measured in footcandles or lux.

[6.17. Installed. The attachment, or assembly fixed in place, whether or not connected to a power
source, of any outdoor light fixture.

[6.18. LED. Light emitting diode.
16.19. Light Fixture. See Luminaire.

16.20. Light Trespass. Light falling across property boundaries, on property not containing the originating
light source.

16.21. Lighting Zones. The two lighting zones are defined on the Lighting Zone Map, by this reference
made a part of this Code. Guidelines used to guide the delineation of the lighting zones are:
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A. Lighting Zone LZ |. This Zone includes predominantly residential areas, including small
neighborhood commercial or industrial areas mostly surrounded by residential areas.

B. Lighting Zone LZ 2. This Zone includes urban areas with primary land uses for commercial,

business and industrial activity, including urban multi-family residential areas mostly surrounded by
commercial areas.

[6.22. Lumen. Unit of luminous flux; used to measure the amount of light emitted by lamps.

[6.23. Luminaire. A complete lighting assembly (including the lamp, housing, reflectors, lenses and
shields), less the support assembly (pole or mounting bracket); a light fixture. Includes luminous tubes,
lamps or similar devices, permanently installed or portable, used for illumination, decoration, or
advertisement. Such devices shall include, but are not limited to lights used for:

parking lot or parking garage lighting;
roadway and driveway lighting;
pedestrian or walkway lighting;
entryway lighting;

buildings and structures;

recreational areas;

landscape lighting;

billbcards and other signs (advertising or other);
product display area lighting;

building or structure decoration;
building overhangs and open canopies.

AT TIaommon >

For purposes of determining total outdoor light output from a luminaire (see Table 4.1), lighting
assemblies which include multiple lamps within a single luminaire or on a single pole or standard shall
be considered as a single unit (Figure 16.20).

Figure 16.20 Light fixtures with multiple lamps in a single fixture (left) and on a single pole
(center, right)

[6.24. Luminance. The intensity of light reflected or emitted from a unit area of surface, such as a sign
face - measured in nits.
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[6.25. Luminous Tube. A glass tube filled with a gas or gas mixture (including neon, argon, mercury or
other gasses), usually of small diameter (10-15 millimeters), caused to emit light by the passage of an
electric current, and commonly bent into various forms for use as decoration or signs. A "neon" tube.
Does not include common fluorescent tubes.

[6.26. Lux. The standard metric unit used to measure illuminance, or the amount of light falling onto a
surface, such as a roadway of athletic field. One lux equals one lumen per square meter. One lux
equals approximately O. | footcandles.

[6.27. Multi-Cass Lighting. Any outdoor lighting used for more than one purpose, such as security and
decoration, such that its use falls under the definition of two or more Classes as defined for (ass |, 2
and 3 lighting.

16.28. Neon Tube. See Luminous Tube.

16.29. Net Acreage. The remaining area dfter deleting all portions for proposed and existing streets within
a parcel, subdivision, or multiple contiguous parcels proposed for development.

16.30. Nit. The standard unit used to measure the brightness of a surface, such as of a sign.

16.31. Opaque. Opaque means that a material does not transmit light from an internal illumination
source. Applied to sign backgrounds, means that the area surrounding any letters or symbols on the
sign allows no light from any internal source to shine through it.

16.32. Qutdoor Light Fixture. See Luminaire.

16.33. Qutdoor Light Qutput, Total. The initial total amount of light, measured in lumens, from all lamps
used in outdoor light fixtures. Includes all lights and luminous tubes used for Cass |, Cass 2, Cass 3
and multi-Class lighting, and lights used for external illumination of signs, but does not include lights
used to illuminate intemally illuminated signs, luminous tubes used in neon signs, or seasondl lighting
from typical low-output lamps permitted between Thanksgiving and January |5th. For lamp types that
vary in their output as they age (such as high pressure sodium, fluorescent and metal halide), the
initial lamp output, as defined by the manufacturer, is the value to be considered. For determining
compliance with Section 4.2 [Total Qutdoor Light Qutput] of this Code, the light emitted from lamps
and luminous tubes is to be included in the total output as follows:

A. outdoor light fixtures and luminous tubes installed on poles (such as parking lot luminaires) and light
fixtures installed on the sides of buildings or other structures, when not shielded from above by the
structure itself as defined in parts B, C or D below, are to be included in the total outdoor light output
by simply adding the initial lumen outputs of the lamps and tubes;

B. outdoor light fixtures and luminous tubes installed under canopies, buildings (including parking
garage decks), overhangs or roof eaves where all parts of the lamp, tube or luminaire are located at
least five (5) feet but less than ten (10) feet from the nearest edge of the canopy, building edge or
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overhang are to be included in the total outdoor light output as though they produced only one-quarter
(0.25) of the lamp's or tube’s rated initial lumen output;

C. autdoor light fixtures and luminous tubes installed under canopies, buildings (including parking
garage decks), overhangs or roof eaves where dall parts of the lamp, tube or luminaire are located at
least ten (10) feet but less than thirty (30) feet from the nearest edge of the canopy, building edge or
overhang are to be included in the total outdoor light output as though they produced only one-tenth
(0.10) of the lamp's or tube’s rated initial lumen output.

D. outdoor light fixtures installed under canopies, buildings (including parking garage decks), overhangs
or roof eaves where dll parts of the lamp, tube or luminaire are located thirty (30) or more feet from
the nearest edge of the canopy, building edge or overhang are not to be included in the total outdoor
light output. Such lamps must however conform to the lamp source and shielding requirements of
Section 4.

16.34. Parking Garage. A multi-level or covered structure for parking that is open to the outside air.
Includes parking facilities under buildings when the area is open to the outside at more locations than
just the automobile entries and exits.

16.35. Person. Any individual, tenant, lessee, owner, or any commercial entity including but not limited to
firm, business, partnership, joint venture, or corporation.

16.36. Residential. All single-family residential land uses, including all densities and types of housing such
as single-family detached and duplexes, but excluding multi-family housing.

16.37. Searchlight. A lighting assembly designed to direct the output of a contained lamp in a specific
tishtly focused direction (a beam) with a reflector located external to the lamp, and with a swiveled or
gimbaled mount to allow the assembly to be easily redirected. Such lights are used commonly to sweep
the sky for advertisement purposes.

16.38. Sign, Extemally llluminated. A sign illuminated by light sources from the outside.

16.39. Sign, Intemally llluminated. A sign illuminated by light sources enclosed entirely within the sign
cabinet and not directly visible from outside the sign.

16.40. Sign, Multicdor Changeable-Copy LED. A sign composed of LEDs of more than one color and
programmable to allow changing displays.

16.41. Sign, Multicdor Fixed-Copy LED. A sign composed of LEDs of more than one color with a fixed
(not changeable or programmable) copy display.

16.42. Sign, Neon. A sign including luminous tubes formed into text, symbols or decorative elements and
directly visible from outside the sign cabinet.
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16.43. Sign, On-Site Advertising. A sign used primarily to advertise goods or services offered on the same
parcel on which the sign is located. Such a sign may include incidental non-advertising information (for
example time and temperature; does not include publicly owned signs providing general interest
information exclusively (such as road names or highway conditions).

16.44. Sign, Single-Cdor LED. A sign composed of single-color LEDs, including signs with fixed and
changeable copy.

16.45. Sports Qass IMAIAV. Level of sports play as defined by the llluminating Engineering Society of
North America. This level is primarily determined by the number and distance of spectators; the
higher recommended illumination levels facilitate the spectator's ability to view the action. Sports
dass [V is the most common level, and is typical of municipal and amateur league and social level
sports, with minimal accommodations for spectators, typically including bleachers located close to the
field. Sports Uass |ll includes increased accommodation for spectators. Sports Uass Il and Sports
dass | apply to large sports facilities where thousands of spectators may be located hundreds of feet
from the field, and television broadcasting may be a consideration.

[6.46. Spat Lamp. A specific form of lamp designed to direct its output in a specific direction (a beam)
with a reflector formed from the glass envelope of the lamp itself. Such lamps are so designated by the
manufacturers and are often used in residential outdoor area lighting (Figure 16.36).

Figure 16.36. Spat lamps

16.47. Temporary Lighting. Lighting which does not conform to the provisions of this Code and which will
not be used for more than one thirty (30) day period within a calendar year, with one thirty (30) day
extension. Temporary lighting is intended for uses which by their nature are of limited duration; for
example holiday decorations, civic events, or construction projects.

16.48. Unshielded (Light Fixture). A lighting fixture constructed in such a manner that a fraction of the
light emitted by the fixture, either directly from the lamp or a diffusing element, or indirectly by
reflection or refraction from any part of the luminaire, is projected above the horizontal.
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Summary

Careful and sensible control of the nighttime brightness of digital LED signage is critical. Unlike previous
technologies, these signs are designed to produce brightness levels that are visible during the daytime;
should too large a fraction of this brightness be used at night serious consequences for driver visibility
and safety are possible. A review of the lighting professional literature indicates that drivers should be
subjected to brightness levels of no greater than 10 to 40 times the brightness level to which their eyes
are adapted for the critical driving task. As roadway lighting and automobile headlights provide lighting
levels of about one nit, this implies signage should appear no brighter than about 40 nits. Standard
industry practice with previous technologies for floodlit billboards averages less than 60 nits, and rarely
exceeds 100 nits. It is recommended that the new technologies should not exceed 100 nits.

Introduction

Illuminated signage, for both advertising and informational purposes, has been a fixture of the modern
nighttime environment since at least the invention of electric lighting. Until recently, the principal use
of artificial lighting has been to make signs legible at night: ambient lighting, including skylight and
sunlight, has been considered adequate for daytime visibility. With the advent of digital LED billboards,
however, this is no longer true. Digital LED billboards must generate brightness sufficient to make them
legible during the daytime as well as at night. The brightness necessary to make a sign legible during a
full sunlit day can be many thousands of candela per square meter (also called nits); products available
on the digital LED billboard market commonly advertise maximum luminances between 6500 and 7500
nits. This creates the potential risk of a blinding nighttime brightness should an inappropriate
adjustment for nighttime conditions be made. Thus, the question arises of an appropriate limit to the
brightness of a sign at night, whether a digital LED billboard or any other kind of sign.

Background: Sign Brightness, Drivers, and Visibility

The principal safety and regulatory concerns for drivers viewing signage from a roadway is that 1) the
sign, by its very nature, is seeking to attract the gaze of the driver, i.e. the advertiser intends the driver
to look directly at the sign (and away from the roadway) for a period of time sufficient to discern the
sign’s message or messages. Besides the obvious issue of a driver taking his or her eyes from the driving
task, viewing the sign leads to the second problem, 2) the eye adapting toward the brightness level of
the sign. Thus, when the driver returns his gaze back to the roadway, in all cases illuminated to a much
lower brightness than the sign, for some period of time the driver's vision is no longer optimally adapted
to seeing objects on the roadway. This changing visual adaptation when brightness levels change is



referred to in the technical literature as "transient adaptation." Drivers that have their visibility reduced
for objects on the roadway, even momentarily, will be at greater risk for accidents.

The llluminating Engineering Society of North America (IESNA) recognizes this issue in numerous places
in its literature. The IESNA Lighting Handbook (9th edition, page 3-9) states:

"If the change in [brightness] lies completely within the range of operation of the cone
photoreceptors [i.e., daytime vision], a few minutes is sufficient for adaptation to occur. ... As
for direction of change... changes to a higher [brightness] can be achieved much more rapidly
than changes to a lower [brightness]." [emphasis added]

This last sentence says that the eye will adapt much more quickly when moving from the dimly lighted
roadway to the bright sign, but much more slowly when returning to the dim roadway.

Design brightness levels for illuminated roadways are in the range of one nit (varying from about 0.3 to
1.2 nits, depending on roadway type (IESNA RP-8-00, 2000)). Thus, a driver viewing a billboard
illuminated to (for example) 100 nits, and then returning his gaze to the roadway, must adapt his eyes to
a brightness range of about 100:1.

What then is an acceptable ratio for transient adaptation, such that a driver's vision will not be
hampered when viewing both more brightly and less brightly illuminated areas while driving? IESNA RP-
33-99, Lighting for Exterior Environments (page 42) states:

"If... roadways are lighted to a base level, [adjacent] areas should be no brighter than ten times
that level. Additional brightness will not attract more attention, and may present a hazard to
motorists on adjacent roadways."

Further, in IESNA RP-20-98 Lighting for Parking Facilities, we find (page 2):

"It is intended that a driver (or pedestrian) looking at the brightest spot in the field of view will
also be able to detect an object in the dark areas within the field of view. This detection can
occur only if the maximum-to-minimum illuminance is limited to a range that the human eye
can see."

This is followed by the numerical recommendations (page 3, Table 1) of 15-20:1. In other words, the
brightest area should appear no more than 20 times as bright as the faintest to assure that the
brightness remains within a range that the human eye can see.

In IESNA RP-2-01, Lighting Merchandise Areas (page 58), we find:

"... luminance ratios between the lighted retail area and its surroundings should not exceed
20:1. Increasing the lighting level does not add to merchandise attraction, and may create a
hazard to motorists on adjacent roadways or a nuisance for neighbors. A value of 10 times the
average surrounding task luminance is a maximum that should be utilized for the focus
merchandise. This will provide merchandise appeal without producing hazards or creating
conflicts with other nighttime events."



The IESNA recommendations for advertising sign brightness (IESNA Lighting Handbook, 9th edition, page
17-26) are inconsistent with all recommendations noted above. Brightnesses between 250 and 1400
nits are listed in the table titled "Recommended Luminous Background Sign Luminances." These
recommendations, if visible to highway drivers, will subject drivers' eyes to a brightness ratio of 250-
1400:1. According to their own recommendations this ratio is unsupportable and will lead to
compromised visibility and safety on public roadways. From the maximum ratio of 20:1, and assuming
roadways are illuminated to about one nit, signs should be no brighter than 20 nits. It is perhaps telling
that nowhere in the discussion of recommended advertising sign brightnesses is transient adaptation or
the vision of drivers mentioned.

Lighting for Conventional Floodlit Billboards

A series of measurements made for this report in August 2009 (55 billboards, Phoenix metro area),
Novembr 2010 (3 billboards, Chicago area), as well as deduced from data supplied for Tucson billboards
by M. Mayer, give an idea of brightness levels commonly seen in usual floodlit signs. These signs were
constructed and illuminated in most cases without any restrictions on sign brightness. It seems
reasonable to assume that the signs are illuminated to a brightness considered satisfactory by the
industry; if they were not, in most cases there were no regulations preventing them from increasing the
lighting levels.

Tucson Metro Billboards. A lighting inventory undertaken by M. Mayer lists the areas, number and types
of lamp used for illumination for 510 billboard faces located throughout the Tucson metropolitan area.
Since no direct luminance measures were made for this survey, we deduced approximate luminances
using a set of assumptions describing the physical characteristics of the sign lighting installation’. These
assumptions allow the conversion of total initial lamp lumens and area of the signs to the maintained
luminance values shown in Figure 1.
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Figure 1. Number of billboard faces with indicated predicted maintained luminances in the Tucson
metropolitan area.

!nitial lamp lumen outputs from the manufacturer's literature; Light Loss Factor (LLF) = 0.60; Application
coefficient of utilization = 0.30; Diffuse reflectance of white vinyl sign surface = 0.70



Phoenix and Chicago Metro Billboards. Measures of white surfaces on 55 floodlit billboards in the
Phoenix metropolitan area were made in August and November, 2009 using a Minolta LS-100 luminance
meter. An additional 3 billboards were measured in th Chicago area in Novmber, 2010. All of these
billboards are located in an urban environment. The results are presented in Figure 2; the data are
presented in Appendix A.
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Figure 2. Number of billboard faces with indicated measured luminances in the Phoenix and Chicago
metropolitan areas.

Of the total 510 billboard faces inventoried in the Tucson metropolitan area, the estimated average
luminance is 59 nits; 83% (424/510) are estimated at 100 nits or less, and 98% (502/510) at 150 nits or
less. The Phoenix and Chicago sample shows quite similar results, with an average luminance of 54 nits,
and 90% (52/58) measured at 100 nits or less, and 97% (56/58) under 150 nits.

Toward a Sensible Standard

Following the most conservative information concerning contrast ratios and transient adaptation, it
appears that the maximum luminance for signs visible to drivers on typically illuminated roadways
should not exceed approximately 20 nits. This follows directly from the commonly cited maximum
contrast ratio of 20:1 appearing in the IESNA literature and roadway luminances of approximately 1 nit.

Twenty nits is considerably below the brightness proposed by the OAAA report, and even below the
typical floodlit sign visible to drivers today. Yet IESNA references concerning brightness ratios and
transient adaptation, when discussed in any context other than that of signage (see below), indicate that
choosing a value higher than 20 nits may have visibility consequences for drivers.

When discussing lighting recommendations for signs directly, IESNA recommendations begin at 20 nits
but range higher, in one case much higher. |[ESNA RP-19-01 Recommended Practice for Roadway Sign
Lighting recommends that roadway signs be designed with luminances between 20 and 80 nits. The
lower value, 20 nits, is consistent with the value deduced from recommended maximum contrast ratios
and typical roadway luminances. The higher value, 80 nits, will present drivers with a contrast ratio of



about 80:1, yet is approximately comparable to typical practice for floodlit billboards. In The IESNA
Lighting Handbook (9th edition), Figure 17-37 Recommended Luminances for Poster Panels, Painted
Bulletins, and Other Advertising Signs recommends illumination levels that are consistent with
luminances of 45 — 111 nits’.

Thus, we suggest that a regulated maximum luminance for any type of sign visible from a roadway,
digital LED billboard or other, should not exceed 100 nits in an urban environment. Though it can be
easily argued that this value is too high, this limit would be consistent with the vast majority of
commercial floodlit billboards in use today, and at least would not increase potential degradation of
drivers' vision above levels experienced with current floodlit billboards. As the adaptation state of
drivers’ eyes is generally dominated by the luminance level of the roadway illuminated by headlights,
that is around one nit, it may not be necessary to require lower sign luminances in darker surroundings.

The Outdoor Advertising Association of America Report and Recommendation

To formulate its own recommendations for sign luminance limits, the Outdoor Advertising Association of
America commissioned a study (Lewin, 2008; hereafter referred to as the OAAA report). This report
describes "a method for specification of luminance limits for digital billboards based on accepted
practice by the Illluminating Engineering Society of North America (IESNA)." Based ultimately on
considerations of "light trespass," as developed in another report (/[ESNA TM-11-00 Light Trespass:
Research, Results and Recommendations), a recommended "brightness" limit and measurement
technique is presented. The technique uses an illuminance meter ("footcandle" meter) held at a height
of 5 feet above the ground and a distance of between 150 and 350 feet from the sign under
consideration, depending on the size of the sign, and aimed at the sign. The illuminance level with the
sign lighting on is compared with a measure made with the sign off: if the value differs by 0.3 foot
candles or less the author proposes that the sign brightness is at an acceptable level. Though direct
luminance measures or limits are not suggested in this proposed regulatory strategy, the report
indicates that this method effectively limits the luminance of sighage to 300-350 nits.

Issues with the OAAA Report

The OAAA proposed luminance levels are too high, about ten or more times as bright as recommended
in most IESNA recommended practices, and three or more times as bright as current accepted practice
reflected in billboard floodlighting. They would present drivers with contrast ratios of 300:1 or more.
This is unnecessary for advertising effectiveness and unnecessarily risks roadway safety. Further, the
OAAA recommendations are consistent with only the highest values gleaned from the IESNA literature,
and inconsistent with IESNA recommendations for roadway signs and maximum contrast ratios to
minimize transient adaptation problems.

Besides potentially serious practical issues associated with the measurement procedure proposed in the
OAAA report (e.g. the location for the suggested measurement may often lie within roadways;
determining compliance requires switching the sign on-and-off), there is a fundamental conceptual error
in the approach used to develop the strategy and limits.

? |ESNA recommended illuminance of 200-500 lux for light copy in dark-light surrounds combined with assumed
diffuse sign reflectance of 0.70.



The details of IESNA TM-11-00 are critical to understand if the results of that study are being
appropriately applied to the problem of determining maximum sign luminances. In the study, a group
of observers was presented with a variety of very brightly illuminated (2000 to 7500 nits) panels and
asked to judge whether or not the panels seemed too bright. An in-depth review is beyond the scope of
this discussion, but the following point is critical: the observers were asked only to rate how
"objectionable" they found the illuminated panels to appear; no evaluation of visual performance - the
ability to see objects or read signs - was attempted. This alone brings into serious question the
applicability of theTM-11-00 study to the question of appropriate sign brightnesses, and their potential
impact on driver safety.

The fundamental approach of the OAAA report has confused lighting that has been judged to cause an
acceptable level of light trespass or even just an "objectionable" sensation with the much more vital
issue of sign lighting that compromises the vision and therefore safety of drivers. The ability to see and
light trespass/objectionability are essentially unrelated. The OAAA report recognizes this, stating
"Digital billboards are not the form of lighting that TM-11-00 was developed to limit." Yet the OAAA
report does just that.

Transient adaptation, and not light trespass, or "objectionability," is the overriding concern for public
safety with regard to the brightness of signage.
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Appendix A

Floodlit billboard luminance measurements presented in this report.

Number Advertisement Location AddressLocation Luminance Notes
(nits)
1 Miracle Auto Painting Tempe, AZ Tempe Marketplace 103 1
2 Chandler, AZ 202 @ McClintock Dr. 235 1
3 ClearChannel Ahwatukee, I-10 between Ray and 114 1
AZ Chandler
4 Naumann Hobbs Phoenix, AZ [-10 & 43rd St. 174 2
5 Fry’s Tempe, AZ Tempe Marketplace 124 2
6 Bankruptcy/Divorce Phoenix, AZ 2511 W Indian School 82 2
7 Hastings & Hastings Phoenix, AZ 1-10 & 42nd St. 42 2
8 Cox Cable Phoenix, AZ [-10 & 40th St. 23 2
9 Dare to Compare Phoenix, AZ Broadway & 40th St. 19 2
10 Select 55 Lightest Beer Phoenix, AZ Elwood & 40th St. 103 2
11 Recession 101 Phoenix, AZ 1-10 & 40th St. 100 2
12 100% USDA Fry's Phoenix, AZ lllini & 38th St. 71 2
13 MHM Inc. Phoenix, AZ  1-10/7" St. 33 3
14 The Experts Phoenix, AZ 1-10/7™" St. 63 3
15 WhataBurger Phoenix, AZ I-10/Central Ave. 26 3
16 Univ. of Arizona Phoenix, AZ [-10/Central Ave. 40 3
17 Cricket Phoenix, AZ I-10/Central Ave. 44 3
18 Run Wild Phoenix, AZ [-10/Central Ave. 10 3
19 Kimberly-Clark Phoenix, AZ  1-10/7" Ave. 75 3
20 Alcock Phoenix, AZ  1-10/7" Ave. 70 3
21 Flying J Phoenix, AZ  1-10/7" Ave. 60 3
22 Thirst — McDonalds Phoenix, AZ  1-10/7" Ave. 30 3
23 Univ. of Arizona Phoenix, AZ  1-10/7™ Ave. 70 3
24 Arizona Heart Inst. Phoenix, AZ Durango Curve 53 3
25 Bud Select Phoenix, AZ Durango Curve 10 3
26 Park University Phoenix, AZ Durango Curve 57 3
27 Geico Phoenix, AZ Durango Curve 28 3
28 Michelob Phoenix, AZ Durango Curve 73 3
29 Cabella Phoenix, AZ 22" Ave. - I-10 24 3
30 Location Phoenix, AZ 22" Ave. - 1-10 48 3
31 Burger King Phoenix, AZ 22" Ave. - I-10 25 3
32 AAA Phoenix, AZ 16" Ave. - I-10 6 3
&k} Buick Phoenix, AZ 16" Ave. - I-10 45 3
34 Lowes Phoenix, AZ 16" Ave. - I-10 50 3
35 AZ Lottery Phoenix, AZ  16™ Ave. - I-10 32 3
36 Landshark Phoenix, AZ 16" Ave. - I-10 70 3
37 Qwest Espanol Phoenix, AZ 11" Ave - I-10 30 3
38 Dex Phoenix, AZ 11" Ave -1-10 15 3
39 Ronald McDonald Phoenix, AZ 11" Ave - I-10 18 3
40 Coors Light Phoenix, AZ 11" Ave - I-10 45 3
41 Senior Care Phoenix, AZ 7" Ave.-1-10 30 3




42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

KTAR

Cancer

Geico

St. Lukes Espanol
L4D

Run Wild

Easy Street

PHX Zoo

Left 4 Dead

Bud Light

Mc Donalds

U of Phx Espanol
Chipotle

Droid

Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Phoenix, AZ
Plainfield, IL
Plainfield, IL
Naperville, IL

7" Ave. — 1-10

7" Ave. - I-10
Central — 1-10
Central — 1-10
Central — 1-10
Central — 1-10
Central — 1-10
Central — 1-10
7" st.—1-10
7" st.—1-10
7" st.—1-10
7" st.—1-10
7" st.—1-10
16" St. — 1-10

12040 Aero Dr.
12501 S Rte. 59
3004 111" st.

35
40
36
60
10
16
42
50
6
60
60
46
56
46
76
46
68

AR A WWWWWWWWWWWWwWwow

Notes: 1 measured by P. Scowen; 2 measured by J. and T. Polakis; 3 measured by H. Israel; 4 B. Radner,
Assistant Director, Will County Land Use Department, Memorandum 1 November 2010
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Summary

Internally illuminated signs produce light that is by nature
unshielded; about 50% escapes directly into the night sky. Dif-
ferent styles of signs produce substantially different outputs,
however. White-background signs are found to emit 7 times
the output of a typical colored-background sign, and about 30
times the output of a typical opaque-background sign. The
brighter sign styles are also a source of glare in high-traffic and
pedestrian areas, and are considered less legible by many per-
sons, particularly those with ageing eyes.

Lighting or sign codes that restrict the styles of internally
illuminated signage to the lower-output styles can substantially
reduce light pollution while maintaining or even improving the
visibility and legibility of signs.

Most Light From Signs Ends Up In The Sky

57.5% of Sign Lighting Goes Upward
(50% directly upward, 7.5% reflected upward)

50% directly up

50% x 15% = 7.5% reflected up

50% down

Ground Reflectivity ~ 15%

Sign Styles

There are three general types of internally illuminated signs:

White Background

colored copy
black copy

EXXON

Colored Background
|

white copy
colored copy

Opaque Background
|

white copy
colored copy

(__ GOURMET COFFEE

e —

Measuring Sign Light Output

To convey information at night, signs must be illuminated.
But there are choices about how signs are illuminated that can
make big differences in both how effective they are in conveying
information, and how much light is needed.

In this study, the light output of internally illuminated signs
is estimated through a three-step process:

1. We first measure the brightness of signs, including various
colors in background and copy.

2. We next measure signs to determine how much is typically

background, how much is " copy”

Finally, we use these two sets of numbers to model the light

output of three groups of sign styles: white-background,

colored-background, and opaque background.

w

1. How Bright Are Sign Colors?

— ver 160 measures of 7 colors on 58 internally-illuminate
signs were made. The following summarize the results:

Color Average Luminance Number of
(candela / sq.meter) Measures
[ white 412 61 |
Yellow 201 12
Green 17 9
Blue 7.0 26

2. Signs Are Background and Copy -
How Much of Each?
A selection of 14 signs was measured to determine the
“Copy Area Ratio” (CAR), the ratio between area devoted to

“copy” and the area of the entire sign. The CAR was found to
vary from 0.14 to 0.63, with an average of 0.32.

3. With These Brightnesses and Copy
Fraction, How Bright Are Signs?

Light Output
(lumens/sg.meter)

Sign Model

White Background

Red Copy on White Background 911
Blue Copy on White Background 887
Black Copy on White Background 880
Typical 887

Colored Background

White Copy on Red Background 479
Yellow Copy on Blue Background 217

Typical 130
Opaque Background

White Copy on Black Background 414

Typical 30

Comparing Light Pollution Impacts
from Signs and Other Sources

Here we compare the amount of uplight produced by vari-
ous internally-illuminated sign styles with uplight generated by
other lighting. Light pollution has many other dimensions, in-
cluding glare, aesthetics, clutter and confusion, and trespass,
and differing sign styles could be compared along these lines as
well

Estimating Total Light Output of Signs
and Other Lighting Uses

The total light output from signs and other lighting in a com-
munity depends on:

1. The amount of commercial land - signs are used on com-
mercial properties (mostly), and not on residential prop-
erty!

2. The allowed size and number of signs - sign area

3. How well shielded other lighting is

4. How much other lighting is used (lumens)

Any comparison or sign uplight to other uplight sources is
strongly affected by these factors, and no general conclusions
are applicable in detail to all communities.

As one set of examples, we compare uplight amounts from
signs and other lighting under the following sets of conditions

1. Sign size: 100 square feet (9.3 square meters)

2. Commercial parcel size: one acre (one sign per one acre)

3. Otbher lighting: four different scenarios.

50,000 lumens/acre, including 5,500 lumens/acre un-

shielded (Flagstaff Zone Il Standards)

- 100,000 lumens/acre, including 5,500 lumens/acre
unshielded (Flagstaff Zone II| Standards).

- 100,000 lumens/acre and 10% uplight (Garstang
model).

- 200,000 lumens/acre and 10% uplight (Garstang

model).

Other Lighting Can Dominate If Not Well
Controlled

Some projects in ities with no lumens
per acre or illumination caps exceed the highest levels shown
here by large margins. Typical convenience store / service
station combinations in recent years can exceed 1,000,000 lu-
mens/acre; lighting in other situations can often exceed 500,000
lumens/acre. The last two examples of lighting shown under
3 above may be representative of typical lighting practices in
the commercial districts of most communities where rational
amounts of lighting with a typical mix (w/o lighting code) of
shielded and unshielded fixtures is used. As can be seen from
the comparison below, sign lighting can be a large relative con-
tributor to upward-directed light only when other lighting is
under tight control

The figure below compares the uplight produced by signs
and area lighting. To determine these figures, we assume 57.5%
of all unshielded lighting (signs and unshielded lighting) goes
upward. Further, we assume that 65% of the lumen totals for
area lighting escapes the fixture.

Individual Signs Will Vary!

It is important to note that this analysis does not predict
the output of individual signs; it does predict the average for
large numbers of signs. If a lighting code requires colored (or
opaque) background signs, for example, it will reduce light out-
put from signs, on average, by about 85% (or 95%) compared to
a community where only white-background signs are used. The
fractional reduction for an entire community, including not only
commercial but also roadway, sports, and residential lighting,
will be smaller, and will depend very strongly on the community,
its size and lighting practices.

Light Output (lumens / sg.meter)

1000

500

Light Output of Different
Sign Styles

Colored

White Opaque

Sign Type

Uplight (lumens)

30000 [--

20000

10000

Upward Light Output of Signs and
Other Lighting

[ pirect

[] Ground Reflection

Signs Area Lighting

Light Source
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ABSTRACT.

We develop an estimate of the complete outdoor lighting of Flagstaff Arizona, as well as lighting-

use densities (lumens per acre) for a number of different land uses. We find a total outdoor light output of 173
million lumens (MIm) including sports lighting, and 139 MIm without sports lighting, with an uncertainty of about
7%. The average fraction escaping directly upward from light fixtures is estimated to be 8.3%. After correcting
approximately for near-ground blocking described in the accompanying paper by Luginbuhl et al., total uplight is
estimated at 17.9 Mlm or 12.2 Mlm with and without sports lighting, respectively. Of these 17.9 MIm, 33% arise
from sports lighting, when it is on; when sports lighting is off, commercial and industrial lighting account for 62%
with the remainder dominated by residential (14%) and roadway lighting (12%). We show that the 1989 Flagstaff
lighting code that limited total outdoor lighting on new construction has reduced the growth rate of lighting, re-
sulting in a 17% growth in light escaping into the sky from 1989 to 2003, compared to a 43% increase expected if the
1989 code had not been enacted. If all legally nonconforming lighting installed before 1989 were to be brought into
compliance with the code, we would expect sky glow in Flagstaff to actually decrease by 36% compared to that in
2003; if all lighting, including residential, could be converted to fully shielded fixtures, sky glow would decrease to
about half the current value. The implications for the most effective ways to address sky glow through lighting codes

are discussed.

1. INTRODUCTION

Astronomers have long been concerned with increasing sky
brightness at observatories due to artificial outdoor lighting (see,
for example, Hoag et al., 1973). These concerns have led to in-
volvement of professional astronomy in the development and
enactment of civil regulations on the use of outdoor lighting
or lighting codes. To inform the development of such codes,
we must develop a better understanding of the influence of
the technical details of lighting equipment, lighting design prac-
tices, and land uses.

This need is underscored by recent events in Coconino and
Pima Counties, Arizona. During the recent development of a

' Current address: 2025 S. Oakland St., Arlington VA 22204; kevpick @ gmail
.com

% Current address: P.O. Box 815, Darrington WA 98241; notyou22 @ gmail
.com
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long-term land-use plan for Flagstaff and the surrounding areas
in Coconino County, it has become clear that lighting code stan-
dards developed to address sky-glow concerns for the local
astronomical observatories become inadequate if land near ob-
servatories, originally expected to be developed for low-density
residential uses, is instead urbanized. In Pima County, planners
and observatories grappled with the consequences of the pro-
posed creation of a new large community (Canoa Ranch) about
20 km from the Fred Lawrence Whipple Observatory on Mount
Hopkins. Civil planners, developers, lighting designers, and as-
tronomers alike found themselves in unfamiliar territory as they
tried to predict the sky-glow consequences of land-use planning
decisions.

Efforts at understanding how night sky brightness is affected
by artificial lighting have taken two approaches. The first and
simplest “sky-down” approach (Fig. 1) was originally purely
observational (e.g., Walker 1973, 1977), based on photometric
measures that were used to derive empirical relations between
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FiG. 1—Flowchart linking sky glow to artificial light use.
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those measures and distances and sizes of cities producing ar-
tificial sky glow. This work did not produce specific information
about how lighting use on the ground related to sky glow, as-
suming only that the light output of cities would be proportional
to the population.

This approach was elaborated by Treanor (1973) and Gar-
stang (1986, 1989b, 1991a) by using a physical understanding
of atmospheric content and structure and the interaction of light
with its components to construct models that link sky brightness
and a very generalized description of artificial lighting.

Garstang, for example, used the sky brightness measure-
ments principally from Walker (1977) taken at various distances
from Salinas, California, combined with his models and mea-
sures of typical surface reflectance to estimate the total light out-
put of cities and average fixture uplight fraction (10%), which
when combined with population figures produces a per capita
measure of the luminous output of cities (1000 lumens per
capita). These values, combined with a certain function describ-
ing the intensity of upward-directed light as a function of angle
relative to the zenith, characterizing his “standard model,” have
been used in subsequent studies to model night sky brightness
from many different locales (Garstang 1988, 1989a, 1989b,
1991b, 2000; Cinzano 2000a, 2000b, 2000c; Cinzano & Diaz
Castro 2000; Cinzano & Elvidge 2003, 2004; Falchi & Cinzano,
2000; Cinzano et al. 2000a, 2000b, 2001a, 2001b).

These sky-down approaches, taking as fundamental input
measures of sky brightness and working downward to deduce
characteristics of lighting on the ground, have successfully
linked sky glow to physical processes in the atmosphere and,
through simplified assumptions about the interaction of light
with the ground (surfaces), total light outputs of cities. It has
not attempted to go further to establish connections to the com-
plex geometric environment near the ground, the way land is

used and lighted, or the optical characteristics of lighting
fixtures.

The second, “ground-up,” approach traces processes in the
reverse direction, beginning with measures of light output on
the ground and working upward to deduce the expected sky
glow. Of these ground-up studies, few have considered the first
two links (Fig. 1) in the chain of land use and lighting design,
and the majority have incomplete information concerning light-
ing on the ground (Walker 1977) or have been concerned prin-
cipally with electrical power consumption (Broglino et al.,
2000; Vandewalle et al. 2001; Pierce, 2002) and therefore lack
vital details needed to determine total luminous fluxes. The re-
mainder, though listing information on luminous fluxes and
sometimes uplight fractions, often include only partial lighting
inventories and/or do not indicate whether initial or mean lamp
outputs are listed, or whether luminaire efficiency factors are
included (Pedani, 2004; Broglino et al. 2000). The net result
is that the luminous fluxes in most previously published studies
cannot be related to the total luminous flux emitted into the
near-Earth environment or propagated into the atmosphere.

One exception is a study by Lockwood et al. (1990). They
combined public information on street lighting with estimates of
the amount produced by homes and commercial properties to
produce an estimate of the lumen output of the city of Flagstaff,
Arizona, of 50 Mlm or 1200 Im per capita.

Another exception is the study by Narisada & Kawakami
(1998). Their results for Japanese cities indicate that pedestrian
area lighting and signs account for the majority of the upward
flux in most areas (20%—87%, median 57%). Unfortunately, to-
tal lumen amounts are not reported, so these percentage figures
cannot be converted to absolute fluxes.

The goal of our study is to complete the ground-up chain
from observable lighting use on the ground to resultant sky
glow. To do this we undertook to inventory the entire light out-
put for the City of Flagstaff, Arizona, beginning with on-the-
ground lighting surveys, seeking to characterize both the rela-
tions between land use and lighting, as well as any measurable
effects of Flagstaft’s aggressive efforts in outdoor lighting
regulation.

1.1. Flagstaff as a Study Site

Flagstaff has a long and unusual history of community efforts
to preserve dark skies. In 1958 (Portree 2002), Flagstaff adopted
the first known legal regulations pertaining to the use of certain
kinds of outdoor lighting (sweeping searchlights). This was fol-
lowed in 1973 by the adoption of Flagstaff’s and Coconino
County’s first comprehensive outdoor lighting codes. Then in
1989, Coconino County, followed shortly after by Flagstaff,
adopted new outdoor lighting codes that established limits on
the total amount of light, prohibition on the use of white-back-
ground internally illuminated signs, and strict requirements for
shielding and the use of low-pressure sodium lighting for certain
applications.

2009 PASP, 121:185-203
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Other characteristics of the community may contribute to
unusually low light outputs. Due to local laws there are no bill-
boards in the city limits (illuminated or otherwise), and very few
illuminated billboards are located in the county within 15 km of
Flagstaff. Further, though Flagstaff has 17 auto dealerships, in
most communities a source of huge amounts of nighttime light-
ing, the Flagstaff sales lots are only minimally illuminated.
Finally, Flagstaff, like many communities, does not seek in gen-
eral to provide continuous roadway illumination. In most areas
average roadway illumination levels fall considerably below
levels commonly seen in larger communities.

1.2. The 1989 Coconino County and Flagstaff
Lighting Codes

The 1989 lighting codes for the first time anywhere estab-
lished overall limits on the amount of outdoor lighting. Origin-
ally, four Lighting Zones were created in Coconino County and
three in Flagstaff, the boundaries depending on distance from
the two dark-sky astronomical sites at the Naval Observatory
and Anderson Mesa. In Zones I through III, developments
are limited to a total of 25,000, 50,000, and 100,000 initial lamp
lumens per acre of the parcel being developed. These limits
were designed, in concert with expected land uses near the ob-
servatories, to limit brightening of the night sky at the United
States Naval Observatory Flagstaff Station and Lowell Obser-
vatory’s Anderson Mesa site.

The standards of the 1989 lighting code have had a signifi-
cant effect on the amount of lighting used on nonresidential
properties (including most multifamily and apartment uses),
but little effect on average shielding for such development
and little or no effect on the shielding or amount of light used
in single-family residential developments. Further, the prepon-
derance of roadway lighting in Flagstaff had been fully shielded
since shortly after the adoption of its previous lighting code in
the early 1970s, so the effect of the 1989 code has been princi-
pally to produce a shift of municipal roadway lighting to low-
pressure sodium.

1.3. The Flagstaff Lighting and Land-Use Study

In 2002 we began an effort to improve understanding of the
relationships between the effects of the 1989 lighting code and
land use, its associated outdoor lighting, and the resultant im-
pacts on the night sky. We seek to ascertain the amount of light
produced in Flagstaff by a variety of different land uses, from
commercial and industrial to residential and municipal such as
roadway and sports lighting.

The specific objectives for this study are to

1. Determine the total amount of outdoor lighting in
Flagstaff and how much of this light is propagated into the night
sky;

2. Determine the amounts of outdoor lighting used for dif-
ferent types of land use;

2009 PASP, 121:185-203

3. Determine the proportions of light used for different
purposes;

4. Determine how outdoor lighting practices changed with
the adoption of the 1989 outdoor lighting codes in Coconino
County and Flagstaft;

5. Provide guidance for astronomers and others seeking to
mitigate light pollution.

Section 2 describes how we estimated light outputs. Section 3
gives our analysis and results, compares the light outputs deter-
mined in this study both with the limited information available
from other workers who have done similar studies and with the
light outputs determined by Garstang (1986, 1988, 1989a,
1989b, 1991a, 1991b, 2000) in his models of the effects of city
lighting on sky glow, and finally examines the impacts of the
1989 Flagstaff outdoor lighting code. Section 4 presents a sum-
mary and conclusions.

2. DATA COLLECTION METHODS AND RESULTS

All fixed lighting was divided into seven categories: public,
pre-1989 commercial, pre-1989 industrial, pre-1989 multi-
family residential, post-1989 commercial/industrial/multifamily
residential, single-family residential, and internally illuminated
signs. Data collection methods were devised for each category,
with the overall initial goal of producing a specific estimate (per
unit, as described in § 2.9) for each category accurate to 25%
or better. The methods are described in the following sub-
sections; the data collected in each category are summarized
in Table 1.

This study benefited fortuitously from a list including all
major development projects built within the city beginning in
April 1991 by the Flagstaff Community Development Depart-
ment. Because this list includes projects beginning only a year
and a half after the adoption of the lighting code, it was used to
differentiate between projects developed before and after the
adoption of the 1989 code. According to US Census Bureau
data, Flagstaff’s population increased 3.9% during 1990; this
growth rate indicates that during the 18-month period between
adoption of the current lighting code and beginning of the de-
velopment project list we would expect Flagstaff to have grown
by under 6%. Given the other uncertainties in this study, and that
treating the few projects developed in the interim as “pre-1989”
projects rather than the “post-1989” projects that they really
were produces an error proportional to the difference in the
amount of light used pre- and post-1989, this project list ac-
counts accurately enough for lighting installed since the adop-
tion of the 1989 lighting code. In what follows we will often
refer to “pre-1989” and “post-1989” lighting: in some cases this
is based on the April 1991 list. Nonetheless, for consistency we
will always refer to 1989 as the fiducial time.

It is important to note at least one category of lighting that we
did not include or study, which may be a substantial contributor
to the total light output of the city. We have no estimate of the
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TABLE 1
LIGHTING SURVEY RESULTS

Units Unit Mean Im Fractional Mean fraction Fractional

Category N surveyed  Type per unit error up* error
Shopping centers ............ 9 101.56 Acre 85,800 0.21 0.018 0.63
Auto dealers ................. 4 15.83 Acre 37,000 0.37 0.075 0.66
C-StOres .......ooevveviinnnnn 3 3 Each 224,000 0.24 0.005 1.01
Hotels ............coooeia. 9 16.10 Acre 80,000 0.24 0.053 0.48
Banks ... 2 2.72 Acre 128,000 0.57 0.011 0.55
Restaurants .................. 5 3.95 Acre 242,000 0.41 0.069 0.67
R&D ... 3 71.97 Acre 19,700 0.42 0.025 0.44
Industrial ................o. 7 13.99 Acre 20,800 0.23 0.128 0.44
Downtown bus. dist. ........ 3 5.86 Acre 27,200 0.45 0.063 0.81
Post-1989 LZ II ............. 7 10.71 Acre 21,700 0.23 0.041 0.52
Post-1989 LZ III ............ 7 21.39 Acre 22,500 0.35 0.045 0.42
Post-1989 apts. LZ II° ...... Apt 1,410 0.23 0.041 0.52
Post-1989 apts. LZ III° ... Apt 1,100 0.35 0.045 0.42
Residential .................. 115 115 Each 604 0.22 0.380 0.40
Apartments (com.) .......... 2 230 Apt 2430 0.45 0.153 0.71
Apartments (res.) ............ 3 74 Apt 833 0.23 0.359 0.59
FUSD ..., 3 18.24 Acre 14,300 0.23 0.037 0.50
NAU .o 1 210 Acre 6,930 0.20 0.089 0.40
Municipal ... 34 183.35 Acre 13,600 0.20 0.057 0.40

NOTE.—N denotes the number of sites surveyed.

*Includes direct upward component only (not reflected).

® Per apartment values deduced using undifferentiated post-1989 figures above combined with total acreages and

apartment units developed since 1989.

contribution of light spilling from windows. In some commer-
cial shopping centers large display windows allow considerable
amounts of the interior lighting to spill outdoors; in residential
areas it is possible the amount of light spilling from windows is
similar to that produced by outdoor lighting fixtures. However,
as a small city, Flagstaff does not present a nighttime landscape
filled with banks of illuminated office windows as might be seen
in large urban areas, and we feel the error introduced is small.

2.1. Public

Detailed lighting inventories for roadway and sports lighting
were gathered from records of the City of Flagstaff and the
Arizona Department of Transportation (ADOT). Essentially
100% of the Flagstaff and ADOT roadway lighting uses fully
shielded fixtures, while privately owned lighting for roadways
typically uses dusk to dawn fixtures with some of the poorest
shielding characteristics.

Mean lumen output for each lamp, as determined from man-
ufacturers’ literature, was then entered into a spreadsheet, a pro-
cedure followed likewise for all lighting categories described in
the following subsections. There was no attempt to identify spe-
cific lamp manufacturer or catalog number; for every instance of
a particular lamp type and wattage the same mean lumen output
was used. Examination of lamp catalogs from several manufac-
turers shows that mean lamp lumen outputs for lamps of a par-
ticular technology (e.g., HPS, LPS, etc.) and wattage do not

vary greatly; in most cases the entire range is no greater than
about 10% of the mean.

To address schools, lighting inventories were taken at two
elementary and one middle school. A lighting inventory was
obtained for approximately two-thirds of Northern Arizona Uni-
versity (NAU), which comprises a total of 450 acres situated on
the south side of western Flagstaft. The University data included
photographs of all fixture types and lamp type and wattage
gained with the assistance of the University Capital Assets
and Services staff.

Information concerning other Flagstaff municipal lighting
was gathered from lighting inventories performed by city staff
in 2001 as part of Flagstaff’s effort to become the world’s first
International Dark-Sky City.” These inventories contain com-
plete information on lamp type and wattage at all city-owned
facilities, though little information was gathered concerning
the shielding of the fixtures and no photographs were taken.
Since the authors are familiar with much of this lighting, a sub-
stantial amount of information concerning fixture type and
shielding was added from the authors’ recollections.

Data for all public lighting, except schools, was essentially
complete and needed no extrapolation. For both public schools
and the University, total lighting was estimated by simply
extrapolating the per acre values determined from the samples.

* See www.darksky.org for more information.
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2.2. Pre-1989 Commercial and Industrial

There are approximately 2500 commercially and industrially
zoned parcels in the City of Flagstaff, comprising over 2900
acres (though not all are developed). Due to the impracticality
of surveying all of this lighting, a sampling strategy was de-
vised. Eight subcategories were identified (shopping centers,
auto dealers, convenience stores [c-stores], hotels, banks, res-
taurants, research and development, and industrial), and a selec-
tion of sites within each was surveyed. In an attempt to
minimize errors arising from the necessary extrapolations,
larger samples were collected from the categories judged to con-
tribute greater proportions to the total lighting budget. More
than half of the shopping centers and auto dealerships were sur-
veyed, while only a relatively smaller sampling of hotels, banks,
restaurants, and industrial properties were included.

Each site to be surveyed was visited during the daytime.
From visual inspection, aided by binoculars, an inventory
was composed listing number of fixtures, lamp type, lamp wat-
tage, and location (pole, building side, canopy). The location of
each fixture was indicated on a parcel map, and a digital photo-
graph was taken of each fixture type. In many cases, lamp wat-
tage and sometimes lamp type were not discernible, particularly
for fixtures with prismatic lenses, and an educated guess was
entered at this point into the inventory form.

After the initial survey, three lumen totals were calculated for
each site, intended to represent the minimum, nominal, and
maximum amount given the uncertainties for any fixtures with
missing information. Where lamp type and wattage were cer-
tain, the mean lumen output of the lamp was simply included
toward all three totals. Where lamp type and/or wattage was un-
certain, lumen output corresponding to the guessed lamp type
and wattage was included toward the nominal total, while one
half and twice this figure were included toward the minimum
and maximum estimates. This approach is thought to allow gen-
erously for uncertainties.

If the minimum total for the site was within 10% of the nom-
inal estimate (and therefore the maximum within 20%), data for
the site were considered adequate and no further information
was sought to resolve any missing information. If the minimum
estimate was more than 10% less than the nominal, additional
information was sought, with the goal of reducing the uncer-
tainty until the 10% criterion was met or exceeded. This addi-
tional information was often obtained by revisiting the site with
higher magnification optics (an 800 mm focal length spotting
scope), by contacting the owner of the site, or by contacting
the firm contracted to maintain the lighting.

Guessing wattages for unknown lamps introduced uncer-
tainty into the process. However, when wattages were ascer-
tained as described above for fixtures initially entered as
guesses, they were in the majority of cases determined to in fact
be within a factor of 2 of the estimated output, increasing our
confidence in this technique for estimating the uncertainty in the
light output for each site.
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For the eight use-specific commercial and industrial cate-
gories listed in Table 1, the local phone book along with the
Flagstaff geographic information system (GIS) database were
used to produce total parcel and acreage inventories. The
post-1991 development list provided by the City differentiated
parcels developed after adoption of the 1989 code. The mean
lumens per unit values of Table 1 were then applied to these
acreages to produce estimated total light outputs for each cate-
gory. We judged the data gathered for the bank subcategory to
be insufficient for a reliable extrapolation; though the results for
the sample of two sites are included in Tables 1, 2, and 3 for
completeness, no attempt was made to extrapolate this category
and all remaining bank sites were included in the miscellaneous
post-1989 and existing commercial categories.

Industrially zoned property was found to often utilize only a
portion of its parcel; therefore each industrial parcel was exam-
ined on aerial images and where appropriate the extrapolation
was reduced by the fraction judged to be undeveloped.

There is a large number of nonresidential parcels that do not
fit into any of the commercial/industrial categories initially
chosen for the study, developed both before and after the
1989 lighting code. These properties were split into four cate-
gories based on their zoning.

About 117 acres are included in the “near-downtown” areas
(zoning “C2E”). These properties include ordinary single-
family residences and residential-style apartments, as well as
uses such as banks, offices, and a variety of small-scale retail
commercial. Using the GIS database, residences and apartments
were removed; the remaining properties will have some lighting
for uses such as small parking lots and security lighting. For
these a lumen per acre value approximately half that of typical
highway commercial (see next paragraph) was used, or 40,000
effective lumens per acre with 10% direct uplight. An uncer-
tainty of 50% in the per acre output and 40% in the uplight
fraction were assumed for this and other “guesstimated” values.

Most of the remainder of these properties, including 125
acres and classified “C3E,” are typical highway commercial de-
velopments located along the principal arterial roads of the city.
Most of the hotels extracted into their own subcategory are lo-
cated in this area, as well as several of the shopping centers and
dozens of the restaurants. For this category a lumen per acre
value representative of hotels and shopping centers was used,
80,000 effective lumens per acre.

The CIE and C4E zones are included for completeness,
though they include a total of only 37 acres. Values of 20,000
and 40,000 Im per acre were used, respectively.

2.3. Downtown Urban District

Three blocks totaling nearly 6 acres in the downtown urban
district (zoned “C5E”) were surveyed. The area devoted to road-
ways was excluded, as was all lighting associated with road-
ways and sidewalks because this lighting is included in the
roadway lighting category (§ 2.1). The total light output was
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estimated by simply extrapolating this value to the total acreage
in the zoning category.

2.4. Post-1989 Commercial/Industrial/Multifamily
Residential

Outdoor lighting used on post-1989 projects was evaluated
by surveying 14 sites, seven each in Lighting Zones II and III.
The results for these sites were quite precise because specific
information concerning the fixtures was available from city re-
cords and because the sites and fixtures were relatively new, so
that the lighting installations had not suffered replacements or
additions and the lamp wattages were usually easy to verify on
site. The sample included a variety of commercial, industrial,
and commercial-style apartments (see § 2.5), and it appears
there is little difference in the amount of light used for these
different purposes under the lumens per acre standards of
the code.

The results of the surveys of post-1989 sites (see Table 1)
show that projects in Lighting Zone II use on average very close
to the maximum amount allowed (assuming an average fixture
efficiency of 0.65, ratio of mean to initial lamp output of 0.80,
and dirt depreciation of 0.85, 50,000 initial lamp lumens per
acre yields 22,100 mean “effective” lumens per acre); sites de-
veloped in Lighting Zone III used nearly the same amount
though twice this is permitted. This is an unexpected result,
as a general impression of planners and the authors is that most
sites use the maximum amount of light allowed, or very nearly
so. The variance for the Lighting Zone III sites was larger
(Table 1); the sample included three sites with 20,000 effective
Im per acre or less, and four with values between 40,000 and
50,000. It seems likely that the value listed for this zone is an
underestimate. We note, however, that increasing this value to
twice that of the Lighting Zone II value would increase the total
lumen output for Flagstaff by just 3.6 Mlm or 2%.

2.5. Residential

Multifamily residential uses (apartments) were divided into
two subcategories, “commercial” and “residential,” identified
using information from the Flagstaff GIS database as well as
site visits. The commercial apartment subcategory applies to
large apartment complexes (often up to several hundred units),
which include illuminated parking areas in addition to typical
entry lighting for each of the units. The residential apartment
subcategory consists of smaller complexes (usually less than
25 apartment units) and former single-family residences con-
verted to rentals. This subcategory used lighting in a fashion
typical of single-family residences, with no general illumination
for parking or walkway areas, and only one or a few low wattage
typically incandescent lights by entryways. For both subcate-
gories, a survey strategy essentially the same as that described
for the commercial and industrial property was used.

As for the commercial subcategories described in §§ 2.1-2.4,
a complete list of multifamily residential complexes was then
assembled using the local phone book, apartment management
services, and the city GIS database. The mean effective lumens
per apartment from the sampled apartment complexes was ap-
plied for the extrapolation of the pre-1989 units, and the values
indicated in Table 1 were applied to the post-1989 units.

All housing types not included in the multifamily residential
category were lumped together into the “single-family” residen-
tial category. For example, duplexes and triplexes, condomi-
niums and other similar conjoined residential units,
manufactured housing, and mobile homes are included in this
category. The standards of the 1989 lighting codes have essen-
tially no impact on single-family residential lighting practices,
so there was no attempt to distinguish post- and pre-1989 con-
struction in this category.

A lighting survey form was developed and distributed to 500
residences in five separate neighborhoods. The five neighbor-
hoods included traditional single-family developments and a
manufactured home development. The residential survey asked
the homeowner to list the fixtures installed on their property,
indicating the fixture type, lamp type, and wattage. Finally, they
were asked to indicate by check mark whether the fixture was
used “all night,” “evenings only,” “seldom or never,” or on
“motion detector.”

Of the approximately 520 forms distributed, 115 (23%) were
returned. Lumen outputs were developed on a per home basis,
and included only lights indicated as used “all night” or “eve-
nings only.”

Using data voluntarily provided in this fashion may intro-
duce biases into the sample, since it is unknown whether the
sample returned is representative of all single-family residences
in the city or even of the 520 homes given flyers. It is plausible
that some of the users of larger amounts of light may either be
owners of second homes and therefore not present to respond to
the survey, or those with some hostility to lighting regulation
and therefore also less likely to respond. In addition, errors
are expected due to the unfamiliarity of most residential home-
owners with even the simple outdoor lighting specifications
(lamp type, wattage) requested.

The total light output for this category was extrapolated, on a
per-house basis, by using the total number of single-family re-
sidences listed in the Flagstaff GIS database. No figure was
added to account for the several rural residential areas located
in Coconino County adjacent to or near the city, where approxi-
mately 8000 residents live.

ERINT3

2.6. Internally Illuminated Signs

The total light output from internally illuminated signage
was crudely estimated. First, an estimate of the light output
per sign was determined as follows. Luminance measurements
(in candela per square meter) were made of 154 sign surfaces
using a Minolta LS-100 luminance meter. The measurements
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were divided into six colors (white, yellow, orange, red, green,
and blue), and average values were determined for each (see
Table 4). Next, photographs of 14 signs were measured to de-
termine the proportion of sign surface devoted to “copy” (text,
symbols, and logos) and “background.” Using the average lu-
minances and the copy/background area ratios, the average light
output per square meter for a variety of typical signs was mod-
eled. The models included typical “light-background” signs,
signs with strongly colored backgrounds and either white or
colored copy, and opaque-background signs where the only il-
luminated portion was the copy. The average light output deter-
mined from the models varied from 900 Imm~2 for typical
white-background signs (all models similar), to 130 lmm~2
for typical colored-background signs (ranging from 45 to
450 Imm~2 depending on colors chosen for copy and back-
ground), to 30 Imm~2 for typical opaque background signs
(ranging from 7 to 400 Imm~2). Since 1989 the Flagstaff light-
ing code has prohibited the installation of new signs with white
or light-colored backgrounds, and required the use of signs with
either strongly colored or opaque backgrounds. Though a num-
ber of older signs still exhibit white backgrounds, the prepon-
derance of signs are now of the latter two categories. For
purposes of the study we adopted 300 Imm~2, a value corre-
sponding to the lower range of the colored-background outputs
and the upper range of the opaque backgrounds.

Next, we estimated the number of internally illuminated sign
faces, generally including one sign for each commercial prop-
erty fronting the principal commercial arterials, supplemented
by our familiarity with unusual sites such as shopping centers
or sites with unusually large signs.

Finally, the total light output from signs was computed by
assuming an average area for sign faces of 2.8 m? (30 ft?).
The chosen size is representative and corresponds fairly closely
to that allowed for freestanding signs under the current regula-
tions. The process described above results in a total estimated
output of 600,000 Im. We assigned a large uncertainty of 50% to
this value.

Light fixtures used for the external illumination of signs were
treated as ordinary outdoor lighting, and their contribution in-
cluded in the site inventories.

TABLE 4
SIGN LUMINANCE MEASURES

Average luminance

Color (cdm™?) N
White ............ 412 61/36
Yellow ........... 201 12/7
Orange ........... 109 4/2
Red ovvvvrenennn 30 12/24
Green ............ 17 9/5
BIUC ovrereenn. 7.0 26/16

*Number of measures/Number of different signs.
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FiG. 2—Estimated total lumen output (friangles) and total upward component
(diamonds) generated by traffic on Flagstaff roadways as a function of time.

2.7. Automobile Headlights

From the Flagstaff Metropolitan Planning Organization
(FMPO), counts of vehicles per 15-minute interval passing sam-
pling points located along principal arterials and collector roads
are gathered on a regular basis. A subsample of 14 of these data
sets obtained during weekdays in 2002 October and November
was averaged and then normalized such that the sum of all aver-
age 15 minute measures was 1.0. These normalized values re-
present a figure proportional to the number of vehicles on
Flagstaff streets throughout the day. Another datum modeled
by the FMPO is the total daily number of trips, defined as
the movement of one vehicle from one location to another with-
in a period of 15 minutes or less. Due to Flagstaft’s size (typical
dimensions of 4 to 5 miles), combined with average traffic
speeds (about 20 mph according to Flagstaff’s Traffic Engi-
neer), it will be uncommon that any trip would require more
than 15 minutes, so we guess that the modeled number of trips
should be quite similar to the total number of counted vehicles
using Flagstaff roads in a 24-hr period. The normalized average
count data were then converted to number of vehicles as a func-
tion of time by renormalizing the 15-minute vehicle count data
such that the sum of all counts equaled the number of trips per
day (420,000). For the evening hours, the number of cars on the
road varied from over 7100 at 6:00 p.M. to 170 at 3:15 A.M. Fi-
nally, using a market-weighted analysis of headlight low-beam
photometric characteristics (Schoettle et al., 2004) showing
3786 effective lumens per auto, 11.2% directed upward, the
number of lumens produced by Flagstaff’s traffic as a function
of time of night was produced. These figures are shown in
Figure 2.

2.8. Converting Lamp Lumens to Effective Lumens

The data gathered as described in §§ 2.1-2.5 are estimates
of the mean lamp lumen outputs produced in the various
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categories. To continue to move this light conceptually upward
through the flowchart shown in Figure 1, we must next convert
these outputs to figures representing light escaping the fixtures
in both an upward and downward direction.

Using photometric information available from lighting fix-
ture manufacturers, a database was assembled listing the frac-
tion of lamp output that escapes the fixture (referred to in the
lighting industry as the total fixture coefficient of utilization
[CU]) as well as fraction directed upward for a total of 21 fixture
categories plus two miscellaneous categories serving as catch-
alls for fixtures not fitting into the 21 categories. The categories
used are illustrated with examples in Figure 3 and listed in
Table 5 along with the relevant mean photometric values and
the number of fixtures included in the average. Entries indicat-
ing N = 0 are simply educated guesses. Either photometric in-
formation was unavailable for these categories or aiming and
therefore relevant photometric values are highly variable for fix-
tures included in these categories.

Each fixture was classified according to the fixture categories
shown in Table 5 and Figure 3. Using the adopted photometric

fixtures (referred to in the lighting industry as the luminaire dirt
depreciation factor [LDD]), the mean lamp lumens were then
converted to total effective lumens as well as effective lumens
directed upward.

Because internally illuminated signs are oriented such that
the emitting surfaces are vertical, and since we assume the sign
faces emit light isotropically, 50% of the flux is directed above
the horizontal.

2.9. Computation of Mean Values and Errors

Finally, within each category, mean total effective and total
effective upward lumens per unit (typically per acre) were com-
puted from all inventoried sites. In some subcategories several
units were explored to serve as the basis for subsequent extra-
polation, from simply using a “per acre” lumen output to a “per
unit” value (e.g., per apartment, or per service station). The final
unit type chosen was that which gave the smallest fractional
error I, defined as

values, as well as a final factor (0.85) intended to compensate E? — _oovar + ( Emm)Z,
for dirt accumulation and other types of deterioration in the light mean”(N — 1)
FSSB FSLPS FSFLT FSCO FSGC
FSLPSA f UsSCo /‘
USSL UsSwpPpP USWPC USAC
USPT1 USPT2 UsD2D USBOL usJJ

(i

Fi6. 3—Illustrations of representative fixtures for the fixture categories of Table 5.
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TABLE 5

FIXTURE CATEGORIES AND PHOTOMETRIC VALUES

195

Code Description Down  Up Total N
FSSB ........ fully shielded shoebox 0.71 0.00 0.71 30
FSLPS ....... fully shielded LPS shoebox 0.59 0.00  0.59 6
FSLPSA ..... fully shielded LPS Spaulding Palomar ~ 0.55 0.00  0.55 1
FSFLT ....... fully shielded fluorescent troffer 0.55 0.00 055 12
FSCO ........ fully shielded cobra head 0.72 0.00 0.72 7
FSGC ........ fully shielded gas station canopy 0.58 0.00 0.58 6
FSCAN ...... Cans and recessed soffit fixtures 0.70 0.00 0.70 0
FSMISC ..... fully shielded miscellaneous 0.60 0.00  0.60 0
USSL ........ unshielded sag lens 0.57 0.01  0.58 2
USWPP ...... unshielded wallpack prismatic lens 0.46 0.11 057 12
USWPC ..... unshielded wallpack clear lens 0.55 0.02 0.57 5
USGL ....... unshielded globe 0.35 041 0.76 3
USPTI ....... unshielded posttop carriage-like 0.35 0.10  0.45 2
USPT2 ....... unshielded posttop cone reflector 0.47 0.02  0.49 2
UsSD2D ...... unshieldled NEMA 0.73 0.13  0.86 2
USBOL ...... unshielded bollard 0.22 0.08  0.30 7
USCO ....... unshielded cobra head 0.73 0.03 0.76 4
usly ... unshielded prismatic “jellyjar” 0.60 0.14 0.74 1
USSP ........ unshielded sports 0.65 0.10  0.75 0
USRES ...... unshielded residential mixed 0.40 0.25  0.65 0
USFLD ...... unshielded upward flood 0.00 0.60  0.60 0
PAR ......... PAR lamps 0.75 025  1.00 0
USMISC ..... unshielded miscellaneous 0.50 0.06 0.56 0

where the variance (var) was computed from the mean lumens
per unit values computed for each of the N sites individually,
and E;, is a constant “minimum error” intended to account
for unevaluated error sources such as burned-out lamps, unu-
sually poorly (or well) maintained fixtures, and uncertainties
associated with fixture photometry. For most categories F,;,
was set to 0.20 when evaluating the fractional error of the total
mean lumens per unit, and 0.40 when evaluating the error of the
mean fraction lumens per unit directed upward; for some cate-
gories with more certain information (such as the city streetlight
inventory) smaller values were chosen for E;,. The mean va-
lues for all sampled categories as well as the chosen unit are
indicated in Table 1. These mean values and fractional errors
were used in the extrapolations.

2.10. Total Light Output of Flagstaff

Table 2 shows the total units (citywide), surveyed lumens,
extrapolation factors, and total fixture light output for all cate-
gories, as well as the fraction each category contributes to the
total fixture output for Flagstaff.

Table 3 lists the fractional direct uplight and the total amount
of light directed upward (including the portions both emitted
directly from fixtures and reflected from the ground). However,
using these values as inputs to a model based on Garstang’s ap-
proach yields a calculated sky brightness considerably greater
than that found by measurements (companion paper Luginbuhl
et al. 2009, hereafter GU2). They conclude that blocking by ob-
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jects near the ground leads to a significant reduction in the up-
ward flux, particularly at angles near the horizontal.

Because a principal goal of this study is to evaluate the re-
lative impact on sky glow of the various lighting and land uses,
we adjust the total uplight figures shown in Table 3 by approx-
imate “blocking factors” based on the following consideration
(see GU2 for a more detailed discussion of blocking factors).
All categories have an initial 0.65 factor applied to account
for general blocking by objects located at some distance from
the lights (except for a value of 0.75 applied to sports lighting,
due to the open nature of the physical environment on and sur-
rounding sports fields). Local conditions such as large amounts
of vegetation (typical of residential areas, for example), heavily
built environments (typical of heavily urbanized areas) led to
further reduction factors of 0.50, 0.25 and finally 0.20, depend-
ing on the number and degree of such conditions judged typical
for the lighting category (see Table 6). These figures are fairly
arbitrary, other than that, in ensemble, they reduce the total up-
ward light outputs to values consistent with the sky glow as de-
scribed in GU2. The adjusted uplight figures, as well as the
effective fraction for each category and the fraction each con-
tributes to the total upward light output for Flagstaff, are also
indicated in Table 3.

Table 6 details the conditions used to determine the blocking
factors listed in Table 3, including the fraction of lighting in
each category mounted on poles, to building sides, or under
overhangs (each of these three mounting geometries, respec-
tively, leads to the tendency for greater blocking according to
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TABLE 6
LIGHT FIXTURE MOUNTING GEOMETRY AND ESTIMATED BLOCKING FACTORS BY USE CATEGORY

FIXTURE POSITION®

VEGETATION/STRUCTURAL ~ OVERALL BLOCKING

CATEGORY Pole  Wall Overhang BLOCKING” FACTOR
Shopping centers ...... 0.71  0.12 0.18 0.65
Auto dealers ........... 0.67 0.13 0.21 0.65
C-stores  ................ 0.01  0.03 0.95 s 0.50
Hotels .................. 0.50 0.24 0.26 s 0.50
Banks ...l 032 033 0.35 s 0.50
Restaurants ............ 0.86  0.08 0.06 S 0.50
R&DE ...l 0.69  0.30 0.01 \2% 0.25
Industrial ............... 0.02 0.79 0.19 s 0.50
Signs .. 0.65
CIE ..o, 0.6 0.2 0.2 ss 0.25
C2E ..o 0.0 0.5 0.5 ss 0.25
C3E ..o 0.6 0.2 0.2 s 0.50
C4E ..o 0.0 0.5 0.5 ss 0.25
CSE ..o 0.0 0.5 0.5 ss 0.25
Post-code LZ II ........ 0.6 0.2 0.2 0.65
Post-code LZ 1T ....... 0.6 0.2 0.2 0.65
Residential ............. 0 0 1 SVV 0.20
Apartments (com.) ..... 0.15 0.71 0.14 Ss 0.25
Apartments (res.) ...... 0 0 1 sVV 0.20
FUSD ...l 0.6 0.2 0.2 s 0.50
NAU ... 0.6 0.2 0.2 s 0.50
Flagstaff muni. ........ 0.6 0.2 0.2 s 0.50
Roadway Flagstaff ..... 1 0 0 Vv 0.25
Roadway private ....... 1 0 0 0.65
Roadway ADOT ...... 1 0 0 0.65
Automobiles ........... . 0.65
Flagstaff sports ........ 1 0 0 0.75
FUSD sports ........... 1 0 0 0.75

*Values listed are lumen fractions. Those listed to 0.01 are as measured in this study; others are assumed.

"The additional factors considered to apply to each category: “‘s

“s” indicates structural blocking; “v”” indicates

blocking by vegetation. Repetition of a character indicates a factor is considered to be especially strong.

GU?2), and other near-ground conditions considered to apply to
each lighting-use category.

Though we believe these adjusted figures are accurate en-
ough to allow rough comparison of the contributions of various
lighting-use categories to the total uplight generated by Flag-
staff, this approach has considerable uncertainty. The blocking
factors, as described in the previous paragraphs, are only gen-
erally guided by the considerations of GU2. We apply these fac-
tors to entire categories of lighting, recognizing that in some
instances the real factors may be much larger or much smaller
for particular sites within these categories. These real-life vari-
ations may lead to small angular scale structure in the sky glow
observed over Flagstaff, particularly at large zenith angles, that
will be missed by our generalized approach. The factors applied
here could be considerably different in other cities, such as de-
sert cities where the amount of vegetation is much lower, small
spread-out towns where there is very little multistory construc-

tion, or very large cities or central downtown districts where tall
buildings dominate.

Figure 4 shows total light outputs broken down by lighting
class, as defined by the Flagstaff lighting code. Class 1 is de-
fined as lighting where color rendition is important, such as
sports lighting and outdoor sales areas (in application princi-
pally service station canopies); Class 2 is general lighting,
where simple illumination for visibility or security is needed
and color rendition is relatively unimportant (principally road-
ways, parking lots, and building-mounted area or security light-
ing); Class 3 is lighting used for decorative purposes.

3. DISCUSSION
3.1. Total Light Output of Flagstaff

The total amount of outdoor lighting in Flagstaff, including
sports lighting, automobiles (11 p.M.), and internally illuminated
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FiG. 4—Total light proportion for commercial and industrial properties by
lighting class as described in the text.

signage, is estimated to be 173 million mean effective Im
(173 Mlm). This value represents the amount of light escaping
light fixtures, accounting for the mean output of lamps whose
output varies with time, and the cleanliness and efficiency of
lighting fixtures in directing light produced by lamps into the
exterior environment. Just over 86 Mlm (50%) of the effective
lumen output of Flagstaff was directly surveyed or provided to
the authors by other parties. Though fractional uncertainties in
many categories were quite large, the estimated error of the total
is about 7%.

Of the amount escaping fixtures, 14 MIm, or 8.3%, is directly
emitted above the horizontal. As discussed in GU2, the amount
of light ultimately escaping into the atmosphere to cause sky
glow is diminished, after exiting fixtures or reflecting from
the ground, by interaction with buildings, vegetation, and other
objects in the near-ground environment; this process appears to
reduce the total amount of light escaping into the sky to less than
half that expected neglecting this effect, and affects some light-
ing categories much more strongly than others. In Table 3 we
indicate both the unadjusted uplight (i.e., direct plus reflected
components), and the amount of light escaping into the sky after
adopting the blocking factors in Table 6.

3.2. Lighting Versus Land Use: Total Lighting
and Uplight Amounts

Looking at both the specific (per acre or per unit) and total
amounts of light used for the variety of land uses distinguished
in this study, sports lighting is the largest user of lighting, utiliz-
ing 0.7-1.9 MIm per acre (unadjusted for blocking) for a typical
softball field. With this per acre intensity, lighting for sports
facilities (including fields and associated parking lots, walk-
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ways, etc.), if all on, can produce a total of 5.7 Mlm (adjusted
for blocking) into the night sky (32% of Flagstaff total). This
large value is a result of the large amounts of light used, poor
shielding, and the generally open nature of the terrain in and
around sports fields, leading to low blocking. If blocking is
not considered, one category, residential (including apartments)
appears to emit a greater amount of light upward (7.8 Mlm), but
since residential lighting in Flagstaff’s generally forested envir-
onment is subject to much greater near-ground blocking than
sports lighting, the contribution of residential lighting to sky
glow is reduced to about 1.7 Mlm (9.2% of Flagstaff total)
and sports lighting (when on) directs by far the largest amount
of light into Flagstaff skies of any single category.

We note here that sports lighting is used during the warm
season (in Flagstaff from late April to mid-October) and typi-
cally in the evening hours between sunset and approximately
11 p.m. While this may appear to be a relatively small fraction
of the total “astronomical” nighttime hours (about 10%), it is
essentially 100% of the warm season evening hours used by
the casual night sky observer.

Apart from sports lighting, the most intense light users on a
per unit basis are c-stores and restaurants, at 457,000 and
242,000 mean effective lumens per acre, respectively (the aver-
age size of the surveyed c-store sites was 0.49 acres, producing
the indicated per acre value from the per unit value in Table 1).
These two subcategories account each for a similar amount of
total light output, combined producing approximately 10%. But
since the majority of lighting on c-store sites is located under
canopies resulting in greater blocking, restaurants produce
much more light into the night sky at 5.4% of the Flagstaff
total versus 1.8% for the c-stores. Coming in at a close third
on a lumens per acre basis were the two sampled banks, at
128,000 lumens per acre, but since this category was not further
investigated we cannot draw conclusions about the total output
from banks.

Next, shopping centers and hotels exhibited similar values of
about 80,000 effective lumens per acre. Due to the large area
devoted particularly to shopping centers, these categories
combined accounted for 15% of the of both the total output
and adjusted uplight.

The lowest values considered on a per acre basis were found
for schools (both public and university), research and develop-
ment, and industrial zonings, falling between 7000 and 21,000
lumens per acre. The industrial category also accounts for a
large area (about 441 acres) and is relatively poorly shielded
(13% emitted directly upward before adoption of the 1989
code), producing 5.4% of the total output and 6.1% of the ad-
justed uplight.

The moderate value measured for the auto dealerships,
37,000 mean effective lumens per acre, merits comment. As
a comparison, approximate lighting inventories for two auto
dealerships located in Tucson, Arizona, shows 550,000 and
800,000 mean effective lumens per acre, 15 and 22 times the



198 LUGINBUHL ET AL.

mean for Flagstaff (D. R. Davis et al. 2007, personal commu-
nication). In Flagstaff, auto dealerships account for just 0.7% of
the total lumen output and 1.0% of the adjusted uplight. We
expect in many communities these figures would be much
higher.

Figure 5 shows the adjusted uplight fluxes grouped into se-
ven larger categories as indicated in the key: commercial in-
cludes shopping centers, auto dealers, c-stores, hotels, banks,
restaurants, C1-5E commercial, and signs; industrial is as be-
fore; residential includes single-family homes as well as apart-
ments; roadway includes Flagstaff, private, and ADOT roads;
institutional and government includes Flagstaff public schools,
Northern Arizona University, and Flagstaff municipal lighting;
sports includes both municipal and school district facilities.
Here it is clear that commercial lighting accounts for the largest
proportion, comprising 36% of the total output when sports
lighting is all turned on. When sports lighting is not on, the com-
mercial fraction rises to 53%.

Of the remaining categories, when sports lighting is off,
roadway and residential lighting account for 12% and 14%, with
the remaining 21% arising from industrial, institutional (includ-
ing schools), and automobiles. We note here that we are using
figures for automobiles based on the 11 p.M. output (4 MIm; see
Fig. 2); adopting the highest outputs based on early evening
(6 p.m.) estimates would put the uplight contribution from auto-
mobiles at 20%—27% of the total (with and without sports light-
ing, respectively). That this figure decreases to essentially zero
in the early morning may explain at least part of the fading at the
Mars Hill site of Lowell Observatory reported by Hoag (see note
32 to Table 7 in Garstang 1989) and Lockwood et al. (1990).
The larger effect they observe (30% and 70%, respectively) may
reflect that, beginning about a mile from their observing site to
the East and again to the South, two one-mile sections of Flag-

B Commercial
H Industrial

[0 Residential
O Roadway

M cars 11pm
E Institutional
O Sports

32%

8% 9%

36%

staff’s major arterial roadway are aligned almost directly toward
the observatory.

3.3. Lumens per Capita

The population for Flagstaff listed by the US Census Bureau
for 2000 was approximately 53,000 residents, which we esti-
mate as 55,000 for the epoch of the study (2003). This corre-
sponds to 3150 effective Im per capita emitted from outdoor
lighting fixtures. Without sports lighting, the figure drops to
2520 Im per capita.

3.4. Comparison with Other Work

Turning first to values for total light flux per capita, Garstang
finds that 986 lumens per capita produces the best results when
compared with the sky brightness measurements of Walker
(1977) for Salinas, California, with population 68,600, while
measurements from Berry (1976) for 12 cities with population
from 2,000-2.5 million are fit best with a figure of 1380 lumens
per capita. A much lower value of 277 Im per capita was de-
termined by Cinzano (2000b) in a study in Italy. Finally, based
on a lighting inventory rather than sky brightness measures,
Pedani (2004) finds 1850 Im per capita before midnight in
the Canary Islands. Though we question whether his lighting
inventories are complete (they appear to include only public
lighting), that this figure is higher than most of those based
on sky brightness measures is consistent with the results of this
study. These figures are summarized in Table 7.

Turning next to the uplight fraction, the only figure available
is that from Garstang (1986), where he finds that 11% direct
uplight best fits the data from Walker (1977), though this figure
is highly dependent on Garstang’s assumed uplight angular dis-
tribution. We find in this study 8.3% when including sports
lighting and 8.2% with no sports lighting, without considering

7%

5%

12%

14%

9% 53%

FiG. 5—Adjusted Total Uplight by Category (excluding post-1989 lighting). (a) Sports on; (b) Sports off.
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TABLE 7
LUMENS PER CAPITA VALUES FROM THE LITERATURE

Im per capita Population Location Type Source
1304/2608" ..... 2,500,000 Toronto, Ontario Model Garstang (1986)
1380 .ooeeenet. 2000-2,500,000 12 Ontario cities Model Garstang (1986)
986 ...l 68,600 Salinas, California Model Garstang (1986)
277 e <1000 — 1,300,000  Italy Model Cinzano (2000b)
1200° ........... 44,000 Flagstaff, Arizona Inventory  Lockwood et al. (1990)
2610° ........... 44,000 Flagstaff, Arizona Inventory  this study
1850/1000°¢ ..... 85,000 La Palma, Canary Islands  Inventory  Pedani (2004)
3150/2520° ..... 55,000 Flagstaff, Arizona Inventory  this study

*Values for outer and inner city in two-zoned model.

° Without sportslighting.

¢ Values before and after midnight; unknown if lamp output or luminaire output.
¢ Values with and without sportslighting; 11 P.M. local time.

the effects of blocking. Considering, however, the results of
GU2, because our figures are based on direct estimates of fixture
outputs while the Garstang results are based on best fits to
models based on sky brightness measurements combined with
his model, comparison of these two figures is not likely
appropriate.

3.5. Effects of the 1989 Lighting Code
on Flagstaff Lighting

The data obtained in this study on lighting installed before
and after the adoption of the current Flagstaff outdoor lighting
code allows a prediction of how Flagstaff might have looked
today if the 1989 code had not been adopted. Further, it allows
us to answer the question of what Flagstaff lighting would look
like if it were possible to bring all lighting into conformance
with the standards of this code or to achieve perfect shielding
of all lighting. These figures define both what has been achieved
as well as the outer boundaries of what might be achieved with
lighting standards like those of the Flagstaff code.

Table 8 shows the predicted light outputs if the lighting prac-
tices measured for the pre-1989 developments had continued to
2003. The categories showing the greatest increase in uplight
(indicating conversely the greatest decrease attributable to
the 1989 lighting code) are miscellaneous commercial, restau-
rants, and commercial-style apartments. Referring to the
amount of light per unit for these categories listed in Table 1,
we see that the per acre output of restaurants has been drama-
tically decreased from 242,000 to about 22,000 Im per acre (a
91% reduction) and commercial-style apartments have gone
from 2430 to approximately 1410 Im per unit (a 42% reduction).
The largest lighting increases would have been seen in the mis-
cellaneous commercial developments (including developments
not falling into the categories distinguished in this study) which
we estimate would have developed at an average of 102,000 Im
per acre instead of the 22,000 Im per acre under the code. The
1989 lighting code has resulted in a decrease in the growth of
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Flagstaff’s uplight output by 13% (1 — 1/1.15). If sports light-
ing is off, the decrease in the growth is 18% (1 —1/1.22).

Luginbuhl (2001), comparing the brightness of Flagstaff to
other cities in the American Southwest on Defense Meteoro-
logical Satellite Program (DMSP) cloud-free mosaic images,
found Flagstaff to appear 23% fainter than the mean relation
for 23 cities of population between about 2000 and 75,000,
though severe limitations in using these data for photometric
purposes led to large uncertainty. This figure would be com-
pared with the 18% reduction predicted here without sports
lighting because the DMSP images were taken at approximately
11 p.M. local time during the winter months. Nonetheless, a fig-
ure greater than 18% could be expected due to Flagstaff’s his-
tory of outdoor lighting control beginning considerably before
the adoption of the 1989 lighting code, as noted by Luginbuhl
(2001) and confirmed here.

One significant difference between Flagstaff lighting and that
of many other cities, and attributable to light pollution control
efforts predating the 1989 code, is the near universal full shield-
ing of roadway lighting in the city. As an exercise, we consider
the amount of uplight that would have been produced if Flag-
staff had utilized the common drop-lens cobra-head luminaires
for its roadway lighting. Referring to the total lumen output of
the city and ADOT street lighting categories in Table 2 (20 and
7.48 Mlm, respectively), then referring to a typical uplight frac-
tion (3%) and total luminaire efficiency (73%) for drop-lens co-
bra-head luminaires listed in Table 5 (fixture type USCO),
typical total luminaire efficiency for fully shielded cobra-heads
and typical low-pressure sodium luminaires used in the city
(72% and 55%, respectively), and the appropriate blocking fac-
tors from Table 6 (0.25 and 0.65 for city and ADOT streetlight-
ing, respectively), we calculate that the adjusted uplight from
streetlighting using drop-lens cobra-head luminaires would
have been

[(0.73/0.55 x 20 MIm) x 0.25 + (0.73/0.72 x 7.48 Mlm)
x 0.65] x [0.03 + (1 — 0.03) x 0.15] = 2.0 MIm.
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TABLE 8
PREDICTED 2003 FLAGSTAFF LIGHTING WITHOUT THE 1989 LIGHTING CODE

Total lumens  Fraction increase Total Im up Fraction increase  Fraction increase
Category* category category category (adjusted) category Flagstaff
Shopping centers .......... 18,200,000 0.10 1,950,000 0.10 0.01
Auto dealers ............... 1,340,000 0.03 186,000 0.04 0.00
C-Stores  ............ooeennn 9,180,000 0.09 354,000 0.09 0.00
Hotels .........cooovininns 9,470,000 0.08 925,000 0.09 0.00
Banks ... 348,000 0.00 27,800 0.00 0.00
Restaurants ................ 14,200,000 0.35 1,480,000 0.54 0.03
R&DE ..., 1,930,000 0.00 82,500 0.00 0.00
Industrial® .................. 9,350,000 0.00 1,210,000 0.10 0.01
Signs® ... 600,000 0.00 224,000 0.00 0.00
CI-5E ..ot 16,900,000 0.00 1,570,000 0.00 0.00
Post-1989 misc. com.’ ..... 21,100,000 0.79 1,970,000 3.70 0.09
Residential ................. 9,670,000 0.00 915,000 0.00 0.00
Apartments (com.) ......... 9,660,000 0.25 677,000 0.54 0.01
Apartments (res.) .......... 3,350,000 0.00 305,000 0.00 0.00
FUSD ...l 3,020,000 0.00 274,000 0.00 0.00
NAU ... 2,180,000 0.00 246,000 0.00 0.00
Flagstaff muni. ............ 4,030,000 0.00 400,000 0.03 0.00
Roadways .................. 27,500,000 0.00 1,490,000 0.00 0.00
Automobiles(11 pM.) ...... 4,000,000 0.00 638,000 0.00 0.00
Sports® ... 34,300,000 0.00 5,730,000 0.00 0.00
Total ...l 200,000,000 0.13 20,600,000 0.15
Total w/o sports ........... 165,000,000 0.16 14,900,000 0.22

“Roadways, existing commercial districts, and sports have been combined into single categories. The columns indicating fraction
increase indicate the fractional increase that would have occurred in the indicated category without adoption of the 1989 lighting code.
"Pre-1989, this category used fewer lumens per acre than observed on sites after adoption of the code; we therefore assumed no

change (increase) would occur if the code was not adopted.

“Though the 1989 code prohibited the use of internally illuminated signs with light-colored backgrounds, no attempt was made at

estimating the change that might have occurred without this rule.

“The post-1989 miscellaneous commercial category uses the average lumens per acre value for all sampled pre-1989 commercial
categories (weighted by the total areas devoted to each) or 102,000 Im per acre.

“Though four softball/baseball fields were illuminated in the 1989-2003 period, we expect that the higher-quality shielding used for
these fields would have been applied whether or not the 1989 code were in place, so no changes are indicated here.

Compared to the adjusted uplight figures of Table 3 for this
lighting (1.5 Mlm) and the adjusted total uplight (12.2 MIm),
avoiding these typical unshielded streetlights produces an addi-
tional fractional decrease of (2.0 Mlm — 1.5 Mlm)/12.3 MIm
or 4%. (This calculation assumes no change in the total lamp
lumen outputs used.) This exercise shows that due only to its
fully shielded streetlighting and the effects of the 1989 lighting
code Flagstaff has accumulated an “uplight deficit” compared to
typical cities of approximately 22% (18% + 4%), a value re-
markably close to the 23% measured by Luginbuhl (2001).
Though Flagstaff has had some form of lighting code in
place since 1958 and a comprehensive outdoor lighting code
since 1973, widespread rigorous application of the standards
to the majority of non-roadway outdoor lighting did not occur
until after the adoption of the 1989 code. As a consequence, the
majority of the outdoor lighting in Flagstaff was installed with
minimal application of shielding standards and no limits on
lighting amounts. In Arizona, due to legal issues, this noncon-
forming “grandfathered” lighting is permitted to remain in use

in perpetuity as long as it is not replaced. But the question may
be asked, how much would sky glow be reduced if this lighting
could be converted to the standards of the new code? In some
locales this scenario is legally possible, and even in Arizona the
question is not entirely hypothetical: eventually light fixtures
will wear out, and replacement parts will no longer be available,
though the time frame may be many decades and practically
assuring that such worn-out lighting is replaced with conform-
ing lighting is a difficult enforcement issue. Further, using the
data gathered in this study, we may estimate the light output of
Flagstaff in 1989, as well as the 2003 output under the hypothe-
tical scenario where all outdoor lighting is fully shielded.
Though this final condition may be unlikely to achieve in rea-
lity, it is useful as a limiting case to help define the minimum
impact outdoor lighting might have on sky conditions under the
standards of the Flagstaff lighting code. In Table 9 we show total
and uplight amounts under these conditions.

Table 9 shows that Flagstaff uplight has increased 17% since
1989, whereas an increase of 43% would have been expected
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TABLE 9
TotaL AND TOTAL ADJUSTED UPLIGHT OUTPUT FOR FIVE CONDITIONS

FRACTIONAL UPLIGHT INCREASE COMPARED TO YEAR

CONDITION" TotAL LM ouTPUT  TOTAL LM UP (ADJUSTED) 1989 2003
1989 ....... 117,000,000 10,400,000 1.00 0.85
2003 ....... 136,000,000 12,200,000 1.17 1.00
2003 A ..... 165,000,000 14,900,000 1.43 1.22
2003 B ..... 94,300,000 7,790,000 0.75 0.64
2003 C ..... 94,300,000 5,770,000 0.55 0.47

“Estimated 1989 lighting, 2003 lighting, and three hypothetical scenarios (all excluding sports lighting). Condition 2003 A
shows the outputs expected if the 1989 code had not been adopted; condition 2003 B shows those predicted if all outdoor
lighting in Flagstaff conformed with the 1989 code (100% compliance/no grandfathering); condition 2003 C shows those
predicted if in addition there were no direct uplight from any fixtures (100% full shielding).

based on the lighting practices before the 1989 code was
adopted (condition 2003 A). We note that this 43% figure is
deduced based on lighting practices and land-use changes only,
without direct reference to population growth. US Census
Bureau figures indicate that Flagstaff’s population during this
period has grown by only 25%. That lighting (without the
changes caused by the 1989 lighting code) would have grown
by almost double this amount indicates that the lumens per ca-
pita for Flagstaff would have increased. This increase in lumens
per capita is due to the disproportionate increase in high lighting
intensity commercial developments. Why there should be such a
relatively large increase in such development compared to po-
pulation growth is unknown to the authors.

Table 9 also indicates that there is considerable room for
further improvement in sky conditions if legally noncompliant
lighting installed before the code were replaced with code-
compliant lighting (condition 2003 B), a condition that would
bring the total adjusted uplight to just 64% of the 2003 amount.
Even further substantial improvement could be achieved if
100% fully shielded lighting were used in all applications ex-
cept signs (condition 2003 C). This final condition could bring
light escaping into the night sky to less than half that under the
2003 condition.

3.6. Implications for Lighting Codes

There are three principal characteristics of the Flagstaff light-
ing code affecting sky-glow light pollution: limits on the total
amount of light used (lumens per acre caps), shielding stan-
dards, and lamp type standards.

To evaluate the benefit in decreased uplight resulting sepa-
rately for lumens per acre caps and shielding, we compare the
light output for only the new commercial, industrial, and apart-
ment developments assuming (1) the total lighting amounts are
reduced as measured on the post-code sites while shielding re-
mains as for these categories before the code was adopted, and
(2) the total lighting amounts continue as measured on the pre-
code sites while shielding is changed to that measured on the
post-code sites. We compare these adjusted uplight outputs to
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those expected if lighting on these parcels had instead followed
the trends indicated in the pre-1989 data. Results are presented
in Table 10.

From Table 10 it is clear that the lumens per acre caps have
resulted in by far the greatest reduction in uplight, producing
over a 65% reduction in uplight output for new developments
as compared to that expected if the lumen caps had not been
adopted and lighting amounts had continued as characterized
by our measures of pre-1989 sites.

The net effect of the shielding standards appears to have been
almost negligible, resulting in only a 7% decrease. Though the
post-1989 direct uplight fraction measured in this study of about
0.043 is lower than the overall average for Flagstaff (0.083), it is
nonetheless quite similar to or slightly greater than the weighted
average uplight fraction for commercial sites pre-1989 (0.037).
Due to this unexpected result, some categories show a net de-
crease while others a net increase when the pre-1989 value is
applied. The higher overall uplight fraction of 0.083 is driven
by a few categories with large fractional uplight components,
including sports lighting, industrial, and residential lighting
(see Tables 1 and 3). Even so, due to the large integrated output
of the variety of commercial categories, even fairly good shield-
ing is insufficient to reduce uplight unless yet stricter shielding
standards are devised and effectively applied. We note that
the relatively minor light pollution reduction attributable to
improved shielding in Flagstaff may not be typical, due to
unusually well-shielded roadway lighting and the forested en-
vironment. Further, we caution against deprecating the value of
aggressive shielding standards due to the other (non-sky-glow)
benefits fully shielded lighting brings (e.g., decreased glare,
light trespass, and concomitant improved visibility).

Finally, for greatest effect, lighting codes should give
special attention to roadway and parking lot lighting (so-called
“class 2 or “general” lighting), because the preponderance of
lighting is used in these applications (see Fig. 4). Large benefits
in decreased sky glow (particularly at some distance from the
lighting sources) and energy use can be realized here by limiting
total amounts of light used (particularly for parking lots),
applying strict shielding standards, and taking maximum
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TABLE 10
ADJUSTED UPLIGHT CHANGES DUE TO SHIELDING AND LUMENS PER ACRE CAPS

TOTAL ADJUSTED UPLIGHT

(LUMENS)

Fractional change  Post-1989 lumens cap’  Fractional change

CATEGORY* No code changes®  Post-1989 uplight fraction®
Shopping centers ........ 257,000 290,000
Auto dealers ............. 13,800 12,100
C-StOres ...ovvvunnrnnnnn.s 34,500 41,800
Hotels ..........coooviet 98,600 94,100
Restaurants .............. 566,000 506,000
Industrial ................. 364,000 262,000
Post-1989 misc com ..... 1,920,000 1,970,000
Apartments (com.) ...... 375,000 249,000
Apartments (res.) ........ 14,600 14,600
Flagstaff muni ........... 155,000 89,500
Total ..........oooiinnn 3,790,000 3,530,000

1.13 65,900 0.26
0.87 8220 0.60
1.21 3390 0.10
0.95 27,100 0.28
0.90 51,500 0.09
0.72 364,000 1.00
1.03 412,000 0.22
0.67 201,000 0.53
1.00 14,600 1.00
0.58 155,000 1.00
0.93 1,300,000 0.34

*Includes only categories with development and lighting changes since 1989.
"Uses lumens per acre values for each category as listed in Table 1 and uplight fraction of 0.037 (the pre-code commercial weighted average uplight

fraction).

¢ Uses 0.043, the average value of the two figures listed in note " Table 3.

4 Uses 102,000 Im per acre as in Table 8.

advantage of the highly efficient and relatively low—sky glow—
producing yellow light sources, high- and low-pressure sodium
(cf. Duriscoe et al., 2007).

4. SUMMARY AND CONCLUSIONS

We determine that the total outdoor lighting output of Flag-
staff (i.e., light exiting fixtures, signs, and automobile head-
lights) totals 173 Mlm including sports lighting, and 139 Mlm
without, with an uncertainty of about 7%. About 8.2% is di-
rectly emitted above the horizontal from partially shielded
fixtures.

After considering blocking in the near-ground environment
(caused by objects such as buildings and vegetation), discussed
at length in Luginbuhl et al. (2009), the greatest single-use con-
tributor to sky glow is sports lighting, when it is on accounting
for fully one-third of the sky glow of the city. When sports light-
ing is off, the greatest contributors to sky glow are commercial
lighting (53%), residential (14%, including apartments), road-
ways (12%), and industrial lighting (9%).

By far the majority of lighting (80%) is for so-called Class 2
uses (i.e., general lighting including primarily roadways and
parking lots), uses for which the value of color rendition pro-
vided by broad-spectrum sources such as metal halide or high-
pressure sodium is arguable. In Flagstaff, since the adoption
of the 1989 code, these applications require the use of low-
pressure sodium, a lighting type which has energy, astronomi-
cal, and visual sky-glow advantages. We find that 27% of
the total light output of Flagstaff (sports off) arises from
low-pressure sodium, 31% from high-pressure sodium, 22%
from incandescent, and just 11% from metal halide.

We show that the adoption of the 1989 lighting code has re-
duced the growth of Flagstaff’s sky glow from an expected 43%
without the code to just 17%, while the population has increased
by about 25%. If all lighting in Flagstaff could be brought with-
in the standards of the 1989 code, Flagstaff sky glow could be
reduced to 64% of the 2003 value; if all lighting were fully
shielded total output would be reduced to 47%. By far the
majority of the improvement in reducing sky glow has resulted
from the lumens per acre caps of the 1989 code; the shielding
standards appear to have had very little effect because average
direct uplight fractions for commercial development have re-
mained at about 4%. This should not be interpreted to say that
strict shielding standards are not important for sky-glow reduc-
tion but rather that, in Flagstaff at least, the shielding standards
of the previous lighting code, combined with municipal policies
producing almost exclusively shielded roadway lighting, had
been effective in reducing direct uplight emission before adop-
tion of the 1989 code.

The good news is that the growth of sky glow in Flagstaff has
been reduced from 43% to 17%; the bad news is that Flagstaft’s
sky glow continues to increase, despite exceptional efforts. It is
the prospect of eventually improving even old “grandfathered”
lighting that provides the only thin optimism for improved, or at
least not continuously degraded, sky conditions at astronomical
sites worldwide, to counter the overall apparently inevitable in-
crease in lighting use and resulting light pollution as popula-
tions increase and as lighting use per capita appears to
increase. If other communities use lighting of amounts and
shielding similar to that determined for Flagstaff in this study,
replacing all such lighting with adequate amounts of fully
shielded lighting can reduce sky glow impacts to one-half or
less compared to current values, thus in effect allowing for a
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doubling of the population with no further sky degradation.
Achieving this scenario, however, will require extraordinary
efforts in the civil and political arenas.

This study shows that efforts to reduce sky glow will be most
effective if focused on reducing the amount of light produced by
sports lighting and commercial applications; in the majority of
communities with obsolete and poorly shielded sports lighting
and without fully shielded roadway lighting, efforts should be
focused on improving the shielding in these applications as
well. In sports lighting, the latest technologies providing fully
shielded or nearly fully shielded fixtures should be demanded,
and, further, communities should press for the use of so-called
Class IV lighting levels for municipal sports fields rather than
the Class III levels (IESNA, 2001) commonly recommended
(but not required) by lighting manufacturers and some sports
leagues.

In commercial lighting, beyond strict limits on the amount of
unshielded light, codes should find ways to limit the total
amount of light used to reasonable amounts to prevent the com-
monly seen escalation of lighting levels resulting from intense
commercial pressures. Limits on lighting amounts that are tight
enough to effectively limit the use of nonessential lighting (e.g.,

building facade floodlighting, landscape lighting, other decora-
tive lighting) should be considered by communities for which
dark skies are a priority. Flagstaff and Coconino County have
found the simple “lumens per acre” approach of their 1989
codes to be highly effective, due principally to its simplicity,
which has been shown to allow both technically trained lighting
professionals and community planners untrained in the techni-
cal details of lighting practice to understand and imple-
ment them.
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Section 1. Purpose and Intent.

It is the purpose of this Code to define practical and effective measures by which

the obtrusive aspects of outdoor light usage can be minimized, while preserving
safety, security, and the nighttime use and enjoyment of property. These
measures are intended to curtail the degradation of the nighttime visual
environment, light trespass, energy and resource waste, and to preserve the
naturally dark skies relied upon by Arizona’s world-class astronomical facilities by
encouraging lighting practices that direct appropriate amounts of light where and
when it is needed, increasing the use of energy-efficient sources, and decreasing
wasted light from overlighting and poorly shielded or inappropriately directed
lighting fixtures.

It is further recognized that naturally dark landscapes and star-filled skies are
valued by many and that poor practices in outdoor lighting hamper the
reasonable use and enjoyment of property and can endanger the public welfare
by producing unnecessary glare.

Section 2. Conformance with Applicable Codes.

All outdoor lighting fixtures shall be installed in conformance with the
provisions of this Code, the Building Code, the Electrical Code, the Sign Code
and all other applicable laws and regulations of the jurisdiction.

Section 3. Applicability.

3.1. New Uses and Major Modifications. All outdoor light fixtures for new
uses, developments or structures for which a permit or other approval is
issued or given after the effective date of this Code, shall meet the
requirements of this Code. Cumulative modification or replacement of outdoor
lighting constituting twenty-five (25) percent or more of the permitted lumens
for the parcel, regardless of the actual amount of lighting already on a non-
conforming site, shall be deemed a major modification for purposes of this
section and must meet the requirements of this Code.

3.2.  Minor Additions. Alterations, additions or modifications to outdoor
lighting fixtures of less than twenty-five (25) percent in the value or
intensity," and that require a permit, shall require the submission of a
complete inventory and site plan detailing all existing and any proposed new
outdoor lighting. Any new lighting on the site shall meet the requirements of
this Code with regard to shielding and lamp type; the total outdoor light
output after the modifications are complete shall not exceed that on the site
before the modification, or that permitted by this Code, whichever is larger.

! The actual percentage that triggers the requirement to bring outdoor lighting fixtures into
compliance with this Code may be that specified in each jurisdiction’s zoning ordinance.
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3.3. Nonconforming Outdoor Lighting Fixtures; Nonconforming Uses. If a use,
building or structure loses its nonconforming status, or if outdoor lighting
fixtures are modified in excess of twenty-five percent (25%) of their value, or
total outdoor light output whether all at once, or in a series of cumulative
changes, then the outdoor lighting fixtures must be restored, reconstructed,
altered or replaced in conformance with the requirements of this Code.

3.4. Resumption of Use After Abandonment. If a use, building or structure is
abandoned [as defined in Section __ of the Zoning Ordinance], then all
outdoor lighting shall be brought into compliance with this Code before the
use is resumed.

3.5. Public Roadways. Lighting for public roadways and pedestrian lighting
must comply with Code, except the lumen caps of Section 4.2.

3.6. Alteration of Non-conforming Use. All light fixtures may be maintained as
provided in Section __ of the Zoning Ordinance, but shall not be re-erected,
relocated, or replaced unless brought into compliance with this Code.
Nothing in this Code shall affect existing property or the right to its continued
use for the purpose used at the time the Code takes effect, nor to make any
reasonable repairs or alterations in light fixtures, property, or uses for such
legal existing purposes.

Section 4. Shielding, Total Outdoor Light Output and Lamp Type
Standards.

4.1. Shielding Standards. All nonexempt outdoor lighting fixtures shall
comply with the shielding standards provided in Table 4.1; outdoor luminous
tube lighting does not require shielding but total output from unshielded
lighting is subject to the limits set forth in Section 4.2. The distance from
fixture to the nearest residential property line means the distance to the
nearest parcel with any kind of residential use.

Use Codes:

A = all types of fixtures allowed; fully shielded recommended
F = only fully shielded fixtures allowed

X = not allowed

Table 4.1 LUMINAIRE SHIELDING STANDARDS

Shielding
Distance from Fixture
LIGHTING CLASS and lamp output to Nearest Residential | Notes
Property Line
<50’ 2 50’
Commercial, Industrial and Multi-Family
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Residential

Class 1 lighting (Color Rendition):
Initial lamp output =2 2,000 lumens
Initial lamp output < 2,000 lumens

Class 2 lighting (General lllumination):
Initial lamp output =2 2,000 lumens F F

m
oL

m
>
H

Initial lamp output < 2,000 lumens F A 1
Class 3 lighting (Decorative):

Initial lamp output = 2,000 lumens X X

Initial lamp output < 2,000 lumens F F 2

Residential Lighting :

All lighting classes
Initial lamp output =2 1,000 lumens F F
Initial lamp output < 1,000 lumens

'|'|
>

1,2,3

Notes to Table 4.1
Please refer to section 16.34 for a definition of “residential.”

1. Spot and flood lamps must be aimed no higher than 45 degrees above
straight down (half-way between straight down and straight to the side) when
the lamp is visible from any off-site residential property or public roadway
(Figure 4.1).

V Greater than 45 ©

45°

Straight down \:/ Less than 45 ° \:y

M M M

Figure 4.1. Spot light aiming

2. Seasonal decorations using typical unshielded low-wattage lamps shall be
permitted from Thanksgiving through January 15.

3. Examples of lamp types of 2,000 and 1,000 lumens and below (The
acceptability of a particular light is determined by initial lumen output, not
wattage; values listed are approximate; check manufacturer’s specifications).

Lamp Type and Wattage with Outputs below 2000 lumens (Im) and 1000 Im

Lamp Type 2000 lumens | 1000 lumens
Standard incandescent and less 100 watt 60 watt
Tungsten-halogen (quartz) and less 100 watt 60 watt
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Fluorescent and less 25 watt 15 watt
Compact Fluorescent and less 26 watt 13 watt
Metal Halide 40 watt N/A
High-Pressure Sodium N/A N/A

4.2. Total Outdoor Light Output Standards. Total outdoor light output shall
not exceed the limits set forth in Table 4.2. (The values in this table are upper
limits and not design goals; design goals should be the lowest levels that

meet the requirements of the task.)

Table 4.2 MAXIMUM TOTAL OUTDOOR LIGHT OUTPUT STANDARDS

LUMEN CAPS

Land Use and Fixture Shielding Lighting Zone Notes
Commercial, Industrial, Multi-family LZ1 LZ2
residential (lumens per net acre)

total (fully shielded + unshielded) 50,000 | 150,000 —

too low

unshielded component 5,000 10,000
Residential (lumens per residence) 1
total (fully shielded + unshielded) 20,000 20,000

unshielded component 5,000 5,000

Notes to Table 4.2

1. Each residential single-family detached home or duplex is allowed up to 5,500
lumens of unshielded lighting or the lighting provided in this Table based on
the parcel's acreage, whichever is larger, provided Table 4.1 allows the fixture
to be unshielded. Residential spot or flood lamps are to be aimed no higher
than 45 degrees above straight down (see Note 1 to Table 4.1).

4.3. Lamp CCT Standards. All lamps must conform to the CCT limits listed in

Table 4.3.

Table 4.3 ALLOWED LAMP CCT

LIGHTING CLASS Allowed CCT Notes
Class 1 lighting (Color Rendition):
All initial outputs <4,200K 1
Class 2 lighting (General lllumination):
Initial lamp output = 2,000 lumens < 2,200K 1
Initial lamp output < 2,000 lumens < 4,200K 1,2
Class 3 lighting (Decorative):
All initial outputs all CCT
Residential lighting (all Classes): 3
All initial outputs <4,200K
MAG Dark Sky Stakeholders Group 6
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Notes to Table 4.3

1. Examples of lamp types with typical CCT < 2,200K and < 4,200K (the
acceptability of a given lamp is determined by the CCT listed in the
manufacturer’s specifications):

Lamp Types:

HPS = high-pressure sodium
LPS = low-pressure sodium
MH = metal halide

Lamp Types with Typical CCT below 2,200K and 4,200K
CCT Lamp Types
<2,200K | HPS; LPS; some amber LED
< 4,200K | HPS; LPS; most MH; some fluorescent; some white LED

2. Class 2 lighting using lamps with CCT > 2,200K is limited to 5,000
lumens per net acre in Lighting zone LZ 1 and 10,000 lumens per net
acre in Lighting zone LZ 2.

3. Residential refers to all residential land-use zoning, including all densities
and types of housing such as single-family detached and duplexes.
Multiple-family residential uses and mixed-use must use standards for
Class 1, 2 and 3 lighting.

4.4. Effective Shielding Standard. All light fixtures that are required to be fully
shielded shall be installed and maintained in such a manner that the
shielding is effective as described in the definition for fully shielded fixtures.

4.5. “House Side” Shielding Standard. Beyond the shielding requirements of
Section 4.1, any privately or publicly owned outdoor light fixture with a lamp of
initial output over 10,000 lumens located within 50 feet of any residential
(including multi-family residential) property or public right-of-way shall utilize
an internal or external “house-side” shield, with the light fixture and shield
oriented to minimize light trespass over the adjacent property or right-of-way
line (Figure 4.5). The surface of any external shield must have a black or
bronze finish on the side facing the lamp to minimize reflection.

MAG Dark Sky Stakeholders Group 7
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No Shield Internal Shield External Shield

Figure 4.5. House-side shield configurations

4.6. Multi-Class Lighting Standard. Multi-Class lighting must conform to the
shielding and timing restrictions, if any, that apply to the most restrictive
included Class.

4.7. Curfews.

A. Class 3 lighting shall be extinguished between 10:00pm (or when the
business closes, whichever is later) and the time the business re-opens.

B. Class 2 lighting located 75 feet or more from the nearest building,
display area or storage area shall be extinguished between 10:00pm (or
within 30 minutes of the business closing, whichever is later) and the time
the business re-opens.

Section 5. Outdoor Advertising Signs.

5.1. Externally llluminated Sign Standards. External illumination for signs,
including billboards, shall conform to the provisions of this Code. Such
lighting shall be treated as Class 1 lighting and shall conform to the lamp
source, shielding restrictions and lumen caps of Section 4 (except as
provided in Section A below). All upward-directed sign lighting is prohibited.

A. Lighting for externally illuminated billboards is limited to 200 initial lamp
lumens per square foot of sign face. Externally illuminated billboards are
permitted lighting up to 200 initial lamp lumens per square foot, even when
the lumen allowance set forth in Section 4.2 would not otherwise permit
such lighting.

5.2. Internally Illuminated Sign, Neon Sign, Multicolor Fixed-Copy LED
Sign and Single-Color LED Sign Standards.

A. Outdoor internally illuminated signs must either be constructed with an

opaque background and translucent text and symbols, or with a colored
background and generally LIGHTER text and symbols (Figure 5.2.A).
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Colored backgrounds shall not be white, off-white, light grey, cream, or
yellow. Lamps used for internal illumination of such signs shall not be
counted toward the lumen caps in Section 4.2.

Light Background | Colored Background | Opaque Background

M M

Mobil

AAA SENIOR RATES|| [k PREN | BEEES AT
ENCLOSED POOL SPA| | |8 uame | | ELLGLEII R
REECONTBREAKEST| | |8 1P T= SALE | Bl R

ANIMAL
HOSPITAL

Figure 5.2.A Internally illuminated sign styles

B. Neon signs, multicolor fixed-copy LED Signs and single-color LED
signs (Figure 5.2.B) shall be treated as internally illuminated signs for the
purposes of this Code, and shall not have their luminous outputs counted
toward the lumen caps in Section 4.2. Any lighting extending beyond the area
considered to be the sign area (as defined in the Sign Code of this
jurisdiction) shall conform to all provisions of this Code. In particular, such
lighting shall be treated as Class 3 lighting (decorative) and shall conform to
the lumen caps of Section 4.

Neon Multicolor Fixed-Copy| Single-Color LED
LED

BEAUTY

e — ‘- i@ng s ngué%;

Figure 5.2.B Neon, multicolor fixed-copy LED and single-color LED signs
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5.3.

5.4.

C. Other internally-illuminated panels or decorations not considered to be
signage according to the sign code of this jurisdiction (such as illuminated
canopy margins or building faces), shall be considered Class 3 lighting
(decorative), and shall be subject to the standards applicable for such lighting,
including but not limited to the lamp source, shielding standards and lumens
per acre caps of Section 4.

Multicolor Changeable-Copy LED Sign Standards. Lighting for
multicolor changeable-copy LED signs must meet the following:

A. [ALTERNATIVE A] Multicolor changeable-copy LED signs must include
photocell technology to control and vary the intensity of lighting depending on
the amount of ambient light that is present to prevent overly bright
luminance at night: automatic controls must limit night luminance to a
maximum of 100 nits when the display is set to show maximum brightness
white (100% full white mode). The applicant shall provide a written
certification from the sign manufacturer that the nighttime light intensity
has been factory pre-set not to exceed this level, and that this setting is
protected from end-user modification by password-protected software or
other method as deemed appropriate by the Planning Director.

[ALTERNATIVE B] Multicolor changeable-copy LED signs are not
permitted.

Multicolor Changeable-Copy LED

Figure 5.3.A Multicolor changeable-copy LED sign

Curfews. lllumination for all on-site advertising signs except billboards,
both externally and internally illuminated, shall be turned off at the curfew
times listed in Table 5.4 or when the business closes, whichever is later.
Signs subject to curfews are required to have functioning and properly
adjusted automatic shut-off timers. Light background (white, off-white, light
gray, cream or yellow) internally illuminated signs, installed legally before
enactment of this code [enter date], may continue to be used and illuminated
but must conform to the curfews as indicated.
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Table 5.4 ILLUMINATED SIGN CURFEWS

Land Use Zoning and Sign Type Curfew
Commercial and Industrial zoning
Opaque Background 10pm
Colored Background 10pm
Light Background 8pm
All residential and mixed-use zoning
Opaque Background 9pm
Colored Background 9pm
Light Background 6pm

Note to Table 5.4

Land Use Zoning refers to the predominant use of land by area within 1,000
feet of the parcel on which the sign is located.

Section 6: Special Uses.
6.1. Recreational Facilities.

A. Class of Play: Fields designed primarily for use by municipal or amateur
leagues, training, recreational or social levels, shall be considered Sports
Class IV as defined by the llluminating Engineering Society of North
America (IESNA). Fields designed primarily for college, semiprofessional,
professional or national levels shall be considered Sports Class I, Sports
Class Il or Sports Class lll as defined by IESNA.

B. Lighting Class and Amount: Lighting for outdoor athletic fields, courts or
tracks shall be considered Class 1 lighting (Color Rendition), and shall
be exempt from the lumens per acre limits of Section 4.2.

C. Shielding: fully shielded lighting is required for fields designed for Sports
Class Il and Sports Class IV levels of play. Facilities designed for
Sports Class | and Sports Class Il levels of play shall utilize luminaires
with minimal uplight consistent with the illumination constraints of the
design. Where fully shielded fixtures are not utilized, acceptable
luminaires shall include those which:

1. Are provided with internal and/or external glare control louvers and
installed so as to minimize uplight and offsite light trespass, and,;

2. Are installed and maintained with aiming angles that permit no

greater than five percent (5%) of the light emitted by each fixture to
project above the horizontal.
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6.2.

6.3.

. llluminance: All lighting installations shall be designed to achieve no

greater than the minimal illuminance levels for the activity as
recommended by the Illuminating Engineering Society of North America
(IESNA) for the Sports Class as described in Section 6.1.A.

. Off-site spill: The installation shall also limit off-site spill (off the parcel

containing the sports facility) to the maximum extent possible consistent
with the illumination constraints of the design.

. Certification: Every such lighting system design and installation shall be

certified by a registered engineer, architect or landscape architect as
conforming to all applicable restrictions of this Code.

. Curfew: All events shall be scheduled so as to complete all activity before

11pm. lllumination of the playing field, court or track shall be permitted
after the curfew only to conclude a scheduled event that did not conclude
before the curfew due to unusual circumstances.

Frontage Row of Vehicle Display Areas.

. Lighting Class: Lighting for frontage row of vehicle display areas shall

be considered Class 1 lighting (Color Rendition).

. Shielding: All frontage row vehicle display area lighting shall utilize fully

shielded luminaires that are installed in a fashion that maintains the
fully shielded characteristics.

. Lumen Limit: Total outdoor light output for the frontage row of vehicle

display areas shall not exceed 60 lumens per square foot.

. Curfew: The frontage row of vehicle display area lighting exceeding the

lumens per acre cap of Section 4.2 shall be turned off at the curfew listed
in Section 6.1 or within thirty minutes after closing of the business,
whichever is later. Lighting in the frontage row of vehicle display areas
after curfew shall be considered Class 2 lighting, and shall conform to all
restrictions of this Code applicable for Class 2 lighting, including the
lumens per acre caps in Section 4.2.

Service Station Canopies.

. Lighting for service station canopies shall be considered Class 2 lighting

(General lllumination).
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6.4.

B. Shielding: All luminaires mounted on or recessed into the lower surface
of service station canopies shall be fully shielded and utilize flat lenses.

C. Total Under-Canopy Output: The total light output used for illuminating
service station canopies, defined as the sum of all under-canopy initial
bare-lamp outputs in lumens, shall not exceed 60 lumens per square foot
of canopy. All lighting mounted under the canopy, including but not limited
to luminaires mounted on the lower surface or recessed into the lower
surface of the canopy and any lighting within signage or illuminated panels
over the pumps, is to be included toward the total at full initial lumen
output.

D. The lumen output of lamps mounted on or within the lower surface of a
canopy is included toward the lumen caps in Section 4.2 according to the
method defined for total outdoor light output. Other lighting located
under a canopy but not mounted on or within the lower surface is included
toward the lumen caps in Section 4.2 at full initial output.

Other Lighting on Parcels with Special Uses. All lighting not directly
associated with the special use areas above shall conform to the lighting
standards described in this Code at all times, including but not limited to the
shielding requirements of Section 4.1, the lumens per acre limits of Section
4.2 and the lamp type standards of Section 4.3. The net acreage for the
determination of compliance with Section 4.2 shall not include the area of the
athletic field or outdoor automobile display frontage area; the area of any
service station canopy shall be included in the net acreage.

Section 7. Submission of Plans and Evidence of Compliance with
Code, Subdivision Plats.

7.1

Submission Contents. The applicant for any permit required by any
provision of the laws of this jurisdiction in connection with proposed work
involving outdoor lighting fixtures shall submit (as part of the application for
permit) evidence that the proposed work will comply with this Code. Even
should no other such permit be required, the installation or modification of any
exterior lighting (except for routine servicing and same-type lamp
replacement) shall require submission of the information described below.
The submission shall contain but shall not necessarily be limited to the
following, all or part of which may be part of or in addition to the information
required elsewhere in the laws of this jurisdiction upon application for the
required permit:

A. plans indicating the total number and location on the premises of all
outdoor lighting fixtures, both proposed and any already existing on the
site;
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B. description of all outdoor lighting fixtures, both proposed and existing.
The description may include, but is not limited to, catalog cuts and
illustrations by manufacturers (including sections where required); lamp
types, wattages and initial lumen outputs;

7.2. Additional Submission. The above required plans, descriptions and data
shall be sufficiently complete to enable the designated official to readily
determine whether compliance with the requirements of this Code will be
secured. If such plans, descriptions and data are not sufficient, the applicant
shall submit such additional evidence as reasonably requested by the
jurisdiction, including certified reports of tests performed and certified by a
recognized testing laboratory.

7.3. Subdivision Plats. If any subdivision proposes to have installed street or
other common or public area outdoor lighting, submission of the information
as described in Section 7.1 shall be required for all such lighting.

7.4. Lamp or Fixture Substitution. Should any outdoor light fixture or the type
of light source therein be changed after the permit has been issued, a change
request must be submitted to the designated official for approval, together
with adequate information to assure compliance with this Code. Approval
must be received prior to substitution.

7.5. Plan Approval. If the designated official determines that the proposed
lighting does not comply with this Code, the permit shall not be issued or the
plan approved.

7.6. Certification of Installation. For all projects where the total outdoor light
output of the proposed lighting equals or exceeds 300,000 lumens,
certification that the lighting, as installed, conforms to the approved plans
shall be provided by a registered engineer, architect or landscape architect
before the certificate of occupancy is issued.

Section 8. Approved Materials and Methods of Construction or
Installation/Operation.

8.1. Approval of Alternatives. The provisions of this Code are not intended to
prevent the use of any design, material, or method of installation or operation
not specifically prescribed by this Code, provided any such alternate has
been approved by the designated official. The designated official may
approve any such proposed alternate providing he/she finds that it:

A. provides at least approximate equivalence to that applicable specific
requirements of this Code, and

B. is otherwise satisfactory and complies with the intent of this Code.
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Section 9. Prohibitions.

9.1. Laser Source Light. The use of laser source light or any similar high
intensity light for outdoor advertising or entertainment, when projected above
the horizontal, is prohibited.

9.2. Searchlights. The operation of searchlights for advertising purposes is
prohibited.

9.3. Mercury Vapor. Mercury vapor lights in use for outdoor lighting on the
effective date of this Code shall not be used after January 1, 2011 (ARS 49-
1104).

Section 10. Temporary Exemption.

10.1. Request; Renewal; Information Required. Any person may submit, on a
form prepared by the jurisdiction, to the designated official, a temporary
exemption request. The request shall contain the following information:

specific Code exemption(s) requested;

purpose of proposed lighting;

duration of requested exemption(s);

information for each luminaire and lamp combination as required in
section 7.1;

proposed location on premises of the proposed outdoor light fixture(s);
previous temporary exemptions, if any, and addresses of premises
hereunder;

G. such other data and information as may be required by the designated
official.

oo wp

nm

10.2. Approval; Duration. The designated official shall, within five (5) business
days from the date of submission of the request for temporary exemption,
approve or delay the request in writing. If approved, the exemption shall be
valid for not more than thirty (30) days from the date of issuance of the
approval. The approval shall be renewable upon further written request, at the
discretion of the designated official, for a maximum of one (1) additional thirty
(30) day period. The designated official is not authorized to grant more than
one (1) temporary permit and one (1) renewal for a thirty (30) day period for
the same property within one (1) calendar year.

10.3. Disapproval; Appeal. If the request for temporary exemption or its
extension is disapproved, the applicant may appeal as provided in Section 12.

Section 11. Other Exemptions.
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A. Nonconformance. All outdoor light fixtures lawfully installed prior to and
operable on the effective date of this Code are exempt from all
requirements of this Code. There shall be no change in use or lamp type,
or any replacement (except for same-type and same-output lamp
replacement) or structural alteration or fixture relocation made, without
conforming to all applicable requirements of this Code. If the property is
abandoned, or if there is a change in use of the property, the provisions of
this Code will apply when the abandonment ceases or the new use
commences.

11.1. State and Federal Facilities. Compliance with the intent of this Code at all
State and Federal facilities is encouraged.

11.2. Emergency Lighting. Emergency lighting, used by police, firefighting, or
medical personnel, or at their direction, is exempt from the requirements of
this Code, for as long as the emergency exists.

11.3. Swimming Pool and Fountain Lighting. Underwater lighting used for the
illumination of swimming pools and fountains is exempt from the lamp type
and shielding standards of Section 4.1, though it must conform to all other
provisions of this code.

Section 12. Appeals.

Any person substantially aggrieved by any decision of the designated official
made in administration of the Code may appeal that decision to the
Advisory/Appeals Board of this jurisdiction.

Section 13. Law Governing Conflicts.

Where any provision of federal, state, county, township or city statutes, codes, or
laws conflicts with any provision of this Code, the most restrictive shall govern
unless otherwise regulated by law.

Section 14. Violation and Penalty.

It shall be a civil infraction for any person to violate any of the provisions of this
Code. Each and every day or night during which the violation continues shall
constitute a separate offense. A fine shall be imposed of not less than fifty dollars
nor more than seven hundred dollars for any individual or not less than 100 nor
more than ten thousand dollars for any corporation, association, or other legal
entity for each offense. The imposition of a fine under this Code shall not be
suspended.

Section 15. Severability.
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If any of the provisions of this Code or the application thereof is held invalid, such
invalidity shall not affect other provisions or applications of this Code which can
be given effect, and to this end, the provisions of this Code are declared to be
severable.

Section 16. Definitions.

As used in this Code, unless the context clearly indicates otherwise, certain
words and phrases shall mean the following:

16.1. Abandoned. Abandonment shall be determined as provided in Section
of the City/Town’s Zoning Ordinance.

16.2. Billboard. Any sign designed for use with changeable advertising copy
and which is normally used for the advertisement of goods produced or
services rendered at locations other than the premises on which the sign is
located.

16.3. CCT. See Correlated Color Temperature.

16.4. Class 1 Lighting. All outdoor lighting used for, but not limited to, outdoor
sales or eating areas, assembly or repair areas, advertising and other signs,
recreational facilities and other similar applications where COLOR
RENDITION IS IMPORTANT to preserve the effectiveness of the activity.
Designation of lighting as Class 1 lighting requires a finding by the Planning
Director of the essential nature of color rendition for the application.
Recognized Class 1 lighting uses are: outdoor eating and retail food or
beverage service areas; outdoor maintenance areas where maintenance
activity occurs after dark; display areas; assembly areas such as concert or
theater amphitheaters.

16.5. Class 2 Lighting. All outdoor lighting used for, but not limited to,
illumination for walkways, roadways, equipment yards, parking lots and
outdoor security where GENERAL ILLUMINATION for safety or security of
the grounds is the primary concern.

16.6. Class 3 Lighting. Any outdoor lighting used for DECORATIVE effects
including, but not limited to, architectural illumination, flag and monument
lighting, and illumination of trees, bushes, etc.

16.7. Correlated Color Temperature. (of a light source) The temperature (in
Kelvins - K) of a black-body radiator (e.q. the tungsten filament in an
incandescent lamp) that radiates light of comparable hue to that light source.
Higher CCT sources appear bluer or “cooler,” lower CCT sources appear
yellower or “warmer.”
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16.8. Development Project. Any residential, commercial, industrial or mixed
use subdivision plan or development plan which is submitted to the City for
approval.

16.9. Direct lllumination. Illumination resulting from light emitted directly from
a lamp or luminaire, not light diffused through translucent signs or reflected
from other surfaces such as the ground or building faces.

16.10. Directly Visible. Allowing a direct line-of-sight to the light source or lamp.

16.11. Display Area. Outdoor areas where active nighttime sales activity occurs
AND where accurate color perception of merchandise by customers is
required. Recognized display area uses include automobile and recreational
vehicle sales, boat sales, tractor sales, building supply sales, gardening or
nursery sales, swap meets. Uses not listed here must be approved as display
lot uses by the Planning Director.

16.12. Frontage Row of Vehicle Display Area. That portion of a display area
used for vehicles located adjacent to the parcel frontage. Includes only the
front row of vehicles adjacent to the parcel frontage; does not include the

driving area located behind the parked vehicles or the remainder of the
display area not adjacent to the frontage. (Figure 16.10)

T

Parking for customers and other vehicles for sale

|| Aol poteronrick en ||

frontage

Figure 16.10. Frontage Row of Vehicle Display Area
16.13. Flood Lamp. See Spot Lamp.

16.14. Footcandle. The standard imperial unit used to measure illuminance, or
the amount of light falling onto a surface, such as a roadway or athletic field.
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One footcandle equals one lumen per square foot. One footcandle equals
approximately 10 lux.

16.15. Fully Shielded (Light Fixture). A lighting fixture constructed in such a
manner that all light emitted by the fixture, either directly from the lamp or a
diffusing element, or indirectly by reflection or refraction from any part of the
luminaire, is projected below the horizontal. Any structural part of the light
fixture providing this shielding must be permanently affixed and part of the
fixture, not part of any surrounding building or architectural elements.

Figure 16.13a. Examples of fully shielded fixtures.

% |
*
—.
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Figure 16.13b. Examples of fixtures that are NOT fully shielded (*even
though the lamp in these fixtures is shielded from direct view when viewed
from the side or above, reflective surfaces and/or lens covers are directly
visible from the side).
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16.16. llluminance. The amount of light falling onto a unit area of surface
(luminous flux per unit area) - measured in footcandles or lux.

16.17. Installed. The attachment, or assembly fixed in place, whether or not
connected to a power source, of any outdoor light fixture.

16.18. LED. Light emitting diode.
16.19. Light Fixture. See Luminaire.

16.20. Light Trespass. Light falling across property boundaries, on property not
containing the originating light source.

16.21. Lighting Zones. The two lighting zones are defined on the Lighting Zone
Map, by this reference made a part of this Code. Guidelines used to guide the
delineation of the lighting zones are:

A. Lighting Zone LZ 1. This Zone includes predominantly residential areas,
including small neighborhood commercial or industrial areas mostly
surrounded by residential areas.

B. Lighting Zone LZ 2. This Zone includes urban areas with primary land
uses for commercial, business and industrial activity, including urban multi-
family residential areas mostly surrounded by commercial areas.

16.22. Lumen. Unit of luminous flux; used to measure the amount of light emitted
by lamps.

16.23. Luminaire. A complete lighting assembly (including the lamp, housing,
reflectors, lenses and shields), less the support assembly (pole or mounting
bracket); a light fixture. Includes luminous tubes, lamps or similar devices,
permanently installed or portable, used for illumination, decoration, or
advertisement. Such devices shall include, but are not limited to lights used
for:

parking lot or parking garage lighting;
roadway and driveway lighting;
pedestrian or walkway lighting;
entryway lighting;

buildings and structures;

recreational areas;

landscape lighting;

billboards and other signs (advertising or other);
product display area lighting;

building or structure decoration;
building overhangs and open canopies.

ASCTIOMMOOm>
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For purposes of determining total outdoor light output from a luminaire
(see Table 4.1), lighting assemblies which include multiple lamps within a
single luminaire or on a single pole or standard shall be considered as a
single unit (Figure 16.20).

Figure 16.20. Light fixtures with multiple lamps in a single fixture (left)
and on a single pole (center, right)

16.24. Luminance. The intensity of light reflected or emitted from a unit area of
surface, such as a sign face - measured in nits.

16.25. Luminous Tube. A glass tube filled with a gas or gas mixture (including
neon, argon, mercury or other gasses), usually of small diameter (10-15
millimeters), caused to emit light by the passage of an electric current, and
commonly bent into various forms for use as decoration or signs. A "neon"
tube. Does not include common fluorescent tubes.

16.26. Lux. The standard metric unit used to measure illuminance, or the
amount of light falling onto a surface, such as a roadway of athletic field. One
lux equals one lumen per square meter. One lux equals approximately 0.1
footcandles.

16.27. Multi-Class Lighting. Any outdoor lighting used for more than one
purpose, such as security and decoration, such that its use falls under the
definition of two or more Classes as defined for Class 1, 2 and 3 lighting.

16.28. Neon Tube. See Luminous Tube.

16.29. Net Acreage. The remaining area after deleting all portions for proposed
and existing streets within a parcel, subdivision, or multiple contiguous
parcels proposed for development.

16.30. Nit. The standard unit used to measure the brightness of a surface, such
as of a sign.
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16.31. Opaque. Opaque means that a material does not transmit light from an
internal illumination source. Applied to sign backgrounds, means that the area
surrounding any letters or symbols on the sign allows no light from any
internal source to shine though it.

16.32. Outdoor Light Fixture. See Luminaire.

16.33. Outdoor Light Output, Total. The initial total amount of light, measured
in lumens, from all lamps used in outdoor light fixtures. Includes all lights
and luminous tubes used for Class 1, Class 2, Class 3 and multi-Class
lighting, and lights used for external illumination of signs, but does not
include lights used to illuminate internally illuminated signs, luminous
tubes used in neon signs, or seasonal lighting from typical low-output lamps
permitted between Thanksgiving and January 15th. For lamp types that vary
in their output as they age (such as high pressure sodium, fluorescent and
metal halide), the initial lamp output, as defined by the manufacturer, is the
value to be considered. For determining compliance with Section 4.2 [Total
Outdoor Light Output] of this Code, the light emitted from lamps and
luminous tubes is to be included in the total output as follows:

A. outdoor light fixtures and luminous tubes installed on poles (such as
parking lot luminaires) and light fixtures installed on the sides of buildings or
other structures, when not shielded from above by the structure itself as
defined in parts B, C or D below, are to be included in the total outdoor light
output by simply adding the initial lumen outputs of the lamps and tubes;

B. outdoor light fixtures and luminous tubes installed under canopies,
buildings (including parking garage decks), overhangs or roof eaves where
all parts of the lamp, tube or luminaire are located at least five (5) feet but
less than ten (10) feet from the nearest edge of the canopy, building edge or
overhang are to be included in the total outdoor light output as though they
produced only one-quarter (0.25) of the lamp's or tube’s rated initial lumen
output;

C. outdoor light fixtures and luminous tubes installed under canopies,
buildings (including parking garage decks), overhangs or roof eaves where
all parts of the lamp, tube or luminaire are located at least ten (10) feet but
less than thirty (30) feet from the nearest edge of the canopy, building edge or
overhang are to be included in the total outdoor light output as though they
produced only one-tenth (0.10) of the lamp's or tube’s rated initial lumen
output.

D. outdoor light fixtures installed under canopies, buildings (including
parking garage decks), overhangs or roof eaves where all parts of the lamp,
tube or luminaire are located thirty (30) or more feet from the nearest edge of
the canopy, building edge or overhang are not to be included in the total
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outdoor light output. Such lamps must however conform to the lamp source
and shielding requirements of Section 4.

16.34. Parking Garage. A multi-level or covered structure for parking that is
open to the outside air. Includes parking facilities under buildings when the
area is open to the outside at more locations than just the automobile entries
and exits.

16.35. Person. Any individual, tenant, lessee, owner, or any commercial entity
including but not limited to firm, business, partnership, joint venture, or
corporation.

16.36. Residential. All single-family residential land uses, including all densities
and types of housing such as single-family detached and duplexes, but
excluding multi-family housing.

16.37. Searchlight. A lighting assembly designed to direct the output of a
contained lamp in a specific tightly focused direction (a beam) with a reflector
located external to the lamp, and with a swiveled or gimbaled mount to allow
the assembly to be easily redirected. Such lights are used commonly to
sweep the sky for advertisement purposes.

16.38. Sign, Externally llluminated. A sign illuminated by light sources from the
outside.

16.39. Sign, Internally Illuminated. A sign illuminated by light sources enclosed
entirely within the sign cabinet and not directly visible from outside the sign.

16.40. Sign, Multicolor Changeable-Copy LED. A sign composed of LEDs of
more than one color and programmable to allow changing displays.

16.41. Sign, Multicolor Fixed-Copy LED. A sign composed of LEDs of more
than one color with a fixed (not changeable or programmable) copy display.

16.42. Sign, Neon. A sign including luminous tubes formed into text, symbols
or decorative elements and directly visible from outside the sign cabinet.

16.43. Sign, On-Site Advertising. A sign used primarily to advertise goods or
services offered on the same parcel on which the sign is located. Such a sign
may include incidental non-advertising information (for example time and
temperature; does not include publicly owned signs providing general interest
information exclusively (such as road names or highway conditions).

16.44. Sign, Single-Color LED. A sign composed of single-color LEDs,
including signs with fixed and changeable copy.
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16.45. Sports Class l/II/III/IV. Level of sports play as defined by the Illluminating
Engineering Society of North America. This level is primarily determined by
the number and distance of spectators; the higher recommended illumination
levels facilitate the spectator's ability to view the action. Sports Class IV is
the most common level, and is typical of municipal and amateur league and
social level sports, with minimal accommodations for spectators, typically
including bleachers located close to the field. Sports Class Il includes
increased accommodation for spectators. Sports Class Il and Sports Class
| apply to large sports facilities where thousands of spectators may be located
hundreds of feet from the field, and television broadcasting may be a
consideration.

16.46. Spot Lamp. A specific form of lamp designed to direct its output in a
specific direction (a beam) with a reflector formed from the glass envelope of
the lamp itself. Such lamps are so designated by the manufacturers and are
often used in residential outdoor area lighting (Figure 16.36).

-

Figure 16.36. Spot lamps

16.47. Temporary Lighting. Lighting which does not conform to the provisions of
this Code and which will not be used for more than one thirty (30) day period
within a calendar year, with one thirty (30) day extension. Temporary lighting
is intended for uses which by their nature are of limited duration; for example
holiday decorations, civic events, or construction projects.

16.48. Unshielded (Light Fixture). A lighting fixture constructed in such a
manner that a fraction of the light emitted by the fixture, either directly from
the lamp or a diffusing element, or indirectly by reflection or refraction from
any part of the luminaire, is projected above the horizontal.
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Lighting Zone Map
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