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LIGHTING IN FLAGSTAFF                                       AAS 225  01/05/2015 

At issue: 
 
Dark-sky protection has a 60-year history in Flagstaff 
    - Initiated in 1958 by observatories 
    - Many other benefits (health, ecological, tourism, visual) 

Advent of LED technology for outdoor lighting creates problems 
    - Unfiltered LEDs are have a blue-rich spectrum 
    - Most filtered LED spectra seriously degrade dark skies, both 
visually and (acutely) for astronomy 



LIGHTING IN FLAGSTAFF                                       AAS 225  01/05/2015 

$53M >$100M potential 

USNO: >$50M invested, >$40M near future 

ANDERSON MESA NAVY PRECISION OPTICAL INTERFEROMETER 

LOWELL OBS. DISCOVERY 
CHANNEL TELESCOPE 

CHERENKOV TELESCOPE  
ARRAY 

>$100M 

At issue: 
 
Astronomy is a quarter billion dollar investment locally 
One size does not fit all, however 



Sponsors: City of Flagstaff, Lowell Observatory, The Keystone Center 
 

Observatories 
International Dark-Sky Association 

National Parks, AZ State Parks, Game & Fish, BLM 
Flagstaff, Pinetop, Phoenix, Tucson, Sedona 

ADOT 
Hubbell, Acuity, DeTect, Chips & Wafers 

DARK SKIES AND EMERGING TECHNOLOGY CONFERENCE 
August 18-20, 2014, High Country Conference Center 



www.keystone.org/darkskies 



www.keystone.org/darkskies 
Principles of Lighting 
• James Benya, Benya Burnett Consultancy 
• Deborah Burnett, Benya Burnett Consultancy 
• Chris Luginbuhl, Astronomer, United States Naval Observatory 
 
Keynote speakers 
• Chad Moore, Night Skies Program Manager, National Park Service 
• Dr. Richard Stevens, Professor and Cancer Epidemiologist, University of Connecticut 
• Dr. Ron Gibbons, Director, Center for Infrastructure-based Safety Systems, Virginia 

Tech Transportation Institute 
 
Lunchtime talks 
• Scott Kardel, Acting Executive Director, International Dark-Sky Association 
• Carl Rountree, Director, National Landscape Conservation System for the Bureau of 

Land Management 



TAKEAWAY: 
HOW CAN WE HELP YOU? 
 
Dark-sky protection  is not just about astronomy 
 
Flagstaff (and Coconino County) have world-leading OLCs, and we 
have formed a multi-stakeholder group to assist with  
implementation of dark-sky friendly lighting 
 
We are working to evaluate LED lighting evolution impacts and to 
capture those impacts in code 
    - for various types of lights (FLED, PCALED, NBALED, other NB wavelengths) 
    - both for an extremely sensitive area like Flagstaff 
    - and in other areas (cities, towns, parks and monuments…) 
 
Jeffrey Hall, Lowell Observatory, jch@lowell.edu 



 
and Light Pollution 

Christian B. Luginbuhl 
 

Dark Sky Partners, LLC 



Huge and increasing interest in new LED lighting 
technology 

Potential for energy savings 
Potential for maintenance savings 
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Huge and increasing interest in new LED lighting 
technology 

Potential for energy savings 
Potential for maintenance savings 

 

Why are astronomical observatories and “dark sky” 
groups raising an alarm? 

 
and Light Pollution 
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Presenter
Presentation Notes
LED streetlighting retrofits are happening throughout the US – this example is in Los Angeles, where over 140,000 high-pressure sodium streetlights have been replaced with white LED



 
and Light Pollution 
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LPS 

LED 
Why? 

6X brighter! 

Presenter
Presentation Notes
But there is a dramatic environmental dimension that is known – but is being neglected. White light causes a dramatic increase in sky glow visible to humans, and also dramatically increases the spectral interference with astronomical observations. This example shows visible sky brightness changes that would occur if all Flagstaff outdoor lighting were changed from low-pressure sodium to LED 4100K CCT, as viewed from Sunset Crater National Monument. Visible sky glow would increase 6X *even though the number of lumens is the same*. We will explore why.



Outline 

• What causes sky glow? 
• Why does light color matter? 

– Spectral response of the eye at different light levels 
– Lighting levels in the night environment  

• Lamp types, spectra, and light pollution 
– Lamp types and visibility on the ground 
– Lamp types and sky glow 
– Star visibility 
– Spectral interference 
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direct 

reflected 

 

What causes sky glow? 

scattering 
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Presenter
Presentation Notes
Sky glow arises from the lighting we use on the ground, propagating upward into the sky after reflection from the ground or directly from partially or unshielded fixtures, and then reflecting or "scattering" back toward the ground from molecules and particles (dust particles for example) in the atmosphere.



How do we measure sky glow? 

• People (naked eye) 
 

 
• Astronomy (instruments) 
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Presenter
Presentation Notes
Sky glow can be observed by the naked eye, or by instruments that astronomers or others may use that may respond differently than the eye.



How do we measure sky glow? 

• People (naked eye) 
 
 
 
 

 
                              Visual Sky Glow 
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Presenter
Presentation Notes
First we will discuss visual sky glow.



Outdoor Lighting Sources 
How do they affect sky glow? 

Metal Halide 

LED 

High-Pressure Sodium 

Low-Pressure Sodium 
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Presenter
Presentation Notes
Many types of lamps are used for outdoor lighting. The choice of lamps type has been informed by the light color and color rendition, efficiency/energy use, and lifetimes – but not often on environmental effects, and never on sky glow effects. We will investigate effects of different lamp technologies on visual sky glow.



Lamp Types 
 
• Low-Pressure Sodium 
• High-Pressure Sodium 
• LED (2400K 5100K CCT) 
• Metal Halide (4100K CCT) 
• Filtered LED 

Outdoor Lighting Sources 
How do they affect sky glow? 
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Presenter
Presentation Notes
Now we look at real lamp sources. Six lamp types/varieties; all matched lumen output.



LPS 

HPS 

MH 

LED 

FLED 
350             400             450             500             550             600             650             700 

Wavelength (nm) 

Photopic  
(light) 

Scotopic 
(dark) 

/ALED 

Outdoor Lighting Sources 
How do they affect sky glow? 
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Presenter
Presentation Notes
Here are the spectra of the five lamps we will consider. Note that the yellow sources, high-pressure and low-pressure sodium, emit a lot of yellow light which is not far from the peak sensitivity for photopic vision, but quite far from the peak sensitivity for scotopic vision. Metal halide and LED emit all colors. The filtered LED or FLED starts out as a regular white LED but has a filter that removes most emission below 500 nm. Lighting specifications (brightness levels, or illumination levels using footcandles or Lux) are based on photopic measures, so depend on the amount of light emitted within the range of the photopic response. For an equal amount of light in the photopic region, however, different lamps have different amounts of light in the portion of the spectrum that we see with scotopic vision (in the night sky). Note also that there is a kind of LED that we call "ALED" or “NBALED” here that has a spectrum very similar to low-pressure sodium. This is sometimes called the "narrowband amber LED" or NBALED.
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How does the eye perceive it? 
Brightness (luminance) ranges 

 

Visual sky glow 
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Presenter
Presentation Notes
Brightness is called "luminance" in vision science, and it is measured using a unit called "candela per square meter." The clear daytime sky at about 8000 or 10,000 cd per square meter is about 100 times brighter than the lighting levels in our offices. Roadway or parking lot lighting is about 100 times fainter than an office. A landscape illuminated by full moonlight is almost another 100 times fainter than an office. Cone cells or "photopic" vision is operating at the two higher levels; at the two lower levels we have a mixture of rods and cones sensing the light. When we have both kinds of cells operating it is called "mesopic" vision. None of these lighting levels is faint enough that only rods are being used…



 
and Light Pollution 
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LPS 

LED 

6X brighter! 

Why? 

Presenter
Presentation Notes
But there is a dramatic environmental dimension that is known – but is being neglected. White light causes a dramatic increase in sky glow visible to humans, and also dramatically increases the spectral interference with astronomical observations. This example shows visible sky brightness changes that would occur if all Flagstaff outdoor lighting were changed from low-pressure sodium to LED 4100K CCT, as viewed from Sunset Crater National Monument.



 
and Light Pollution 
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LPS 

LED 

6X brighter! 

not very sensitive to yellow light 

very sensitive to white light 

Looking at the sky, the eye is  

Presenter
Presentation Notes
But there is a dramatic environmental dimension that is known – but is being neglected. White light causes a dramatic increase in sky glow visible to humans, and also dramatically increases the spectral interference with astronomical observations. This example shows visible sky brightness changes that would occur if all Flagstaff outdoor lighting were changed from low-pressure sodium to LED 4100K CCT, as viewed from Sunset Crater National Monument.
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(dark) 
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Outdoor Lighting Sources 
How do they affect sky glow? 
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Presenter
Presentation Notes
So brightness is dominated by this spectral sensitivity variation. Yellow-rich lights are very good for photopic vision and even for vision at most night time lighting levels; blue-rich or white lights are very good for stimulating scotopic or dark-adapted vision. This spectral sensitivity variation is a very strong effect.
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Outdoor Lighting Sources 
How do they affect sky glow? 
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Presenter
Presentation Notes
So brightness is dominated by this spectral sensitivity variation. Yellow-rich lights are very good for photopic vision and even for vision at most night time lighting levels; blue-rich or white lights are very good for stimulating scotopic or dark-adapted vision. This spectral sensitivity variation is a very strong effect.



How do we measure sky glow? 

• People (naked eye) 
 

 
• Astronomy (instruments) 
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Presenter
Presentation Notes
Now we return to look at sky glow as viewed by instruments other than eyes, such as cameras or astronomical instrumentation.



How do we measure sky glow? 

  
 

 
• Astronomy (instruments) 
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Presenter
Presentation Notes
Particularly professional astronomical instrumentation is devised to detect all wavelengths of light as effectively as possible, unlike the eye. Thus, astronomical instruments are equally as sensitive to all wavelengths.



` 

U.S. Naval Lowell 
Discovery Channel Tel. 

Kitt Peak 
Mt Lemmon/Mt Bigelow 

Smithsonian 

Mt. Graham 
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Major observatory sites in Arizona 

Presenter
Presentation Notes
This is a critical issue throughout much of Arizona, as the state is one of the three top worldwide centers for astronomical research.



Lamp Spectra 
Our Light vs. Starlight  

Starlight 

350             400             450             500             550             600             650             700 
Wavelength (nm) 

350nm 

28 Arizona Rural Transportation Summit 
Flagstaff, Arizona, 7-9 January 2015 

Luginbuhl 
Sky Glow 

Presenter
Presentation Notes
So the most useful way to examine the impact of different lamp spectra on instrumental observations of celestial objects through an atmosphere brightened by sky glow is to look at the range of wavelengths from "our lights" that compete with starlight. Here we show the spectrum of a typical star - the sun. It emits all wavelengths of light in the visible spectrum, and information can be gleaned from the spectrum in all different parts of the spectrum about temperatures, composition, and physical processes in the stars. Whenever a portion of the spectrum becomes unavailable or is interfered with by our lighting on the ground, it becomes more difficult or impossible to glean the information contained in that portion of the spectrum.



Lamp Spectra 
Our Light vs. Starlight  
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19% 

Presenter
Presentation Notes
High-pressure sodium, the most common light source. It covers a range of wavelengths about 65 nm wide in the green, yellow and red. (496-500, 564-625)



Lamp Spectra 
Our Light vs. Starlight  
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83% 

19% 

Presenter
Presentation Notes
Metal halide covers almost all wavelengths, a band 292 nm white for this example. (386-678)



Lamp Spectra 
Our Light vs. Starlight  
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MH 
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83% 

19% 

0.3% 

Presenter
Presentation Notes
Low-pressure sodium covers a very narrow band only one nanometer wide. (589-590)



Lamp Spectra 
Our Light vs. Starlight  
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83% 

19% 

0.3% 

71% 

Presenter
Presentation Notes
This white LED covers a wide range also, 249 nm white. (428-677)



Lamp Spectra 
Our Light vs. Starlight  
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83% 

19% 

0.3% 

71% 

59% 

Presenter
Presentation Notes
The filtered LED covers an intermediate yet still very wide range 205 nm wide. (505-710)
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83% 

19% 

0.3% 

71% 

59% 

Presenter
Presentation Notes
So to the professional astronomer the different light sources and their impacts look like this. This is why professional astronomy prefers LPS – its light causes interference in the smallest range of wavelengths, by far.



Conclusions 
• Professional (instrumental) astronomy 

– Minimum spectral coverage 
 
 

 

LPS ALED HPS FLED LED MH 

1 34 65 205 249 292 
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Presenter
Presentation Notes
For visual or naked eye astronomy, the kind all of us practice when we look up at the night sky, the less blue and green light or the more yellow light is always best. Low-pressure sodium and NBALED are the best available answer to minimizing sky glow from both of these perspectives, for astronomers who study the stars and any of us who enjoy or are inspired by the vista of a star-filled night.



Conclusions 
• Professional (instrumental) astronomy 

– Minimum spectral coverage 
 
 

 
• Visual (naked eye) astronomy 

– Minimum blue/green (scotopic brightness) 

LPS ALED HPS FLED LED MH 

1 34 65 205 249 292 

LPS ALED HPS FLED LED MH 

1.0 1.0 2.4 3.6 4.3-8 8 
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Presenter
Presentation Notes
For visual or naked eye astronomy, the kind all of us practice when we look up at the night sky, the less blue and green light or the more yellow light is always best. Low-pressure sodium and NBALED are the best available answer to minimizing sky glow from both of these perspectives, for astronomers who study the stars and any of us who enjoy or are inspired by the vista of a star-filled night.



 
and Sky Glow 

Christian B. Luginbuhl 
 

Dark Sky Partners, LLC 



 



How does the eye perceive it? 
- We can see with light levels from daylight to starlight 

- over 10 million to one range! 
- Spectral response depends on light level 

Visual sky glow 

10,000,000 : 1 
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Presenter
Presentation Notes
Our vision can operate over a tremendous range of brightness levels, from daylight to starlight. The obvious adaptation of the eye that we can all see, that is the change in the size of the pupil, can only cover a factor of 10 range of brightness. More subtle changes are responsible for our ability to see over this entire brightness range.



How does the eye perceive it? 
Visual sky glow 
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Presenter
Presentation Notes
Light enters the front of the eye from the outside world and is focused onto the retina at the back, where photosensitive cells convert the light into nerve signals that provide vision. The pupil can change size to allow more light in when it is faint, and less when it is bright. But most of our ability to cover the very wide brightness range comes from more subtle processes in the retina itself.



Photoreceptors in the Retina 

False-color photomicrograph  
of the retina 

How does the eye perceive it? 
Visual sky glow 
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Presenter
Presentation Notes
The retina contains two types of cells: cone cells (three types) that provide vision at outdoor, indoor and intermediate lighting levels; rod cells (one type) provide vision at low and very low light levels. A very important fact for our purposes here is that these different kinds of photosensitive cells have different "spectral responses," that is they respond to different wavelengths or colors of light differently.
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How does the eye perceive it? 
Spectral sensitivity – not all colors are equal 

 

Visual sky glow 

3 kinds of cones 
= color vision 

1 kind of rod 
= B&W vision 
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Presenter
Presentation Notes
Photopic vision using the cone cells responds to light from about 450 to 650 nm, with the greatest sensitivity at about 550 nm. The three kinds of cone cells allow us to tell whether there is more blue light or more red light, thus providing color vision. Scotopic vision using the rod cells responds to light between about 400 and 600 nm, with the peak response near 500 nm. This is somewhat bluer than photopic response. Since there is only one kind of rod cell, we are unable to tell if there is more blue light than red light, and our vision using rod cells is "black-and-white" vision. It is important to recognize that rod and cone cells operate at different brightnesses: cones work when the light is higher, and rods work when it is lower.
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Outdoor Lighting Sources 
How do they affect sky glow? 
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Presenter
Presentation Notes
Note again that the yellow sources have very little emission in the part of the spectrum seen by the rods. Metal halide and LED, and even FLED still provide plenty of light to be seen by the rods.
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Outdoor Lighting Sources 
Scotopic to photopic ratios – S/P 
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Presenter
Presentation Notes
Scotopic / Photopic ratios for lamp spectra – for the dark-adapted eye, these indicate the relative brightness of visual sky glow (VSG) for different lamp sources, matched lumen-for-lumen and observed from nearby. LPS is nearly an ideal source – producing 77% of the maximum brightness at photopic levels, yet only 7% of the maximum at scotopic levels. The S/P ratio is calculated as the ratio of these two numbers multiplied by a constant 2.75.The AlInGaP LED (ALED or NBALED) is comparable spectroscopically and in sky glow impacts to LPS.
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Outdoor Lighting Sources 
Scotopic to photopic ratios – S/P 
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Presenter
Presentation Notes
Remember that the sky glow brightnesses are governed by the S/P ratio. If we consider the sky glow or S/P ratio of HPS as a reference point (since it is the most commonly used light source in the US), we see that the LEDs are 1.4 to over 3x brighter. LPS and ALED are less than half as bright.



LPS ALED HPS LED 
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LED 
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4100K FLED 
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Outdoor Lighting Sources 
Scotopic to photopic ratios – S/P 
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Presenter
Presentation Notes
Compared to LPS. Note even the “next best” for visual sky glow, HPS, is 2.6x or 160% brighter! The best LED (FLED) is 3.7x or 270% brighter. Note the ratio of 8 for the 5100K LED for the next slide.
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Presenter
Presentation Notes
What do these results tell us to expect for brightnesses from different lamp types when we are looking at an office or a roadway, and then the night sky? This shift in sensitivity shows up as a small effect at roadway lighting levels (30% or less) because we are using a mixed response ("mesopic") of rods and cone cells. But in the night sky, we are using only rods and the effect is very strong – comparing the FLED and the LPS light, the LPS light will cause only one quarter as much sky glow brightness; for more the more commonly used 4100K LED LPS is less than 1/6th as bright. (Note you can’t see color in the night sky (scotopic) conditions, though a camera will still show the color.)



HPS – 1.0x 

LED 4100k – 2.7x 

Outdoor Lighting Sources 
Spectrum, luminance, and visual brightness 
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Presenter
Presentation Notes
This is a simulation of the whole sky and sky glow caused by Flagstaff (center-right) and Phoenix (center-left) as it would appear viewed from Walnut Canyon National Monument. The arched cloudy area is the Milky Way. If we imagine that all Flagstaff and Phoenix lighting is HPS, changing it all to "neutral white" or 4100 Kelvin metal halide or LED would increase the brightness of the sky glow 2.7 times or 170%. If we had changed from LPS or ALED to 4100 Kelvin LED, the effect would have been even more dramatic – over 6 times or 500% increase.
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