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1. Abstract
Light pollution causes measurable damage to natural wildlife behaviors and human health, as well as decreases the ability for humans to view the night sky. The artificial brightening of the night sky, or sky glow, created by light pollution subjects nearly 100% of Americans to light-polluted skies with only three percent able to see the Milky Way from their homes. Historically, Grand Teton National Park has been a refuge for those seeking dark night skies; however, the quality of these skies is threatened by the spread of light pollution from nearby towns. The NASA DEVELOP Wyoming Cross-Cutting team partnered with Grand Teton National Park, the International Dark-Sky Association, and Wyoming Stargazing to utilize NASA Earth observations to identify sources of light pollution within the park, and the surrounding states up to a 300 km buffer. Utilizing Suomi NPP VIIRS Day/Night Band data and equations derived from Falchi et al.’s (2016) model of light emission, the team developed a convolution matrix to be used in the summer term to calculate sky glow levels and estimate light pollution within the park. The products will allow partners to assess areas where changes in lighting practices were effective, and suggest where mitigation is needed to reduce light pollution.
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[bookmark: _Toc334198720]2. Introduction
2.1 [bookmark: _Toc334198721]The Impact of Light Pollution
Astronomical light pollution has a noticeable effect on human society (Gallaway, 2010). Increased artificial light at night threatens ecological and human health, disturbs community appeal in areas of astro-tourism, and contributes to increased energy costs (Wyoming Stargazing, 2017). Less than 100 years ago, before the widespread use of electric lighting, all of humanity could experience the beauty of the night sky (International Dark-Sky Association, 2017); however, the brightness of modern city lights decreases the visibility of many aspects of the night sky, including the Milky Way and the zodiacal light (Duriscoe, 2001). Today, 99% of Americans live under light-polluted skies, and 97% cannot see the Milky Way at night (Falchi et al., 2016); many Americans are unaware that these phenomena exist beyond photographs (Duriscoe, 2001).

While astronomical light pollution is widely acknowledged, consideration must be given to ecological light pollution, which alters light regimes in aquatic and terrestrial ecosystems (Longcore and Rich, 2004). Humans are only one species that depends on natural lighting cycles for normal biologic behaviors. Many wildlife species distinguish light differently from humans and detect wavelengths not visible to the human eye (Longcore and Rich, 2004); as such, ecological light pollution must be considered to understand all repercussions caused by artificial light pollution. In past decades, studies have linked ecological light pollution to changes in wildlife behavior, including orientation ability, reproduction, and communication (Frank, 1988; Blake, Hutson, Racey, Rydell, and Speakman, 1994; Rydell and Baagoe, 1996; Kempenaers, Borgström, Loës, Schlicht, and Valcu, 2010; Bender, Bayne, and Brigham, 1996). These changes often have consequences which reverberate to the ecosystem-level. What is often perceived as a benefit for a predator (i.e. increased duration of visibility during hunting hours) has detrimental effects for the prey (i.e. increased mortality) (Schwartz and Henderson, 1991). Because of the extensive effects on fauna, light pollution cannot be thought of as simply an aesthetic issue.









2.2 Study Area
[image: ]Northwest Wyoming’s Teton Mountain range is home to Grand Teton National Park (GRTE). Established in 1929, the park joined with the Jackson Hole National Monument to create the present-day Grand Teton National Park in 1950 (Skaggs, 2000). The park consists of 310,000 acres (485 mi2) of mountainous terrain with elevations ranging from 6,320 to 13,770 ft (National Park Service, 2016). Much of the area north of GRTE is largely undeveloped because it is dominated by Yellowstone National Park. The urban areas near GRTE consist of Idaho Falls, Idaho to the west, and Jackson, Wyoming to the south.

Over the last ten years, GRTE has averaged over 2.5 million visitors a year (National Park Service, 2016). The park’s high elevation, predictable weather, and dark skies qualify GRTE as an ideal setting for stargazing (Wyoming Stargazing, 2017). With the cooperation of local communities, the National Park Service (NPS) has undertaken efforts to monitor and control light pollution near GRTE. Residents and visitors alike benefit from GRTE’s unique, year-round opportunities for science education and escape from the brightness of urban life (Wyoming Stargazing, 2017).Figure 1: Wyoming Cross-Cutting study area, containing Grand Teton National Park and spanning over 6 States including Colorado, Idaho, Nevada, Montana, Utah, and Wyoming. Base Map: ESRI

 
2.3 Previous Measurements
Light pollution does not affect humans in the form of direct toxicity and there are widely varied techniques used to measure its effects, which creates challenges in comparing studies (Cho et al., 2015; Duriscoe, 2016). Previous methods to measure sky brightness include using human visual indicators and photometric measurements of the night sky, both of which are in situ measurements that only cover a small area (Duriscoe, 2016). Before the launch of the US Air Force Defense Meteorological Satellite Program (DMSP) Operational Linescan System (OLS) in 1992, no global quantitative measurement of artificial night sky brightness was available (Cinzano, Falchi, Elvidge, 2001a; Cinzano, Falchi, Elvidge, 2001b). The method to create a global atlas of night sky brightness was introduced by Cinzano et al. in their 2001 paper, The First World Atlas of Artificial Night Sky Brightness. In 2016, the Suomi National Polar-orbiting Partnership (NPP) Visible Infrared Imaging Radiometer Suite (VIIRS) Day/Night Band (DNB) allowed for greater resolution than the DMSP OLS (Cinzano, 2001a; Falchi et al., 2016), and the work of many independent lines of research culminated in the 2016 publication of The New World Atlas of Artificial Night Sky Brightness (referred to in this paper as “the NWA”)(Falchi et al., 2016). The goals of the NWA became the genesis for this project, and the methodologies set forth by the authors of the NWA formed the backbone of this project.
[image: ]2.4 Project Partners & ObjectivesFigure 2: The New World Atlas of Artificial Night Sky Brightness (Falchi et al., 2016) mapped artificial sky brightness.

Grand Teton National Park is administered by the National Park Service (NPS) Intermountain Region (National Park Service, 2017). The NPS’s goals include preserving visitors’ clear view of the night sky in the study area of this project. Presently, the NPS uses Unihedron Sky Quality Meter (SQM) measurements collected both by the public and by park officials to monitor light pollution in the parks (National Park Service, 2017). GRTE is currently seeking to become an International Dark-Sky Place with the assistance of the International Dark-Sky Association (IDA), a non-profit organization dedicated to preserving the night sky (International Dark-Sky Association, 2017). Wyoming Stargazing is a local non-profit organization dedicated to conserving the natural dark skies for stargazers in and around GRTE. The goals of these organizations intersect with multiple National Aeronautics and Space Administration (NASA) National Application Areas. The Wyoming Cross-Cutting team utilized NASA Earth observations to support in situ measurements that monitor light pollution within GRTE. The team collaborated with GRTE, National Park Service Intermountain Region, and International Dark-Sky Association (IDA) to improve efforts to identify optimal light conditions within the park and highlight areas susceptible to light pollution from nearby city lights.
[bookmark: _Toc334198726]3. Methodology
3.1 Data Acquisition
The Earth Observations Group (EOG) at National Oceanic and Atmospheric Administration (NOAA) produces a suite of monthly average radiance composite images of VIIRS DNB (Earth Observation Group, 2017). The EOG processes the raw DNB images with a VIIRS Cloud-Mask product and a process to remove stray light that enters the sensor detailed by Mills, Weiss, & Liang (2013). The images that form the composite are selected from scenes where the moon is beyond the horizon and is not visible from the platform (C. Elvidge, personal communication, March 17, 2017). The removal of moonlight as a potential source of brightness was critical to the accounting of natural light (Falchi et al., 2016) of the model discussed in section 3.3 and the appendix.

The data are split into six tiles spanning the globe (Elvidge, 2017). The study area is contained entirely in Tile 1 (marked by the EOG as 75N/180W). Each tile contains two images; one showing the month-long average DNB radiance values, the other showing the number of cloud-free observations used to make the average (Elvidge, 2017). The radiance values are displayed in nW/cm²sr units (Elvidge, 2017).

There are two temporal restrictions on this dataset. First, months with significant snow cover were deemed to be unrepresentative of the true quality of the night sky, as partial snow cover on roads can lead to a 1.3 to 2.6-fold increase in sky brightness (Falchi et al. 2016; Cinzano & Falchi, 2012). The months known to have high snow cover in GRTE were not included the data set used in this project; the remaining low snow cover months are July, August, and September. Second, there are no data available over the study area during those months until 2014 (Elvidge, 2017), thus, the dataset is restricted to nine monthly-composite images: July, August, and September of 2014, 2015, and 2016.

3.2 Data Processing
The nine VIIRS DNB images (detailed in section 3.1) were clipped to a minimum bounding rectangle encompassing a 300 km buffer around GRTE. The choice of 300 km began with the planning of this project as a recreation of Falchi et al.’s 2016 work in the NWA, which used a buffer distance of 195 km around each pixel.  For the sake of accurate processing, the study area was expanded from 195 km to a 300 km buffer around GRTE (K. Ross, personal communication, March 3, 2017).

The team selected the median of all nine measures of average radiance (detailed in section 3.1) as an appropriate baseline to begin analysis. Other statistical measures, such as mean, standard deviation, and coefficient of variation, were calculated to analyze data quality.

3.3 Model Production
The goal of this project was to create a model of light propagation to be used in the creation of a map of skyglow, a reference for the overall quality of the night sky at any given location within GRTE. VIIRS DNB data are good indicators of emissions, the light sources that are responsible for skyglow, but are not actually direct measurements of what an observer would perceive when they look up at the night sky. With extensive assistance from Dr. Kenton Ross (NASA Langley Research Center), and Geoinformatics Fellow Ryan Avery (NASA DEVELOP National Program), the team created a computer program that implements the work of Garstang (1989), Cinzano et al. (2000) and Falchi et al. (2016). The program models light as it travels from point to point in the atmosphere, simulating the scattering that creates the appearance of a dome of light around a distant light source.Figure 3: The model calculates geometry around a hypothetical target, scattering point, and source.


The program begins by defining a target point within the study area as a single pixel viewed from VIIRS. It then considers light sources (the brightnesses of other pixels) within approximately 200 kilometers as sources. For each source, it calculates how bright the source appears when viewed from the target location based on known physical constants. It then tallies the brightness of all these perceived sources and records that as the skyglow above the target. When run over a VIIRS DNB image of appropriate dimensions, it should approximate the work of Falchi et al. (2016) in the NWA and create a similar map of light pollution.

A more detailed analysis of the computer code can be found in Appendix A.
4. Results & DiscussionFigure 4: Left, National Park Service map depicting the location of the Berry Fire; right, VIIRS DNB monthly composite for August 2016.

4.1 Analysis
[bookmark: _Toc334198734]VIIRS DNB measures all brightness from 500 to 900 nanometers of wavelength. Unfortunately, this includes a large portion of the infrared spectrum. Temporary lights, such as wildfires, significantly skew the data towards brightness and would not necessarily be considered sources of light pollution. For example, the August 2016 VIIRS DNB image (see Figure 4, right) shows bright light where the Berry Fire was burning. The Berry Fire was a source of both visible and infrared light; because of this, VIIRS over represents the sky brightness during that time. In fact, many light sources visible in the VIIRS DNB are much 
brighter in infrared wavelengths than in the visible range. As Falchi et al. (2016) note, a bright infrared light source may measure strongly on the VIIRS DNB and yet contribute very little to observable skyglow, which would tend to skew the dataset towards brightness. Such light sources tend to be isolated sites of industrial activity, such as oil and gas fields.
Figure 5: This image shows the median values for each pixel in the 9 tiles used in this project, the median values are not skewed towards brighter values like the mean.

To limit the effect of temporary light sources, the team prepared an image with the median brightness at each pixel (see Figure 5, left). The median is the measure of center most resistant to temporary outliers (such as wildfires) and would best represent the overall brightness an observer on the ground should expect to see from that area.Figure 6: Simple skewness for the nine months of VIIRS imagery.


Several other pixel statistics were calculated, including the maximum, mean, standard deviation, and coefficient of variation. The mean values were not used because the outliers push the mean value towards brighter values. The standard deviation indicated that the values of the data are more variable in locations that have bright light sources, but was not designated as an input into the model. The coefficient of variation did not indicate any patterns that added to the statistical analysis of the VIIRS DNB imagery. Because outliers tended to skew this dataset towards brightness (skew right), the difference between the maximum and the median is a useful measure of dispersion to inform the team of the effect of the median statistic. The larger the value of the difference, the more that is being filtered out.

The images of standard deviation and other measures of dispersion show noticeable striping (see Figure 6) in the images. The reason for this is unknown, but this may be related to the methods the EOG used to remove stray light (detailed in section 3.1) in creating the monthly composites.

4.2 Future Work
This project provides the foundation for future terms to investigate light pollution. The second and third terms will have the opportunity to combine the processed VIIRS imagery and the mathematical model to produce a map of sky brightness. The model produced by this team can be improved upon in future terms to provide more information about the quality of the night sky to the project partners.

The NWA model only predicted skyglow at the zenith and then extrapolated the quality of the night sky based on the brightness at the highest point in the sky. This information does not address sky quality concerns in areas where the zenith is very dark and the majority of light pollution comes from far away sources. The model produced by this team predicts not only the skyglow at the zenith but also nearly any altitude and azimuth, which provides project partners with the ability to understand where the sources of light pollution are coming from and focus their attention on the areas that need the most resources dedicated to protecting the night sky. The model will have trouble calculating skyglow at, and very near, the horizon because the model does not account for irregularities on the surface of the Earth that alter how far light propagates.

The NWA provided a baseline for best possible dark sky conditions at night. That model can be improved on by making the model dynamic. If the model is updated with additional data from the VIIRS sensor, long-term lighting trends can be analyzed.

Another improvement that can be undertaken in future terms is to expand the study area outside of the GRTE region. The third term of this project will do just that by expanding the study area to the entire Colorado Plateau which encompasses several large cities and many state and national parks. The models created during these three terms could help cities and parks in the Colorado Plateau apply for International Dark-Sky Place status through the IDA.
[bookmark: _Toc334198735]5. Conclusions
Light pollution is damaging to the health of humans and the natural world. It is a widespread problem, with nearly 100% of United States residents living under light polluted skies (Falchi et al., 2016). Furthermore, many people who are affected by this issue are not aware of it, therefore, there is a great need to better understand the quality of clear night skies. The NPS, IDA, and Wyoming Stargazing would like to protect the pristine quality of the night sky near GRTE. In the past, sky quality measurements could only be taken at sporadic locations on the ground. Now, with satellite imagery taken at night, artificial lighting can be detected in much greater detail over the whole Earth. This project produced a mathematical model that will transform VIIRS DNB imagery into measurements of predicted skyglow. Future teams will be able to combine these products to produce a map of predicted skyglow in the study area. These tools will assist the partners in understanding the quality of the night sky near GRTE.
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[bookmark: _Toc334198737]7. Glossary
Altitude – In a three-dimensional view of the night sky, the altitude is a measurement of angle from the horizontal. The altitude and the zenith angle (see below) of a particular point are always complements.
Artificial Light – Light at night produced by human activity.
Astronomical Light Pollution – Light at night that obstructs the view of the stars.
Astro-tourism – Tourism that includes the goal of stargazing under the clear, natural night sky, or tourism that is enhanced by that experience.
Azimuth – In a three-dimensional view of the night sky, the azimuth is a measurement of the compass angle, measured as a rotating angle from cardinal North.
Candela (cd) – A unit of light intensity, equivalent to one lumen per steradian, informally defined as the power output of a candle.
DNB – Day/Night Band, a product of the VIIRS sensor that collects total radiance from 500 to 900 nm wavelengths, and is useful for viewing nighttime lights.
DMSP OLS – Defense Meteorological Satellite Program, Operational Linescan System, the first satellite capable of viewing nighttime lights, the predecessor to the VIIRS sensor.
Ecological Light Pollution – Light at night that causes disruptions to wildlife and/or ecosystems as a whole
Emissions – The light sources that are responsible for skyglow.
GRTE – Grand Teton National Park, a national park in the Intermountain Region, one of the U.S. National Parks.
Extinction – The decrease in the visibility of light as it travels over distance.
IDA – The International Dark-Sky Association, a non-governmental organization dedicated to preserving the night sky.
Light Pollution – Any adverse effect of artificial lighting.
Light Propagation – The transmission and scattering of a beam of light through the atmosphere.
Lumen – A unit of luminous flux, the flux emitted within a unit solid angle by a point source with a uniform luminous intensity of one candela.
NASA – National Aeronautics and Space Administration, a federal agency responsible for space exploration and the scientific application of space technologies.
NOAA – National Oceanic and Atmospheric Administration, a federal agency responsible for investigating the atmospheric and oceanic sciences, which include remote sensing.
Suomi NPP – Suomi National Polar-orbiting Partnership Satellite, launched in 2011.
NPS – National Park Service, a federal agency dedicated to preserving the U.S. national parks.
NWA – The New World Atlas of Artificial Night Sky Brightness (Falchi et al., 2016), a seminal paper on light pollution.
Photometric – A measurement of light visible to an observer.
Radiance – The energy directly measured by a remote sensing instrument.
Skyglow – Diffuse, scattered sky light attributable to scattered light from sources on the ground.
Sky Quality Meter (SQM) – A small electronic device that measures the overall brightness of the night sky, its luminance as perceived by human vision.
VIIRS – Visible Infrared Imaging Radiometer Suite, a sensor on the Suomi NPP platform.
Zenith – In a three-dimensional view of the night sky, the Zenith is the point directly above the viewer. The Zenith Angle is the angular measurement between the zenith and a particular point in the night sky.
Zodiacal Light – A faint reflection of the sun sometimes visible at night. The Zodiacal Light is even less bright than the Milky Way, and it is also hidden by light pollution.
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10. Appendix A – Computer Model
Geodesic Constants
Radius of the Earth at the Equator, , the ellipsoid’s semi-major axis:
(1) 
Radius of the Earth at the poles, , the ellipsoid’s semi-minor axis:
(2) 
Atmospheric Constants
, molecular density at sea level elevation. (Cinzano, Falchi, Elvidge, & Baugh., 2000, p. 645)
(3)  
, the inverse scale altitude of aerosols. For each kilometer above sea level, the molecular density of aerosols is assumed to be reduced by a factor of . (Cinzano, et al., 2000, p. 645)
(4)  
For the general case, the ratio  of aerosol scattering to gas molecule scattering is assumed to be . A higher number indicates greater optical thickness, a lower number indicates clearer skies. (Falchi et al., 2016, p.10). For the western United States, a lower setting like 0.5 (1:2) might be more representative of typical conditions.Figure 7: Geometric relationships; adapted from Garstang (1989) and Cinzano et al. (2000)

(5) 
, the scale height of aerosols: (Cinzano, et al., 2000, p. 646)
(6)  
Coefficient  of Rayleigh scattering of visual light through a vertical cross-section of atmosphere: (Cinzano, et al., 2000, p. 646)
(7) 

Geometry
An observer at point  has a direct line of sight to the star at the top of the diagram. A source of light pollution at  (considered, for convenience, to be a single point-source) scatters light towards the observer’s line of sight to the star.
The model works by defining a point  between the observer and part of the night sky as the scattering-point. Light from the source at  is scattered at  towards the observer, and becomes visible as sky-glow. With these points (, , and ) fixed, many of the quantities on this diagram can be calculated by geometry.



[bookmark: _GoBack]
The Earth Radius of curvature, , is calculated as the Gaussian radius of curvature.
(8) 
The “overland” great-circle-arc distance  is found from the latitude and longitude coordinates of  and  by the method of haversines:
(9)  
, the central angle between points  and  on the ellipsoid: (Garstang, 1989, p. 308)
(10)   
, the Pythagorean distance between  and : (Cinzano et al., 2000, p. 656, Appendix A1)
(11)   
Although many of the quantities on this diagram appear to follow quite simply from , they are complicated by the addition of the azimuth angle, .
Cinzano and Falchi’s work has so far proceeded from the adoption of the simplest geometry: an observer staring at his local zenith of the sky with  and  (see Figure 7). In fact, , , and  need not be aligned as they are in Figure 7. This paper’s model includes the case in which they are not in the same plane: an observer may look at a star obscured by light scattered at , but from a source at a noticeable azimuth angle  from the line of sight to the star (see Figure 8).Figure 8: Three-dimensional geometric relationships.

Further calculations are simplified by the introduction of an intermediate quantity, the first of which is called : (Cinzano et al., 2000, p. 656, Appendix A1; Garstang, 1989, p. 308, eq. 6)
(12)   
, the angle between the horizontal and the observer’s line of sight to , can be calculated from : (Cinzano et al., 2000, p. 656)
(13)   

Calculation of sky-glow
Light from the source at  is limited by the curvature of the earth and first intersects the observer’s view of the star at a distance  from the observer: (Cinzano et al., 2000, p. 647, eq. 21)
(14)   
The model’s basic design is for each two input pixels it is given, one pixel will be considered point  and the other point . It uses the brightness of  to calculate the amount of light scattered from  to the observer at . It obtains this quantity by starting its calculation at the point along the “-path” at point , the shortest distance light can scatter, and extending its calculation by lengthening , essentially moving the point  toward the “star” in Figures 7 and 8. As it does so, it recalculates the following quantities:
, the distance between the light source at  and the scattering point at : (Garstang, 1989, p. 308, eq. 7)
(15)  
, the elevation of the scattering point at  above the surface of the Earth reference ellipsoid: (Cinzano et al., 2000, p. 656, Appendix A1)
(16)  
, the elevation angle of emission between  and : (Cinzano et al., 2000, p. 656, Appendix A1)
(17)  )
The intermediate quantities  and  are used to calculate the remaining angles,  and , on the figure. Note for angles of , the quantities  and  are the same. (Cinzano et al., 2000, p. 656, Appendix A1)
(18)   
(19)  
, the angle of emission from : (Cinzano et al., 2000, p. 656, Appendix A1)
(20)  
ω, the scattering angle at : (Cinzano et al., 2000, p. 656, Appendix A1)
(21)  

Emissions functions
The appearance of a “dome” of sky-glow over a light source in the night sky is expressed as the physical quantity extinction, the natural dimming of light as it travels through the atmosphere.
, the extinction of light along the path of , is the natural dimming of light over distance in the atmosphere, and is responsible for the “glow” effect. It is calculated with several intermediate quantities: (Cinzano et al., 2000, p. 656, Appendix A2)
(22)  
(23)  
(24)  
(25)  
(26)  
Likewise, , the extinction of light along the path of , is calculated with several intermediate quantities: (Cinzano et al., 2000, p. 657, Appendix A2)
(27)  
(28)  
(29)  
(30)  
(31)  
The above equations describe how light travels through the atmosphere as sky-glow, but we have not yet described the emission of light at the source. Falchi, et al.’s 2016 paper proposes three models of emission named , , and .Figure 9: Three emissions functions and their normalized sum; adapted from Falchi et al., 2016.

In Figure 9 above, model A is the blue circle representing emissions due to Lambertian reflectance at the ground, directing the most energy toward the zenith above the light source. Model B, the green curves at the bottom of the figure, represent emissions due to specular reflectance at the ground. Model C, traced by the yellow curves, is a combination of models A and B. Note that with the view of the night sky angled in the above figure, the angle marked on the outside of the chart is .
These models were tested statistically with thousands of local brightness measurements and combined into a normalized emissions function, , marked in red in Figure 9.

, total emissions:
(32)  

with the formulas for the models and their weights being:
	Model
	Formula
	Weight

	Lambertian reflectance:

	
	


	Low angle emitted light:

	
	


	Intermediate angle light

	
	




The weights are the coefficients for a least-squares regression fit to local measurements (Falchi et al., 2016).
The total emissions from the model are then subject to the atmospheric calculations described in equations 22-31.
, illuminance per unit flux: (Cinzano, et al., 2000, p. 644, eq. 6)
(33)  
With  calculated from the above geometry, the density of gases that scatter light can be calculated more precisely along the path to the scattering point . (Cinzano, et al., 2000, p. 645, eq. 10)
(34)  
Total integrated scattering along a cross-sectional area: (Cinzano, et al., 2000, p. 645, eq. 12)
(35)  
Angular scattering function for molecular Rayleigh scattering: (Cinzano, et al., 2000, p. 646, eq. 13)
(36)  
, the Mie scattering by aerosols varies according to the scattering angle : (Cinzano, et al., 2000, p. 646, eq. 14)
(37) 

, luminous flux per unit of solid angle upward from the source scattered directly toward the observer: (Cinzano, et al., 2000, p. 644, eq. 5)
(38)  
, the double scattering correction factor: (Cinzano, et al., 2000, p. 647, eq. 20)
(39)  
With equations 38 and 39, total scattering  along the path of  can be calculated as:
(40)  

Recall  along the path of  was calculated in equation 26. The purpose of these equations in the model so far is to simulate a beam of light that travels from a source, scatters at some point in the atmosphere, and reaches an observer. The summation of the light’s travel along the path marked as  in the Figure 7 is added together to make the sum of total scattered light, : (Cinzano, et al., 2000, p. 644, eq. 3)
(41)  
Mathematically,  is the sum of an infinite integral; in practice, the code calculates  as a looped process of small, finite increments.
10. Appendix B – Imagery
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Figure 10: Several descriptive statistics (by pixel) for the nine months over the Wyoming Cross-Cutting study area.



Figure 11: This image depicts the difference between the Maximum Radiance values and the Median Radiance values.
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