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1 POTENTIAL EFFECTS OF NIGHT LIGHTING ON
BRYCE CANYON NATIONAL PARK

BHP-Utah International (UII) proposes to develop the Alton Coal Project
located southwest of Bryce Canyon (see Exhibit 1-1). Coal will be
recovered through surface mining techniques.

The National Park Service, as manager of Bryce Canyon National Park,
expressed concern that the effects of lighting at the Alton Coal Project
‘might affect visitor enjoyment of the night sky (i.e., stars, constella-
tions, etc.) at Bryce Canyon National Park. In order to estimate the pos-
sible effects, Systems Applications Inc. was retained by the National Park
Service and BHP-Utah International to study the potential effects of night
1ighting from the proposed coal project on Bryce Canyon National Park. In
this study night sky glow resulting from nighttime operation of the pro-
posed mine was calculated, and the potential for human perception of these
effects was estimated. The study involved the following steps:

Enhancement of a mathematical model of atmospheric optics to predict
the nighttime sky-glow effects of the proposed mining operation.

Verification of the model's prediction performance to the extent pos-
sible with existing data.

Application of the model to the area surrounding the proposed Alton
Coal Project, calculating results from three viewpoints within the
park for two lighting scenarios and three meteorological conditions
at the Alton Coal Project.

Estimation of the potential for human perception of the calculated
night sky glow and the potential of the night sky glow to obscure
starlight.

Application of the graphic program to several vistas within the
park.

Providing national park personnel with the enhanced computer model
and supporting documentation.
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Relationship of the Alton Coal Project
to Bryce Canyon National Park
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Alton Coal Project

|(M™dustrialc Area Permit Area

Exhibit 1.1
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EXHIBIT 1-1. Sites shown for Alton Coal Project are the closest
mining locations occurring in years 21-22.
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This report documents the results of our study. Section 2 contains a

brief description of the technical approach employed in the study. The
results are presented in Section 3, and conclusions are provided in Sec-
tion 4. A complete technical description of the Night Sky Glow Model is
given in Appendix A, and Appendix B contains a listing of the Night Sky

Glow computer model and example input. Appendix C contains a glossary of
technical terms.
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2 TECHNICAL APPROACH

The computer program written for this study is a numerical model of atmo-
spheric optics for prediction of night sky glow. This model predicts the
luminosity of the night sky and has been applied to estimating effects of
nighttime operations at the proposed Alton Coal Project. The program is
described in general in this chapter. A complete technical description of
the numerical Night Sky Glow Model is given in Appendix A.

NIGHT SKY GLOW MODEL

The Night Sky Glow Model was designed to predict the luminosity of scat-
tered light in the night sky due to the 1ighting of facilities. Such a
model must be capable of predicting the glow in any portion of the sky
under various atmospheric conditions and must be flexible enough to
address any combination of facility sites and viewing points. Because of
the complexity of the equations that describe radiation transfer in the
atmosphere and the large number of calculations that are required, a
numerical (computer) modeling approach was adopted (Yocke et al., 1985).

Primary Scattering

The hemisphere of the sky viewed from a single point on the earth's sur-
face is divided into a number of discrete angles. For this model we
selected 10 degrees as the size of each angle; this represents a compro-
mise between precision and cost of the calculations. Each angle is
divided into a number of elements, the selection of which also represents
a compromise between the cost and precision of the predictions; we selec-
ted 1000 meters as the length of each element. However, both the size of
the angle and the length of each element may be specified by the user at
program run time. By partitioning the sky in this fashion, we have in
effect created a spherical grid encompassing the visible portion of the
sky. The model uses this grid as a framework for its calculation proce-
dures. Exhibit 2-1 illustrates the relationship of the 1ight source to
the observer.
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EXHIBIT 2-1. Relationship of light source and observer for a discrete
spherical sky grid element.



For each grid element, the model performs a series of calculations for
each of a number of wavelength intervals that encompass the visible 1ight
spectrum. For a given wavelength interval and 1ight source, the model
calculates the 1ight intensity attenuation (due to absorption and scatter-
ing by atmospheric gases and particles) and the fraction of the attenuated
1ight in the wavelength interval that is scattered toward the observer by
gases and particles within the grid element. This sequence of calcula-
tions is repeated for every combination of spherical grid element, wave-
length segment, and light source. By following these calculation proce-
dures, the model in effect-is numerically integrating the atmospheric
radiation transfer equation for primary scattering events. The result is
a field of sky luminosity predictions for the entire visible spectrum in
all viewing directions (Exhibit 2-2 illustrates the modeling framework).

To treat an extended area 1ight source, as would exist in the Alton Coal
Project, the source is divided into a number of smaller area sources. A
square grid is laid over the source area, and a 1ight source intensity is
assigned to each grid. The model then treats each of the smaller area
sources as a point source. The calculation procedure described above is
carried out for each combination of sky grid element and 1ight source grid
element.

Multiple Scattering

In the atmosphere several scattering events may occur before a particular
photon reaches the observer's eye. These multiple scattering events
become more important in situations with high surface reflectivity or high
atmospheric aerosol concentrations. In principle, the treatment of
multiple scattering events is a simple extension of the treatment of pri-
mary scattering described above. In practice, however, detailed multiple
scattering calculations are extremely expensive because of the huge num-
bers of scattering events that must be simulated. For this study it was
determined that detailed calculation of multiple scattering could not be
undertaken. However, a simplified treatment of multiple scattering was
devised and implemented within the Sky Glow Model.

In our treatment of multiple scattering, we calculate an approximate value
of the ratio (total scattered 1ight)/(primary scattered light). The cal-
culation incorporates the probability of forward and backward scattering
and the atmospheric aerosol concentration (or visual range, which is
dependent on aerosol concentration) parameters. Hence, the model first
calculates the sky luminosity due to primary scattering using the proce-
dures described earlier, and then applies a multiple scattering algorithm
to calculate the luminosity due to both primary and multiple scattering.
The output of the model is provided in graphic form.

For a complete technical description of the Night Sky Glow Model developed
in this study, the reader is referred to Appendix A.
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3  RESULTS AND DISCUSSION

The models described in the previous section were applied to three viewing
sites within the Bryce Canyon National Park for a scenario typifying years
21 through 25 of the 35-year mine plan. These years of mining represent
full production and include mining at the closest geographic distance to
Bryce Canyon National Park. The viewing sites, in order of increasing
distance from the Industrial Area, are Yovimpa Point (approximately 22
kilometers from industrial site), View Point (approximately 23 kilometers
from industrial site), and Bryce Point (approximately 40 kilometers from
industrial site) (Exhibit 3-1 and Table 3-1). In this section we discuss
the results of those model runs, as well as the results of testing and
evaluation of the Night Sky Glow Model.

TESTING AND EVALUATION OF THE NIGHT SKY GLOW MODEL

To test whether the Night Sky Glow Model operates correctly and generates
reasonable predictions of night sky luminosities (i.e., glow), it is
necessary to evaluate the performance of the model against field measure-
ments of night sky glow. Although considerable data have been collected
at a number of astronomical observatories concerned with "1ight pollu-
tion," very few of these studies were usable for purposes of our study.
Most of these studies were concerned with the night glow resulting from
large urban areas rather than the glow due to smaller sources (i.e., of a
size comparable to the proposed Alton Coal Project). Furthermore, most of
the observatory sites studied in these measurement programs were consider-
ably farther from urban light sources than the Bryce Canyon National Park
is from the proposed coal project. In principle, the Night Sky Glow Model
is capable of treating these situations, but no inventories of existing
light sources were made in these measurement studies, and construction of
such an inventory is beyond the scope of our study. Even if a light
source inventory were available, evaluation of the model using data from
these large urban area studies leaves open the question of the model's
performance over shorter distances and with smaller sources.

The only data we found acceptable for our study were collected by the Lick
Observatory of the University of California. In that study, Walker (1977)

87131p5 2
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TABLE 3-1. Viewing site locations within Bryce Canyon

National Park.

Latitude Longitude

Elevation Distance*

Location (degrees) (degrees) (meters) (km)
Yovimpa Point 37.4728 112.2394 2774 22
View Point 37.4993 112.2540 2743 23
Bryce Point 37.5161 112.1553 2528 40

* Distance from viewing point to Industrial Area.

87131p3 6 10



used a sensitive telephotometer to measure sky brightness values at vari-
ous distances from several cities in California. One of the cities,
Salinas, is fairly isolated (i.e., surrounded by large unpopulated and
unlit areas) and is relatively compact compared to most cities studied.
Its situation is thus more similar to that of the Bryce Canyon-Alton Coal
Project area. Nevertheless, only a limited amount of the sky brightness
data for Salinas was usable--a fixed 45-degree elevation angle above six
viewing locations between 8 and 32 kilometers from the city. These data
are summarized in Table 3-2. The values given in this table are a ratio
of relative brightness, R,, defined as the visible brightness measured at
45 degrees of elevation toward the city minus the visible brightness mea-
sured at 45 degrees of elevation away from the city divided by the back-
ground visible brightness. Walker's study also provided estimates of the
total lumen output by Salinas.

TABLE 3-2. Comparison between predicted and measured sky
brightness for various visual ranges at Salinas, California.

Predicted Values Based on

Distance Measured Background Visual Range
(km) Values 30 km 50 km 70 km
8.0 2.41 4.13 3.17 2.14
10.5 1.91 3.81 2.82 1.94
14.2 - 1.23 0.97 1.02 0.80
18.7 0.68 0.36 0.47 0.41
24.5 0.27 0.12 0.20 0.19
32.2 0.09 0.03 0.07 0.08

For input to the model, we assumed a uniform spatial distribution over the
11g1ts of greater Salinas and the total light output of Salinas (42.31 x
10~ lumens) estimated by Walker (1977). The geographic limits of greater
Salinas were determined by examination of USGS and NOAA maps that inc]ude
an indication of the lighting in populated areas (approximately 32 km“).
We also assumed an average surface reflectivity of 15 percent, which is
probably representative of the Salinas area (Krinov, 1953; Penndorf, 1956;
and Earing and Smith, 1966). Background sky glow (due to starlight and
airglow) was asiumed to be 1.9 x 107" lumens per square meter per
steradian (Im/m“/sr) (Walker, 1970, 1973).

Comparison of observed and predicted brightness ratios provides some
encouragement that the model predicts luminosities that are approximately

87131p5 2
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correct. The tendency of the model to overpredict sky brightness at a
location that is close to the source is probably attributable to a com-
bination of uncertainty about the actual 1ight source distribution and the
particle distribution on the day the data were collected. The sensitivity
test shows a strong response of the brightness ratio to changes in the
visual range. However, the average slope between the distance D = 8 km
and D = 32 km that represents the best fit to the observations for the 50-
kilometer visual range is -2.3. This result agree§ ge11 with Walker's
observation that the data seem to follow a Ry a D7°°7 law. Given the
uncertainty in the 1ight source data as well as other input to the model,
we conclude that the model performance is acceptable and that the model is
appropriate for application to the Bryce Canyon area. However, this
evaluation of the Night Sky Glow Model is by no means comprehensive. The
values provide ratios only, not absolute values; thus further comparison
with observed measurements is needed. A more thorough evaluation of the
model is required if great confidence is to be placed in its predic-
tions.

APPLICATION OF THE NIGHT SKY GLOW MODEL

The model was applied to three atmospheric visual ranges--30 and 391
kilometers, and a case with varying visual ranges as a function of height,
for each combination of viewing point and the years in which the mining
operations are closest to Bryce Canyon National Park. The lower visual
range (30 km) represents an extreme case of highest aerosol concentra-
tion. The higher visual range (391 km) is representative of visibility
associated with absorption and scattering by low concentration of aerosols
(Rayleigh scattering.) The third case represents a typical aerosol
profile of the atmosphere. In all three cases, two particle size
distribution shapes were assumed, one for fine particles and one for
coarse particles. A fine particle size distribution having a geometric
mean diameter of 0.125 um and a geometric standard deviation of 1.6 was
assumed along with coarse particle size distribution with a mean of 3.0 um
and standard deviation of 2.2 (Johnson et al., 1980). The number of
particles described by each of these distributions was calculated from the
assumed visual range (Johnson et al., 1980). In all three cases a uniform
spatial aerosol concentration distribution was assumed within each model
layer. Fugitive dust emissions were not explicitly addressed because
fewer than 10 percent of the emissions from fugitive dust are in the fine
particle mode (EPA, 1981) and should not produce a significant change in
the scattering of 1ight. This scattering, which is due mainly to
suspended fine particulates at high altitudes, is represented in the
distribution described. Furthermore, since fugitive dust is confined to a
thin layer at the bottom of the atmosphere, any increase in the amount of
dust in this thin layer would result in an increased amount of 1ight

87131p5 2
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scattered before reaching the higher layers of the atmosphere, which are
the layers most responsible for the glow dome visible from view points
within Bryce Canyon National Park.

To simulate a more realistic atmosphere, whose aerosol distributions are

a function of altitude, we examined data collected in the southwestern
United States. UII has collected surface visual range data for the

three year period, 1978-1980, at the Bald Knoll site from nephelometer
observations (Exhibit 3-2). These data show that approximately 80 percent
of the time the visual range exceeds 70 km. Thus, we used the 70 km
visual range in the surface layer for the more realistic case. Since very
1ittle data exist for nighttime vertical aerosol distributions, we made
the assumption that daytime conditions occur at night (Latimer et al.,
1978). During the VISTTA study, Herring et al. (1981) found that visual
range generally increased with increasing height. On the most polluted
sampling day, the visual range changed from 70 km at the surface, to 90

km at 1 km, 100 km at 2 km, and 110 km at 3 km. These values plus the

UIT surface visual range values, together with values suggested by the
Handbook of Optics (1978) for hazy conditions above 3 km, were used to
develop a vertical structure profile for scattering coefficients averaged
over the visible wavelengths as shown in Table 3-3.

TABLE 3-3. Vertical structure
profile of scattering coefficients
for typical adverse effects scenario
at Bryce Canyon National Park.

Scattering Visual
Height Coeffiiient Range
)

(km) (km™ (km)
0-1 6 x 10-2 70
foid 4 x 1072 100
37 9 x 103 400
7-20 4 x 1073 1000

In egch model run a natural background sky brightness of 1.9 x 1074
Im/m®/sr was assumed. This brightness level is representative of a moon-
less, clear night sky (Walker, 1970, 1973). The background value is-
simply added to the incremental luminosities predicted by the model and
does not affect the predicted incremental sky-glow impacts. In estimating
the potential for obscuration of visible stars, 3bso1u§e sky-glow levels
only are of concern, and for this case 1.9 x 107" 1m/m“/sr is the most

87131p5 2 13
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appropriate background value because the greatest number of stars are
visible on moonless, clear nights.

The 1ight source locations for the Industrial Area used in the model runs
are provided in Exhibit 3-3. The mining locations shown in Exhibit 1-1
represent the mining operations closest to the park occurring in years 21-
22. Table 3-4 gives the mining equipment 1ighting 1ist and associated
mining location and Industrial Area lighting distribution. These 1light
emission distributions were derived from information provided by UII. The
luminosity estimated by UII was adjusted according to the comments in
Table 3-4a to reflect lighting that would be projected skyward, thus
representing the "uncontrolled" design for a coal project. The
*preliminary design," as intended by UII, is to shield all 1ight emitted
from the coal project operations so that no 1ight escapes directly into
the night sky without first being reflected by the ground. The emitted
1ight spectrum is planned to be characteristic of high-pressure sodium
1ights (HPSV) and halogen lamps (Exhibit 3-4).

Predicted Sky Glow from the Alton Coal Project

The results of the Night Sky Glow Model applications are presented in
graphic form in Exhibits 3-5 through 3-16. Each plot contains the lumi-
nosity contours throughout the entire night sky predicted in one run of
the model. To interpret these plots, the viewer must envision the hemi-
spherical sky visible at night pressed onto a flat plate; he thus obtains
a polar projection (or circular plot) with the observer at the center.
Each point on a polar sky plot then represents one point in the night sky,
or one viewing direction. The center of the polar plot shows the lumi-
nosity predicted at the zenith (directly overhead), whereas the predicted
luminosities at the horizon are shown at the edge of the polar plot for
all azimuthal angles. These figures show the total brightness due to the
mining operations plus the natural background of the sky, which is due to
a combination of the average faint star background (40 percent) and from
the van Rhijn layer (60 percent), which is located at a height of approxi-
mately 130 kilometers above the ground (representing the air-glow emis-
sion) (Roach and Meinel, 1955). As nqted gbove, a natural background sky
brightness average value of 1.9 x 107 °/m/m“/sr was assumed.

Perceptibility of Predicted Sky Glow

In Exhibits 3-5 to 3-16 four shading patterns indicate the degree of per-
ceptibility of the predicted night glow. It should be noted that the per-
ceived brightnesses of the shading patterns do not illustrate for the

15
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TABLE 3-4a. Mining equipment lighting 1ist.

Alton Coal Project Night Sky Effects Study

Lamps

Comments

Stationary Equipment

Dragline

Drill

Light Plant

Shovel

Mobile Equipment

Blade

Dozer

Loader

Truck - Coal

Rock

Water

HPSV/1000 W

HPSV/400 W

HPSV/1000 W

HPSV/1000 W

Halogen/60 W
Halogen/60 W
Halogen/60 W
Halogen/60 W
Halogen/60 W

Halogen/60 W

17 lamps on boom and house, toward ground

2 lamps (gantry, house) angled up approxi-
mately 20-30° from vertical, illumi-
nating boom

lamps horizontal, 2.5 m above ground
lamp vertical, illuminating mast, 3.5 m
above ground

Lol =

4 lamps, angled not more than 45° from
vertical, 8.5 m above ground, illumi-
nating ground

5 lamps

6 lamps
6 lamps (2 are back-up lights)
6 lamps
4 lamps
8 lamps

4 lamps

* A11 are head lamps (or, for dozer, back-up lamps).

87131p5 6
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TABLE 3-4b. Lighting emissions from mining equipment locations for years 21-22. (Cells are 100 m x 100 m.)
Total
Decimal Luminosity Elevation Light
>a Name Latitude Longitude Latitude Longitude Mining Equipment (Tumens) (meters) Source*
PIT K 3721 1.5 112 18 54.8 37.3504 112.3152 Drill 712,800t 2057 1
3721 1.6 112 18 46.6 37.3504 112.3129 Dozer 13,800 2057 2
37 21 1.6 112 18 42.6 37.3504 112.3118 Shovel, coal truck 403,000; 9,200 2057 1,2
3721 1.7 112 18 38.5 37.3505 112.3107 Light plant, loader 743.977t¢t; 13,800 2057 1,2
37 20 58.3 112 18 50.6 37.3495 112.3141 Rock truck 18,400 2057 2
37 20 58.4 112 18 38.5 37.3496 112.3107 Coal truck 9,200 2057 2
37 20 58.5 112 18 34.4 37.3496 112.3096 Coal truck 9,200 2057 2
37 20 55.1 112 18 50.6 37.3486 112.3141 Rock truck 18,400 2057 2
37 20 51.9 112 18 46.5 37.3477 112.3129 Rock truck 18,400 2057 2
o 37 20 51.9 112 18 42.4 37.3477 112.3118 Blade 13,800 2057 2
' 37 20 48.6 112 18 46.4 37.3468 112.3129 Light plant, dozer 743,97744%; 13,800 2057 1,2
37 20 48.7 112 18 42.3 37.3469 112.3117 Light plant, rock truck 743,977**1; 18,400 2057 1,2
37 20 48.7 112 18 34.2 37.3469 112.3095 Coal truck 9,200 2057 2
37 20 45.3 112 18 54.5 37.3459 112.3151 MWater truck, coal truck 9,200 and 9,200 2057 2
AT L 37 19 51.1 112 23 11.4 37.3309 112.3865 Drill 712,800t 2012 1
' 37 19 51.3 112 23 3.2 37.3309 112.3842 Shovel, coal truck, dozer 403,000; 23,000 2012 -
3719 47.9 112 23 7.2 37.3300 112.3853 Coal truck 9,200 2012 2
37 19 41.4 112 23 3.0 37.3282 112.3842 Coal truck 9,200 2012 2
cont inued
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TABL_ E 3-4b. (concluded)

Total
Decimal Luminosity Elevation Light
Areams  Name Latitude Longitude Latitude Longitude Mining Equipment (Tumens) (meters) Source*
PIT | & 37 19 41.5 112 22 59.0 37.3282 112.3831 Blade 13,800 _ 2012 2
cont— Hnued 37 19 33.2 112 23 3.0 37.3273 112.3842 Light plant, dozer 743,977%%; 13,800 2012 1,2
37 19 38.2 112 22 58.9 37.3273 112.3830 Light plant, coal truck 743,977*11; 9,200 2012 1,2
37 19 34,9 112 23 11.1 37.3264 112.3864 Water truck 9,200 2012 2
PIT -J 37 20 34.0 112 20 58.4 37.3428 112.3496 Drill 712,800% 2005 1
37 20 34.1 112 20 46.2 37.3428 112.3462 Rock truck 18,400 2005 2
37 20 34.2 112 20 42.2 37.3428 112.3451 Dozer 13,800 2005 2
37 20 34.2 112 20 38.1 37.3428 112.3439 Dragline 1,063.140n 2005 1
5
AT A 37 23 9.7 112 26 58.2 37.3860 112.4495 Drill 712,800t 2072
37 23 0.0 112 26 58.1 37.3833 112.4495 Dozer 13,800 2072 2
37 22 56.7 112 26 58.0 37.3824 112.4494 Dragline 1,063,1401't 2072
* 1 = High pressure sodium lamps (HPSV).
. 2 = Halogen head lamps.
_ For "preliminary design" 162,000 lumens.
}*1 For "preliminary design" 787,000 lumens.
i For "preliminary design" 323,000 lumens.
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TABLE 3-4c. Alton mining industrial site light
distribution (100 x 100 meter squares).
Center Location Elevation Luminosity
Latitude Longitude (m) (Tumens)
1. 37.376862 112.46912 2082 49,340
2. 37.377485 112.46863 2082 66,820
3. 37.378108 112.46813 2082 23,030
4, 37.378731 112.46763 2082 40,990
5. 37.379354 112.46714 2082 24,860
6 37.376239 112.46863 2082 42,720
7. 37.376862 112.46813 2082 44,340
8 37.377485 112.46763 2082 84,120
9 37.378108 112.46714 2082 32,440
10. 37.378731 112.46664 2082 37,240
11. 37.379354 112.46614 2082 11,800
12. 37.379977 112.46565 2082 4,800
13. 37.380600 112.46515 2082 15,320
14. 37.374933 112.46863 2082 3,240
15. 37.375616 112.46813 2082 39,040
16. 37.376239 112.46763 2082 37,280
17. 37.376862 112.46714 2082 31,440
18. 37.377485 112.46664 2082 74,640
19. 37.378108 112.46614 2082 16,920
20. 37.379354 112.46515 2082 1,400
21. 37.379977 112.46465 2082 111,760
22. 37.380600 112.46416 2082 22,680
23. 37.374370 112.46813 2082 6,480
24. 37.374933 112.46763 2082 59,920
25. 37.375616 112.46714 2082 51,680
26. 37.376239 112.46664 2082 419,760
27. 37.376862 112.46614 2082 538,840
continued
87131p5 6
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TABLE 3-4c. (concluded)
Center Location Elevation Luminosity

Latitude Longitude (m) (Tumens)
28. 37.377485 112.46565 2082 74,520
29. 37.378108 112.46515 2082 57,560
30. 37.378731 112.46465 2082 69,760
31, 37.379354 112.46416 2082 30,024
32. 37.379977 112.46366 2082 32,400
33. 37.37437 112.46714 2082 9,240
34. 37.374933 112.46664 2082 9,760
35. 37.375616 112.46614 2082 8,000
36. 37.376239 112.46565 2082 46,140
37. 37.376862 112.46515 2082 113,140
38. 37.377485 112.46465 2082 46,400
39. 37.378731 112.46366 2082 29,560
40 - 37.379354 112.46316 2082 3,240
41. 37.375616 112.46515 2082 53,980
42, 37.376239 112.46465 2082 168,020
43, 37.376862 112.46416 2082 60,700
44, 37.374933 112.46465 2082 28,860
45, 37.375616 112.46416 2082 31,240
46. 37.376239 112.46366 2082 43,960
47. 37.374370 112.46416 2082 15,360
48. 37.374933 112.46366 2082 5,840
49. 37.375616 112.46316 2082 1,400
50. 37.376239 112.46266 2082 2,200

* AT1 1ights are high pressure sodium lamps.
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23 Not perceptible
% Barely perceptible

Perceptible

Very perceptible

 —

EXHIBIT 3-5. Spatial distribution of sky brightness (10-3 1m/m/sr)
caused by the "uncontrolled" Alton Coal Project as seen from Yovimpa
Point (assumed visual range is 30 km).
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: Not perceptible
% Barely perceptible

Z Perceptible

D Very perceptible

EXHIBIT 3-6. Spatial distribution of sky brightness (10’3 1m/mé/sr)
caused by the "uncontrolled" Alton Coal Project from Yovimpa Point
(background visual range within each layer is 0-1 km--70 km; 1-3 km--

100 km; 3-7 km--400 km; 7-20 km--1000 km).
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Not perceptible
% Barely perceptible

Perceptible

Very perceptible

EXHIBIT 3-7. Spatial distribution of sky brightness (10-3 1m/m/sr)
caused by the "uncontrolled" Alton Coal Project as seen from Yovimpa
Point (assumed visual range is 391 km).
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Not perceptible

% Barely perceptible
Perceptible

Very perceptible

EXHIBIT 3-8. Spatial distribution of sky brightness (1073 1m/mé/sr)
caused by the "uncontrolled" Alton Coal Project as seen from View Point
. (assumed visual range is 30 km),
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Not perceptible
% Barely perceptible
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Very perceptible

EXHIBIT 3-9. Spatial distribution of sky brightness (10-3 1m/m2/sr)
caused by the "uncontrolled" Alton Coal Project as seen from View Point

(background visual range within each layer is 0-1 km--70 km; 1-3 km--

100 km; 3-7 km--400 km; 7-20 km--1000 km).
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EXHIBIT 3-10. Spatia\ distribution sky brightness ( -3 \m/_mZ/sr)
caused the “uncontro\\ed" aiton C 1 project as see fFrom V1ew point
(assumed yisual range 15 1 km).
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Not perceptible
% Barely perceptible
Perceptible

Very perceptible

EXHIBIT 3-11. Spatial distribution of sky brightness (10-3 Tm/mé/sr
caused by the "uncontrolled" Alton Coal Project as seen from Bryce Point

(assumed visual range is 30 km

29



oo

87131

E

1

Not perceptible
Barely perceptible
Perceptible

Very perceptible

EXHIBIT 3-12. Spatial distribution of sky brightness (10-3 Im/m¢/sr) caused
by the "uncontrolled" Alton Coal Project as seen from Bryce Point (background
visual range within each layer is 0-1 km--70 km; 1-3 km--100 km; 3-7 km--

400 km; 7-20 km--1000 km).
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Not perceptible
Barely perceptible
Perceptible

Yery perceptible

EXHIBIT 3-13. Spatial distribution of sky brightness (10-3 I1m/m2/sr)
caused by the "uncontrolled" Alton Coal Project as seen from Bryce Point

(assumed visual range is 391 km).
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Not perceptible

% Barely perceptible

Perceptible

Very perceptible

EXHIBIT 3-15. Spatial distribution of sky brightness (103 1m/mé/sr) caused
by the Alton Coal Project "preliminary design" case as seen from View Point
(background visual range within each layer is 0-1 km--70 km; 1-3 km--100 km;
3-7 km--400 km; 7-20 km--1000 km).
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reader the actual brightness of the sky predicted by the model. The pat-
terns only aid in interpreting the results, and do not represent percepti-
bility of the predicted effects.

The nighttime response of the human visual system has been estimated in
psychophysiological studies. The results of several of these studies are
presented in Exhibits 3-17 through 3-19. From these data it is clear that
the threshold of visual detection (i.e., the minimum amount of light that
can be visually detected) varies considerably among individuals and
depends to a significant extent upon acclimation time and background
lighting. On the basis of the information presented in these figures,

we adopted a threshold of detectability (or the luminosity increment that
is Just bgrely Berceptib]e) for the average human population to be about
0.2 x 107 Im/m“/sr above a background night§1me 55y luminosity. Using 3
these same data, we selected about 0.5 x 107~ 1m/m“/sr and about 0.7 10~
Im/m“/sr to represent, respectively, "perceptible" and "very perceptibie"
luminosity increments. These values correspond roughly to values adopted
by Walker (1970) as the maximum acceptable for a new dark-sky observatory
in California (Walker, 1970).

Exhibits 3-5 through 3-16 show that the predicted night glow associated
with the Alton Coal Project could be perceptible from the three viewing
sites with either visual range for the "uncontrolled" design." For the
"preliminary design" case, the night glow is predicted to be just barely
perceptible from all three viewing sites.

Night glow is caused by 1ight that is scattered back to the observer. The
extent of the night glow "dome"--the portion of the sky above the light
source that typically has a domelike appearance--varies depending on the
distance between the light source and the observer, and the visual range
(the visual range is lower when the aerosol concentration is greater).
Exhibit 3-20 illustrates this relationship between attenuation of the
1ight from the glow dome and the distance from the 1ight source.

When an observer is near a light source (Exhibit 3-20, region 1) in a high
aerosol ("dirty") atmosphere, more light is scattered than in a low aero-
sol ("clean") atmosphere, resulting in the appearance of a brighter glow
dome and a higher peak intensity. This characteristic was predicted for
the 1ight source located within 5 kilometers of Canyonlands National Park
and modeled in the Canyonlands Night Sky Study (1985).

When an observer is located further from the 1light source, attenuation of
the 1ight from the glow dome in the "dirty" atmosphere is greater than
attenuation in the "clean" atmosphere (Exhibit 3-20, region 2). In this
situation the observer sees a higher peak intensity in the "clean" atmo-
sphere because less attenuation occurs between the glow dome and the

87131pS5 2
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EXHIBIT 3-17. The darkness adaptation
function (continuous 1line) of a 1light
adapted subject. The broken lines are
continuations of the separate hypo-
thetical rod and cone functions.
(Source: Padgham and Saunders, 1975)
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EXHIBIT 3-18. Contours of constant
luminosity measured for a range of
background luminances. (Source:
Padgham and Saunders, 1975)
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EXHIBIT 3-20. Apparent glow dome intensity as a function
of distance from light source.
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observer, making the glow appear brighter than in the "dirty" atmo-
sphere. In other words, the glow dome that appears brightest to a close-
in observer in the "dirty" case will appear to be dimmest to the distant
observer in the same case. This characteristic was observed at all three
viewing sites in this study.

Comparison of Night Glow Caused by
Artificial and Natural Light Sources

A comparison of the luminosity of the night sky caused by artificial light
sources with that caused by natural 1ight sources, such as the moon, may
provide the reader with an idea of the significance of the predicted sky-
glow impacts. The average luminosity of the night sky near the horizon on
a clear night when a full moon is at_its zenith (i.e., at its highest
point in the sky) is about 0.09 m/m?/sr (IES, 1981). As seen in Exhibit
3-20, those portions of the sky near the horizon are brightest while those
portions near the zenith are significantly dimmer. The sky is brightest
near the horizon because the atmosphere is the most optically dense,
resulting in more scattering events along the viewer's 1line of sight.

Near the zenith the atmosphere is the least optically dense, resulting in
a lower number of scattering events and a lower brightness level. This
sky brightness pattern may seem contrary to common experience, but recall
that we are interested in assessing the sky brightness, not the direct
luminance of the moon's disk.

If we examine the predicted night glow caused by the Alton goa1 Project,
we find that all portions have luminosities below 0.09 1m/m“/sr. Compari-
son of Exhibit 3-21 with the Alton Coal Project predictions reveals sev-
eral interesting results. The brightest portions of the maximum glow
“domes" predictions for the "preliminary design" case (i.e., the portions
labeled "barely perceptible") and the "uncontrolled" case are well below
the lowest Tuminosity of the glow from a full moon. The predicted spatial
extent of the glow "dome" caused by the Coal Project is much smaller than
the spatial extent of the night glow caused by the moon.

In comparison, the Alton Coal Project's 1ight emissions may occur during
all nighttime hours, while the full moon is only visible approximately
12.5 percent of all nighttime hours (given cloud-free skies). Similarly,
a three-fourths full moon, a half-full moon, and a first-quarter or third-
quarter moon are visible only 18.75 percent, 12.5 percent, and 6.25 per-
cent, respectively, of all nighttime hours. The remaining 50 percent of
the nighttime hours occur when no moon is visible.

For a further comparison of the amount of night glow caused by artificial
1ight sources, the town of Tropic, Utah was modeled (Exhibits 3-22 and

87131p5 2
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D Very perceptible

L‘vc‘\-

EXHIBIT 3-21. Spatial distribution of sky brightness (103 1m/m?/sr)
caused by a full moon at the zenith as seen from Bryce Canyon National
Park. (Source: Van De Hulst, 1980, and RCA, 1974)
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EXHIBIT 3-22. Spatial distribution of sky brightness

Not perceptible
% Barely perceptible

Perceptible

Very perceptible

10'3 1m/m2/sr caused

by Tropic, Utah as seen from Bryce Point based on street lighting inventory
only (background visual range within each layer is 0-1 km--70 km; 1-3 km--100

km; 3-7 km--400 km; 7-20 km--1000 km).

41



3-23). Tropic is located approximately 6.5 km from Bryce Point and was
modeled using two different estimates of the 1ight emission inventory. An
estimate of 1ighting was obtained from Garkane Power Association, which
provided an emission inventory of all street 1ighting for the town. This
represents a lower bound since no additional sources of 1ight (such as
residential and industrial) were included in the inventory. The second

- estimate, based on the relationship found by Walker (1977) between popula-
tion and luminosity, represents an overestimate of the 1ight emissions
from Tropic because Walker's relationship was based on larger cities

(> 1,000 people), which are more industrialized and contain such nighttime
lighting sources as shopping and industrial centers.

Exhibits 3-22 and 3-23 show that a night glow effect due to the town of
Tropic is discernible from Bryce Point. However, the amount of sky glow
discernible (assuming Walker's estimate of luminosity) by a viewer who
noticed just "barely perceptible" effects of increased sky brightness
would be less than about 10 percent of the total sky.

Modeling results show that the Alton Coal Project glow dome for the "pre-
liminary design" will be slightly larger than the dome caused by Tropic
for the years 21-22 when the mining operations are closest to the park.

As viewed from Bryce Point, the areal coverage of the perceptible night
glow from the Alton Coal Project will be approximately 1.3 times that for
Tropic on the basis of Walker's relationship. Additionally, the dome
caused by Tropic is located in the northeast portion of the sky, whereas
the dome due to the Alton Coal Project will be in the southwest portion of
the sky; as a result, the effects from each source should not be
cumulative.

Obscuration of Starlight by Night Glow Caused by the Alton Coal Project

As a result of the perceptible glow "dome" in the night sky, the light
from the proposed coal project that is scattered by the atmosphere may at
times interfere with the viewing of some stars and the Milky Way (Table
3-5). The faintest star visible to the average human is approximately
magnitude six. To ensure that our three background visual range condi-
tions of 30, 70, and 391 km did not obscure the visibility of sixth-magni-
tude stars, we estimated the 1imiting magnitude due solely to low visi-
bility. We decided to analyze the 30-km visual range since it obscures
the sky the most because of the higher aerosol concentration. The degree
to which incoming 1ight is obscured can be roughly estimated through the
use of the visual range formula and the assumption that the intensity of
incoming 1ight decreases exponentially with source intensity. If we
assume that the e-folding distance for the scattering of light is approxi-
mately 8 km and that the visual range throughout the layer is 30 km, then

87131p5 2
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Not perceptible

Barely perceptible

Perceptible

Very perceptible

EXHIBIT 3-23. Spatial distribution of sky brightness 1073 1m/m2/sr) caused
by Tropic, Utah as seen from Bryce Point based on Walker's relationship
between population and luminosity (background visual range within each layer
is 0-1 km--70 km; 1-3 km--100 km; 3-7 km--400 km; 7-20 km--1000 km).
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TABLE 3-5. Stellar magnitude* of selected
stars and planets (Pasachoff, 1977).

Magnitude Name
-12.6 Moon
-4.4 Maximum brightness of Venus
-2.8 Maximum brightness of Mars
-1.4 Sirius
-0.7 Canopus
0.0 Vega
0.9 Aldebaran
+2.5 Polaris (North Star)
+3.7 Andromeda Galaxy (M31)
+5.5 Uranus
+7.8 Neptune

* Stellar magnitude numerically
increases as perceived brightness
decreases.

TABLE 3-6. Number of stars
visible by magnitude for the
entire celestial sphere
(Cambridge University Press,
1985).

Magnitude Number of Stars

|
—

13

71

192
625
1,963
5,606
15,565
21,225
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we could see stars to an approximate limiting magnitude of 6.2. The
visual range would have to be about 25 km before the sixth-magnitude stars
would no longer be visible.

Altogether there are about 8500 stars in the sky bright enough to be seen
with the naked eye under excellent observing conditions. Of these 8500,
approximately 5600 are sixth-magnitude stars that are scattered across the
entire sky dome (Table 3-6). Thus, sixth-magnitude stars are as likely to
be found near the horizon as near the zenith. The Milky Way, which
typically extends from one horizon to the other, is usually only visible
when sixth-magnitude stars are visible.

Using the formula developed by Weaver (1947) to calculate the limiting
magnitudes of stars that can just be seen gy theznaked eye, we found that
if the Tuminosity were to exceed 0.5 x 107~ 1m/m“/sr, sixth-magnitude
stars would no longer be visible. Referring to Exhibits 3-5 through 3-16,
it is apparent that in areas labeled perceptible, some of the predicted
sky glow exceeds the lumiosity level that would obscure sixth-magnitude
stars. Exhibits 3-6, 3-9, and 3-12 represent maximum-effects scenarios
for the "uncontrolled" case of the Alton Coal Project. These exhibits
show that luminosity levels capable of obscuring sixth-magnitude stars
occur at both Yovimpa and View Point and could cover up to 2 percent of
the sky. Exhibits 3-14 through 3-16 represent maximum-effects scenarios
for the "preliminary design" case of the Alton Coal Project. These
exhibits show that luminosity levels capable of obscuring sixth-magnitude
stars occur only at Yovimpa Point and account for less than 1 percent of
the sky, and that the "preliminary design" case decreases the peak
intensity from each viewing point by 33 percent over the "uncontrolled"
case. As an approximation, those areas in the plots produced by the Night
Sky Glow Model that are labeled "perceptible" and "very perceptible" glow
could obscure some sixth-magnitude stars and portions of the Milky Way.
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4  SUMMARY AND CONCLUSIONS

This study was performed to estimate the night sky glow that might result
from nighttime mining operations of the proposed Alton Coal Project. The
study comprised the following work:

Enhancement of an existing mathematical model of atmospheric optics
to predict the nighttime sky-glow effects of the proposed Alton Coal
Project.

Evaluation of the Night Sky Glow Model's prediction performance to
the extent possible with existing data.

Application of the Night Sky Glow Model to the Alton Coal Project
viewed from three points within Bryce Canyon National Park and for
two lighting scenarios at the Alton Coal Project.

Estimation of the potential for normal perception of the calculated
night glow and the potential of the night glow to obscure starlight.

The Night Sky Glow Model was successfully tested with measurements taken
at Salinas, California. Although the evaluation of the model's per-
formance was by no means comprehensive, the test results agreed well with
the 1imited amount of night-glow measurements available. A summary of the
results of the study is given below.

SUMMARY OF RESULTS

When applied to the 1ight emission of the proposed Alton Coal Project

for a mining scenario during years 21 and 22 of the projected 35-year
mine, the Night Sky Glow Model predicts sky luminosities that could be
perceptible from Yovimpa and View Point and to a lesser degree from Bryce
Point. The size and character of the night-glow "dome" depend on the
viewing site and its local topographic and natural surroundings, the atmo-
spheric aerosol distribution and characteristics, and the visual range.

For the typical distances between the 1ight source and observer considered
in this study, the observer sees a higher peak intensity in a "clean"
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atmosphere because less attenuation of 1ight occurs between the glow dome
and the observer, making the glow appear brighter than in the "dirty"
atmosphere. The extent of the night-glow "dome" was found to be slightly
larger in a polluted atmosphere than in a "clean" atmosphere because there
are more light-scattering events in the "dirty" atmosphere.

Night glow caused by moonlight was compared to night glow predicted to
occur as a result of the Alton Coal Project. It appears that the
brightest portion of the glow "domes" due to the proposed coal project
under the "preliminary design" and "uncontrolled" case for the years 21-
22, when the mining operations are closest to the park, would be well
below the lowest luminosity of the sky glow associated with a full moon at
its zenith. It also appears that those areas in the Night Sky Glow Model
plots that are marked “"perceptible" and “very perceptible" could obscure
sixth-magnitude stars and the Milky Way.

CONCLUSIONS
The following conclusions can be drawn from this study:

During years of maximum production in areas approaching the eastern
permit area boundary, the proposed Alton Coal Project under "uncon-
trolled" 1ighting conditions may cause a perceptible night glow and
obscure a portion of the sixth-magnitude stars and Milky Way from
both Yovimpa Point and View Point and, to a lesser extent, from Bryce
Point. However, for the "preliminary design" condition only Yovimpa
Point would have sufficient luminosity levels to obscure sixth-
magnitude stars.

Model results show that the Alton Coal Project may cause a glow dome
larger than the currently perceivable dome originating from the city
of Tropic. The effects of the glow dome from the Alton Coal Project
and the city of Tropic are not expected to be cumulative. However,
the Alton Coal Project glow dome could be visible up to 50 percent of
the nighttime hours; during the remaining time, 1ight from the moon
would overwhelm the 1ight emissions from the Alton Coal Project.

We have performed only limited evaluation of predictions of the model
developed and used in this study. More comprehensive evaluation of the
model is required before great confidence can be placed in its predic-
tions.
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Appendix A

TECHNICAL DESCRIPTION OF THE NIGHT SKY GLOW MODEL

The Night Sky Glow model is a computer model that solves the radiative
transfer equation in the atmosphere using an iterative procedure. The
model is capable of having from 1 to 5 vertical layers, each of which may
have a unique aerosol distribution. The depth of the atmosphere extends
to 200 km in all directions from the observer's point of view. The model
corrects for the earth's curvature and obeys Lambert's law of reflection
for incident surface lighting. According to Lambert's law, a fraction of
the total radiant energy flux incident on the surface is reflected iso-
tropically, independent of the distribution of the incident energy.

The model treats illumination from a single or a clustered set of 1light
sources located at known distance and azimuthal angle from the observer.
The observer is assumed to be standing at the center of the model domain
and looking up into the sky hemisphere (Exhibit A-1). At any given point
in the atmosphere along the observer's sight path, the change in spectral
1ight intensity or spectral radiance I(») as a function of distance (neg-
lecting multiple scattering) can be calculated as follows:

e R CVHEVIEES - SN (VL OV (A-1)

where

r = the distance (km) along the sight path from the point (8,s
to the observer
p(r,0) = the scattering dlstribution or phase function for scatter-
ing angle o (sr™°)
the flux (Im/um) from the source
scat the scattering coefficient, which is the sum of the Ray-
leight scattering (due to air mo1eiu1es), bR, and the scat-
tering due to particles, bsp: (km™%)

w
non
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EXHIBIT-A-1. Schematic diagram of numerical sky glow
modeling framework.
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bo gt () = bp(x) + bsp(x) A (A-2)

where
baxt = the sum of.tﬁe scattering cgifficient, bgcats and absorp-
tion coefficient, bgpe: (km™7), and
bext () = Bgcat (M) + byp (W) (A-3)
where
@ = scattering angle (radians)
g = 2zenith angle (radians)
§ = azimuth angle (radians).

On the right side of Equation A-1, the first term represents 1light
absorbed or scattered out of the 1line of sight; the second term represents
light scattered into the line of sight. The values of bg.,+ and by, can
be evaluated if the aerosol and NO, concentrations and such characteris-
tics as the refractive index and the size distribution of the aerosol are
known. Except in the cleanest atmospheres, bg.a+ is dominated by bS s
also, unless soot is present, b,,. is dominated by the absorption coeffi-
cient due to NO,. Scattering and absorption are wavelength-dependent, and
effects are greatest at the blue end (» = 0.4 uym) of the visible spectrum
(0.36 < A < 0.75 um). The Rayleigh scattering coefficient bg is propor-
tional to A~M; the scattering coefficient caused by particles is generally
proportional to A", where 0 < n < 4. Also, NO, absorption is greatest at
the blue end. This wavelength dependence causes the discoloration of the
atmosphere.

Equation A-1 can be rewritten as follows:

Ty, = 22 b () Fo(ar =B ()T (ar+ T, (A-4)

where Ar represents an elemental distance. Thus the total light incident
on the observer can be estimated through an iterative procedure. For
example, at a given wavelength i, the light intensity at each elemental
distance of 1 km beginning 50 km away from the observer can be calculated
as follows:

P(x,040)
r =50 km, Igg(x) = —7— b, ,+(}) FSSO(A)
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P(x,0,q)
r= 49 km, Ipg(r) = —f—2 b cqr () Fs4g(x) - b () Tig(h) + Tg(x)
P(x,0),4q)
r= 48 km, Ig7(0) = —g— b () F )~ ext(Mlag(1) + Tgg(3)
: P(r,04)
r=1km, I,(x) = "_3?_1_ bscat(x)Fsl(x) - beyt (MI1(2) + 1,(3)

The individual intensity values are accumulated into the Io(x) step.
Estimates of the light flux (Fg) from the source are based on the spectral
distribution; intensity of the source, which depends upon the amount of
light that reaches the scattering point and is attenuated by a 21R% term
(where R is the distance from the source to the scattering point) (EXHIBIT
A-1); the exponential decrease with distance along the path .length R due
to absorption and scattering; and the fraction of the radiant energy that
is reflected skyward.

Multiple Scattering

Thus far only primary scattering has been considered in the model. To
account for multiple scattering, we make a rough approximation of the
ratio R(x) defined by R(x) = (MS(x) + I (x))/I5(x) =1+ MS(x)/IQ(x),
where I (1) is the amount of 1light that reaches the ground by primary
scattering, and MS(») is the amount reaching the ground by multiple
scattering. That is, we approximate the ratio R = (1ight reaching ground
by either primary or multiple scattering)/(1ight reaching ground by
primary scattering). After the model calculates I (1), by integrating the
radiative transfer equation, Io(x) is multiplied by R(x).

R(x) is found by calculating separately, for each ray of light that leaves
the source, how much of that ray reaches the ground by primary scattering
and how much reaches the ground by multiple scattering. To perform the
calculations, the following simplifying assumptions and approximations are
made:

The amount of light that scatters more than twice is negligible. The
approximation could be extended to include the effects of three or
more scatters; however, under the circumstances considered here (in
particular, when the atmosphere is relatively clean and bScat is
small), one does not expect those effects to be significant.

87131 3
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The amount of 1light that "bounces" back to the ground, i.e., that
scatters to the ground, is reflected back into the atmosphere, scat-
ters back to the ground, etc., is negligible. The approximation
could be extended to include the effects of bouncing, but these
effects are small.

The atmosphere does not absorb radiation. The approximation could be
extended to include the effects of absorption, but again, these
effects are small.

The source consists of a collection of point sources, each of which

emits photons isotropically (this assumption is present throughout
the entire night-glow model).

The final, and key, assumption involves the scattering phase functions,
P(r,8). From equations or graphs of these phase functions, one can esti-
mate, for a given wavelength, the fraction a(r) of the 1ight that scatters
into a forward direction (see Exhibit A-2) (Brunberger et al., 1968). The
figure, which illustrates the general behavior of the phase functions for
both Mie and Rayleigh scattering, shows that, as wavelength decreases,
forward scattering of the 1ight becomes more pronounced--in particular, a
increases. The range of o« is approximately 0.5 to 0.8 for the wavelengths
of interest in this study. Thus if a photon of light is scattered, after
emission from the source into the night sky, it tends to continue in a
direction that takes it out of the atmosphere rather than back to the
ground. Furthermore, there is a tendency for photons of light to scatter
into roughly the same direction as they were going before the scattering
occurred--"skyward" if they were already travelling skyward, and "ground-
ward" if they were already travelling groundward. This tendency is
formalized and exaggerated in the final assumption that is made in the
approximation used to calculate R(x):

When a photon of wavelength A is scattered, there is a probability
a(r) that the scattered photon will keep going in the same direction
(i.e., the scattering angle will be 0), and a probability (1 - a)
that the photon will reverse direction. (While this exaggeration
would not be appropriate in looking for effects that are sensitive to
angle, it is used here in a calculation in which the only concerns
about a photon emitted into the night sky are whether it returns to
the ground, and whether the return is by multiple or primary scatter-
ing.)

To calculate the approximation for R(x), we first calculate an approxima-
tion for R(1,8), where g is the zenith angle. R(x,8) is then averaged
over angle, to give R(x). Calculation of R(xr,8) begins by the considera-
tion of any ray (any collection of photons, all of the same wavelength and

8B7131p2 3
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Paorticle size is smaller
then one-tenth the
wevelongth of light

Porticle size is
approsimately
eng - lourth the
uwavelongth
of light

Porticle size is
farger then the
wevelengih

of light

(d) MIE SCATTERING

EXHIBIT A-2. Scattering of electromagnetic
radiation. (a) Rayleigh scattering.

(b) Mie scattering. Adapted with permission
from H. Brunberger, R. S. Stein, and

R. Powell, Light Scattering: Science and Technology,
p. 38 (1968).

871 31



3

all travelling in the same direction) that leaves the source. The
intensity of the ray is I(x,8). By assumption, all of the photons in this
ray remain on the straight line determined by r, either escaping the atmo-
sphere (after 0, 1, or 2 scatters), or arriving at the surface (after 1 or
2 scatters).

The ray is viewed as a collection of distinct components, some of which
reach the ground, and others of which escape the atmosphere. These dif-
ferent components are illustrated in Exhibit A-3. Those reaching the
ground are called Iy, Iq4, and I,4 (d = down, and u = up):

I4 is the component of the ray that arrives at the surface after one
scatter, i.e., Id is the collection of photons in the ray which,
after one scatter, reverse their initial direction and reach the
ground without further scattering;

Idd is the component of the ray that arrives at the surface after two
scatters, both downward; and

Iud is the component of the ray that arrives at the surface after two
scatters, the first upward and the second downward.

Components of I that leave the atmosphere (e.g., I,, the collection of
photons in the ray that leave the atmosphere after an upward scatter) are
not of interest here, and we ignore them, as well as the components
involving three or more scatters.
Under the current set of assumptions, the ratio R(ix,g) is given by

R(X,B) = (Id a Idd + IUd)/Id' (A-5)

Each of the quantities Id, Idd' and Iud can be found by directly integrat-
ing the radiative transfer equation.

The results are

1 B
Iy =3 a I(1-e?™) (A-6)
Iug = 3 a(l - @)1} - €27 (re + 3] (A-7)
and
1 P
Igg = 3 a(l - a)I[3 - e %™ (wa + 1] = I, (A-8)
87131p2 3
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Ia I44

EXHIBIT A-3. The ray I may be viewed as the sum of different
cemponents, of which I4,I443. and Iy are used in the calcula-

tion of R (@ indicates a scattering; the arrows indicate the
direction of the scattering).
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where t_(x,8) is the optical depth through the atmosphere in the direction
g at wavelength . The vertical value of t_(1,8), i.e., t_(1,0), is
called t,(1); in the current model (or in any model in which the atmo-
sphere is horizontally stratified), t,()) and t_(),8) are related by

1.(2,8) = 1,(1)/cos(8). (A-9)

Substituting the expressions for I, I 4, and I 4 into Equation (A-5)
gives

R=1+ ZIud/Id =

1+ 2a(0)(F - €8 (e + D)I/(L - & - 2ta) . (A-10)

Equation (A-10) shows R as a function of A and t_. Since r_ is a function
of 8 (by Equation A-9), R also may be viewed as a function of A and B8,
i.e., R = R(2,8).

R(r,8) is now averaged over all angles, to give an expression R(1), which
depends only on wavelength. The result is

R(A) = 1 +a - 2at, f-Zrm—l% 4o o (A-11)
g e -1

The integral is calculated numerically. As would be expected, R(1)
approaches 1, as 1, approaches 0.

Thus for each I_(A) calculated from Equation A-4 for primary scattering,
we can calculate the total diffuse term by applying this factor for
multiple scattering.

The light intensities at each 0.01 um wavelength interval are summed over
the visible spectrum to arrive at the total radiance reaching the observer
from the source.

To exercise the model within reasonable cost, assumptions are made to
reduce computational efforts. Calculations are made at azimuthal angles
from O to 360° and at zenith angles from 0 to 90° every 10° increment.
However, this procedure can be altered by the user if a more refined solu-
tion is desired.

87131 3
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Calculation of Scattering and Absorption Properties

In general, a particle's ability to scatter and absorb radiation at a
particular frequency is a function of size, composition, shape, and rela-
tive humidity. To alter the size distribution of both primary and secon-
dary particles, it is necessary to compute the effect of particle size on
the wavelength dependence of the extinction coefficient and the scattering
distribution function.

For a sphere of uniform refractive index, it is possible to obtain a
closed-form solution to Maxwell's equations. This solution, known as the
Mie equations, enables calculation of the scattering and absorption of
light at a particular wavelength for a particle given its size and refrac-
tive index. Computer programs for this computation are readily available
(Dave, 1970; Hansen and Travis, 1974). For these calculations, the IBM
computer program DAMIE (Dave, 1970) was incorporated into the Night Sky
Glow Model.

The difficulty encountered in using these calculations for particle scat-
tering in the atmosphere is that most of the particles are not spheres,
and they are of mixed composition. Concern over the applicability of
these calculations to particles in the real atmosphere has prompted much
discussion. The salient points of this controversy are as follows:

The Mie equations are essentially the only way of computing the
effect of particle size and index of refraction on scattering and
absorption.

Regardless of the degree of non-sphericity and mixed composition, the
particles can be considered to have an effective radius and an effec-
tive index of refraction. These effective values are determined by
comparing calculations with observed scattering and absorption
(Bergstrom and Peterson, 1977).

To describe a particle's interaction with light, one must know its scat-

tering coefficient, absorption coefficient, and scattering distribution.

The scattering coefficient, bg.sts 1S @ measure of the particle's ability
to intercept 1ight and to redirect it. The absorption coefficient, bgy¢,
is a measure of the particle's ability to absorb 1ight. The description

of the probability of the redirection of the scattered 1light into a par-

ticular o is called the scattering distribution function (or phase func-

tion).

87131 3
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The scattering coefficient for a single particle is defined as:
2

bScat = qr Qscat(x,r,n) s (A-12)
where
r = the radius of the particle
QScat = the scattering efficiency factor computed from the Mie
equations
A» = the wavelength
n = the index of refraction.

The absorption coefficient is similarly defined as:

b.. . = wrlQ., (x,r.i) (A-13)

abs abs

where Qabs is the absorption efficiency factor. The sum of the scattering
and absorption coefficients is called the extinction coefficient, bext'
Where there are many particles of different sizes in a particular volume
element, the total scattering and extinction coefficient is simply the
integral over size:

_ .2
baxt ‘_/g " (Qgeqat * QgpgIn(r) dr

=’/(; Qext S(Y‘) dr ,

where n(r) is the number distribution (number of particles per radius
interval) and s(r) is the surface area distribution equal to nrzn(r). The
scattering distribution function p(e) is written:

(A-14)

2 r '
p(o) = 5= _/; 71 (o) + i|(e) n(r) dr , (A-15)

scat

where i and il are the intensity of parallel and perpendicularly

polarized scattering radiation, respectively (computed from the Mie
equations). EXHIBIT A-4 shows phase functions for various particle size
distributions.

The scattering and extinction coefficients are usually expressed per unit
mass, M (aerosol density, ug/m”). The quantity for a single particle is
thus:

87131 3
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Phase Function at A = 0.55 um
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EXHIBIT A-5. Extinction and absorption per unit mass as a function
of particle radius for four different refractive indices at a solar
wavelength of 0.55 ym. (Source: Bergstrom, 1973)
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=4

bext i Qext(an/x, n) (A-16)
i (4/3) or
and for many particles,
b _/.m rZQ n(r) dr fm Q s(r) dr
ext 0o " ext 0 ‘ext
= = o (A-17)
M pVT

(4/3)0 fw nr3n(r) dr
0
where Vg is a unit volume.

The curve of Equation A-17 for A = 0.55 um and various indices of refrac-
tion is shown in EXHIBITA-5. As shown in this figure, the function
approaches zero as r - 0 (for nonabsorbing particles) or r - =. The scat-
tering-to-mass ratio goes through a maximum, indicating that on a per-mass
basis, particles with radius < 0.3 um are much more effective 1ight scat-
terers than are larger or smaller particles.

For large particles (2xr/x > 3), Qe + 2, , and the function becomes
(3/2)(1/or), so that a particle at Tﬁ um is approximately 10 times less
effective in scattering per unit mass than a particle of 1 um. Therefore,
if a small percentage of the total mass is in the range of maximum effec-
tiveness, it will dominate the 1ight scattering. This fact explains why
sulfates and other secondary aerosols that contribute only a small part of
the total mass dominate the 1ight scattering.

A-14
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Appendix B

NIGHT SKY GLOW MODEL LISTING AND SAMPLE INPUT
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B.1  SKYBAC

SKYBAC - Sample Input
SKYBAC - Source Code
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PROGRAM SKYBACK

PROGRAM SKYBACK

*hh

*aw
char

LR &

REAL

COMMON/BCKGND/ ELEV,RVAMB,ACCAMB,AMBNO2 ,RH,ROVA,ROVC,ROVS ,ROVP,

1SIGA,
2,DEN
COMM
1PDUM
COMM
1PAER
2,PCA
3 ABS
4,GBA
COMM
1X2(3
COMM

Prepares background radiative properties for the
skyglow program

Prepared by Systems Application, Inc.

101 Lucas Valley Road
San Rafael, CA 94903

Most of the code is extracted from the PLUVUE program

Reference: C. Seigneur, et al (1983) "User's Manual for
Plume Visibility Model (PLUVUE 11)." Systems
Applications, Inc. SYSAPP-83/221

Coded by G.W. Lundberg/SAl June 1987

for input filename
acter*30 fname

common blocks used by INRAD
LAMB

SIGC,S1GS,S1GP,HPBL, lREAD CORAMB AMBN03 AHBSOd iNTYP
A OINC DENP D[NS ROVCAR SlGCAR DENCAR AMBCAR

ON/NIESCI/ROG.SIGMA.NLAMB.LAMB(ZO).JX.IT.IT(ZOO).DUM(ZO).

20.50).0UMA(20).ouu0620)

N/RADPRP/BTA504(39 LBTACOR 39).BTAPRM§39).BTAAER(39).
&39 ,36),PPRIM(39,36),PS04(39,36),PCOR(39,36) BTABAC(JQ)

(39,36) ,ABSCAR(39),BTACAR(39),AB5504 39& LABSCOR
PRM(39),G504 39),ucoa(39) GPRM(39),GCAR(39),GAER 39

€(39), PBALé 6;
ON 4 0P10E A 011539 TATMIZ 39).TATOHZ(39).X1(39).
9),TAUTD |(39 AUTOD XHD I ( ) XHO

1,NIHETA RFR,RFI
COMMON/INDREF/RFRSO4 RF1S04 ,RFRCOR,RFICOR,RFRPRM,RFIPRM

1,RFR

LR B3
hpbl
* A A

call
if (

else

endi

LA

read
open

CAR,RFICAR

set hgb] for inrad

check for filename on command line

getarg (2,fname)
fname .eq. ' ') then
call dialog

open (B,file=fname,status='o0ld"')
f

read output filename and open
éﬂ.'(a)') fname
7.f11e=Tname,form="unformatted')

9
ON/ MISC/ AB NO?(JQ).SOLAR(JQ) RAD FORéIN.OMZ(JQ),OHH(JQ)
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PROGRAM SKYBACK

*** get input for this background
read 8.'; intyp
read (8,*) rh,coramb,ambsod4,ambnol,ambno2,03amb
if (intyp .eq. 2) then
rvamb = ambsod
endif

*** get mean source elevation
read (8,*) elev

*** convert relative humidity to a fraction
rh = rh/100.0

read (8,*) rova,rovc

read (B8,*) siga,sigc

read (8,*) dena,denc

read (8,* rovcar.si car,dencar,fractc,ambcar
read (8,*) rfrsod,rfisod,rfrcor,rficor

vread (8,*) rfrcar,rficar

*** let user know whats happening
print *, '...working--this will take a minute or two'

“** jnrad does all the work
call inrad (dummy)

*** save for albedo
write (7) ambno2,pbac,btabac

print *, '...radiative properties calculated--saved in '//fname
stop '...all done'
end

SUBROUTINE INRAD(ZENITH)

CALCULATE OPTICAL PROPERTIES OF BACKGROUND ATMOSPHERE AND FOUR
AEROSUL MODES

REAL LAMB

COMMON/BCKGND/ ELEV,RVAMB,ACCAMB,AMBNO2 ,RH,ROVA,ROVC,ROVS,ROVP,
1S16A,S1GC,SIGS,S1GP,HPBL, IREAD.CORAMB.AMBN03.AMBSO4.INTYP
2,DENA,DENC,DENP, DLNS.ROVCAR.SIGCAR.D[NCAR.AHBCAR

COHMON/MI[SLTﬁROb ,SIGMA, NIAMB LAMB(20) ,JX,1T,TT(200),DUM(20),

IPDUMBZO 50 MA 20).DUMGé

COMMON/RADPRP/BTAS04(39 TACOR639) +BTAPRM(39),BTAAER(39),
1PAER§39 ,36),PPRIM(39,36),PS04 36),PCOR(39, 36) BTAB C(39)
2,PCAR(39,36),ABSC R(39).BIACA 839) ABSSO4 39 ABSCOR

3 ABSPRM 392 GSO4$39).GCOR(39) PRM(39),GCAR( 9) GAER
4,GBAC(39),PBAC(3 6%

COMMON { OPTDEP { TATOI 1§39 ,TATHI2(39), TATOHZ(JQ) X1(39),
1X2(39),TAUTODI (39 AUTOD LXHDI(39), XHOD

COMMUN/ MISC/ ABSNO’(JQ) SOLAR(39).RAD,FOR lN,OMZ(JQ).OMH(}Q)
l.NIHElA RER (RF 1
UMMUN/INDRFF/RFRSOQ,RF|SOG.RFRCOR.RFICOR,RFRPRM,RFIPRM
1,RERCAR,REILAR
OMMUN/DIF I/rLuxuP(39),01F1DN(39,21,41),DIFIUP(39,21,41)
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PROGRAM SKYBA

DIMENSION YMU

2sunr(39) 61

C*** GENERATE THE BSCAT TO MASS RATIOS AND THE PHASE FUNCTIONS

DIMENSTON DUM
DIMENSION COE
DIMENSION WIN
DIMENSION 0SU
DIMENSION SPE
DATA WINK / O
DATA D / 0.,0
C DATA YMU/1.0,
DATA YMU/1.0,
20.45,0.40,0.3
C DATA XAZ2/0..1
DATA XAZ/0.,9
2126.,135.,144
IREAD = 0
THOPI = 2.*3,
FORPI = 2.*THW
FORPIN = 1./F
SQRTPI = SQRT
SQR2P1 = SQRT
HR = 9.8
HA=3.5
CONR = SQRT(2.
CUNA = SQRT(2.
PARMA = CONA*
PARMR = CONR*
DX = SQRT(2.*
on = DX/CONR
= DX/CONA
Coee COMPUTE THE B
t'iﬁfi
c.l'.t
c"'..
C.ﬁiii
C*** ACCUMULATION
Ctiii'
ROG = ROVA
SIGMA = SIGA
RFR = RFRSO4
RFI = RFISO04
D0 51 = 1,39
5 DUMP(1) = 0.3
IF(IREAD.EQ.1
CALL BSIZE
C WRITE(6,6677)
(6677 |uRMAr5/.2x.'
GO TO 250
210 READ(5,1100)
D0 23071 = 1,
220 READ(5,1200)
250 CONTINUE
110U FOKRMAT(9F7.4)
1200 TORMAT(7E11.4
CALL SPLNA (N

CK

JDIFRON(9,21,41),D1FRUP(9,21,41)
21) ,XAZ(21),
) ,PPLM(39,36),SPECBI(39),SPECBU(39)
P(a1 .032)
F 57§,u 57{
K 9&.R[L(9
4(39),0C0R(39),0CAR(39),0AER(39)
CRU(39).SP[CR1§3 )
s 0.03, 0.05, 0.1, 0.18 , 0.3 ,
0.9,0.8,0.7,0.6,0.5,0.4,0.3,0.2,0.1,
0.95,0.9.0.85,0.8,0.75,0.7,0.65.0.6.,
5.0.30,0.25,0.20,0.15,0.10.0.05,0.0/
8.,36.,54.,72.,90.,108.,126.,144.,16
..18.,27..36.,45.,54.,63.,72.,81..90
J153.,162.,171..180./
141596
0PI
ORPI
(3.141596)
PI*SQRT(2.)
*6356. *HR
*6356. *HA
SQRTPI*0.5
SQRTP10.5

6356.*HPBL)

ACKGROUND RADIATIVE PROPERTIES

MODE

6 + 0.01*FLOAT(I)
) 60 T0 210

TEST FOR CALL TO BSI2E',/)
0Dun(l).lzl.NLAMB)
UM(1,d),J=1,NTHETA)

AMB ,LAMB,DUM,2,D,COEF ,W)

0.5,0.75

I

/
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i3
14
12

15

18

——
ow WO

50

1
150

152
153

151

2+C0t

(0..0‘

R EE SR
C

c.l..ﬂ
ci"
ci‘...

(6678
310

PROGRAM SKYBACK

D0 12 1 = 1,39
X = ounp(n;
D0 13 J = 2, NLAMB
IF(X.LE.LAMB(J)) GO TO 14
Q = LAMB(J) - LAMB(J-1
l = { LAHB}J-I)%/
BTAS 431) :i( “COEF(3%J-3)+COEF(3*0-4))*Z+COEF(3%J-5))*2+DUM(JI-1)
DO 10 JT = 1,NTHETA
DO 15 I = 1,NLAMB
nun(lg = PDUM(1.JT)
CALL SPLNA (NLAMB,LAMB,DUM,2,D,COEF,W)
00 17 1 = 1,39
X = DUMP(l%
D0 18 J = 2,NLAMB
1F(X.LE.LAMB(J)) GO TO 19
Q = LAMB(J) - LAHB(J 1)
L = (X - LAMB(J-1))/Q
PSOA(1,JT) =((Z*COEF(3%J-3)+COEF(3*J-4))*Z+COEF(3*J-5))*2+DUM(J-1)
CONT INUE
DO 50 1=1,NLAMB
oun(|g=ouna(|)
CALL PLNASN AMB,LAMB,DUM,2,D,COEF,W)
DO 53 I=1,39
x=ounp$|)
DO 52 J=2,NLAMB
IF(X.LE. LAMBSJ);GO T0 51
?=LAH () -LAMB(
= MB(J-1))/Q
DUABJ5?§(|) ((Z‘CO[F(J'J 3)+COEF(3%J-4))*2Z+COEF (3*J-5))*2+
M

DO 150 I=1,NLAMB

oun(1g=ounc(|)

CALL SPLNA(NLAMB,LAMB,DUM,2,D,COEF,W)
DO 151 I=1,39

X=DUMP (1)

D0 152 J=2 ,NLAMB

IF(X.LE.LAMB(J)) GO TO 153

Q=LAMB J& LAMB(J 1)

GS(Sx \ l'C 3{93'J 3)+COEF(3*J-4))*2
é 5 3 ))*Z+DU }

COARSE PARTICLE MODE

ROG = ROVC

SIGMA = SI1GC

RFR=RFRCOR

RFI=RFICOR

IF(IREAD.EQ.1) GO TO 310

CALL BSIZE

WRITE(6,60678)

FORMAT(/,2X,'TEST2 FOR CALL TO BSIZE',/)
GU o 350

READ(S5,1100) ( DUM(T),I=1,NLAMB)
DO 320 1 = 1,NLAMB
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320

350

23

22

25

28

60

62
61

63
160

162
163

PROGRAM SKYBACK

READ(5,1200) (PDUM(1,J),J=1,NTHETA)
CONTINUE

CALL SPLNA (NLAMB,LAMB,DUM,2,D,COEF,W)
00 22 1 = 1,39

X = DUMP(1)

DO 23 J = 2,NLAMB

IF(X.LE.LAMB(J)) GO TO 24

Q = LAMB(J) - LAMB(J 1)

Z = (X - LAMB(

BTAC Sl) —{(z'cozr(3-J 3)+COEF(3*J-4))*Z+COEF (3%J-5))*2+DUM(J-1)
D0 20 NTH

DO 25 I = 1,NLAMB

oun(lg = POUM(1,JT)

CALL SPLNA (NLAMB,LAMB,DUM,2,D,COEF,W)

DO 27 1 = 1,39

X = DUMP(I;

DO 28 J = 2,NLAMB

IF(X.LE.LAMB(J)) GO TO 29

2

Q = LAMB(J) - LAMB(J-1)
7 = (X - LAMB(J-1))/
PCOR(1,JT) =((2*COEF(3%J-3)+COEF(3*0-4))*Z+COEF(3*J-5))*2+DUM(J-1)
CONTINUE
DO 60 I=1,NLAMB
oun(lg=ounA(|)
CALL SPLNA(NLAMB,LAMB,DUM,2,0,COEF, W)
D0 63 I=1,39
x=ounp5|3
00 62 J=2,NLAMB
IF(X.LE.LAMB(J))GO TO 61
Q=LAMBAJ)—LAMB(J-])
7=(X-L nséa‘lg)/o
ABSCOR(1)=((2*COEF(3*J-3)+COEF(3%J-4))*Z+COEF(3*J-5))*Z+DUM(J-1)
D0 160 I-I,NLAMB
Duu(lg UMG( 1)
CALL PLNA(NLAMB,LAMB.DUH,Z.D.COEF.H)
D0 161 1=1,39
X=DUMP (1)
DO 162 J=2,NLAMB
IF(X.LE.LAMB(J)) GO TO 163
Q=LAMB(J LAMB(J 1)
=(X-LAM 1))/
161 GCOR(I)= z'cocr 3%0-3)+COEF (3%J-4))*2
2+COEF (3%)-5))*Z+DUM(J-1]

alnliatalalal

CBGBO

OL PROPERTIES. . FIRST
CIENT, THEN PHASE FUNCTION FOR
THE ABSORPTION

+
)
COMPUTE THE CARBON AEROS
D0 THE SCATTERING COEFFI
CARBON SCATTERING, THEN
COCFFICICNT FOR CARBON.

If (AMBCAR.LE.O.) GO TO 44

ROG=ROVCAR

SIGMA=SIGCAR

RFR = RFRCAR

RI1 = RFICAR

CALL BSIZE

NRITE$6 ,6680)

FORMAT(/,2X,'TEST4 FOR CALL TO BSIZE',/)
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(=2} oo
— P
~N DWW

615

— P —
o ~N O

oo o o
p—

18
18

18

ci*t.l

C*** ADJUST FOR THE

2
3

1

s~

*

PROGRAM SKYBACK

Ry L

AMB,LAMB, DUM, 2,D, COEF,W)

LAMB
-LAMB J) GO TO 614
MB(

~ D=

3
(
B
-L
R
)
00 610 JT=
5 LAMB
M
S
7
D

9
2 .NLAMB
£.LAMB J);GO T0 619
(
)

~—m ] T e T e [

ONTINUE

NEXT DO ABSORPTION DUE TO CARBON
DUMA= ABS/V10T, DUMA F(WAVELENGTH ONLY)

CALL SPLNA(NLAMB,LAMB,DUMA,2,D,COEF,W)
D0 620 1=1,39

X=DUMP (1)

D0 625 J=2 ,NLAMB

X.LE.LAMB(J))GO TO 624

9 LAM {id) = LAHB(J-]

=(X-LAMB(J-1))/Q

AB CAR(1)= ((Z‘CO[F(3'J-3)+COEF(3‘J-4))‘Z#CO[F(3‘J-5))‘Z*DUMA(J-

AMB

l=(X-LA
bCAR}I)

2+COEF(3* UM(J-1)

C'titi

44

-4

oD

1

wro

Do 41 1 = 1,9
R[l(lg =
CALL

COEF(3‘I 4))‘IoCO[F(J‘l-S))‘Z*HINK(I-l)
H)/(1.-RH) /DENA
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PROGRAM SKYBACK

DO 40 1 = 1,39
40 BTASO4(1) = BTASOA(1)*FACT
CQ‘."
C*** DETERMINE THE TYPE OF INPUT AND COMPUTE THE BACKGROUND RADIATIVE
C*** PROPFRTIES. INTYP = 1 MCANS THE NO3,504,COARSE MODE LEVEELS ARE
C*** SPECIFIED IN UGM/M3. INTYPL = 2 MEANS THE VISUAL RANGE AND
C*** THE ACCUMULATION MODE ARt SPECIFIED IN KM-1 AND UGM/M3
c..l.'
DENSO4=DENA
DINNO3=DENA
DENCOR=DENC
WAVE = 0.55
WV2 = (1./WAVE)**?
WVA = WV2*WV2
TAROIZ = 0,008569*WVA*(1. +0.0113*WV2+0.00013*WVA)*EXP(-ELEV/HR)
RAY = TAROIZ/HR
1F(INTYP.EQ.2) GO 10 500
IF(INTYP.NE.1) RETURN
00 460 1 = 1,39
X8 = BTASD4 l;‘ Anasoa/ntnn + AMBNO3/DENA)

X9 = BTACOR{I)*CORAMB/DENC
X10 = BTACAR}I&'AMBCAR/D[NCAR
BIAAER(1) = (XB+X94X10)*1.E
1F(BTA [R(n NE.O.) GO @O 458
X8=0.
X9:0,
X10:0.
G0 TO 459
458  CONTINUE
459 CONTINUE
05045I;=2BTA504§|;-A85504{I g/srasoaélg
OCOR(1)=(BTACOR(1)-ABSCOR(1))/BTACOR(I
IF énnacna.ur.o‘) OCAR(1)=(BTACAR(1)-ABSCAR(1))/BTACAR(I)
$168-0504 I{‘XB
S169=0COR(1)*X9
SIG10=0CAR(1)*X10
SIGAR=(XB+X9+X10)*1.£-03
0A[R$l‘=SlGAR/BTAAER‘l&
zﬁ?gﬁuln = (6GSO4(1)*SIGB+GCOR(1)*S1G9+GCAR(1)*SIG10)*1.E-03
A
D0 460 J = 1,NTHETA
460 ‘P9£$(Aﬁd)=(PSOQ(I.J)'SIGB+PCOR(I.J)*SlG9+PCAR(I.J)‘SIGIO)‘I.[-03
SI1G
SIGKOS = RAY + BTAAER 19) + ABSNO2(19)*AMBNO2
RVAMB = -ALOG(.02)/SI
GO TO 600
500 CONTINUE
cdl...
Ci17, DETERMINE THE MASS OF THE ACCUMULATION MODE
AR R E R
$1GKOS - -ALOG(.OZ;/RVAMB
SIGINT = BIACOR(19)*CORAMB*1.E-03/DENC + RAY + ABSNO2(19)*AMBNO2
| o BIACAR(I9)‘AMBCAR‘1 £E-03/DENCAR
IT(SIGKOS-SIGINT) 100,100,120
100 AMBS04 = 0,
CORAMB = (SIGKOS-RAY-ABSNO2(19)*AMBNO2-AMBCAR*BTACAR(19)
1 *1.E-03/DENUAR)/(BTACOR(19)*1.E-03/DENC)

Page
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PROGRAM SKYBACK

F(CORAMB.LT.0.) PRINT 2000

|
2000 FORMAT(1H ,44HTROUBLE WITH THE CONCENTRATION SPECIFICATION)

GO 10 1150

120 AMBS04 = (SI1GKOS - SIGINT)/(BTAS04(19)*1.E-03/DENA)
1150 CUONTINUE

DO 1160 1 = 1 39
BTASO4 ;‘éAMBSOd/DFNA#AMBNO]/DENA)
|

>C >
o@®
non

BTACOR(1)*CORAMB/DENC
X10 = BIACAR(I)‘AMBLAR/D!NCAR
BTAAER( 1) X8 + X9 + XlO)‘l
0504(1)= BTA504 ABSS04 /BIASO4
OCOR(1)=(BTACOR i ABSCOR /BTACOR
C OCAR(1)= BTACAR ABSCAR /BTACAR
S168=050
S169=0COR | 'x9
S1610=0CA él )*x1
SIGAR=(S1G +5|u9+51010 *1.€-03
OA[R(I&=SIGAR/BTAAER(l
DO 2160 J = 1,NTHETA
2160]P7§?éA§J) = (PS04(1,J)*SIGB+PCOR(1,J)*S1G9+PCAR(1,J)*SIG10)*1.E-03
269§?(Az = (GSOA(1)*SIGB+GCOR(I)*SIGI+GCAR(I)*SIGI0)*1.E-03
6
C HRIT£$6.2345) GAER(1)
234% FORMAT(2X,E13.4)
1160 CONTINUE
= AMBNO3 = 0.
¥ 600 CONTINUE
| cﬁ"..
2 Ct** COMPUTE THE VERTICAL AND HORIZONTAL OPTICAL DEPTHS
ctti *
D0 200 | = 1,39
WAVE = 0.36 + FLOAT(1)*0.01
WV2 = WAVE**(-2)
WVA = WV2*WV
lra§0|l = 0.008569*WV4*(1. + 0.0113*WV2 + 0.00013*WV4)*EXP(-ELEV/
H
TAAOIZ = BTAAER I;'HA
TATO1Z(1) = TAROIZ + TAAOIZ
TARHIZ = TAROIZ*EXP(-HPBL/HR)
TAROHZ = TAROIZ - TARHIZ
TAAHIZ = TAAOIZ*EXP(-HPBL/HA)
TATHII}I; TARHIZ + TAAHIZ
TATONZ (] TATOIZ(1) - TATHIZ(1)
BFTAOR = TAROIZ/HR
BTABAC(1) = BTAAER(1) + BETAOR + ABSNO2(1)*AMBNO2
IAAOH1=IA 012-TAAHIZ
} =TARHIZ/ TAAHIZ‘OA[R$ g*TARHIZ
=TAROHZ /(TAAOHZ*OAER( | ) +TAROHZ
C conpurc THE HORIZONTAL PATH DEPTH
TAURO| = BETAOR*PARMR
TAUAOI = BTAAER(1)*PARMA
TAUROD = Bt TAOR*ERF (DR)*PARMR
TAUAGD = BTAAER(I)*CRF(DA)*PARMA
IAURDI = TAUROI - TAUROD
1AUADI = TAUAUI - TAUAOD

TAUDIOD(L) = TAUROD + TAUAOD

Page

8



11-9

(slalolei=Tak lalal o) PRONOO

510

fBRMACOOHM™

1

(=
w W
(=4
(=}

-
L 2
»

c'ﬁi.‘
c".
Cnn.

slimiaizlalsi]

PROGRAM SKYBACK

TAUTDI(1) = TAURDI + TAUADI

XHDI(1) = TAURDI/?TAURDI + TAUADI'OA[RE ;;

XHOD(1) = TAUROD/(TAUROD + TAUAOD*OALR

GBAC(I) = GAERéI)‘TAAOIZ/TATOIZ(I)

D0 510 J=1,NTH

PRAY=0.75%(1.+COS(RAD*TT(J))**2)

Egﬁg‘;ﬂg)= PAER(l,J)‘TAAOIZ+PRAY*TAROIZ)/TATOIZ(I)
HRITE§6.2346)GBAC(I)

FORMAT (2X,L13.4)

**%aed DIAGNOSTIC PRINT QUT ##swwwwns

IF ;1 .NE. 19) GO TO 300

WR 1 £§6.260g

FORMA sln ,5X, ' TAROIZ, TAAOIZ, TATOIZ(19), TARHIZ, TAROHZ, TAAHIZ,
TATHI2(19), TATOHZ#]Q). BETAOR, BTABAC'

WRITE(6,261)TAROIZ,TAAOIZ,TATOIZ(19),TARHIZ, TAROHZ , TAAHIZ,

TATH l{]9).IATOHl 19), BETAOR,BTABAC(IQ)

ahatyle ;5. 1o(.5,50)

fDRMA%(]H ,5X, ' TAAOHZ , x1(19{ X2(19), OAER(19), TAUROI,

AUROD, TAUAOD. TAURDI. TAUAD

WRITE(6,261)TAAONHZ ,X1(19),X2(19),0AER(19),TAUROI,TAUAOI,TAUROD,

TAUAOD,TAURDI,TAUADI
HRIT[§6.263)
FORMAT(1IH ,5X,'TAUTOD(19), TA
WRITE(6,261)TAUTOD(19),XHD I(
CONTINUE

AR A RA A AN AR AN AR A AR AR R AN AR A A AR AR R Ao

DI(19
,XHOD(19)

—

ADJUST THE OPTICAL DEPTH FOR NO2

TAAOHZ = TAAOIZ - TAAHIZ

TATOIZ(1 TAROIZ + TAAOIZ + ABSNO2(1)*AMBNO2*HPBL

TATOHZ TATOLZ(1) - TATHIZ(]

TAUTOD(I) = TAUROD + TAUAOD + ABSNO2(1)*AMBNO2*DX

OMZ(I) TAROHZ + TAAOHZ*O0AER l))/TAT HZ(1)
F(OMZ(1).GT.0.999) 0OMZ = 0.999

OHH(I) = (TAUROD + TAUAOD*DAE (I))/TAUTOD(I)

CHANGE THE SCATTERING COEFICIENTS FROM BSCAT/VOL TO BSCAT/MASS

BTACOR{ 1}

BTASO4§I;‘I‘E-03/D[NSO4
BTACOR(1)*1.E£-03/DENC

CHANGE COEFFICIENTS FOR CARBON FROM BSCAT/VOL TO BSCAT/NASS
CHANGE ABSORPTION COEFFICIENT FOR CARBON TO ABS/MASS.

CHANGE ABSORPTION COEFFICIENTS FOR SULFATE, COARSE
MODE AEROSOL, AND PRIMARY PARTICULATE FROM ABS/VOL
TO ABS/MASS.

BTACAR =BTACAR *1.E-03/DENCAR
ABSCAR([)=ABSCAR l *1.0-03/DENCAR
ABSSO4 | =ABSS04 *1.E-03/DENSDA
ABSCOR =ABSCUR *1.L-03/0LNC

), XHDI(19), XHOD(19)')
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PROGRAM SKYBACK Page 10

ISR SR R RS R R R DIAGNOSTIC PR'NT OUT [ EZ R RS SRR R R 2]
2 GO TO 355

5X,'TAAQHZ,

BTASO4$19). BT
IAAOH/ ,TATO1 !

S04(19),BTAPR

,"ABSCAR(19), A
BSLAR(]Q) ABSSO

BTACOR
0HZ(19)
ACOR(19),8
(1

g ABSC
COR(19

TATOHZ;}
A

=]
o
- M
OB CODe

10|1219 9
APRM 19E 9
(19).TA U
M(19),BT T
ABSS04 0
4(19).A )

“w o
o
-
o
b
x

55 CONTIN

L2 SRR RRRRRERSRRR 2R Rttt RS RS

200 CONTINUE
WRITE(6,958)

958 FORMA S/.JX,‘TEST BEFORE CALL BACCLI AND RAYREI',/)
PI1=3.14159
RAD=P1/180.

COMPUTE DOWNWARD AND UPWARD INTENSITILS

U0=COS (ZENITH*RAD)
DO 5% Jd=1,21
U=YMU(J)
BETA=ASIN(U)/RAD

o A PO MM s i M ¥ 2 |
x
=
—
—
* > M~

*U0*COS(D

D [U¥42) $SQRT(1.-U0*42)) /RAD
U.u0,0D, sg

*SORT&]
CB1,SPEC
CRI,SPEC

BROUTINE BSIZE

ULATE OPTICAL PROPERTIES OF A GIVEN LOG-NORMAL AEROSOL SI1ZE
TRIBUTION BASED ON MIE SCATTERING THEORY

COMMON/MIESCT/RVM,SIGMA,NLAMB,LAMB(20),JX,IT,TT(200),DUM(20),
1PDUM(20,50) ,DUMA(20) ,DUMG(20)

COMMON / RAIN / ITEST,IASD

CUMMUN/ M1SC/ ABSNO2(39),SOLAR(39),RAD,FORPIN,OMZ(39),0MH(39)

CA
Dl

MY

L NTHE LA, RFR,RF |

REAL LAMB

REAL RFR,RF1,QEXT,QSCAT,QRPRD,EITRM 44 36,2),
1 PIF(3,36) 1AU(3,306),CSTHI(36),S12THT(30)
DIMINSION TT1(30)

COMPLEX ACAP(7000)



g1~d

DIMENSION S1(36).52(36) .PHASE (36)
. DIMENSION XNT(200),ST(200),VT 200). R(200),DR(200)
DIMENSION AL(31),ALALFA(154),ALPHA(154),Q€(154),
25THTX (154, 36)
1L05(134).06(154) ,STHT (154, 36)
DIMENSTON DOM(20.30),0D0MA(20,30),DOMG(20,30),PDOM(9,22,8)
2 ,RTMTS(200),5THIS (200)
c R R R R R R R R R NN DIAL‘NOSTIC PRINT OUT AR R R RS RE RS
(
C WRITE 6.1005;RVM.SIGMA NLAMB, JX, 1T
¢ WRITE(6,1010)NTHETA,RFR,RF |
1005 FORMAT(iH .5X,'RVM = *.F6.3,1X,'SIGHA = *,F6.3,1X,'NLAMB = ',
1. 13018 5% o ‘.IJ,IX,'IT 13)
1010 FORBAT{1H ,5X. 'NTRETA = *1301XL'RFR = *.F6.3,1X, 'RFI = ',F6.3)
(C: (A2 RS EE SR} D[AGNOSTIC PRINT OUT (28 R R AR RS RN R R
€
NT=NTHETA
JX=NTHETA
11=36
LL=7000
DO 570 J=1,NTHETA
[F(IT(2) . LE.90.) GO T0 560
T §J)=1eo.-rr( )
60 T0 570
560 CONTINUE
TT1(D=TT(J)
570 CONTINUE
IF(ITEST.LT.1) GO TO 82
IF (RFR.EQ.RFRT) GO TO 81
82 00 10 i=1,112
ALPHA(1)=EXP(-4.8+0.1%1)
ALP=ALPHA( 1)
ALALFA(1)=ALOG(ALPHA(T))
CALL DAMIE (ALP,RFR,RFI,TT1,0X,QEXT,QSCAT,QRPRD,ELTRMX,PI1E,TAU,
2CSTHT,ST2THT ,ACAP,iT,LL)
QF (1) =QEXT
QS (1)=QSCAT
QG(1)=QRPRD
D0 9 J=1.NTHETA
I (TN NECTT(0)) 60 10 o
STMTX(1,0)=0.5* (ELTRMX(1.J,1)+ELTRMX(2,0,1))
60 T0 9
91 CONTINUE
Jdsd
STMTX(1,3J)=0.5*(ELTRMX(1,0,2)+ELTRMX(2,J,2))
9 CONTINUE
10 CONTINUE
Bl Pl = 3.14159267
) IF(1ASD.GT.U) GO TO 1
C INTFGRATION FOR A LOGNORMAL
C ACROSOL SIZE DISTRIBUTION
G
TWOPT = 2.%3.14159267

PROGRA

ELELN

s

M SKYBACK

= 3./(4.*P1)

Page
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50

20

30
1000
500

PROGRAM SKYBACK

PIN = .75

NPOINT = 15

K = NPOINT

ITHKPL = 2%K + 1

KPL = K + 1

KP2 = K + 2

ALSIGM = ALDG(SIGMA)

ALSGMZ = ALSIGM**?

SIGM2 = ALSGM?

SQR12 = SQ RT 2

RSM = EXP é ALSGM’)

RNM = EXP ALOG RVM)-3.*ALSGM2)

TA = 2.*ALSGM?2

CN = 1. /éSQRI(IHOPI)‘ALSIGM)

CS = PI*CN*RNM**2*EXP(TA) ‘
v = &4./3.)‘PI‘CN'RNM"3'EXP(4.S‘ALSGMZ)
Fl = LOG§30.'SQRT2‘ALSIGM)

Fi = FI/15.

Fl = EXP&-Fl)

AR = ALO il./F])

F2 = 1./F

vl = 1.

V2 = 1.

00 20 1 = 1,K

V1 = V1*F1

R(1) = RSM*VI

ST l; = ALGN(ALSGM2,RSM,R l; *CS
VI(1) = ALGN(ALSGM2 ,RVM,R(1))*CV
XN ’l) = ALGN(ALSGM2 ,RNM, R(1))*CN
DR ( } = AA

R#KP ) = RSM

S KP]; = ALGN(SIGM2, RSM,RSM)*CS
VI(KP1) = ALGN(SIGM2,RVM RSM)*CV
XNT(KP1) = ALGN(SIGM2,RNM,RSM)*CN
DR(KP1) = AA

D0 21 1 = KP2,ITWKP1

V2 = V2*F2

R#l) = RSM'VZ

ST(1) = ALGN(SIGM2 ,RSH, R2 ;;'cs
VI(I) = ALGN{SIGM2,RVM R *(CV
DR(1) = AA

XN §|z = ALGN(SIGM2 ,RNM R(1))*CN
DO THE INTEGRATION OVER THE DISTRIBUTIONS
XNTOT = 0.

STOT = 0.

VIOT = 0.

00 30 | = 1 ITHKP]

VIOT = VTOT + VT DR 1;

STOT = STOT + ST DR( 1

XNTOT = XNTOT + xu (I)‘DR(I)
CONTINUE

fORMAT(1H ,10X,10f10.4)

CONTINUE

D0 40 IL = 1,NLAMB

XLAM = LAMB(IL)

WAVE = TWUPI/XLAM

Page
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60

oo
o —

160

161

162
163

65
64

36

40 C

PROGRAM SKYBACK

SCAT = 0

ABS = 0.

AVCOS = 0.

DO 31 J = 1,NT

PHASE (J)=0.

DO 60 1 = 1,1TWKPI

AL(1)= ALOG%H VER(1))

D0 62 1=1,1

D0 61 J=3,110

IF(AL(1).LE.ALALFA(J)) GO TO 63
Q=ALALFA(J2 ALALFA J-Ig

IF (AL 1; G ALALFA 110)) GO TO 160

2= (AL(I -ALALFA ))/0Q

QST=Q5(J-1)+0 * *é 5.%QS(J)-3. O'QS(J 1)-05(J-2)-QS(J+1))
2»(058J-2)-os J 1)-Q5(J)+QS(J+1))*2
QEX=QE(J-1)+ 5’z-£ 5.*QE(J)-3.0%QE(J-1)-QE(J-2)-QE(JI+1))
2+(QE(J-2)-QE(J-1)-QL(J)+QE(I+1))*2Z

P=Q6(J-1)+ s*z'é 5.4Q6(J)-3.0*QG(J-1)-Q6(J-2)-Q6(J+1))

2+(Q6(J-2)-QG(J-1)-QG(J)+QG(I+1))*2)

60 10 161

QEX=QE (110

QST=QS(110

QGP=QG(110

CONTINUE

[XT:QEX‘ST#I)'DR&I)*[XT

SCAT=QST*S $|)'n 1])0SCAI

Aas=§o£x-os J4ST(1)*DR(1)+ABS

AVCO =Avc05+qup-sr§|)-oa(|)
HRlT[#ﬁ,JS?)I.J.EX .SCAT,ABS,AVCOS

FORMAT (2(2X,14).4(2X,E13.4))

CONTINUE

D0 64 K=1,NTHETA

DO 65 I=1.ITWKP1

D0 66 J=3,110

IF(AL(1).LE.ALALFA(J)) GO TO 67
Q=ALALFA({J)-ALALFA J-l;

lFiAL I;.G(.ALALFA 110))60 TO 162
2=(AL{1)-ALALFA(J-1))/0Q

STMT( .x%=srutx J-1,K)+0.25*2*((5. *srnrx( K)-3. rnrx§a-|.x)-
2STMTX(J-2,K)-STMIX(J+1,K))+(STMIX(J-2,K)-STHTX(J-1,K)-STMTX(J,K)
3osrurx{J»1,x))¢1)

G0 TO 163

STHT‘I,K)=STMTX(]IO K)

CONT INUE

PHASE (K)=STMT(1,K)*XNT(1)*DR(1) + PHASE(K)
CONTINUE

CONTINUE

PRINT OUT THE RESULTS

RWB = XLAM**2/(PI*SCAT)

DUM(IL) = EXT/VTOT

DUMA IL; = ABS/VTOT

DUMG(ILY) = AVCOS/SCAT

DO 36 1 = 1,NT

PUUM(IL,1)-PHASE (1)*RUB

CONTINUE

IVEST=1TEST + 1

RFRT=RFR

Page
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oo

R

PROGRAM SKYBACK

GO TO 24
1 IF(IASD.GT.1) GO 10 2

NTEGRATION FOR A SECTIONAL

ACROSOL SIZE DISTRIBUTION

AT(NSEC)+1. )

(NAVE‘R(I))

St

)-10 s apX
0G(WAVE*R(1+1))

r-—zcn.no

LFA(K-1

= aw

VM D I
.
OSSN SooLoomMm>»

ST+SCAT
GP+AVCOS

R.GT.2) GO TO 22
*REX+EXT

2. *RST+SCAT

=2.*RGP+AVCOS

23

REX+EXT
SCAT=4.*RST+SCAT
AVCO0S=4.*RGP+AVCOS

LSR=2
IfT(J.EQ.6) LSR=1

6 CONTINUE
DOM(IL.1)=EXT/3.4DXJ
DOMA(IL, 1)=(tXT-SCAT)/3.*DXJ
SCAT=SCAT/3.*DXJ
DOMG (1L, 1)=AVLOS/3. *DXJ/SCAT
DO 12 J=1.NT

Page
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PROGRAM SKYBACK

12 PHASE(J)=0.
D0 I3 KK=1,NT
LSR=1
D0 14 J=1,7
JJJ=6*1-6+J
DO 15 K=2,150
15 IF(AL(JJ).LE.ALALFA(K)) GO TO 16
16 Q=ALALFA(K)-ALALFA(K-1
l=(AL3JJ)-ALALFA K-1))/Q
RA=R(JJ)*10.**DX
STMT KK;:Z‘(STMTX(K,KK)-STMTng-I.KK))fSTMTX(K71.KK)
RTMTS(KK)=STMTS(KK)*3./4./RA**
IT(LSR.GT.1) GO TO 17
PHASE (KK)=PHASE (KK)+RTMTS (KK)
LSR=4
GO TO 14 \

17 IF(LSR.GT.2) GO 7O 19
PHASE (KK)=PHASE (KK)+2.*RTMTS (KK)

LSR=2
GO TO 14
19 PHAS[éK )= PHASE’KK)*4.‘RTMTS(KK)
1F(J.EQ.6) LSR
14 CONTINUE
PDUM IL, wKK)=PHASE (KK)/3.*DXJ*LAMB(IL)**2/(PI*SCAT)
13 CONTINUE
5 CONTINUE
11 CONTINUE
24 RETURN
LND
SUBROUTINE DAMIE %X.RFR,RFI.THETD.JX,QEXT.QSCAT,CTBRQS.[LTRMX,
1 PI,TAU,CSTHT,S12THT ,ACAP,IT,LL)
C LARGE VERSION
C SUBROUTINE FOR COMPUTING THE PARAMETERS OF THE ELECTROMAGNETIC
C RADIATION SCATTERED BY A SPHERE. THIS SUBROUTINE CARRIES OUT ALL
C COMPUTATIONS [N DOUBLE PRECISION ARITHMETIC.
C THIS SUBROUTINE COMPUTES THE CAPITAL A FUNCTION BY MAKING USE OF
C DOWNWARD RECURRENCE RELATIONSHIP.
C X! SIZE PARAMETER OF THE SPHERE.‘ 2 * Pl * RADIUS OF THE SPHERE)
C WAVELENGTH OF THE INCIDENT RADIATION).
C RE! REFRACTIVE INDEX OF THE MATERIAL OF THE SPHERE. COMPLEX
C QUANTITY..FORM! (RFR - 1 * RFI 2
¥ THETD(J)! ANGLE IN DEGREES BCTWEEN THE DIRECTIONS OF THE INCIDENT
€ AND THE SCATTERED RADIATION. TH[TD(JZ 1S< OR= 90.0
£ IF THETD(J) SHOULD HAPPEN TO BE GREATER THAN 90.0, ENTER WITH
L SUPPLEMENTARY VALUE
CSEE COMMENTS BELOW ON ELTRMX.
C JX! TOTAL NUMBER OF THETD FOR WHICH THE COMPUTATIONS ARE
C REQUIRED. JX SHOULD NOT EXCEED IT UNLESS THE DIMENSIONS
C STATUMENTS ARE APPROPRIATEDLY MODIFIED.
C MAIN PROGRAM SHOULD ALSO HAVE REAL*8 IHEIDSIT ),ELTRMX(A4,IT ,2).
C THC DCFINITIONS (OR THE FOLLOWING SYMBOLS CAN BE FOUND IN LIGHT

REAL  X,RX,RFR,RFI,QEXT,QSCAT,T(5),TA(4),TB(2),TC(2)

REAL 70}2).rc(2).cruaos

REAL LIRMX (A, 11 ,2),P1(3,1T ), TAU(3, 1T ),CSTHT(IT ),SI2THT(IT)
1 JTHCTD(IT)

CUMPLEX RF ,RRF ,RRFX ,WMI ,FNA,FNB,TC1,TC2,WFN(?)

COMPLLX INAP.TNBP ,ACAP (1)

Page
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PROGRAM SKYBACK ' Page 16

C IN THE ORIGINAL PROGRAM THE DIMENSION OF ACAP WAS 7000.
¢ FOR CONSERVING SPACE THIS SHOULD BE NOT MUCH HIGHER THAN
C THE VALUE, N=1.1* NR(AL"? + NIMAG**2)**.5 ¢ X + ]
C TA(1)! REAL PART OF WFN rAs )! IMAGINARY PART OF urnsl)..
C TA(3)! REAL PART OF WFN CTA( IMAGINARY PART OF WFN(2).
C TB(1)! REAL PART OF FNA. 18 2)! IMAGINARTY PART OF FNA..
C TC(1)! REAL PART OF FNB.. TC(2)! IMAGINARY PART OF FNB..
C 10(1)! REAL PARI OF FNAP..TD(2) IMAGINARY PART OF FNAP.
C TE(1)! REAL PART OF FNBP.. TE(2)! IMAGINARY PART OF FNBP.
C FNA FNBP ARE THE PRECEDING VALUES OF FNA ? FNB RESPECTIVELY.
Ct*** PRIME VERSION WORKS ONLY IN SINGLE PRECISION WITH THE
C COMPLEX ARITHMETIL,
EQUIVALENCE (HFN(I).TA(I)z.é NA,TB(1)),(FNB,TC(1))
EQUIVALENCE (FNAP ID(I)).& NBP,TE(1))
] DATA P11 /3.1415926535897932/
C FORMAT STATEMENTS FOLLOW
5 roaunrélox,' THE VALUE OF THE SCATTERING ANGLE IS GREATER THAN
1 90.0 DEGREES. IT 1S ',E15.4)
6 FORMAT(//10X, 'PLEASE RLAD COMMENTS.' //)
7 FORMAT(//10X,'THE VALUE OF THE ARGUMENT JX 1S GREATER THAN IT '
8 FORMAT (//10X,*THE UPPER LIMIT FOR ACAP 1S NOT ENOUGH. SUGGEST GET
) 1 DETAILED OUPUT AND MODIFY SUBROUTINE'//)
C EXECUTABLE STATEMENTS FOLLOW
1F(JX.LE. IT) GO TO 20
WR T[26.7
WRITE(6,6
. CALL EXIT
20 RF = CMPLX}RFR,-RFI)
RRF = 1.0E0/RF
RX = 1.0F0/X
RRFX = RRF * RX
1 1; = (x*‘z)*snraffz + RFI**2)
TEI E SQRTST 1))
NMXT = 1,10F0 * T(1)
C HRIT[$6.199) X,RFR,RF1,LL,NMX1
C 199 FORMAT(IH ,*X='.E14.6,2X, 'RFR="',£14.6,2X, 'RFI="',E14.6,2X,'LL=",110
C 1,2X,*NMX1 +,110)
IF( NMX1 .LE. LL-1 ) GO TO 21
WRITE(6,8)
STOP
21 NMX2 = T(lg
LF( NMX1 .GT. 150) GO TO 22
NMX1 = 150
NMX2 = 135
22 ACAPSNMXI + 1) = (0.000,0.0£0)
D0 23 N = 1,NMXI]
NN = NMX1 - N + 1
ACAP (NN)=FLOAT (NN+1)*RRFX-1.0E0/(FLOAT(NN+1)*RRFX+ACAP(NN+1))
23 CONTINUE ,
D0 30 J = 1,JX
IF * TH[TDSJ; LLT. 0.060 ) THETD(J) = ABS(THETD(J))
IF ( THETD(J) .GI. 0.0tV ) GO TO 24
CSTHT(J) - 1.000
ST2THI(J) - 0.010
Gu TO 30



17

Page

PROGRAM SKYBACK

¢
- Q
(=] =2
S -
R o
. —d . (o)
wdoa v v
VI QAaDXE o ~
< DXL~ .
b o - — = o
-~ — - >~ .
_— ~ LA WD - e P —
— M WX - o o e T Yo e i o~
~ ¢ T ILA WA 4220202090 2@ e a & & & e & «
—_—= - <a. XTI J NN NN -
—_~ - IO e —
- - XOww I DD 232>2 o~
S ~ WD ' S S<<IC < ~
=z >x - W Lol ol o ol ol (SS]
[ x A-XTEOO —_
=~ e XTwnoo - LI IR B R A
~N - OxXxWWODET P
[ - W= D oo e e s
= -l LoV =—> N e O O = O o~
—~ b = N e e e et e~ -
N * NWO X - Voo uwwom -
w @ ~ © EXZIVIOWw Ll el e ol el —~
~N o~ s D e O —
e S v = ++ 4+ 4+ 11 ~—
oo o = (-4 e = (]
— N - « Ny w WOoOWwWoO -— A~~~ o~ -
(=] - -— ) @ z b N - i A g e R i i S |
o . -« o D = = e el A === 0000 e e e e & & & — +
9O @~ & b~ = & & uxX NN ~—
@™ -3 —~— = Lo < < N et e et et et it (&) N
~— o~ —_~— ~— OO OO M 0 e e—m—————— _— =
O~ - O —~x —_— — > aaaocacaac =
i~ I b o~ R o~ = = e = (D + —_
S~ - {—] N~ OO =~ d [- - 4- 4- 9 3] ¥ € 2w « w« e —_n
T . ~—t— 1 X~ X << < ~—
O o — . + < - b azTa=x = P~~~ - O
O~ I= |~ 4= < _— D e e O et O = O = O ) —
P — | — —~ O\ - ' — - D DD e N O et - * Lo
) . e - o~ O i NeddSC— e CoULODUW —
o T - o ~ ~ —— — DwIT WED LW P o o o —_—
O = DO w (=} O - ~—— —_~ [Pl - - s o e —— Y
nNO -—0 — OO0 I —>xXRB% « M)~ X = P LB T T T [ T B TR T ~x
*« O (=2 i 2 s il O —_—~— ~—<C [ ol et =4 « ¢ ¥ ® X «+ De O
— [ o~ .- ks o DD e P D o A~ — D & A~ T A~~~ ——~—
T = g = ] - a s OW S L v d OO b X 2 2 XL O~ sm == OINNNN © _—0
—r— " ~ " —0 e N E L)X~ O QOF=X ¢ & o gt - — & & & 6 8 e & & o
ac = n —~ "non o=—a. [- J-N-S NS -g--V] e b oo e e o e e e b e N e L - SO
- —~ - —_~ DO wonon OnNXI CECOTT WD * ¢ & s Orb=b=p= Nl » & a & & =+ « & RN
bd ~r D O O & e —~—d QO OO Ll ~mEB=NOT -~ NI =N TaNR =
3= o VDM I M =MOOXID™MA~A~"™ D L L~ L = e s e (W1 D S s T CT)
L U o ~—— X s> Lo U INC T 8 ) —~ oo IR > > > — MIMICICICICI I Z 1| O wv
IO FIQuwikd U & eomOy=— ey uunn OXEIX—~Z~~mOXIIIIXIIII— ~——T
ST b b e D b b b b b () et O b o s G ~XTJxxxo mr= N N O X EXE XX -~ <X
- O\ —oy —— X A D D E~N—~ZEZE~ONCOCDR O bbb bl e s b b e o e o o b 3K O D

N =L N— OO XX CO D~~~ SO "I LLULZZEZ O JdIdd LOQLUUDddddddad dDd =N
OO —ONOIITOODCA U TR B b e b b b U b b i b bad 3 D e b b e O i i e i W W W O XX DO
=

< ¥e) @ o w ' (=]
o~ (¥] N ™ o =}
- LLLLLLUO -

B-1¢



18

Page

PROGRAM SKYBACK

+
o~
- ST ——T~ PN~ NI~~~
— e e e e S R v ]
+ el TP WD e & o o
— o e« o & @ e s s e MMAAM™
=3 — Lol 2o ¥ o ] e KanNog Nog) N
~N - 23323 223232 << I
bl - CCECE ST ===
oy ~— b = e e « % « «
[\ YY-% A « v @« @ « ®« ¢« I~~~
~— — . . - O] — O\
o~ — O\ O\ — O\ ey ——
~ -+ ~—— (SREY.--F--]
— LWU@DMD WGUR@ -
——— p— Ll b o + + + +
X N~ o + + + + [ I A~~~
- ~——~ . L e e e e b B |
-y QN = EII TATDTD & & o &
—— —_ —_— ——~ o~ s o a e a e MMM
— - - ® w o MMM MMM
a « — — —~—— ~ ——— —
"« -~ — ~— oNe (S ] —— —— —— o — aaan.
~— z = S~ - aacoo ooaa « w9« o«
E~ (o e oo ¥ ¢ « e ¥ A~~~
et ot = = o -+ P~ P~ g (N = O]
- =] — N Oy -\ e Oy ————
< ~ ' [ + = N [--¥- -SR]
o~ « DVVL @D =
- — — —_— * b = [ ]
w - ~N o~ — —
e ~ ~ s - *+ e e« LR IR AR * & =« o
—~~— = = WD = B e e e =)
= >< [T (¥ N D) ot g p— —— ——— — —
~O [~ 3= 4 = L R L P st el et et e
—_1 —e X% -« e o o b o (=
~ X~ o~ —~— D+ + + + + + + + + + + + <+ —
—— XX~ (=) S e S~ o~~~ D T e
o T - e SO =+ N~ g ~euO N NN o
) ™ 1 b ~— d = o~ T e e s 8 NN & & o a & o o O
.« ~ L = ~ O ~=Drmmx ~— & e Kar Lar | ST TY T TRV
—~— —_ L~ e e R S . Y N T )
~a. —_d O~ ~ e s~ N w —_ONMTAN NN T —_oN M T
PR e — o O F b e — Pt W Pt e D
o L e~ o~ D~ > P I I 2D~ I I 2 > > 2
S~ w + << < = =—-TE - i IIXI-<ITIXIXI XITXIXIIX —~
o= T2, = o juin LS s T (=4 XXX ITXXX Txxx O =™
Q. ~ - 1 ' D) e =) b - - b e e e D) O e o o e —_—~— e
— “ — > X . ~ —~ O~ - —~—~— — e e A D DD - — b Rae 7> s
-~ —~xocx™ M N =N+ N e ) b o i e L ¢ s
—_— + 2L e ¢ ¢ — A~ Y - et S PRI LI TR O  T R T T} wounouon > MDD
= ~N ()\,\’A 2]A ~e X R R s T | e~ IS . - ——rn— <
| —t e AT N e SN~ o~ e —— OIS o —— o
—— e~ —— 09) o= EXTx PO o et () B~~~ = e e e & o N o = o s & o o - Q.
=z '+ " ~X -0 Q. — N e e O ) O X N =T Y N b los (or e (= dile - Lo ] ke il R Bone | . 0. "
* "o = (-4 Q8] << EELD LD CTE ~ N | & & & ai™ o & o e o o o —_—n
NEEN b e D D = O e e o [ S S N {5 2N~ =T - AN TOr= N ™M T ad —~ —_—
i e A = LI -0 QN N~ = n Y L R e e et— B e PN, K
" oa L IO e = - WU e o N WSS €O > > 5L ~=r>C < > > > > >C I ~— v i P
N O Mmoo I U —~ o~ — ~ZoDITXITITI XX ETIXITIDODIEITEXE—ZTO o —0
I P ) P e —— L e L ] L N L e = D X XXX X XXX XXX X~ O O~
" oe—otym™M et Lk 3 £ A E -4 ) - O T O 2 T L) O e b O b b b [ el ~—~—T D
e O = L O L e VO EN A BT T ot ww N = | O d dd L ded d O A d ed d Qe O =< I
OO E R R ke O Vb e il OO O - Owwww— Jduiw O uid w U= S o ——
————-x = 24 [}
— -—
v (=} v [T
o ~ ~ @

B-20



I2=8

90

* 4

100

ANV

PROGRAM SKYBACK

CONTINUE
FNAP = FNA
FNBP = FNB
If } N .LE. NMX2) GO TO 65
WR1 Eé6.8)
CALL EXIT
D0 120 J = 1,JX
DO 120 K = 1.2
D0 115 1= 1,4
1$| = ELTRMX(I,J.K)
CONTINUE
ELTRMX(2,J.K) = T(1)%%2 + ngg-'z
ELTRMX(1,J,K) = T(3)**2 + T(a)**2
ELTRMX(3,J.K) = T({1)*T 3; + 122§‘T$4;
ELTRMX(4,J,K) = T(2)*1(3) - T{a)=1(1
CONTINUE
Ttl} = 2.000 * RX**2
QEXT = QEXT * T(1)
WRITE(6,999) Tél).Q[XT
FORMAT(1H ,3£20.8)
CToRQs =2 €0 « Liakgs * T(1
= 2.0 * (1B * :
THE DETAIL ABOUT THIS SUBRSU%IN[ CAN BE FOUND IN THE FOLLOWING
REPORT! SUBROUTINES FOR COMPUTING THE PARAM
ELECTROMAGNETIC RADIATION SCATTERED BY A SPHERE J.V. DA
I B M SCIENTIFIC CENTER, PALO ALTO , CALIFORNIA.
REPORT NO. 320 - 3236 .. MAY 1968 ..
RETURN
LND
SUBROUTINE SPLNA (N,X,Y,J,D,C,W
DIMENSION X(10), Y(iv), D(2), C(30), W(30)
OgER THE INTERVAL X(1) TO X(1+1), THE INTERPOLATING
POLYNOMIAL
: Y=Y2l)&A’lE'Z;BfI%;Z;‘f;E(l)'l“3
WHERE 2=(X-X +1)-
IS USED. rnc(cg'{$|é|tu1s §|¥.s(|> AND E(1) ARE COMPUTED
BY SPLNA AND STORED IN LOCATIONS C(3*1-2),C(3*1-1) AND
C(3*1) RESPECTIVELY.
H&IL[)HORKING IN THE ITH INTERVAL,THE VARIABLE Q WILL
REPRESENT Q=X(1+#1) - X(I), AND Y(i) WILL REPRESENT
Y(1+1)-Y(1)

THE FIRST DERIVATIVL AT THE END POINTS IS GIVEN,
) IS KNOWN, AND THE SECOND EQUATION BECOMES
LAY B(D) «BGY)sYD - Q*D(1).
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PROGRAM SKYBACK ~ Page 20

IF THE SECOND DERIVATIVE AT THE END POINTS IS GIVEN
821; IS KNOWN. THE SECOND EQUATION BECOMES
ALL)+C(1)=Y1-0.5%Q*Q*D(1). DURING THE SOLUTION OF
THE 3N-4 EQUATIONS.A1 WILL BE KEPT IN CELL C(2)
INSTLAD OF C(1) TO'RETAIN THE TRIDIAGONAL FORM OF The
COEFFICIENT MATRIX.
G BTl I K e T et TInE £RD bOIWiD 13 BlAtEc
06 “$7;; LYY ED(T )
M=N-
IF (M.LE.O) GO TO 20
"""" UPPER TRIANGULARIZATION OF THE TRIDIAGONAL SYSTEM OF
EQUATIONS FOR THE COEFFICIENT MATRIX FOLLOWS--
S T R T
AI=?
Q=x|}62) X(1+1)
H-A
C 3'|;=-n/ 2,0.C(31.1))
W(3* 1) =(-Y1-W(3*1-1))/(2.0-C(3*1-1))
C 3']+1;=-H*H/$H-C(3‘l))
W(3* 141 5= (Y1-H(3%1))/(H-C(3*1))
TI=y(142) v (1e1)
c§3° +2;=1 J(1.0-C(3*1+1)
15 W(3*142)=(Y1-W(3*1+1))/(1.0-C(3*1+1))
""""" E(N-1) IS DETERMINED DIRECTLY FROM THE LAST EQUATION
OBTAINED ABOVE, AND THE FIRST OR SECOND DERIVATIVE
VALUE GIVEN AT THE END POINT.
20 iE_iijiéii-'éé'ié'éi """"""""""""""""""""""""""""
C(34N73)2(0+0%D(2)/2.0-W(3*N-4))/(3.0-C(3+N-4))
25 C(3*N-3)=(Q*D(2)-YI-W(3*N-4))/(2.0-C(3*N-4))
30 M=3*N-6
IF (M.LE.O) GO TO 40
"""" BACK SOLUTION FOR ALL COEFFICENTS EXCEPT
A(1) AND B(1) FOLLOWS--
66'5?;i;=1.ﬁ """""""""""""
|:M- +
38 C{I=u(h)C(ec(ie)
a0 IF (J.EQ.1) GO TO 45
TV TR THE SLCOND DERIVATIVE 1S GIVEN AT THE tnp poimis.
Ail; CAN NOW BE COMPUTED FROM THE KNOWN VALUES OF
BU1) AND [(1). THCN A(1) AND B(1) AREPUT INTO THEIR
PROPER PLACES IN THE C ARRAY.
E'ig;?s_é'iiii‘&iéi'éii} """"""""""""""""""""""""
C{2)=W
RETURN
a5 C(2):W(2)-C(3)
RETURN
LNU
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. gZO).DUHG$20)
MISC/ ABSNO2(39),50LAR(39) ,RAD,FORPIN,OMZ(39),0MH(39)

DUMA
1,NTHETA,RFR,RF |

50)

COMMON/MIESCT/ROG,S1GMA , NLAMB, LAMB(20),JX,1T,TT(200),DUM(20),
0N/

1PDUM(20
COMMON/COLOR/YCAP ,VAL ,X,Y,YCAPD,VALD,XD.YD ,DELUV,DELAB,

1XBAR(39),YBAR(3Y),2BAR(39),P1,CONT1,CONT2,CONT3,BRATIV

PROGRAM SKYBACK
BLOCK DATA
REAL LAMB

COMM
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PROGRAM SKYBACK

EREz) s~ T¥V 16

lngX LT.0.)ERF=-ERF
RF

END

FUNCTION ACOS (SIC

)
REAL ACOS, SIC, SINE, PI
LOGICAL TEST

TEST = ABS§SI
1F(.NOT.TEST)
AC b

wv
"
-
~
(g I —

)
0. ;) ACOS=PI(.5)-AA
) ACOS=P1(.5)+AA

FUNCTION A
REAL ASIN,
LOGICAL TE

TEST = ABS
IF(.NOT.TE
IF (ABS(AB
ASIN = PI(.
G0 TO 20
Y s SORT(1.
ASIN = A
RETURN
FND
FUNCTION PI (VALUE)
REAL VALUE, PI
P1=3.14159265359E0*VALUE
RE TURN

LND

FUNCTION ALGN(X,Y,Z)
THOX = 2.*X

U = (ALOG(Y/7))**2

ALGN = EXP(-U/TWOX)
RE1URN

END

VUL~ Wn wun

.0001) GO TO 10

€
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B.2 ALBEDO

ALBEDO - Source Code
ALBEDO - Sample Input

87131 B-25



ALTON COAL PROJECT INDUSTRIAL AREA - YOVIMPA POINT 22.4 KM (uncontrolled)
(vertical visual profile 0-1km:70km 1-3km:100km 3-7km:400km 7-20km:1000km)

-~

112.2400 37.4730 2774.0

15.0 15

86

112.46912 37.376862 2082.0 49340. ) 8 0.15
112.46863 37.377485 2082.0 66820. 1 0.15
112.46813 37.378108 2082.0 23030. d: 0.15
112.46763 37.378731 2082.0 40990. 1 0.15
112.46714 37.379354 2082.0 24860. 1 0.15
112.46863 37.376239 2082.0 42720. 1 0.15
112.46813 37.376862 2082.0 44340. 1 0.15
112.46763 37.377485 2082.0 84120. 1 0.15
112.46714 37.378108 2082.0 32440. 1 0.15
112.46664 37.378731 2082.0 37240. 1 0.15
112.46614 37.379354 2082.0 11800. b 8 0.15
112.4656S5S 37.379977 2082.0 4800. 1 0.15
112.46515 37.380600 2082.0 15320. 1 0.15
112.46863 37.374933 2082.0 3240. 1 0.15
112.46813 37.375616 2082.0 39040. 1 0.15
112.46763 37.376239 2082.0 37280. 1 0.15
112.46714 37.376862 2082.0 31440. 1 0.15
112.46664 37.377485 2082.0 74640. 1 0.15
112.46614 37.378108 2082.0 16920. 1 0.15
112.46515 37.379354 2082.0 1400. 1 0.15
112.46465 37.379977 2082.0 111760. b 8 0.15
112.46416 37.380600 2082.0 22680. 1 0.15
112.46813 37.374370 2082.0 6480. 1 0.15
112.46763 37.374933 2082.0 59920. 1l 0.15
112.46714 37.375616 2082.0 51680. 1 0.15
112.46664 37.376239 2082.0 419760. 1 0.15
112.46614 37.376862 2082.0 538840. 1 0.15.
112.46565 37.377485 2082.0 74520. b 8 0.15
112.46515 37.378108 2082.0 57560. 1 0.15
112.46465 37.378731 2082.0 69760. 1 0.15
112.46416 37.379354 2082.0 300240. 1 0.15
112.46366 37.379977 2082.0 32400. 1 0.15
112.46714 37.374437 2082.0 9240. 1 0.15
112.46664 37.374933 2082.0 9760. 1 0.15
112.46614 37.375616 2082.0 8000. 1 0.15
112.46565 37.376239 2082.0 46140. 1 0.15
112.46515 37.376862 2082.0 113140. 1 0.15
112.46465 37.374485 2082.0 46400. 1 0.15
112.46366 37.378731 2082.0 29560. 1 0.15
112.46316 37.379354 2082.0 3240. 1 0.15
112.46515 37.375616 2082.0 53980. 1 0.15
112.46465 37.376239 2082.0 168020. 1 0.15
112.46416 37.376862 2082.0 60700. 1 0.15
112.46465 37.374933 2082.0 28860. 1 0.15
112.46416 37.375616 2082.0 31240. 1 0.15
112.46366 37.376239 2082.0 43960. 1 0.15
112.46416 37.374370 2082.0 15360. 1 0.15
112.46366 37.374933 2082.0 5840. 1 0.15
112.46316 37.375616 2082.0 1400. 1 0.15
112.46266 37.376239 2082.0 2200. 1 0.15
112.31520 37.350400 2082.0 712800. 1 0.15
112.31290 37.350400 2082.0 13800. 2 0.15
112.31180 37.350400 2082.0 403000. 1 0.15
112.31180 37.350400 2082.0 9200. 2 0.15
112.31070 37.350500 2082.0 743977. 1 0.15
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el

112.31507
112.31410
112.31070
112.30960
112.31410
112.31290
112.31180
112.31290
112.31290
112.31170
112.31170
112.30950
112.31510
112.38650
112.38420
112.38420
112.38530
112.32820
112.38310
112.38420
112.38420
112.38300
112.38300
112.38640
112.34960
112.34620
112.34510
112.34390
112.44950
112.44950
112.44940
4

37.350500
37.349500
37.349600
37.349600
37.348600
37.347700
37.350400
37.346800
37.346800
37.346900
37.346900
37.346900
37.345900
37.330900
37.330900
37.330900
37.330000
37.384200
37.328200
37.327300
37.327300
37.327300
37.327300
37.326400
37.342800
37.342800
37.342800
37.342800
37.386000
37.383300
37.382400

2082.0
2082.0
2082.0
2082.0
2082.0
2082.0
2082.0
2082.0
2082.0
2082.0
2082.0
2082.0
2082.0
2012.0
2012.0
2012.0
2012.0
2012.0
2012.0
2012.0
2012.0
2012.0
2012.0
2012.0
2005.0
2005.0
2005.0
2005.0
2072.0
2072.0
2072.0

1.0070kmbry.sav

3.00100kmbry.sav

7.00400kmbry.sav
20.001000kmbr.sav

yv.out

13800.
18400.
9200.
9200.
18400.
18400.
13800.
743977.
13800.
743977.
18400.
9200.
18400.
712800.
403000.
23000.
9200.
13800.
13800.
743977.
13800.
743977.
9200.
9200.
712800.
18400.
13800.
1063140.
712800.
13800.
1063140.

HNERREPDMDNEEPNVDNNENERENDNNNNDNEEBENNDNDENDENDNNDNNODNDNDDNDN

0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
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PROGRAM ALBEDO

PROGRAM ALBEDO

*#%* Cajculates the night ?low (albedo) due to multiple
artificially illuminated facilities

A recoding of the original SKYGLOW program written
by H Hogo?SAl in November 1984

Reference: M.A. Yocke, H. Hogo, and G.W. Lundberg (1984)
*Inpacts of a Proposed Nuclear Waste Facility
on the Night Sky in Canyonlands National Park."
Systems Applications, Inc. SYSAPP-84/204

Modifications and enhancements made by:
Ed Carr and Gary Lundberg
Systems Applications, Inc.
San Rafael, CA 94903
August 1987

Modifications and additions in this version:
. locations now given in longitude/latitude
2. correction for earth curvature
. variable sized hemisphere and integration rho step size
. from 1 to 5 vertical levels
. variable sized ?rid spacing (not true)
. variable type 1ighting characteristics for each grid sq
. variable forward?backward scattering coefficient
. vaf;able reflectance (surface coverage type) for each
grid sq
. ambient no2 read from background files
. fancy input feature

*+* constants for converting radians to degrees
real*d pi
parameter (pi=3.1415926,rtd=180.0/pi,dtr=pi/180.)

#+% 3 tiny positive number
real*4 tiny
parameter (tiny=1.0e-30)

*##* gcattering function multiplier
real*q forpi
parameter (forpi=1.0/(4.0*pi))

**% azuymith and zenith step size (10 degrees)
real*q4 radl0
parameter(radl0 = pi/18.0)

*++ scale height or e-folding distance of extinction coefficient
real*q sclht
parameter(sclht=1.1)

**+ hackground glow (60 nanolamberts = 1.9e-4 lummens/m2/steradian)
parameter (bkgnd = 1.90e-4)

Page
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PROGRAM ALBEDO

*** for input, output, background file names
character*30 filin,filot,filbac

*#** for title
character*B80 ititl,itit2

*** for source locations: ,y,z and distance and
distance squared from obse
real*q xs(200),ys(200),zs(200), d52(200) ds(200)

*** for unit vector normal to surface of source
real*4 xt(200),yt(200),zt(200)

*+% total skyg1ow--this is final result
real glow(0:3 :

#** top pf height levels and distance along line of sight paths
and ambient NO2 concentration in each layer
real*4 hgtlv1(0:5),dt(0:5),ambno2(5)

**+ integrated light intensity at each wavelength
real*q tr(39)

**#* background radiative properties at 39 wavelengths for
the scattering function and extinction coefficient
at five possible levels

real*q pbac(39,0:35,5),btabac(39,5)

*** gpectral distribution of source 1ight, correction for
multiple scattering, scatterin? coefficients at each
of 39 wavelengths and up to 5 levels

real*4 stemp(39,3 difuse539 s D) bscat$39 +.5)

real*4q hlogen(39) mrcury(39),sodium(3

&equiva1ence SStemp 1o 1; sodium; (stemp(l 2)% hlogen)

stemp(1,3),mrcury

**%* {1lumination , spectral distribution, source type and
reflectance for each 8rid square

real*q4 sf(200),flux(39,200) reflct(ZOO)

integer*4 istyp(200)

*+* dimension Romberg array's for integration
parameter (nn=5)
dimension romb(nn,nn)

**+ background extinction and forward scattering coefficient
real*qd ext(5),coef(5)

*%* spectral absorption of no2 at 39 wavelengths
real*q4 absno2(39)

*++ gbserver location for subroutine trans
real*q4 xobs,yobs,zobs
common /pool/ xobs,yobs,zobs

**+% the spectral distributions of three types of source lights
for 39 wavelengths--to add an additional type, change

Page
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PROGRAM ALBEDO Page

the second dimension of stemp, then add 39 more values
to this data statement.

**%* high pressure sodium vapor light (type 1)

data sodium/
& 0.0033898,0.0033898,0.0033898,0.0050847,0.0067797,
& 0.0067797, 0067797,0.0067797.0.0101695.0 0101695,
& 0.0135593,0.0084746,0.0033898,0.0169492,0.0169492,
& 0.0101695,0.0067797,0.0067797,0.0101695,0.0237288,
& 0.0949153,0.1254237,0.0779661,0.1288136,0.1016949,
& 0.0779661,0.0372881,0.0305085,0.0254237,0.0220339,
& 0. 0186441.0.0152542.0 0118644,0.0101695,0.0084746,
& 0.0084746,0.0067797,0.0084746,0.0101695/

*** halogen or tungsten light (type 2)

data hlogen/
& 0.0015060,0.0018820,0.0024470,0.0033880,0.0039530
& 0.0045170,0.0056470,0.0056470,0.0075290,0.0090340,
& 0.0107280,0.0120460,0.0135520,0.0152460,0.0163750,
& 0.0173120,0.0190100,0.0208920,0.0229630,0.0250330,
& 0.0261620,0.0278560,0.0297387,0.0308680,0.0331260,
& 0.0348200,0.0365140,0.0385850,0.0399020,0.0421610,
& 0.0440430,0.0453600,0.0470540,0.0479960,0.0489370,
& 0.0498780,0.0513830,0.0527010,0.0536420/

**+ mercury vapor light (type 3)

data mrcury
& 0. 691800 0.0000000,0.0000000,0.0062900,0.0597500,
& 0.0062900,0.0062900,0.1320800,0.0062900,0.0062900,
& 0.0062900,0.0062900.0.0031400.0.0062900.0.0062900,
& 0.0062900,0.0062900,0.1729600,0.0062900,0.0062900,
& 0.1918200,0.0094300,0.0157200,0.0125800,0.0251600,
& 0.1195000,0.0188700,0.0031400,0.0094300,0.0031400,
& 0.0031400 0 0031400,0.0062900,0.0283000,0.0188700,
& 0.0062900,0.0031400,0.0000000,0.0000000/

*+% gpectral absorption factors for NO2 at 39 wavelengths

data absno? /1 58,1.63,1.67,1.71,1.67,1.63,1.54,1.45,
& .36.1.17.1.06.0.92,0.80.0.69.0.61.0.54.
& 0.46,0.39,0.31,0.26,0.21,0.18,0.15,0.12,0.1,
& 0.080,0.063,0.053,0.041,0.035,0.029,0.024,
& 0.021,0.017,0.014,0.010,0.0068,0.0034,0.0/

kyglow array

*+* initialize total s
data glow/360*0.0/

**% jnitialize maximum number of source light types and lowest
level height in kilometers

data mxstyq {
data hgtlvi( 19.../

**#%* Joad values for the forward scattering and extinction coefficient
from Middletown, W.E.K.: Vision through the Atmosphere,1952

data coef/0.50, 0.70, 0.74, . 7.1 0.8/

data ext /0.011, 0.031, 0.044, 0.125, 0.295/
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PROGRAM ALBEDO

*** get command line argument

i

m i er dependent AR ACAA AR A AR AL AN
call getarg Sz.f'l‘n)
* LE & ]

1
Le 2 21 * k& ARAAARAAA AR A A AR AR AR A A A A A AN AN

» -

if (filin .eq. ' ') then

*** no file on command line--go interactive
call dialog
else

**+ filename on command line--open on unit 9
open (9,file=filin,status='o1d’',iostat=ierr)
if (ierr .ne. 0) then

stop '...cannot open input file'
endif

*++ get the input data

**% the title (two 80 character strings)
read iQ.'{a;'; ititl
read (9,'(a)') itit2

**+ get observer location in longitude, latitude and elevation
read (9,*) xobs,yobs,zobs

*** force to east longitude and change z from meters to kilometers
xobs = -abs (xobs
20bs = zo0bs/1000.

**% hemisphere size number of rho integration steps
read (9,*) rmx,mxr

rsiz = rmx/mxr

mxrml = mxr-1

*4+ get number of sources
read (9,*) ns

do 10 i=1,ns
**+ read in a source location in geodetic coordinates and the
source emissions in total lumens per grid space, source
tyge category, and reflectance
read (9,*) Xo¥,2,sf(i),istyp(i),reflct(i)
mxstyp = max(istyp(1),mxstyp)
X -abs(x)
2/1000.0

4

*#* transform source geodetic coordinates to the skyglow
spherical polar coordinate system
call trans (x,y,z,arc,rho,theta,phi)

*** and now to the related cartesian system
XS l; rho*sin(phi)*cos theta;
ys(i rho*sin(phi)*sin(theta

Page

4



. 26-8

»

* % % %

PROGRAM ALBEDO Page 5

2s(i) = rho*cos(phi)

#** and save distance (squared) too
ds2(i) = rho*rho

ds(1) = rho

*** calculate (and save) unit vectors normal to source surface

xt(i) = sin(arc ‘cos theta;
yt(i) = sin(arc)*sin(theta
2t(i) = cos(arc

10 continue

*** read in the number of layers
read (9,*) nlys

bty get the top height (km) and the name of prepared
ackground radi tive properties file
do 15 i=1,nlys

read (9,'(f10.0,a)"') hgtlv]‘i%, filbac
open (7,file=filbac,status="0ld’

*** read in radiative background for this level
read (7,'(f12.0)') ambno2(1)

do 16 iaz= 0,35
read (7,'(10f12.0)"') (pbac(iwv,iaz,i),iwv=1,39)
16 continue
read (7,'(10f12.0)"') (btabac(iwv,i),iwv=1,39)
close (7)
15 continue
*he get the output file name and open
read {9 a)') filot
open (8,f1le=filot)

**%* get up some arrays (functions of wavelength)--
sgectra] distribution of the source lights,
the ratio of muliple scattering to primary scattering,
the scattering coefficient

do 30 i=1,39
do 20 j=1,ns
flux(i Jj) = stemp(i,istyp(j))*sf(j) * reflct(])
20 continue
do 25 j=1,nlys

**+ do until appropriate forward scattering coefficient is

found
do 21 k=1,5%
if (btabac(l j) .le. ext(k)) then

if (k .eq. 1) then
bckef = coef (k)

else
bckcf = t(coef(k - coeffk 1;;/(ext(k)-ext(k-l)))'

& btabac(i,j)-ext(k-1 coef(k-1)
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endif
go to 22
elseif (k .eq. 5) then
bckcf = coef(k
endif
ontinue
ontinue

tauz = btabac(i,j)*sclht*(1.0 - exp(-hgtlvi(j)/sclht))

bottom = tauz
top = tauz + 4.
* &

* The integral is sensitive to small values of tauz
thus we approximate the integral for values less
than 0.1 with the first two terms of a Taylor
series expansion of the denominator

if (tavz .1t. 0.1) then

el
en

di
bs
25 conti
30 continue

*hd set
mxb = 9

bottom = 0.1

call rombrg (bottom,top,nn,romb)

eps = (1+tauz)/tauz

romb(nn,nn) = 0.5*(-8.6021 + eps -log(eps)) +
romb(nn,nn)

se

8?}] rombrg (bottom,top,nn,romb)

fuse(i,;) = 1.0 * bckcf -2.*bckcf*tauz*romb(nn,nn)

cat(1,j) = btabac(i,j) - absno2(i) *ambno2(j)
nue

zenith loop to 9 iterations for first pass

*#*+ azumith loop: 0 to 350 in 10 deg steps

do 90 fa
alph
cosa
sina

L2 2 ]

do 8

= 0,35

a = ia*radlo0
cossalpha;

sin(alpha

un

zenith ]OOE: 0 (or 10) to 90 in 10 deg steps
actually the 0 deg zenith is only calculated once
0 ib=0,mxb

beta (9-ib)*radl0

cosb cos beta;

sinb sin(beta

nonn

*** zero summing term for all sources
wsum = 0.0 .

*++* source loop
do 70 is=1,ns

*#* ccalarize this source location
sx = xs(is)

Page
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Sy
Sz

HIR

*+% radjal loop: rmx to rsiz in rsiz steps
do 50 ir=0,mxrml

r = rax' - fr*rsiz

**%* point (alpha,beta,r) minus source

dx = r*sinb*cosa - Sx
dy = r*sinb*sina - sy
dz = r*cosb - sz

*** calculate distance from source to (alpha,beta,r)
rst2 = dx*dx + dy*dy + dz*dz

rst = sqrt(rst2)

*+% calculate scattering angle (theta) via the cosine law
pyth = ((r*r + rst2 -ds2(is))/(2.0*r*rst))

if (pyth .gt. 0.999999) pyth = 1.0

theta = rtd * (pi - acos (pyth))

*#% get the low index into pbac for interpolation
low = 0.1*theta
lowpl = low+l

**%* and the fraction for interpolation of pbac
frac = 0.1*(theta-10.0*1ow)

*** calculate the cosine of the angle between the line
from point to source with the normal to source
surface (xt,yt,zt is the normal unit vector)

alt = (dx*xt(is) + dy*yt(is) + dz*zt(is))

**+ determine which layer to use for scattering
event

do 35 i=1,nlys

i {alts i

nht

?o t
elseif (
nht

g. hgtivi(i)) then
37

.eq. nlys) then

i

=0 N

endif
continue
continue

**+ Joop over the wavelengths
do 40 i1=1,39

**%* jinterpolate scattering function (pbac) at this
angle and wavelength
pn = pbacSi].low.nht) +
frac 2pbac(il.lowpl.nht) -
pbac(11,low,nht))

determine extinction coefficient for this wave-
length first determine path len?th through each
layer and then uppermost level for this geometry

Page
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ly

.1t. 1.0e-8 .or. theta .gt. 179.999)
1

est fails
+tiny).1t. r) then

=
-+
—~
—
(=¥
-~
plip=4
I’FP

-dt 1

ct inSr)zldt(n 1))/r
bac(il,n) + bext

scat il n; + avbsct

avbsct=p
fuse(il,n) + avdif

avdif=pr
38 continue
go to 395
endif
39 continue
395 *® continue

- 1v

& *++* determine source intensity at this wavelength
fs = flux(il, isz'exp( bext*rst)
0*pi*rst2)
budiufd integration steps
if (ir .eq. 0) then

**+ cget the initial light for this ray
tr(i1) = pn*forpi*avbsct
& *fs*rsiz*l1.0e-6
else

*** accumulate the lisht along this ray
tr(il) = tr(1lz + forpi*
& avbsct*fs rsiz‘l O0e-6 -
& bext*tr(il)*rsiz
endif

40 continue
50 continue

**+ add this source to the total source sum
with multiple scattering
do 60 i1=1,39
wsum = wsum + tr(il)*avdif + tr(il)
60 continue

70 continue
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**+ add in all the sources at this (alpha,beta)
and the background glow too
glow(ia,ib) = glow(ia,ib) + wsum + bkgnd

*** ypdate the user
print 'ga.i?,a.il,a.lp.e10.3)',
glow(',ia,',"',ib,"') =',glow(ia,ib)

continue
*** reset zenith loop for 8 iterations
mxb = 8
?low(ia.Q) = glow(0,9)
continue

*+* save title and glow for user (and skyplot program)
write 28.‘§a/a%') ititl,itit2
write (8,'(1p,10e9.2)') ((glow(ia,ib),ib=0,9),ia=0,35)

stop '...all done'
end

trans AARAAAANA AN A A AR AARANA AR R AR A AR AN R A A AR A AN AN AR AR A AR A AA
subroutine trans (bin,blit,bht,arc,rho,theta,phi)
*#+ translates source geodetic location to skyglow
spherical polar coordinates: rho, theta, phi
gw lundberg/sai Jjuly '87

*4+ arguments--

bin,blt east longitude and north latitude of point b
bht elevation of point b in kilometers

arc arc length from a to b in geodetic coordinates
rho distance of b from sky?low origin

theta skyglow azimuth east of south in radians

phi skyglow zenith (colatitude) in radians

*+* reference: Geo]ogical Survey Bulletin 1532, p34, (5-3a),
p35 (5-4) and pl146 (16-1,16-2)

real*q bin,blt,bht,arc,rho,theta,phi

**#% coordinates of observer
real*q4 aln,alt,aht
common /pool/ aln,alt,aht

**+ degrees to radians constant
real*q pi,dtr
parameter (pi=3.141592654,dtr=pi/180.0)

*** mean radius of the earth
real*4 e
parameter (e=6371.0)

Page
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*** cosine, sine of latitudes and delta longitude
real*4 calt,salt,cblit,sblt,cdin,sdln

**% sine of arclength, projected rho, azimuth, temporary
real*4 sinarc,prho,azimth,temp

**+% calculate cosines and sines of latitudes

calt = cos (alt*dtr

salt = sin (alt*dtr

cbit = cos ﬁ t*dtr

sblt = sin t*¥dtr

*** and of delta longitude

cdln = cos 2b1n-a1n?*dtr;

sdin = sin bin-aln)*dtr

sl calculate arc length in radians

sinarc = sqrt (cblt*cblt * sdin*sdin +
(ca1t'sb1t - ‘saltr*chlt*cdln)**2)

arc = asin (sinarc)

**+% calculate azimuth east of north
temp =sdin*cblt/sinarc
azimth = asin (temp)

*++ adjust for proper quadrant location
sign = sblt - salt
theta = azimth
if ( sign .1t. 0) then
theta = pi - azimth
elseif (temp .1t. 0) then
theta = 2.0*pi + azimth
endif

*++ calculate projected rho
prho = (e+bht) * sinarc

**%* calculate true rho
rho = sqrt ((aht-bht)**2 + 2.0*(e+bht)*(e+aht)*(1.0-cos (arc)))

*** check for numerical rounding (insure values are not > than one)
if ((prho/rho) .gt. 1.00) prho=rho

**+% calculate zenith
phi = 0.5*pi + acos (prho/rho)

return
end

rombrg AARAR R AR A AR R A AR A AR AN AR A AR A AR R R AR AR AR A AR A A AR AR A AR A AR A NN

subroutine rombrg(a,b,n,r)

Page
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*** This routine employs the Romberg algorithm to estimate the
integral from a to b for the function f §see below)
For further details see Cheny and Kincaid * Numerical
Mathematics and Computing® , 1980.

dimension r(n,n)

*++ declare a function for the calculation of the average
value of the optical depth for the atmosphere
f(tauinf) = 1.0/((exp(2.0*tavinf)-1.0)*tauinf)

h=b-a
;(1.}) = 0.5*h*(f(a) + f(b))

do 40 i=2,n
h = 0.5*h
V= 1+
sum = 0.0
do 20 k=1,1-1,2
sum = sum + f (a+h*float(k))
20 continue

r(i,1) = 0.5*r(i-1,1) + h*sum
m=1
, 1
*m
) = r(i,§-1) + (r(i,§-1) - r(i-1,j-1))/float(m-1)
30 cont
40 continue

return
end
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Aerosols

Airglow

Angstrom

Background Natural
Sky Brightness

Brightness

Candle

Coarse Particles
Fine Particles

Foot-Candle
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A colloidal system in which the dispersed phase (or
colloid) is uniformly distributed in a finely divided
state composed of either solid or 1iquid particles
through the second substance, called the dispersion
medium, usually air. The size of particles constitu-
ting the dispersed phase is commonly set to one
micron.

The quasi-steady radiant emission from the upper
atmosphere, due primarily to the photochemical
luminescence emission of the molecules 0, and Ny, the
hydroxyl radical, and atomic oxygen.

A unit of length used in the measurement of thg wave-

length of 1ight. One angstrom is equal to 107 cm or
10" microns.

The Tuminosity of the sky due to natural sources;
it is due to the average faint star background and
the van Rhijn layer.

The luminous flux emitted by a unit area.

A unit of luminous intensity (or candle-power) of a
1ight source.

Particles whose size range is from 2.5 um to 15 um.
Particles whose size range is less than 2.5 um.

A unit of illuminance or i1lumination equal to one
lumen per square foot. This is the illuminance pro-

vided by a 1ight source of one candle at a distance
of one foot.
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Fugitive Dust

I1luminance

Light Pollution

Lumen

Luminosity

Mie Scattering

Milky Way

Multiple Scattering

Numerical Model

Primary Scattering

Radiation Transfer
Equation

87131p3 7

Solid particulate matter that is moving and rapidly
varying (i.e., dust that is transient in nature).

The total luminous flux received on a unit area of a
given real or imaginary surface, expressed in units
such as foot-candle, lux, or phot.

Any light emitted from man-made sources. Typical
sources include street 1ighting, industrial lighting,
automobile headlights, searchlights, billboard
1ighting, and parking lot 1ighting.

A unit of luminous flux. The lumen is equal to the
luminous flux radiated into a unit solid angle
(steradian) from a small source having a luminous
intensity of one candle.

For a given wavelength of visible radiation, the
ratio of the flux that is effectively sensed by the
human eye to the flux that is intrinsic in the radia-
tion.

Any scattering produced by spherical particles with-
out special regard to comparative size of radiation
wavelength and particle diameter.

The hazy band of 1ight that stretches across the
night sky.

Any scattering in which radiation is scattered more
than once before reaching the sensing element. It is
often referred to as secondary scattering.

A method used to predict the behavior of a physical
phenomenon through the mathematical solution of the
governing equation.

Any scattering process in which radiation is received
at a sensing element after having been scattered just
once.

A mathematical equation describing the change in

1ight intensity within the atmosphere for a given
wavelength as a function of distance (neglecting

multiple scattering).
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Rayleigh Scattering Any scattering process produced by spherical
particles whose radii are smaller than about one-
tenth the wavelength of the scattered radiation.

Scattering A measure of the attenuation due to scattering of
Coefficient radiation as it traverses a medium containing scat-
tering particles.

Steradian A unit of solid angle. The area cut out by a sphere
equal to the square of the radius.

Stellar Magnitude A system of 1ight intensity classification based on
the definition that a difference of 5 magnitudes
means a ratio of intensity of exactly 100 times.
Thus a star of first magnitude is exactly 100 times
brighter than a star of sixth magnitude.

Telephotometer A photometer that measures the received intensity of
a distant 1ight source.

Visible Light The portion of the electromagnetic spectrum occupied
by the wavelengths of visible radiation (0.36 to 0.75
um).

Visual Range The distance at which the apparent contrast between a

specified type of target and its background becomes
equal to the threshold contrast of the observer. The
standard visual range is defined by the relationship

3.912
V= 3

where V i1s the visual range and g8 is the extinction
coefficient.

Wavelength The distance between one crest of the wave to the
next or one trough to the next, or between any point
on a wave and a similar point on the next wave. The

wavelengths of visible 1ight range from 0.36 to 0.75
um.

87131p3 7 C-3
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