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ABSTRACT

Most people have seen a rainbow following a spring shower or in their garden hose, but few
have witnessed the spectacular beauty of a lunar rainbow, or moonbow. One location where the
appearance of moonbows is a well-documented occurrence is Lower Yosemite Fall, Yosemite
National Park, California. Photographers travel to see this rare event, but with the vague
guidelines given by the park’s resources photographers have been disappointed by the absence
of a moonbow on full-moon nights. For this reason, we created a computer program that would
help us to predict the precise dates and times when moonbows would be visible in Lower
Yosemite Fall. We developed six conditions that were necessary for moonbows to be visible in
the waterfall for viewers at the viewing area at the base of the falls:

(1) Clear Skies

(2) Abundant Mist and Spray at the Base of the Fall

(3) Dark Skies

(4) Bright Moonlight

(5) Moonlight Not Blocked by Mountains or Cliffs

(6) Correct Rainbow Geometry
Precisely defining these conditions required visiting the park in order to make our own
measurements, and calculations in spherical trigonometry were carried out in order to develop
practical equations. We have successfully written this computer program, published the results
in a variety of locations where photographers can utilize them, and predicted when moonbows

would occur in Lower Yosemite Fall for 2006, 2007 and 2008.
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INTRODUCTION

After a spring downpour, many have been inspired by the sight of a late afternoon rainbow in
the eastern sky. Even before it appears, you sense that it might and you keep a lookout. Maybe

you once fancied finding a pot of gold where the colorful arc ends.

Yet how many of us have seen a rainbow at night? While this is a fairly rare event, nature lovers
as far back as Aristotle knew it was possible for a bright Moon, like the Sun, to produce a
rainbow.
“The rainbow occurs by day, and it was formerly thought that it never appeared by night
as a moon rainbow. This opinion was due to the rarity of the phenomenon: it was not
observed, for though it does happen, it does so rarely... The colors are not easy to see in

the dark... The moon rainbow appears white...” (Aristotle, Meteorologica, circa 340 B.C.)

Physics Behind the Rainbow

Rainbows are produced by rays of light from the Sun (or Moon) shining on spherical drops of

water. The combination of refraction,
internal reflection, and dispersion
produce the display. The primary bow
forms a circular arc of radius of 42° with
blue on the interior and red on the
exterior of the arc. The primary bow is
created by two refractions and one
internal reflection as shown in Figure 1.

Under good conditions — abundant water

Figure 1: Diagram of light's path through a drops, clear air and bright sunlight — a
spherical water droplet.

much fainter secondary rainbow can

appear with a radius of 51° and with the sequence of colors reversed.
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The center of the rainbow is the point directly opposite the Sun, the antisolar point. The
antisolar point is located as far below the horizon as the Sun is above the opposite horizon and

is easily recognizable because it is marked by the shadow of your head.

At night the geometry is the same except that the antilunar point (opposite the Moon) is the
center for this display — known as a lunar rainbow, moon rainbow, or moonbow. The human eye
loses most of its color sensitivity in dim light, and visual observers usually describe moonbows

as gray, white, or silver.

Confirming this fact, Marcel Minnaert, a pioneering authority on atmospheric optics likewise
pointed out that:
“... moon-rainbows are naturally very weak. That is why they can be seen practically only
when the moon is full and why they are seldom coloured, just as feebly illuminated
objects usually appear colour less at night. ”

(Marcel Minnaert, The Nature of Light & Colour in the Open Air, 1954)

But under ideal conditions — bright moonlight from a full or nearly-full Moon, clear air, and

abundant water drops — some people have reported seeing the colors in lunar rainbows.

Mark Twain and Moonbows

Mark Twain records just such an observation, made in 1866 during a trip to the Big Island of
Hawaii:
"Why did not captain Cook have taste enough to call his great discovery the Rainbow
Islands? These charming spectacles are present to you at every turn; they are common
in all the islands; they are visible every day, and frequently at night also — not the silvery
bow we see once in an age in the States, by moonlight but barred with all bright and
beautiful colors, like the children of the sun and rain. I saw one of them a few nights

"

ago.

Page 4



(Mark Twain, Roughing It, Chapter LXXI)

While returning by ship from Hawaii to San Francisco, Twain made a similar report in his journal

of a “splendidly-colored lunar rainbow” on July 27, 1866.

Thirteen years later the celebrated author was returning to America from a European tour and
again experienced near-ideal conditions:
"Aug. 31 — At sea in the "Gallia,” approaching New York — about 9 PM brilliant moon, a
calm sea, & a magnificent lunar rainbow — a complete arch, the colors part of the time as
brilliant as if it were noonday — some said not quite as brilliant, softened with a degree of
vagueness, but to me it was not different from a daylight rainbow.”

(Mark Twain, notebook entry, August 31, 1879)

Mark Twain considered himself lucky to see this rare lunar phenomenon multiple times in his

life. However, Mark Twain was not the only historical figure to have seen these wonders.

Moonbows at Sea: Ben Franklin

Another observer of a lunar rainbow at sea was none other than the young Benjamin Franklin,
on a return voyage from London to Philadelphia in 1726:
“Contrary wind still. This evening the moon being near full, as she rose after eight
o'clock, there appeared a rainbow in a western cloud to windward of us. The first time I
ever saw a rainbow in the night caused by the moon.”
(1726 August 30 [Julian calendar] = September 10 [Gregorian calendar], journal of

Benjamin Franklin)

Franklin’s journal for this trip holds much of interest to astronomers. In addition to seeing a

lunar rainbow, Franklin also recorded witnessing a solar eclipse (1726 September 14 [Julian] =
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September 25 [Gregorian]) and then, just over two weeks later, a partial lunar eclipse (1726

September 30 [Julian] = October 11 [Gregorian]).

Moonbows in Waterfalls

One never knows when he or she will see a rain shower on a moonlit night. So they can travel to
a more reliable place on a moonlit night, the spray near waterfalls. Going to a waterfall at the
right time of year assures that at least one of the criteria necessary to form a moonbow,
abundant water droplets, will be met. The occurrence of lunar rainbows in the mist near
waterfalls has been enjoyed by tourist at several well known locations. At Victoria Falls, on the
border between Zambia and Zimbabwe, tour companies offer “Lunar Rainbow Tours.”
Moonbow observing is also a popular activity at Cumberland Falls in Kentucky, and early
postcards show that the hotel adjacent to the falls was named the “"Moonbow Inn.” Lunar bows
were a great tourist attraction at Niagara Falls in the mid 1800s, and the phenomenon gave its
name to two topographic features just south west of the American Falls:

“The name Luna Island and Luna Falls comes from the fact that the light of a full or

nearly full moon creates a lunar rainbow in the mist. Most visitors never see it, however,

for in summer the falls are lit by artificial light until well after midnight.”

(New York Times, June 1988)

Yosemite Moonbows: John Muir
One of the first modern preservationists, John Muir, wrote numerous letters, essays, and books
telling of his adventures in nature which strongly influenced the formation of the modern
environmental movement. His direct activism helped to save Yosemite Valley and founded the
Sierra Club which is one of the most important conservation organizations in the United States.
So it is no surprise that Muir described in great detail the occurrence of moonbows in the
waterfalls of Yosemite Valley:

“Lunar rainbows or spray-bows also abound in the glorious affluence of dashing,

rejoicing, hurrahing, enthusiastic spring floods, their colors are distinct as those of the
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sun and regularly and obviously banded, though less vivid. Fine specimens may be
found any night at the foot of the Upper Yosemite Fall, glowing gloriously amid the
gloomy shadows and thundering waters, whenever there is plenty of moonlight and
spray. Even the secondary bow is at times distinctly visible. “ (John Muir, The Yosemite,

1912)

While exploring the valley at night in search of a moonbow, as he often urged visitors to
Yosemite Valley to do, Muir made his way from the Upper Yosemite Fall along the edge of a the
gorge in order to see the moonbows forming in the lower falls. In his 1912 book The Yosemite
he wrote:
"And down in the exceedingly black, pit-like portions of the gorge, at the foot of the
highest of the intermediate falls, into which the moon beams were pouring through a
narrow opening, I saw a well-defined spray-bow, beautifully distinct in colors, spanning
the pit from side to side, while pure white foam-waves beneath the beautiful bow were
constantly springing up out of the dark into the moonlight like dancing ghosts..."

(John Muir, The Yosemite, 1912)

In an 1871 letter to long time friend, Mrs. Ezra S. Carr, Muir described another double lunar bow:
“... that you could be here to mingle in this night-noon glory! [I] am in the upper
Yosemite Falls... In the afternoon I came up the mountain here with a blanket and a piece
of bread to spend the night ... Silver from the moon illumines this glorious creation
which we term ‘falls,” and has laid a magnificent double prismatic bow at its base. The
tissue of the fall is delicately filmed on the outside like the substance of spent clouds,
and the stars shine dimly through it.”

(letter from John Muir to Mrs. Ezra S. Carr, circa April 3 1871)

After reading Muir's dramatic accounts, the idea of writing a computer program to predict dates
and precise times when moonbows would appear in Lower Yosemite Fall was first hatched.

However, moonbows are the most impressive when all colors are visible to the viewer.
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The retina of the human eye contains two types of photoreceptors, rods and cones. Rods are
more numerous and sensitive than cones, but they are not sensitive to color. Daylight vision is
primarily cone vision. However, vision at night is primarily rod vision and therefore colors are
only perceptible to very sensitive eyes. Since most people would only see a light silvery bow,
how could we assure that everyone would enjoy the same awe inspiring display that John Muir’s

sensitive eyes were able to witness?

With modern advances in photography techniques and equipment, it is easy for even amateur
photographers to capture the full palette of colors present in lunar rainbows. It is common
practice to slow the shutter speed of the camera in order to allow more light to reach the film
(or digital camera chip) of the camera when taking pictures at night. This technique called time-
exposure photography and has resulted in many amazing photographs of night landscapes and

particularly moonbows.

The Missing Moonbow in 2005

The existing Yosemite guide books give only some very general advice about seeing and
photographing moonbows, informing visitors to try near the time of full Moon and to stand with

the Moon at your back and the falls in front of you.

While searching for moonbow-related messages in the archive of a nature photography
discussion group (Calphoto at Yahoo), we ran across an incident that made us realize how useful
precise computer predictions might be. Following the guidelines of the Yosemite visitors’
books, on the evening of June 22, 2005, there was a nearly full Moon so about 50
photographers gathered at the viewing area near the base of Lower Yosemite Fall. The
temperature began to drop as the evening wore on and the mist blown down from the waterfall
kept the photographers uncomfortably wet. By midnight the group members dispersed

wondering why the moonbow had failed to appear when “all obvious conditions were in place.”
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Preliminary analysis revealed that on June 22, 2005 the Moon rose with a large southern
declination (-28 degrees). This declination would cause the moonrise to be delayed above the
local horizon. We wondered if we could produce a more precise explanation from a detailed

computer analysis for Lower Yosemite Fall.

COMPUTER PROGRAM

In order for a moonbow to be readily visible, six conditions must be simultaneously satisfied.
The first two conditions are weather-dependent, but the last four astronomical conditions can

be modeled by a computer program.

Six Conditions for a Moonbow to Appear

(7) Clear Skies

(8) Abundant Mist and Spray at the Base of the Fall
(9) Dark Skies

(10)Bright Moonlight

(11)Moonlight Not Blocked by Mountains or Cliffs

(12)Correct Rainbow Geometry

Clear Skies

For obvious reasons, a sky free of cloud cover over the Moon is necessary to allow the
moonlight to reach the mist created by the waterfall. This is not possible to calculate in a long
term program and is thus left up to the viewer to check weather forecasts regarding whether the

sky will be clear on the night that they visit the fall.

Abundant Mist and Spray at the Base of the Fall
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The best moonbow dates fall in the snowmelt runoff season, at Yosemite typically extending
through April, May, June, and sometimes early July. The height of the snow pack and the rate at
which the pack melts varies from year to year. These factors can affect our results for when
moonbows will occur because a year with a lot of runoff will create a denser mist and thus allow
moonbows to be visible for a Moon that is slightly less illuminated to produce a moonbow. On

the other hand if the snowmelt occurs very rapidly, moonbows will not be visible in July.

Dark Skies

Twilight is a common term, but few realize that there are three types of twilight — civil, nautical,

and astronomical twilight.

Civil twilight occurs when the center of the Sun is between the horizon and 6 degrees below the
horizon. The brightest stars appear during civil twilight and there is enough light from the Sun

that no artificial sources of light are necessary to carry on outdoor activities.

Nautical twilight is the term for when the center of the Sun is more than 6 degrees but no more
than 12 degrees below the horizon. This twilight is named for the time sailors could take
reliable star sights of well known directional stars using a visible horizon for reference. During
this time general outlines of ground objects may be distinguishable but detailed outdoor

operations are not possible and the horizon is indistinct.

Astronomical twilight is defined as the time when the center of the Sun is more than 12 degrees
below the horizon but less than 18 degrees. Most observers would consider the entire sky
already fully dark even when astronomical twilight is just beginning but the faintest stars and
diffuse objects, such as nebulae and galaxies, can only be best observed beyond the limit of

astronomical twilight.
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We chose to use the middle of nautical twilight as the start time for considering moonbows
possible in our program. Information on the location, azimuth and altitude, of the Sun is
gathered from the Jet Propulsion Laboratory Horizons system. Our computer program rejects
times until after the middle of nautical twilight, so that the Sun’s altitude is more than 9 degrees
below the horizon. It is possible for a moonbow to be visible before the Sun is 9 degrees below

the horizon if the mist is dense enough and this possibility is noted in our results.

Bright Moonlight

For any given date and time, our program calculates the brightness of moonlight as a function
of four factors — lunar phase law, lunar distance, solar distance, and atmospheric extinction.
Each of these effects on the brightness of moonlight has a corresponding equation which is
found in Astronomical Algorithms by Jean Meeus and is used in our moonbows’ computer

program.

Most important is the phase of the Moon and the lunar phase law for luminosity.
What follows is the equation for lunar phase law where a is the phase angle of the moon in
degrees:

F1 = 10%*2™ where Am = 0.026 |o| + 4*10° o

And if || < 7° then F; = F; * (1.35-0.05 |a|)
The second portion of this law is referred to as the opposition effect which is the brightening of
the moon (and several other heavenly bodies) when illuminated from directly behind. This is a
difficult behavior to model because when the Sun moves directly behind the Earth, we observe a
lunar eclipse. Therefore at the point that we expect the Moon to be brightest, we actually have

no light visible from the Moon.

The second factor is the altitude of the Moon, with a Moon high in the sky appearing much

brighter, while a Moon close to the horizon appears much fainter as it light passes through
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more atmosphere. We call this atmospheric extinction and it is mathematically expressed as

follows:
FZ =1 0—0.4*k[(airmass)—(airmass)reﬂ

where Airmass = ———— and k = 0.2 (2280itudey

sin(hpoon) airmass

Here hyoon is the moon’s altitude, and magnitude is the logarithmic unit of brightness such that
5 magnitudes corresponds to a factor of 100. This is equivalent to a difference of 1 magnitude

corresponding to 100" which is a factor of 2.512.

As light passes through the atmosphere it is scattered and absorbed, so astronomers have
defined an airmass to measure the path length through the Earth’s atmosphere. The airmass
directly over head, at zenith, is defined to be one airmass. The number of airmasses increases as
we increase the angle from zenith. So we needed to choose a reference airmass, (airmass).es,
that would apply to the moonbow scenario that we were analyzing. A reference airmass of one
was not chosen because if the Moon were directly overhead then the anti-moon would be
directly under the viewer's feet and a moonbow would not be visible in Lower Yosemite Fall.
Choosing the reference airmass to be along the horizon would be tricky due to the mountainous
local horizon. So the airmass of 2.356 for an altitude of 25° was chosen as the reference
airmass. Using these values in the equations for F, in our program would help us calculate the

brightness due to atmospheric extinction.

Another important factor is the distance to the Moon, with the Moon appearing brighter at
lunar perigee (near Earth) than at apogee (far from Earth). The effect of lunar distance on
brightness of the Moon is as follows where Ryoon is the distance to the Moon in astronomical
units:

Rangemoon = (1.495978707 * 10°%km/AU)(Ryioon)

(Rangemoon)rer]* _ [ 385001 ]2
Rangepmoon Rangepmoon

F3 == [
Notice that Rangemoon has units of kilometers rather than astronomical units. The mean

distance to the Moon is 385001 km, so our reference Rangemoon is chosen to be this value.
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We also included the small variations in the Sun'’s distance, which changes the intensity of the
sunlight reaching the Moon'’s surface in the following where Rsyy is the distance to the Sun in

astronomical units:

F, = [(RSUN)ref 2 _ [1.01 AU]2

Rsun Rsun

The average distance to the Sun is 1 AU by definition of astronomical units. However, since
Yosemite Falls only flows in the spring and early summer we only really need to consider the
average distance of the Sun during these months. The mean distance of 1.01 AU to the Sun for

2005 occurred on May 11 so this is the value used in our program.

Each of these effects on the brightness of moonlight is calculated by our program and then
multiplied to get a value expressing the relative brightness:

Frorar = Fi*F, xF3 % Fy
The values for this range from a number greater than one to numbers much less. Our computer
program requires that the moonlight be brighter than a cutoff value corresponding to a Moon
at an altitude of 25 degrees, at its mean distance, and with an illumination fraction of 95%. The

exact value for our cut of brightness is Frora. = 0.53769.
Moonlight not Blocked by Mountains or Cliffs

Yosemite National Park is known for landmarks like Half Dome, Mount Starr King, Glacier Point,
Sentinel Dome, and Sentinel Rock. However, the Moon must have risen above the local horizon
formed by these nearby mountains, domes, and cliffs, so that moonlight can strike the spray at
the base of the Lower Yosemite Fall. It would be incorrect to predict a moonbow for a certain
date and time and then discover that the Moon was hidden behind a mountain or below the
south rim of the valley. For any given date, we can determine the Moon'’s path in altitude and
azimuth using data files calculated by the Jet Propulsion Lab Horizons software. To determine
the exact profile of the local horizon, we needed to visit Yosemite and take photographs from

the base of the fall where the mist is the thickest.
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Correct Rainbow Geometry

The Lower Yosemite Fall viewing area is a paved terrace at the west end of a wooden bridge
over Yosemite Creek. For an observer at this spot, a moonbow will only appear when the angle
between the anti-lunar point and the direction toward the base of Lower Yosemite Fall is near 42

degrees, the rainbow angle. This concept is very well illustrated by Figure 2.

Figure 2: Diagram of basic moonbow geometry applied to Lower
Yosemite Fall.

Sunlight is reflected from the Moon in all directions, but we can use the approximation that if
two different locations are close in comparison to the distance from each of these locations to
the Moon then the moonlight hitting these two points will be traveling parallel to each other.

We can apply this approximation to our situation because if two individuals, one on the viewing
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area and the other in the mist where a moonbow is visible, were pointing at the center of the

Moon their arms would be nearly parallel, as seen in Figure 2.

We needed to determine the region in the waterfall where a moonbow could occur then find the
corresponding region in the sky that the Moon would need to pass through to form a moonbow
in the waterfall. This would require understanding the topography to determine the relative
positions of the viewing area and the fall. In order to get the measurements of the topography

necessary to complete our computer program, we needed to visit Yosemite Falls.

Prior to visiting the park, we were able to derive a general equation that would allow us to
determine if a moonbow were possible given the position of the Moon in the sky. This equation
is used in our computer program to determine the precise time of the moonbow’s occurrence.

Figure 3 is the fundamental starting place for the entire derivation.

—

Figure 3: Sketch of a circle projected onto a sphere, in
our case this helps us to determine the general equation
for a moonbow.
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The equation of a circle with angular radius R is
n-n,. = |n||n.| cosR
If we are certain to use only the unit vectors in the direction of n and n., then
cosR = n,(no)y + ny,(ny)y +n,(n),
The components of an arbitrary unit vector are
X = sinf cos ¢
y = sinf@sin g
z = cosf
Thus
cos R = (sin 0 cos ¢)(sin B, cos ¢.) + (sin B sin ¢)(sin 6, sin ¢.) + cos O cos O,
cos R = (sin 8 sin 6,.)(cos ¢ cos ¢, + sin ¢ sin ¢.) + cos O cos 6,
cosR = (sin 8 sinb.) cos(p — ¢.) + cos O cos O,
Therefore the general equation for the circle with angular radius R is
cosR = (sin 8 sin6,) cos(p — ¢.) + cos O cos 6,
We apply this general equation for the circle with angular radius R to our situation where the
circle is centered on the anti-moon and in order to form a moonbow R must be 42.3 degrees.
So the equation becomes
cos R = sinhsin hyy cos(A — Agy) + cos hcos hyy
where hay is the altitude of the anti-moon and Aay is the azimuth of the anti-moon. Since the
input parameters of the program are azimuth and altitude of the Moon, we must realize that

AAM = AM + 180°and h'AM = _hM

For fun and to help determine the accuracy of our predictions we decided we also wanted to be
able to predict the position of the moonbow in the fall relative to the densest part of the mist

and the slant of the bow.
Determining the angular separation, D, between the anti-moon and the waterfall was simply a

matter of realizing that the circle should pass through the waterfall. So

cos R = sin hyp sin hyy cos(Ayr — Aay) + €OS hyyp €OS hyy
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where hyr is the altitude of the waterfall relative to the observer and Ay is the azimuth of the
waterfall. Because the mist is not a point but a large region, we extend the moonbow region to
be an area extending to roughly 8 degrees above and 5 degrees below the densest spray near

the base of the fall.

Calculating the slope of the moonbow at the point nearest the center of the mist turned out to
be a far more daunting task. Meeus's Astronomical Algorithms p.117 gives us the equation for a
great circle

tan §, sin(ag — a) + tan §g sin(a — ay) + tand sin(ag — ay) =0
In this equation, a, is the azimuthal position of A, 84 is the altitude of A, oz is the azimuth of B,
and &g is the altitude of B.

Take the differential of the equation above, f(o,8) = 0:

of of
ada +%d5 =0

tan 8, cos(ag — a)(—1)da + tan 65 cos(a — a,) (+1)da + (sec §)? sin(ay—ag) = 0
da[tan 6 cos(a — a,) —tan 8 cos(a — ag)] = (sec§)? sin(ag — ay) d
The following equation is valid anywhere on the great circle:

da (sec8)?sin(ag — a,)
dé  tandgcos(a — ay) —tan 8, cos(a — ap)

However, we want to evaluate this equation at the point A where a = a and & = Oa.

da (sec,)?sin(ag — ay)

5 la = tan 8p cos(ay — @y) —tan g, cos(ay — ag)

da (sec8,)?sin(ag — ay)

ds '~ tan g —tan d, cos(ag — ay)

da = sin(ag — ay) cos g
ds'4 ,Sindp , sin dp B (cos 53)
(cosdp) 05 g (cosdp) cos o, cos(ag — ay)

da cos &g sin(ag — ay)

ds la = (cos &4)? sin 85 — cos &, cos &g sin 6 cos(ag — ay)
Finally

da sin(ag — ay)
ds la= (cos 8,)2[tan Sg — tan 8, cos(ap — a,)]
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Since

gl — tanW = cosSda_ 5da
ope = tanW¥ = 75 = cos 75
sin(ag — a
an W, = (ap — as)

(cos &) [tan &g —tan &, cos(ag — ay)]

We can correlate this general equation for a random point on the great circle to a moonbow
through Lower Yosemite Fall by letting the point A be a point in the center of the mist at the
base of the waterfall and the point B be the anti-moon. Therefore the slope of the moonbow is

sin(Awr — Aam)
cos hyp [tan hyy — tan hyp cos(Aywr — Aam)]

tana =

So there are three very distinct cases for the appearance of the moonbow through the center of
the mist: « > 0, a = 0, and a < 0. Fora > 0, the slope of the moonbow can be described in

much the same way as a positive sloping line, rising from lower left to upper right. Whena =0
the moonbow is perfectly horizontal through the mist. Finally when @ < 0 then the slope of the

mist is like a negatively sloping line, falling from upper left to lower right.

a<0 a=0 a>0

Figure 4: Three photographs taken from the viewing area of moonbows in Lower
Yosemite Fall. Each photograph exhibits a different possible slope of the moonbow.

Page 18



However, now we needed to understand the topography, to determine the relative position of

the viewing area and the fall, which provided another reason to travel to Yosemite.

VISITING YOSEMITE

Fortunately, Dr. Olson’s group was finishing up a previous project in Yosemite National Park. In
a previous Sky & Telescope article, the group had predicted that on September 15, 2005, the
Moon's position would recreate the famous Ansel Adams photograph “Autumn Moon” (S&T:
October 2005, page 40). The moonrise event at Glacier Point was a great success, with hundreds
of photographers in attendance (S&T: January 2006, page 93), but most of the time in the park

was spent near Lower Yosemite Fall.

In September, the water running over the falls is little more than a trickle. This would have been
bad news for those hoping to witness the thunderous Yosemite Falls, but for our research group
this was good news. With the falls in this state we could stand at the base of the falls which is

impossible during the spring runoff season.

Figure 5: Ashley Ralph, Roger Sinnott, and Figure 6: In this photograph, the stars make
Russell Doescher making measurements on it possible to determine the precise location
the bridge near the viewing area. of formations on the local horizon.
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During the day we surveyed the falls with rulers, plumb bobs, and a laser level. At night we took
photographs of the nearby mountains and cliffs silhouetted against brilliant star fields. The
known altitudes and azimuths of the stars would be used to accurately trace out the profile of

the local horizon and determine the relative location of the waterfall from the viewing area.

Location of Lower Yosemite Fall: Distance

Prior to our trip, we used information from a variety of online sources to do some preliminary
calculations. One of these websites was summitpost.org, a well respected resource for climbing,
mountaineering, hiking, and other outdoor activities. This web site had informed us that Lower
Yosemite Fall would be about 100 yards from the bridge. However, we used our measurements
of the width between two posts on the bridge and the angular scale of the bridge determined
from a photograph of the bridge taken from the base of the falls to determine the actual
distance from the base of the falls to the viewing area. The final result of our calculations and
extensive use of the law of sines is that the distance between the base of the falls and the

viewing area is 537 feet or 179 yards.

Location of Lower Yosemite Fall: Azimuth and Altitude

At night we took photographs of Lower Yosemite Fall from the viewing area in order to
determine two important angles, azimuth and altitude. The photographs taken at night with
time-exposure photography showed star trails through the sky above Yosemite Falls. Since we
know the precise times when the photographs were taken, we used star charts to identify the
stars in the sky then the computer program Voyager to determine the azimuth and altitude of
each of the stars in the sky at that time. Using trigonometry and algebra to extrapolate these
values we found that the azimuth from the viewing area to the densest part of the mist in Lower
Yosemite Fall was 325 degrees. Because Yosemite Falls are so tall, we decided that it would be
best to use these stars to determine the azimuth, but the extrapolation to find the value for

altitude would make the results very inaccurate.
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Figure 7: Photograph of stars over the top of Lower Yosemite Fall used to determine
location of the densest part of the mist.

In order to determine the altitude of the densest part of the mist in the falls, we used the results
of surveying the falls during the daylight. The photographs of a ruler held vertical (using a
plumb bob and laser level) on the bridge in front of the falls were used to determine the altitude

of the densest part of the mist to be 12 degrees.

In these ways we determined a person at the center of the viewing terrace would observe the
densest part of the spray near the base of Lower Yosemite Fall by facing toward azimuth 325
degrees (that is, 35 degrees west of north) and looking somewhat upward, toward an altitude of

+12 degrees.
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Figure 8: Roger Sinnott, myself, and Ashley Ralph
use the measuring tape and laser level to create an
altitude scale.

Local Horizon

After visiting the park we returned with photographs of the local horizon taken both during the
day and at night. The photographs taken at night with time-exposure photography showed the
local horizon as well as star trails through the sky above these distinctive landmarks. Since we
know the precise times when the photographs were taken, we needed to identify the stars in the
sky then use Voyager to determine the azimuth and altitude of each of the stars in the sky at
that time. From these values we would be able to determine precisely where the local horizon

was located.
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After determining the local horizon for the computer program, we decided it would be helpful
to have a diagram of the local horizon with the Moon'’s lines of declination and the successful
moonbow region drawn on it in order to help us to interpret our results. We used graph paper
to make sure that our local horizon would be drawn as precisely as possible. We also added in
the lines of declination on which the Moon rises in the sky and then finally we added the
successful moonbow region. We used the equations derived when determining the correct
rainbow geometry, then expanding the region to 8 degrees above and 5 degrees below the
densest part of the mist. We used the successful values for the anti-moon location in order to
determine where in the sky the Moon could be to produce the moonbow. The result was Figure

9.

Figure 9: This is the chart we came up with to help us to understand where
in the sky the Moon should be in order to create a moonbow in Lower
Yosemite Fall for viewers at the viewing area.
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This chart was helpful when checking the output of the computer program against previously
photographed moonbows. Using the chart we were able to conceptually understand how the
Moon was moving through the sky and as a result how the moonbow was behaving in the

waterfall.

FINISHING THE COMPUTER PROGRAM

Following our trip to Yosemite National Park, we had the values of azimuth and altitude for the
location of Lower Yosemite Fall and the local horizon. Now we could use these values and the
equations derived to model the brightness of the moonlight and correct rainbow geometry in
our MOONBOWS program. Writing the program in BASIC turned out to be simple once the
equations were derived. The code for the program, and sample input and output files can be
found in Appendix C. The input file is created using JPL Horizons Ephemeris to generate the
information on position of the Sun and Moon in the sky, the distance of the Sun and Moon from
earth, declination of the Moon and percent illumination of the Moon for every minute of a
specified range of time. This is used by our MOONBOWS program to produce an output file
which contains the time, percent illumination of the Moon, declination of the Moon, location of
the Sun and Moon, the success (“***") or failure(" ") of a moonbow, the location of the
moonbow in the mist, the slope of the moonbow in the mist, and the brightness of the
moonlight. With this program, we are able to determine the days in spring runoff season near
full Moon that we would like to check for the occurrence of a moonbow. Then we use our chart

in order to consider which days to post in our table of predictions.

CASE OF THE MISSING MOONBOW: SOLVED

An example for a specific date and time will help explain the process. Let's return to the case of

the mysteriously absent moonbow on the evening June 22, 2005, that left approximately 50

photographers disappointed. We took the information generated by JPL Horizons Ephemeris
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and created an input file for our MOONBOW program. The result of the program was not a

missing moonbow, but rather a moonbow arriving in the early hours of the next morning.

On June 23, 2005, at 1:30 a.m. PDT a bright nearly-full Moon (98% illuminated) had risen above
the south rim of Yosemite Valley and stood in the sky at azimuth 169 degrees and altitude 23
degrees. Equations based on spherical trigonometry show that the anti-lunar point was then
separated from the densest spray at the base of Lower Yosemite Fall by an angle of exactly 42

degrees — perfect conditions for a moonbow.

Recognizing that the mist occupies a region, extending from approximately 8 degrees above to
about 5 degrees below the densest spray near the base of the fall, our program finds that a
moonbow would have been visible during the entire period from 12:45 a.m. to 2:00 a.m. PDT on
June 23, 2005. As the Moon rose higher into the sky and moved westward, the bow first

appeared near the top of the spray and then slowly drifted downward and eastward.

We now had the explanation for the disappointing experience of the Calphoto group on the
evening of June 22, 2005. The Moon did finally clear the local horizon, and a bright moonbow
did eventually appear, but not until the early hours of the next morning. We realized that our
calculations of dates and precise times could save people from long and disappointing waits in a

location that can be cold and wet.

MOONBOW PREDICTIONS

During the snowmelt runoff season of 2006, we tested our program by circulating predicted
dates and times to the Calphoto discussion list and to other interested photographers. The
photographic results from 2006 verified the accuracy of the program. Predictions were posted
for 2007, 2008, and 2009 on Dr. Olson’s website, http://uweb.txstate.edu/~do01/. These

predictions for all four years can also be found in Appendix B.
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Our computer program typically predicts moonbows on four or five nights near each full Moon
during the snowmelt runoff period. This is perhaps slightly conservative but is in general
agreement with the conclusions of the sharp-eyed John Muir, who judged:
“...magnificent lunar bows may be found for half a dozen nights in the months of
April, May, June, and sometimes July.”

(John Muir, “Yosemite in Spring”, New York Tribune, May 7, 1872)

Thus far our program has successfully predicted Moonbows for 2006 and 2007 snowmelt runoff
seasons. In addition to Dr. Olson’s website, these results have been posted in a variety of
publications such as Sky & Telescope, Chinese National Astronomy, the Houston Chronicle, Los

Angeles Times, and Weekly Reader. Some of these articles can be found in Appendix A.

CONCLUSIONS

We have written a computer program that can accurately predict when moonbows will be visible
in Lower Yosemite Fall from the viewing area. This program relies on information gathered from

JPL Horizons Ephemeris and measurements collected from the park by Dr. Olson’s research

group.

If you don't have plans to visit Yosemite National Park to see this lunar phenomenon, don't
worry because in addition to bows in rain showers and waterfalls, anyone can make a moonbow
with a hose in the backyard. With a bright Moon high in the sky, direct a fine mist toward a spot
42 degrees away from the shadow of your head. The bow is much easier to see against a dark
background, like a dark bush or a dark wall. Once seen, the ethereal silver-white of the

moonbow is not easily forgotten.
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Appendix A

Our three moonbow articles and articles written about our work were published in a variety of

magazines, newspapers, and webpages. The following are a few publications of our work:

Sky & Telescope, May 2007 ... oo, Pages 28 - 33
Chinese National Astronomy, 2007 . ... ... ..o, Pages 34 — 42
Yosemite Spring, 2007 . ... ... Pages 43 - 46
Mitte Foundation News, July 2007 ....... ... ... .. oo .. Pages 47
New Scientist, May 24, 2007 . . .. ...t Pages 48
Weekly Reader, March 2008 . ... ... .. ... Pages 49 - 51
Houston Chronicle, May 25, 2007 . ... Pages 52
Los Angeles Times, May 22,2007 .............o i, Pages 53 - 54
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Left-to-right Russell Doescher, Kellie Beicker, Sky & Telescope
senfor editar Roger Sinnott, Ashley Ralph, Don Olson.
{Photo by Marilviin Olsan)

Mow, a team of astronomers from Texas State University-
San Marcos has applied a unique brand of forensic
astronomy to the rainbow’s nocturnal cougin, unraveling
when and where this phenomenon can best be viewed in
the remote California wilderness.

Texas State physics professors Donald Clson and Russell
Doescher, along with Mitte Honors students Kellie Beicker,
Ashley Ralph and Hui-Yiing Chang, published their findings
in the May 2007 edition of Sky & Telescope magazine.

Although people have been watching for moonkbows for
centuries, thisis the first time anyone has calculated dates
and precize times for appearances of this unusual event.

Conditions must be ideal for moonbows to form, including
abright moon and abundant water droplets sugpended in
clear air. Figures from Arigtotle to Benjamin Franklin have
written about the rare phenomenon, and as early ag 1871,
Muir wrote enthusiagtically that moonbows could often

be seen in the fine gpray coming off Yosemite Fallz — no
rain clouds required. He describad their beauty in hig 1912
book, The Yosernite.

el inining e precise Lopogidinny dia geaiieuy w
catigty the final two criteria in the program required on-site
rescarch, and in September of 2005 the Texas State group
traveled to Yosemite.

The resulting data gainad from extensive surveying and
on-gite topographical research paid off immediataly. Upon
return to Texas, Oleon and his team discovered why a
moonbow anticipated by photographears on the evening of
June 22, 2005 failed to appear, degpite apparently perfect
conditions. Olson realized that the moonbaow did in fact
appear, but not until 12:45 a.m., long after the photographers
had given up and gone home for the night, thus proving the
value of the Texas State predictive model.

The group’s work has baen featured in publications ranging
from the Los Angeles Times to the Journal of the Yosemite
Asgociation, and their predictions have beean tested by
eager photographers traveling to the Yosemite Valley —with
spectacular results,

Moonbow predictions for the remainder of 2007 along
with additional information on the positions of the moon
and factors involved in the formation of moonbows can be
found online at http o/ uweb tratate.edu/~do01/.
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Tuesday, May 22, 2007

BRENT GILATRAP
SPECTACULAR GLOW: Commercial pholographer Brenl Gilstrap captured a moonbow over Yosemile Falls. Ideal
b include clear skies, abundant mist af the base of a walerfall and the absence of artificial light.

Beauty in the misty moonlight

Elusive moonbows have long
graced Yosemite Falls. Now a
team of astronomers can

predict when they will occur.

By ERiC BAILEY
Times Staff Writer

YOSEMITE NATIONAL PARK — Ar-
istotle took note of this celestial happen-
ing a couple of millenniums back Ben
Franklin bagged a sighting or two, as did
Mark Twain. The venerable John Muir,

fcler of Slerra taintop and
meadow, waxed enthusiastic about the
nighttime phenomenon.

The hunt for the elusive “moonbow™

has long been a nocturnal hure for dreamy
hikers, insomniac seamen and intrepid
photo buffs. But in the past, seeing one of
these nighttime rainbows — caused when
a full moon's rays bounce off the mist of a
departing rain cloud or raging waterfall —
has been dictated mostly by chance.

No longer.

A team of astronomers from Texas
State University in San Marcos has pro-
duced a computer model that can reliably
predict the date and duration of moon-
bows at Yosemite Falls, the national
park’s tallest and most photogenic water-
fall.

Their predictions have sent waves of
camera buffs and Yosemite Valley visitors
trekking up the trail to the plank bridge
near the base of the waterfall

Aside from those who have visited dur-
ing an overcast night, few have come away
disappointed.

"So far as we know, we're the first to
predict dates and precise times for when
moonbows will appear,” said Don Olson,
the Texas State astronomy professor who
led a team of honors students in the
project. “It's great for people who other-
wise might have sat around all night wait-
ing to see a moonbow, and for the stu-
dents it was a nice exercise in calculus,
spherical trig and computing.”

‘The team’s moonbow table took Brent
Gilstrap to the waterfall one recent night.

Gllstrap who two years ago chucked

l career to b a
o lal landseape photog . has
[See Moonbow, Page Bw]

latimes.com/california

Mayor
seeks
to ease

MTA
hikes

Villaraigosa proposes
smaller increases to help
low-income bus riders
and suggests ways the
agency can free up cash
to cover expected deficit.

By DukE HELFAND
AND STEVE HYMoN
Times Staff Writers

Assailing sweeping bus fare
hikes proposed by the MTA as
“extreme,” Los Angeles Mayor
Antonio Villaraigosa on Monday
ecalled for more modest increases
that would ease the financial
crunch on low-income riders.

Villaraigosa offered his plan
as part of a larger strategy to ad-
dress the agency's estimated
$104-million deficit for the com-
ing fiscal year, a figure that Met-
ropolitan Transportation Au-
thority officials fear could
balloon without new revenue.
The MTA provides mass transit
across Los Angeles County.

To make up for the more
modest increases, the mayor
suggested that the transit agen-
ey free up cash by borrowing
money to finance the purchase of
buses and rail cars over the com-
ing years, slightly reduce the fre-
quenecy of rail service and aggres-
sively pursue state gas tax
money.

Villaraigosa, who sits on the
13-member MTA board along
with three of his appointees, laid
out his seenario in a letter to fel-
low board members. The board
is scheduled to vote on the fare
hikes Thursday.

Under the mayor's plan, eash
fares would remain untouched at
$1.25. Other prices would rise
about 5% annually to keep up
with labor and fuel expenses.

As a result, the mayor pro-
posed that the cost of a day pass
would rise from its current level
of $3 to $3.51 in 2009 — compared
with MTA's proposal of a hike to
$8in that span.
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Appendix B

The predictions for 2006, 2007, 2008, and 2009 were displayed as the following tables on Dr.
Olson’s webpage, http://uweb.txstate.edu/~do01/. In addition to the predictions, the observing

location and conditions required to observe a moonbow in the fall were given as follows.

Observing Location: Viewing area, terrace at the west end of the bridge near the base of Lower

Yosemite Fall

Conditions required to observe a moonbow in Lower Yosemite Fall for observers at the viewing

area, the terrace just west of the bridge near the base of Lower Yosemite Fall

bright moonlight (nearly-full Moon)
Moon risen above the south rim of the valley (so moonlight can strike Lower Yosemite Fall)
sufficient mist and spray (during snowmelt runoff season: April, May, June, sometimes July)

clear skies

v A W N

dark skies (after nautical twilight has ended, so the Sun is more than 12 degrees below the
horizon)

6. geometry (the angle between the “anti-lunar direction” [observer’s shadow cast by the
moonlight] and the direction toward the base of Lower Yosemite Fall must be near the
“rainbow angle” of 42 degrees)

Note: If the snowmelt runoff is unusually strong then moonbows could appear earlier and last
longer than predicted times. Conversely, if the snowmelt runoff is unusually weak, then

moonbows would be visible for shorter intervals than the predicted times above.
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MOONBOW PREDICTIONS FOR 2006
LOWER YOSEMITE FALL

DATE TIMES | LUNAR | WHERE IS THE MOON? WHERE IS THE REMARKS
IN (PaciFic | PHASE | (FOR AN OBSERVER TOP OF THE
2006 DAYLIGHT FACING LOWER MOONBOW?
TIME) YOSEMITE FALL)
April 12 8:30pm | 100% Moon above the ridge top of bow is to left | moonbow already
(Wed) (Wed) between Half Dome and of waterfall at in progress when
to Grizzly Peak (behind 8:30pm; below base | sky gets dark
10:40pm observer’s right shoulder) at | of waterfall at enough (at end of
(Wed) 8:30pm; 10:40pm nautical twilight at
above Glacier Point (directly 8:30pm)
behind observer) at 10:40pm
night of 9:00pm | 100% Moon above Grizzly Peak top of bow is above | moonbow grows
April 13-14 | (Thurs) (behind observer’s right and to left of brighter during
(Thurs-Fri) to shoulder) at 9:00pm; waterfall at 9:00pm, | evening as Moon
12:05am above Sentinel Dome then passes through | rises higher;
(Fri) (behind observer’s left mist at 11:15pm, geometry produces
shoulder) at 12:05am then below and to a very long duration
right of waterfall at | moonbow
12:05am
night of 11:35pm | 97% Moon above Glacier Point top of bow in
April 14-15 (Fri) waning | (directly behind observer) at | waterfall near
(Fri-Sat) to 11:35pm; midnight, shifts to
1:20am above Sentinel Dome right of waterfall
(Sat) (behind observer’s left after midnight
shoulder) at 1:00am
May 10 9:02pm 96% Moon above south rim of top of bow near moonbow already
(Wed) (Wed) | waxing | valley between Glacier Point | base of waterfall in progress when
to and Moran Point (directly sky gets dark
9:45pm behind observer) enough (at end of
(Wed) nautical twilight at
9:02pm)
May 11 9:10pm 99% Moon above Glacier Point top of bow is above
(Thurs) (Thurs) | waxing | (almost directly behind and to left of
to observer) at 9:10pm; waterfall at 9:10pm,
11:00pm above Sentinel Dome then passes through
(Thurs) (behind observer’s left mist at 9:50pm,
shoulder) at 11:00pm then is below and to
right of waterfall at
11:00pm
night of 10:40pm | 100% Moon above Moran Point top of bow to right | brightest
May 12-13 (Fri) (directly behind observer) at | of waterfall moonbow for 2006
(Fri-Sat) to 10:40pm; (full Moon occurs
12:15am above Sentinel Rock (behind at 11:51pm, during
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(Sat)

observer’s left shoulder) at
12:15am

moonbow)

night of 11:55pm | 99% Moon above Sentinel Dome | top of bow to right
May 13-14 (Sat) waning | (behind observer’s left of waterfall
(Sat-Sun) to shoulder) at 11:55pm;
1:25am above Sentinel Rock (behind
(Sun) observer’s left shoulder) at
1:25am
night of 1:19am 95% Moon above Sentinel Dome | top of bow to right | moonbow appears
May 14-15 | (Mon) | waning | (behind observer’s left of waterfall just as Moon clears
(Sun-Mon) to shoulder) at 1:19am; south rim of valley
2:30am above Sentinel Rock (behind near Sentinel Dome
(Mon) observer’s left shoulder) at
2:30am
June 9 9:40pm 97% Moon above Moran Point top of bow to right | moonbow appears
(Fri) (Fri) waxing | (directly behind observer) at | of waterfall just as Moon clears
to 9:40pm; south rim of valley
11:10pm above Sentinel Rock (behind above Moran Point
(Fri) observer’s left shoulder) at
11:10pm
night of 10:59pm | 100% Moon above Sentinel Dome | top of bow to right | moonbow appears
June 10-11 (Sat) (behind observer’s left of waterfall just as Moon clears
(Sat-Sun) to shoulder) at 10:59pm; south rim of valley
12:20am above Sentinel Rock (behind near Sentinel Dome
(Sun) observer’s left shoulder) at
12:20am
night of 12:09am | 99% Moon above Sentinel Dome | top of bow to right | moonbow appears
June 11-12 | (Mon) | waning | (behind observer’s left of waterfall just as Moon clears
(Sun-Mon) to shoulder) at 12:09am; south rim of valley
1:20am near Sentinel Rock (behind near Sentinel Dome
(Mon) observer’s left shoulder) at
1:20am
night of 1:06am 96% Moon above Sentinel Dome | top of bow to right | moonbow appears
June 12-13 | (Tues) | waning | (behind observer’s left of waterfall just as Moon clears
(Mon- to shoulder) at 1:06am; south rim of valley
Tues) 2:20am near Sentinel Rock (behind near Sentinel Dome
(Tues) observer’s left shoulder) at
2:20am
July 9 11:00pm | 99% Moon near Sentinel Dome top of bow to right | depending on snow
(Sun) (Sun) | waxing | (behind observer’s left of waterfall season and
to shoulder) at 11:00pm; snowmelt runoff
11:40pm near Sentinel Rock (behind
(Sun) observer’s left shoulder) at
11:40pm
night of 11:55pm | 100% Moon above Sentinel Dome | top of bow to right | brightest moonlight
July 10-11 (Mon) (behind observer’s left of waterfall for July 2006;
(Mon- to shoulder) at 11:55pm; according to John
Tues) 12:35am near Sentinel Rock (behind Muir, moonbows
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(Tues) observer’s left shoulder) at can be visible in
12:35am July, depending on
the snow season
and snowmelt
runoff.
night of 12:35am | 98% Moon above Sentinel Dome | top of bow to right | depending on snow
July 11-12 (Wed) | waning | (behind observer’s left of waterfall season and
(Tues- to shoulder) snowmelt runoff
Wed) 1:20am
(Wed)

Page 58




MOONBOW PREDICTIONS FOR 2007

LOWER YOSEMITE FALL

DATE TIMES | LUNAR | WHERE IS THE MOON? | WHERE IS THE TOP | REMARKS
IN (PaciFic | PHASE | (FOR AN OBSERVER OF THE MOONBOW?
2007 DAYLIGHT FACING LOWER
TIME) YOSEMITE FALL)
April 29 8:32pm | 96% Moon is above the ridge top of bow is to left of | moonbow is already
(Sun) (Sun) | waxing | between Mount Starr King | waterfall at 8:32pm; in progress when
to and Glacier Point (behind | below base of waterfall | sky gets dark
9:20pm observer’s right shoulder) | at 9:20pm enough at about
(Sun) at 8:32pm; 8:32pm
above south rim of valley
between Glacier Point and
Moran Point (directly
behind observer) at
9:20pm
April 30 8:33pm | 99% Moon above Mount Starr | top of bow above and moonbow is already
(Mon) (Mon) | waxing | King (behind observer’s to left of waterfall at in progress when
to right shoulder) at 8:33pm; | 8:33pm, then below sky gets dark
10:40pm above Sentinel Dome and to right of waterfall | enough at about
(Mon) (behind observer’s left at 10:40pm 8:33pm
shoulder) at 10:40pm
May 1 10:05pm | 100% | Moon above Glacier Point | top of bow above and brightest
(Tues) (Tues) (almost directly behind to left of waterfall at moonbow for
to observer) at 10:05pm; 10:05pm, then below 2007
11:50pm above the south rim of the | and to right of waterfall
. ) (full Moon occurs
(Tues) valley between Sentinel at 11:50pm ,
. at 3:09am PDT on
Dome and Sentinel Rock May 2)
(behind observer’s left
shoulder) at 11:50pm
night of 11:25pm | 99% Moon above Moran Point | top of bow in waterfall
May 2-3 (Wed) | waning | (almost directly behind at 11:25pm, then below
(Wed- to observer) at 11:25pm; and to right of waterfall
Thurs) 1:00am above Sentinel Rock at 1:00am
(Thurs) (behind observer’s left
shoulder) at 1:00am
night of 12:37am | 96% Moon above south rim of | top of bow to right of moonbow appears
May 3-4 (Fri) waning | valley near Sentinel Dome | waterfall just as Moon clears
(Thurs-Fri) to (behind observer’s left south rim of valley
2:00am shoulder) at 12:37am; near Sentinel Dome
(Fri) above Sentinel Rock
(behind observer’s left
shoulder) at 2:00am
May 29 9:10pm 97% Moon above Moran Point | top of bow in waterfall
(Tues) (Tues) | waxing | (directly behind observer) | at 9:10pm then shifts to
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to at 9:10pm; right of waterfall
10:50pm near Sentinel Rock
(Tues) (behind observer’s left
shoulder) at 10:50pm
May 30 10:26pm | 99% Moon above south rim of | top of bow to right of moonbow appears
(Wed) (Wed) | waxing | valley between Moran waterfall just as Moon clears
to Point and Sentinel Dome south rim of valley
11:50pm (behind observer’s left between Moran
(Wed) shoulder) at 10:26pm; Point and Sentinel
above Sentinel Rock Dome
(behind observer’s left
shoulder) at 11:50pm
night of 11:33pm | 100% | Moon above Sentinel top of bow to right of moonbow appears
May 31- (Thurs) Dome (behind observer’s | waterfall just as Moon clears
June 1 to left shoulder) at 11:33pm; south rim of valley
(Thurs-Fri) | 12:55am above Sentinel Rock near Sentinel Dome
(Fri) (behind observer’s left
shoulder) at 12:55am
night of 12:39am | 98% Moon above Sentinel top of bow to right of moonbow appears
June 1-2 (Sat) waning | Dome (behind observer’s | waterfall just as Moon clears
(Fri-Sat) to left shoulder) at 12:39am; south rim of valley
1:50am above Sentinel Rock near Sentinel Dome
(Sat) (behind observer’s left
shoulder) at 1:50am
June 28 10:35pm | 98% Moon above Sentinel top of bow to right of depending on snow
(Thurs) (Thurs) | waxing | Dome (behind observer’s | waterfall season and
to left shoulder) at 10:35pm; snowmelt runoff
11:25pm above Sentinel Rock
(Thurs) (behind observer’s left
shoulder) at 11:25pm
night of 11:30pm | 100% Moon above Sentinel top of bow to right of brightest moonlight
June 29-30 (Fri) Dome (behind observer’s | waterfall for this lunar
(Fri-Sat) to left shoulder) at 11:30pm; month; according to
12:20am above Sentinel Rock John Muir,
(Sat) (behind observer’s left moonbows can be
shoulder) at 12:20am visible in late June
and July, depending
on snow season and
snowmelt runoff
night of 12:20am | 99% Moon above Sentinel top of bow to right of depending on snow
June 30- (Sun) | waning | Dome (behind observer’s | waterfall season and
July 1 to left shoulder) at 12:20am; snowmelt runoff
(Sat-Sun) 1:05am near Sentinel Rock (behind
(Sun) observer’s left shoulder) at
1:05am
night of 12:55am | 96% Moon above Sentinel top of bow to right of depending on snow
July 1-2 (Mon) | waning | Dome (behind observer’s | waterfall season and
(Sun-Mon) to left shoulder) at 12:55am; snowmelt runoff
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1:45am
(Mon)

above south rim of valley
between Sentinel Dome
and Sentinel Rock (behind
observer’s left shoulder) at
1:45am
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MOONBOW PREDICTIONS FOR 2008
LOWER YOSEMITE FALL

DATE TIMES LUNAR | REMARKS
IN (PACIFIC PHASE
2008 DAYLIGH
T
TIME)
April 18 8:21pm 99% moonbow is already in progress when sky gets dark
(Fri) (Fri) waxing | enough at about 8:21pm
to
10:15pm
(Fri)
April 19 8:22pm 100% | brightest moonbow for 2008
(Sat) (Sat) moonbow is already in progress when sky gets dark
to enough at about 8:22pm
11(1§0F))m (full Moon occurs at 3:25am PDT on April 20)
at
night of 11:00pm 99%
April 20-21 (Sun) waning
(Sun-Mon) to
12:40am
(Mon)
night of 12:17am 96% moonbow appears just as Moon clears south rim of
April 21-22 (Tues) waning | valley between Moran Point and Sentinel Dome
(Mon-Tues) to
1:45am
(Tues)
May 17 8:51pm 97% moonbow is already in progress when sky gets dark
(Sat) (Sat) waxing | enough at about 8:51pm
to
10:30pm
(Sat)
May 18 10:06pm 99% moonbow appears just as Moon clears south rim of
(Sun) (Sun) waxing | valley between Moran Point and Sentinel Dome
to
11:40pm
(Sun)
night of 11:14pm 100% | very bright moonbow
May 19-20 (Mon) moonbow appears just as Moon clears south rim of
(Mon-Tues) to valley near Sentinel Dome
12:40am (full Moon occurs at 7:11pm PDT on May 19)
(Tues)
night of 12:17am 98% moonbow appears just as Moon clears south rim of
May 20-21 (Wed) waning | valley near Sentinel Dome
(Tues-Wed) to
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1:40am

(Wed)
night of 1:16am 95% moonbow appears just as Moon clears south rim of
May 21-22 (Thurs) waning | valley near Sentinel Dome
(Wed-Thurs) to
2:30am
(Thurs)
June 16 10:13pm 98% moonbow appears just as Moon clears south rim of
(Mon) (Mon) waxing | valley near Sentinel Dome
to
11:25pm
(Mon)
night of 11:12pm 100% moonbow appears just as Moon clears south rim of
June 17-18 (Tues) valley near Sentinel Dome
(Tues-Wed) to
12:20am
(Wed)
night of 12:01lam 99% moonbow appears just as Moon clears south rim of
June 18-19 (Thurs) waning | valley near Sentinel Dome
(Wed-Thurs) to
1:10am
(Thurs)
night of 12:34am 97% moonbow appears just as Moon clears south rim of
June 19-20 (Fri) waning | valley near Sentinel Dome
(Thurs-Fri) to
1:55am
(Fri)
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MOONBOW PREDICTIONS FOR 2009
LOWER YOSEMITE FALL

DATE TIMES LUNAR | REMARKS
IN (PACIFIC PHASE
2009 DAYLIGHT
TIME)
April 7 8:10pm 98% | moonbow is already in progress when sky gets dark
(Tues) (Tues) waxing | enough at about 8:10pm
to
9:01pm
(Tues)
April 8 8:10pm 100% | brightest moonbow for 2009
(Wed) (Wed) moonbow is already in progress when sky gets dark
to enough at about 8:10pm
10:50pm (full Moon occurs at 7:56am PDT on April 9)
(Wed)
night of 10:00pm 99% | depending on snowmelt runoff, moonbow may
April 9-10 (Thurs) waning | even be visible as early as 9:15pm on Thursday
(Thurs-Fri) to evening
12:15am
(Fri)
night of 11:50pm 97%
April 10-11 (Fri) waning
(Fri-Sat) to
1:25am
(Sat)
May 6 8:40pm 96% | moonbow is already in progress when sky gets dark
(Wed) (Wed) waxing | enough at about 8:40pm
to
10:00pm
(Wed)
May 7 9:25pm 99%
(Thurs) (Thurs) waxing
to
11:15pm
(Thurs)
night of 10:45pm 100% | (full Moon occurs at 9:01pm PDT on May 8)
May 8-9 (Fri)
(Fri-Sat) to
12:25am
(Sat)
night of 12:01lam 98% | moonbow appears just as Moon clears south rim of
May 9-10 (Sun) waning | valley near Sentinel Dome
(Sat-Sun) to
1:25am
(Sun)
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June 5 9:50pm 98% | moonbow appears just as Moon clears south rim of
(Fri) (Fri) waxing | valley between Moran Point and Sentinel Dome
to
11:15pm
(Fri)
night of 10:52pm 100% | moonbow appears just as Moon clears south rim of
June 6-7 (Sat) valley near Sentinel Dome
(Sat-Sun) to (full Moon occurs at 11:12am PDT on June 7)
12:15am
(Sun)
night of 11:46pm 100% | moonbow appears just as Moon clears south rim of
June 7-8 (Sun) valley near Sentinel Dome
(Sun-Mon) to
1:10am
(Mon)
night of 12:32am 98% | moonbow appears just as Moon clears south rim of
June 8-9 (Tues) waning | valley near Sentinel Dome
(Mon-Tues) to
1:50am
(Tues)
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Appendix C

As the heart and soul of this project, our program is the key to being able to make quick,
reliable predictions for the occurrence of moonbows in Lower Yosemite Fall.
What follows is the code for our BASIC program, a sample input file (a text file usually in

Notepad) for the night of June 22, 2005, and a sample output file for the same day.

Program Code . . ..ottt Pages 67 -71
Input File ... Pages 72 - 81
Output File . ..o Pages 82 - 85
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MOONBOWS PROGRAM

REM  MOONBOW
DEFDBL A-Z
OPEN "C\OUTPUT\MB62205.TXT" FOR OUTPUT AS #1
OPEN "CNINPUT\MON®62205.TXT" FOR INPUT AS #2

CLS: PI = 44# * ATN(1#): RD = PI1/ 180#

AWEFDEG = 325#: HWFDEG = 11.75#
RADEG = 42.3#
PHIDEG = 37.75#

AWFRAD = AWFDEG * RD: HWFRAD = HWFDEG * RD
PHIRAD = PHIDEG * RD

REM  AM=AZ(MOON) HM=ALT(MOON)

REM  AAM=AZ(ANTIMOON) HAM=ALT(ANTIMOON)

REM  AWF=AZ(WATERFALL) HWF=ALT(WATERFALL)

REM  RADEG=RAINBOW ANGLE WDEG=RADIUS OF SPRAY
REM  PHI=LATITUDE OF YOSEMITE

REM  KMOON-=ILLUMINATED FRACTION(MOON)

REM  IMOON=PHASE ANGLE (SUN-MOON-EARTH)

REM  PRINT HEADERS ON SCREEN AND ON FILE

PRINT " MOON MOON MOON ANTIMOON TOP OF BOW BOW FROM SLOPE"
PRINT "TIME K DEC ALT AZ ALT AZ ALT MIST CTR ANGLE *** D(KM)
BRIGHTNESS"
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PRINT #1, " MOON MOON MOON ANTIMOON TOP OF BOW BOW FROM
SLOPE"

PRINT #1, "TIME K DEC ALT AZ ALT AZ ALT MIST CTR ANGLE *** D(KM)
BRIGHTNESS"

REM  GET MOON DATA FROM JPL HORIZONS FILE

100 REM
REM IF EOF(2) = -1 THEN CLOSE #2: CLOSE #1: END

INPUT #2, PDT$, TWILIGHT$, MOONLIGHT$, RASCMDEG, DECMDEG, AMDEG, HMDEG, AIRMASS,
MVISMOON, SBMOON, KMOON, RSUNAU, RSUNDOT, DELTAAU, DELTADOT, IMOON, CONST$

IF PDT$ = "999" THEN GOTO 999

DECMRAD = DECMDEG * RD
AMRAD = AMDEG * RD: HMRAD = HMDEG * RD

REM  CALCULATE COORDINATES OF ANTIMOON
HAMDEG = -HMDEG: HAMRAD = -HMRAD
AAMDEG = AMDEG + 180#: AAMRAD = AMRAD + PI

REM  CALCULATE ANGULAR SEPARATION BETWEEN ANTIMOON AND WF
T1 = COS(HWFRAD) * COS(HAMRAD) * COS(AWFRAD - AAMRAD)
T2 = SIN(HWFRAD) * SIN(HAMRAD)
CD=T1+T2
SD = SQR(1# - CD * CD)
DRAD = ATN(SD / CD)
IF CD < 0 THEN DRAD = DRAD + PI
DDEG = DRAD / RD
SUCCESS$ = " ***"
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IF DDEG < (RADEG - 8#) THEN SUCCESS$ =" "
IF DDEG > (RADEG + 5#) THEN SUCCESS$ =" "
IF TWILIGHTS = "*" THEN SUCCESS$ =" "
IF TWILIGHT$ = "C" THEN SUCCESS$ =" "
IF TWILIGHTS$ = "N" THEN SUCCESS$ =" "

REM  CALCULATE TILT ANGLE
T1 = SIN(AWFRAD - AAMRAD) / COS(HWFRAD)
T2 = TAN(HAMRAD) - TAN(HWFRAD) * COS(AWFRAD - AAMRAD)
TALPHA =T1 /T2
ALPHARAD = ATN(TALPHA)
ALPHADEG = ALPHARAD / RD

IF (DDEG - RADEG) > 0 AND ALPHADEG > 0 THEN LOC$ = " LR"
IF (DDEG - RADEG) > 0 AND ALPHADEG < 0 THEN LOC$ = " LL"
IF (DDEG - RADEG) < 0 AND ALPHADEG > 0 THEN LOC$ = " UL"
IF (DDEG - RADEG) < 0 AND ALPHADEG < 0 THEN LOC$ = " UR"

REM  CALCULATE BRIGHTNESS OF MOONLIGHT

REM  LUNAR PHASE LAW & OPPOSITION EFFECT IMOON=PHASE ANGLE IN DEG
DELTAMAG = .026# * ABS(IMOON) + (.000000004#) * ((ABS(IMOON)) ~ 4)
F1 = 10# ~ (-4 * DELTAMAG)
IF ABSOIMOON) < 7 THEN F1 = F1 * (1.35 - .05 * ABS(IMOON))

REM  ATMOSPHERIC EXTINCTION
F2 = 10# A (-4 * .2 * (AIRMASS - 2.356))

REM  LUNAR DISTANCE
DISTMOONKM = DELTAAU * 149597870.7#
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F3 = (385001# / DISTMOONKM) A 2

REM  SOLAR DISTANCE
F4 = (1.01# / RSUNAU) » 2

REM  TOTAL
FTOTAL = F1 * F2 * F3 * F4

PRINT PDT$;

PRINT TWILIGHTS;

IF TWILIGHTS$ = "" THEN PRINT " *;

PRINT USING "### ###"; KMOON,;

PRINT USING "#### ##", DECMDEG;
PRINT USING "### ##", HMDEG,;

PRINT USING "#### ##"; AMDEG;

PRINT USING "#### ##". HAMDEG;
PRINT USING "#### ##". AAMDEG,;
PRINT USING "#### ##"; (RADEG - HMDEG);
PRINT USING "### ##"; (RADEG - DDEG);
PRINT LOCS;

PRINT USING "#### ##"; ALPHADEG,;
PRINT SUCCESSS$;

PRINT USING "#######"; DISTMOONKM,;
PRINT USING "## ###"; FTOTAL

REM IF SUCCESS$ =" " THEN GOTO 100
REM DO NOT PRINT FAILURE TO FILE
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999

PRINT #1, PDT$;

PRINT #1, TWILIGHTS;

IF TWILIGHTS = "" THEN PRINT #1, " *;

PRINT #1, USING "### ###";, KMOON;

PRINT #1, USING "#### ##", DECMDEG,;
PRINT #1, USING "### ##", HMDEG;

PRINT #1, USING "#### ##", AMDEG;

PRINT #1, USING "#### ##", HAMDEG,;
PRINT #1, USING "#### ##", AAMDEG;
PRINT #1, USING "#### ##", (RADEG - HMDEG);
PRINT #1, USING "### ##", (RADEG - DDEG);
PRINT #1, LOCS;

PRINT #1, USING "#### ##", ALPHADEG;
PRINT #1, SUCCESSS$;

PRINT #1, USING "#######", DISTMOONKM,;
PRINT #1, USING "#####"; FTOTAL

GOTO 100

REM GET MORE DATA

CLOSE #1: CLOSE #2

END
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SAMPLE INPUT: MON62205.txt

2005-Jun-23 00:15, ,m,290.47683,-28.06113, 152.4820, 18.5232, 3.121, -12.39, 3.83, 97.774,

1.018668317245, -0.1884351, .002390450503385, -0.1599109, 17.1599, Sgr
2005-Jun-23 00:16, ,m,290.48543,-28.06067, 152.6871, 18.6117, 3.107, -12.39,
1.018668242868, -0.1885927, .002390386569859, -0.1587630, 17.1663, Sgr
2005-Jun-23 00:17, ,m,290.49402,-28.06020, 152.8926, 18.6997, 3.094, -12.39,
1.018668168428, -0.1887503, .002390323097308, -0.1576123, 17.1728, Sgr
2005-Jun-23 00:18, ,m,290.50260,-28.05972, 153.0985, 18.7871, 3.080, -12.39,
1.018668093925, -0.1889079, .002390260086850, -0.1564588, 17.1792, Sgr
2005-Jun-23 00:19, ,m,290.51116,-28.05923, 153.3048, 18.8738, 3.067, -12.39,
1.018668019358, -0.1890655, .002390197539591, -0.1553026, 17.1856, Sgr
2005-Jun-23 00:20, ,m,290.51972,-28.05874, 153.5115, 18.9600, 3.053, -12.39,
1.018667944728, -0.1892231, .002390135456627, -0.1541436, 17.1920, Sgr
2005-Jun-23 00:21, ,m,290.52827,-28.05823, 153.7186, 19.0455, 3.040, -12.39,
1.018667870035, -0.1893807, .002390073839052, -0.1529820, 17.1984, Sgr
2005-Jun-23 00:22, ,m,290.53680,-28.05771, 153.9261, 19.1305, 3.028, -12.39,
1.018667795279, -0.1895382, .002390012687945, -0.1518176, 17.2047, Sgr
2005-Jun-23 00:23, ,m,290.54533,-28.05719, 154.1339, 19.2148, 3.015, -12.39,
1.018667720460, -0.1896958, .002389952004384, -0.1506506, 17.2111, Sgr
2005-Jun-23 00:24, ,m,290.55384,-28.05666, 154.3422, 19.2985, 3.003, -12.39,
1.018667645577, -0.1898533, .002389891789432, -0.1494809, 17.2175, Sgr
2005-Jun-23 00:25, ,m,290.56234,-28.05611, 154.5509, 19.3816, 2.991, -12.39,
1.018667570631, -0.1900109, .002389832044147, -0.1483086, 17.2238, Sgr
2005-Jun-23 00:26, ,m,290.57084,-28.05556, 154.7600, 19.4641, 2.979, -12.39,
1.018667495622, -0.1901684, .002389772769582, -0.1471337, 17.2302, Sgr
2005-Jun-23 00:27, ,m,290.57932,-28.05500, 154.9694, 19.5459, 2.967, -12.39,
1.018667420550, -0.1903259, .002389713966775, -0.1459562, 17.2365, Sgr
2005-Jun-23 00:28, ,m,290.58780,-28.05443, 155.1793, 19.6272, 2.955, -12.39,
1.018667345415, -0.1904834, .002389655636760, -0.1447761, 17.2428, Sgr

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

97.773,

97.771,

97.769,

97.768,

97.766,

97.764,

97.763,

97.761,

97.759,

97.758,

97.756,

97.754,

97.753,
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2005-Jun-23 00:29, ,m,290.59626,-28.05385, 155.3895, 19.7078, 2.944, -12.39,
1.018667270216, -0.1906410, .002389597780562, -0.1435935, 17.2492, Sgr
2005-Jun-23 00:30, ,m,290.60472,-28.05326, 155.6002, 19.7878, 2.933, -12.39,
1.018667194955, -0.1907985, .002389540399198, -0.1424083, 17.2555, Sgr
2005-Jun-23 00:31, ,m,290.61316,-28.05266, 155.8112, 19.8671, 2.921, -12.39,
1.018667119630, -0.1909560, .002389483493676, -0.1412207, 17.2618, Sgr
2005-Jun-23 00:32, ,m,290.62160,-28.05206, 156.0226, 19.9459, 2.911, -12.39,
1.018667044242, -0.1911135, .002389427064994, -0.1400306, 17.2681, Sgr
2005-Jun-23 00:33, ,m,290.63003,-28.05144, 156.2344, 20.0240, 2.900, -12.39,
1.018666968791, -0.1912709, .002389371114147, -0.1388380, 17.2744, Sgr
2005-Jun-23 00:34, ,m,290.63845,-28.05081, 156.4465, 20.1014, 2.889, -12.39,
1.018666893276, -0.1914284, .002389315642115, -0.1376430, 17.2807, Sgr
2005-Jun-23 00:35, ,m,290.64685,-28.05018, 156.6591, 20.1782, 2.879, -12.39,
1.018666817699, -0.1915859, .002389260649876, -0.1364455, 17.2870, Sgr
2005-Jun-23 00:36, ,m,290.65525,-28.04954, 156.8720, 20.2544, 2.869, -12.39,
1.018666742058, -0.1917433, .002389206138391, -0.1352457, 17.2932, Sgr
2005-Jun-23 00:37, ,m,290.66365,-28.04889, 157.0853, 20.3299, 2.859, -12.39,
1.018666666354, -0.1919008, .002389152108624, -0.1340434, 17.2995, Sgr
2005-Jun-23 00:38, ,m,290.67203,-28.04823, 157.2989, 20.4048, 2.849, -12.39,
1.018666590587, -0.1920582, .002389098561521, -0.1328389, 17.3058, Sgr
2005-Jun-23 00:39, ,m,290.68040,-28.04756, 157.5130, 20.4791, 2.839, -12.39,
1.018666514757, -0.1922157, .002389045498022, -0.1316319, 17.3120, Sgr
2005-Jun-23 00:40, ,m,290.68877,-28.04688, 157.7274, 20.5527, 2.829, -12.39,
1.018666438864, -0.1923731, .002388992919063, -0.1304227, 17.3183, Sgr
2005-Jun-23 00:41, ,m,290.69712,-28.04619, 157.9421, 20.6256, 2.820, -12.39,
1.018666362907, -0.1925305, .002388940825563, -0.1292112, 17.3245, Sgr
2005-Jun-23 00:42, ,m,290.70547,-28.04550, 158.1573, 20.6979, 2.811, -12.39,
1.018666286888, -0.1926880, .002388889218442, -0.1279974, 17.3307, Sgr

3.83,

3.83,

3.83,

3.83,

3.83,

3.83,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

97.751,

97.750,

97.748,

97.746,

97.745,

97.743,

97.741,

97.740,

97.738,

97.737,

97.735,

97.733,

97.732,

97.730,
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2005-Jun-23 00:43, ,m,290.71381,-28.04479, 158.3728, 20.7695, 2.802, -12.39,
1.018666210805, -0.1928454, .002388838098604, -0.1267813, 17.3370, Sgr
2005-Jun-23 00:44, ,m,290.72214,-28.04408, 158.5886, 20.8405, 2.793, -12.39,
1.018666134659, -0.1930028, .002388787466948, -0.1255630, 17.3432, Sgr
2005-Jun-23 00:45, ,m,290.73046,-28.04335, 158.8048, 20.9108, 2.784, -12.39,
1.018666058450, -0.1931602, .002388737324363, -0.1243425, 17.3494, Sgr
2005-Jun-23 00:46, ,m,290.73878,-28.04262, 159.0214, 20.9804, 2.775, -12.39,
1.018665982178, -0.1933175, .002388687671732, -0.1231199, 17.3556, Sgr
2005-Jun-23 00:47, ,m,290.74709,-28.04188, 159.2383, 21.0494, 2.767, -12.39,
1.018665905843, -0.1934749, .002388638509925, -0.1218950, 17.3618, Sgr
2005-Jun-23 00:48, ,m,290.75539,-28.04113, 159.4556, 21.1177, 2.758, -12.39,
1.018665829444, -0.1936323, .002388589839806, -0.1206680, 17.3680, Sgr
2005-Jun-23 00:49, ,m,290.76368,-28.04038, 159.6732, 21.1853, 2.750, -12.39,
1.018665752983, -0.1937897, .002388541662231, -0.1194389, 17.3742, Sgr
2005-Jun-23 00:50, ,m,290.77196,-28.03961, 159.8912, 21.2523, 2.742, -12.39,
1.018665676458, -0.1939470, .002388493978047, -0.1182077, 17.3803, Sgr
2005-Jun-23 00:51, ,m,290.78024,-28.03883, 160.1095, 21.3186, 2.734, -12.39,
1.018665599870, -0.1941044, .002388446788090, -0.1169744, 17.3865, Sgr
2005-Jun-23 00:52, ,m,290.78851,-28.03805, 160.3282, 21.3842, 2.726, -12.39,
1.018665523220, -0.1942617, .002388400093191, -0.1157391, 17.3927, Sgr
2005-Jun-23 00:53, ,m,290.79677,-28.03726, 160.5472, 21.4491, 2.718, -12.39,
1.018665446506, -0.1944191, .002388353894167, -0.1145017, 17.3988, Sgr
2005-Jun-23 00:54, ,m,290.80502,-28.03646, 160.7666, 21.5134, 2.710, -12.39,
1.018665369729, -0.1945764, .002388308191833, -0.1132623, 17.4050, Sgr
2005-Jun-23 00:55, ,m,290.81327,-28.03565, 160.9862, 21.5770, 2.703, -12.39,
1.018665292888, -0.1947337, .002388262986988, -0.1120210, 17.4111, Sgr
2005-Jun-23 00:56, ,m,290.82151,-28.03483, 161.2062, 21.6399, 2.696, -12.39,
1.018665215985, -0.1948910, .002388218280430, -0.1107776, 17.4173, Sgr

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

97.728,

97.727,

97.725,

97.724,

97.722,

97.720,

97.719,

97.717,

97.716,

97.714,

97.712,

97.711,

97.709,

97.708,
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2005-Jun-23 00:57, ,m,290.82974,-28.03400, 161.4266, 21.7021, 2.688, -12.39,
1.018665139019, -0.1950483, .002388174072942, -0.1095323, 17.4234, Sgr
2005-Jun-23 00:58, ,m,290.83797,-28.03316, 161.6472, 21.7636, 2.681, -12.39,
1.018665061989, -0.1952056, .002388130365300, -0.1082851, 17.4296, Sgr
2005-Jun-23 00:59, ,m,290.84619,-28.03232, 161.8682, 21.8244, 2.674, -12.39,
1.018664984897, -0.1953629, .002388087158272, -0.1070360, 17.4357, Sgr
2005-Jun-23 01:00, ,m,290.85440,-28.03146, 162.0895, 21.8845, 2.667, -12.39,
1.018664907741, -0.1955202, .002388044452618, -0.1057850, 17.4418, Sgr
2005-Jun-23 01:01, ,m,290.86261,-28.03060, 162.3112, 21.9440, 2.661, -12.39,
1.018664830522, -0.1956775, .002388002249084, -0.1045321, 17.4479, Sgr
2005-Jun-23 01:02, ,m,290.87081,-28.02973, 162.5331, 22.0027, 2.654, -12.39,
1.018664753241, -0.1958347, .002387960548414, -0.1032774, 17.4540, Sgr
2005-Jun-23 01:03, ,m,290.87900,-28.02885, 162.7554, 22.0608, 2.647, -12.39,
1.018664675896, -0.1959920, .002387919351341, -0.1020209, 17.4601, Sgr
2005-Jun-23 01:04, ,m,290.88718,-28.02796, 162.9780, 22.1181, 2.641, -12.39,
1.018664598488, -0.1961493, .002387878658586, -0.1007626, 17.4662, Sgr
2005-Jun-23 01:05, ,m,290.89536,-28.02706, 163.2008, 22.1747, 2.635, -12.39,
1.018664521017, -0.1963065, .002387838470862, -0.0995025, 17.4723, Sgr
2005-Jun-23 01:06, ,m,290.90354,-28.02616, 163.4240, 22.2307, 2.628, -12.39,
1.018664443483, -0.1964637, .002387798788877, -0.0982407, 17.4784, Sgr
2005-Jun-23 01:07,,m,290.91171,-28.02524, 163.6475, 22.2859, 2.622, -12.38,
1.018664365886, -0.1966210, .002387759613327, -0.0969771, 17.4845, Sgr
2005-Jun-23 01:08, ,m,290.91987,-28.02432, 163.8713, 22.3404, 2.616, -12.38,
1.018664288225, -0.1967782, .002387720944897, -0.0957119, 17.4905, Sgr
2005-Jun-23 01:09, ,m,290.92802,-28.02339, 164.0954, 22.3942, 2.610, -12.38,
1.018664210502, -0.1969354, .002387682784268, -0.0944449, 17.4966, Sgr
2005-Jun-23 01:10, ,m,290.93617,-28.02245, 164.3197, 22.4473, 2.605, -12.38,
1.018664132716, -0.1970926, .002387645132109, -0.0931763, 17.5027, Sgr

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

97.706,

97.704,

97.703,

97.701,

97.699,

97.698,

97.69¢6,

97.695,

97.693,

97.692,

97.690,

97.688,

97.687,

97.685,
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2005-Jun-23 01:11, ,m,290.94432,-28.02150, 164.5444, 22.4997, 2.599, -12.38,
1.018664054866, -0.1972498, .002387607989079, -0.0919061, 17.5087, Sgr
2005-Jun-23 01:12, ,m,290.95245,-28.02054, 164.7694, 22.5514, 2.593, -12.38,

1.018663976954, -0.1974070, .002387571355829, -0.0906342, 17.5148,
2005-Jun-23 01:13, ,m,290.96059,-28.01957, 164.9946, 22.6024, 2.588,
1.018663898978, -0.1975642, .002387535233004, -0.0893608, 17.5208,
2005-Jun-23 01:14, ,m,290.96871,-28.01860, 165.2201, 22.6526, 2.583,
1.018663820940, -0.1977214, .002387499621234, -0.0880858, 17.5269,
2005-Jun-23 01:15, ,m,290.97683,-28.01761, 165.4459, 22.7021, 2.577,
1.018663742838, -0.1978785, .002387464521147, -0.0868093, 17.5329,
2005-Jun-23 01:16, ,m,290.98495,-28.01662, 165.6720, 22.7509, 2.572,
1.018663664674, -0.1980357, .002387429933355, -0.0855312, 17.5389,
2005-Jun-23 01:17, ,m,290.99306,-28.01562, 165.8983, 22.7990, 2.567,
1.018663586446, -0.1981929, .002387395858464, -0.0842516, 17.5450,
2005-Jun-23 01:18,,m,291.00117,-28.01461, 166.1249, 22.8464, 2.562,
1.018663508155, -0.1983500, .002387362297074, -0.0829706, 17.5510,
2005-Jun-23 01:19, ,m,291.00927,-28.01359, 166.3517, 22.8930, 2.557,
1.018663429802, -0.1985071, .002387329249771, -0.0816880, 17.5570,
2005-Jun-23 01:20, ,m,291.01736,-28.01257, 166.5789, 22.9389, 2.552,
1.018663351385, -0.1986643, .002387296717134, -0.0804041, 17.5630,
2005-Jun-23 01:21, ,m,291.02545,-28.01153, 166.8062, 22.9840, 2.548,
1.018663272905, -0.1988214, .002387264699731, -0.0791188, 17.5690,
2005-Jun-23 01:22, ,m,291.03354,-28.01049, 167.0339, 23.0285, 2.543,
1.018663194362, -0.1989785, .002387233198124, -0.0778320, 17.5750,
2005-Jun-23 01:23, ,m,291.04162,-28.00943, 167.2617, 23.0722, 2.539,
1.018663115757, -0.1991356, .002387202212865, -0.0765439, 17.5810,

Sgr
-12.38,
Sgr
-12.38,
Sar
-12.38,
Sar
-12.38,
Sgr
-12.38,
Sgr
-12.38,
Sgr
-12.38,
Sar
-12.38,
Sar
-12.38,
Sgr
-12.38,
Sgr
-12.38,

Sgr

2005-Jun-23 01:24, ,m,291.04970,-28.00837, 167.4899, 23.1151, 2.534, -12.38,
1.018663037088, -0.1992927, .002387171744495, -0.0752545, 17.5870, Sgr

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

97.684,

97.682,

97.680,

97.679,

97.677,

97.676,

97.674,

97.672,

97.671,

97.669,

97.668,

97.666,

97.665,

97.663,
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2005-Jun-23 01:25, , m,291.05777,-28.00730, 167.7182, 23.1574, 2.530, -12.38,
1.018662958356, -0.1994498, .002387141793548, -0.0739637, 17.5930, Sgr
2005-Jun-23 01:26, ,m,291.06583,-28.00622, 167.9468, 23.1989, 2.526, -12.38,

1.018662879561, -0.1996069, .002387112360546, -0.0726717, 17.5990,
2005-Jun-23 01:27,,m,291.07390,-28.00514, 168.1757, 23.2396, 2.522,
1.018662800703, -0.1997640, .002387083446005, -0.0713784, 17.6050,
2005-Jun-23 01:28, ,m,291.08195,-28.00404, 168.4047, 23.2796, 2.517,
1.018662721782, -0.1999211, .002387055050432, -0.0700838, 17.6110,
2005-Jun-23 01:29, ,m,291.09001,-28.00294, 168.6340, 23.3189, 2.514,
1.018662642798, -0.2000781, .002387027174320, -0.0687880, 17.6169,
2005-Jun-23 01:30, ,m,291.09806,-28.00183, 168.8635, 23.3574, 2.510,
1.018662563752, -0.2002352, .002386999818157, -0.0674910, 17.6229,
2005-Jun-23 01:31, ,m,291.10610,-28.00070, 169.0933, 23.3952, 2.506,
1.018662484642, -0.2003922, .002386972982421, -0.0661928, 17.6289,
2005-Jun-23 01:32, ,m,291.11414,-27.99957, 169.3232, 23.4322, 2.502,
1.018662405469, -0.2005493, .002386946667581, -0.0648934, 17.6348,
2005-Jun-23 01:33, ,m,291.12218,-27.99844, 169.5534, 23.4685, 2.499,
1.018662326233, -0.2007063, .002386920874096, -0.0635930, 17.6408,
2005-Jun-23 01:34, ,m,291.13021,-27.99729, 169.7838, 23.5041, 2.495,
1.018662246934, -0.2008633, .002386895602415, -0.0622914, 17.6467,
2005-Jun-23 01:35, ,m,291.13824,-27.99613, 170.0143, 23.5389, 2.492,
1.018662167573, -0.2010204, .002386870852978, -0.0609887, 17.6527,
2005-Jun-23 01:36, ,m,291.14627,-27.99497, 170.2451, 23.5729, 2.488,
1.018662088148, -0.2011774, .002386846626220, -0.0596850, 17.6586,
2005-Jun-23 01:37, ,m,291.15429,-27.99380, 170.4761, 23.6062, 2.485,
1.018662008660, -0.2013344, .002386822922559, -0.0583802, 17.6646,

Sgr
-12.38,
Sgr
-12.38,
Sar
-12.38,
Sar
-12.38,
Sgr
-12.38,
Sgr
-12.38,
Sgr
-12.38,
Sar
-12.38,
Sar
-12.38,
Sgr
-12.38,
Sgr
-12.38,

Sgr

2005-Jun-23 01:38, ,m,291.16231,-27.99261, 170.7073, 23.6387, 2.482, -12.38,
1.018661929109, -0.2014914, .002386799742410, -0.0570744, 17.6705, Sgr

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

97.661,

97.660,

97.658,

97.657,

97.655,

97.653,

97.652,

97.650,

97.649,

97.647,

97.646,

97.644,

97.642,

97.641,
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2005-Jun-23 01:39, ,m,291.17033,-27.99142, 170.9386, 23.6705, 2.479, -12.38,
1.018661849496, -0.2016484, .002386777086176, -0.0557676, 17.6765, Sgr
2005-Jun-23 01:40, , m,291.17834,-27.99023, 171.1701, 23.7015, 2.476, -12.38,
1.018661769819, -0.2018053, .002386754954251, -0.0544598, 17.6824, Sgr
2005-Jun-23 01:41, ,m,291.18635,-27.98902, 171.4019, 23.7318, 2.473, -12.38,
1.018661690079, -0.2019623, .002386733347019, -0.0531511, 17.6883, Sgr
2005-Jun-23 01:42, ,m,291.19435,-27.98780, 171.6338, 23.7613, 2.470, -12.38,
1.018661610277, -0.2021193, .002386712264857, -0.0518415, 17.6943, Sgr
2005-Jun-23 01:43, ,m,291.20236,-27.98658, 171.8658, 23.7901, 2.467, -12.38,
1.018661530411, -0.2022762, .002386691708132, -0.0505309, 17.7002, Sgr
2005-Jun-23 01:44, ,m,291.21035,-27.98535, 172.0980, 23.8180, 2.464, -12.38,
1.018661450483, -0.2024332, .002386671677197, -0.0492195, 17.7061, Sgr
2005-Jun-23 01:45, ,m,291.21835,-27.98411, 172.3304, 23.8453, 2.462, -12.38,
1.018661370491, -0.2025901, .002386652172403, -0.0479072, 17.7120, Sgr
2005-Jun-23 01:46, ,m,291.22634,-27.98286, 172.5630, 23.8717, 2.459, -12.38,
1.018661290437, -0.2027471, .002386633194085, -0.0465941, 17.7179, Sgr
2005-Jun-23 01:47, ,m,291.23434,-27.98160, 172.7957, 23.8974, 2.457, -12.38,
1.018661210320, -0.2029040, .002386614742574, -0.0452802, 17.7238, Sgr
2005-Jun-23 01:48, ,m,291.24232,-27.98033, 173.0286, 23.9224, 2.454, -12.38,
1.018661130139, -0.2030609, .002386596818189, -0.0439655, 17.7297, Sgr
2005-Jun-23 01:49, ,m,291.25031,-27.97905, 173.2616, 23.9465, 2.452, -12.38,
1.018661049896, -0.2032178, .002386579421240, -0.0426501, 17.7357, Sgr
2005-Jun-23 01:50, ,m,291.25829,-27.97777, 173.4947, 23.9700, 2.450, -12.38,
1.018660969590, -0.2033747, .002386562552026, -0.0413339, 17.7416, Sgr
2005-Jun-23 01:51, ,m,291.26627,-27.97648, 173.7280, 23.9926, 2.448, -12.38,
1.018660889221, -0.2035316, .002386546210840, -0.0400170, 17.7475, Sgr
2005-Jun-23 01:52, ,m,291.27425,-27.97518, 173.9614, 24.0145, 2.446, -12.38,
1.018660808789, -0.2036885, .002386530397962, -0.0386993, 17.7533, Sgr

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.84,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

97.639,

97.638,

97.636,

97.635,

97.633,

97.631,

97.630,

97.628,

97.627,

97.625,

97.624,

97.622,

97.620,

97.619,
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2005-Jun-23 01:53, ,m,291.28222,-27.97387, 174.1949, 24.0356, 2.444, -12.38,
1.018660728294, -0.2038454, .002386515113666, -0.0373811, 17.7592, Sgr
2005-Jun-23 01:54, ,m,291.29020,-27.97255, 174.4286, 24.0559, 2.442, -12.38,

1.018660647736, -0.2040023, .002386500358213, -0.0360622, 17.7651,
2005-Jun-23 01:55, ,m,291.29817,-27.97122, 174.6624, 24.0755, 2.440,
1.018660567115, -0.2041591, .002386486131857, -0.0347426, 17.7710,
2005-Jun-23 01:56, ,m,291.30614,-27.96989, 174.8963, 24.0943, 2.438,
1.018660486432, -0.2043160, .002386472434842, -0.0334225, 17.7769,
2005-Jun-23 01:57,,m,291.31411,-27.96854, 175.1303, 24.1123, 2.436,
1.018660405685, -0.2044728, .002386459267405, -0.0321018, 17.7828,
2005-Jun-23 01:58, ,m,291.32207,-27.96719, 175.3645, 24.1295, 2.435,
1.018660324876, -0.2046297, .002386446629766, -0.0307805, 17.7887,
2005-Jun-23 01:59, ,m,291.33003,-27.96583, 175.5987, 24.1460, 2.433,
1.018660244003, -0.2047865, .002386434522146, -0.0294587, 17.7946,
2005-Jun-23 02:00, ,m,291.33800,-27.96446, 175.8330, 24.1617, 2.432,
1.018660163068, -0.2049433, .002386422944748, -0.0281364, 17.8004,
2005-Jun-23 02:01, ,m,291.34596,-27.96308, 176.0674, 24.1766, 2.430,
1.018660082070, -0.2051001, .002386411897770, -0.0268137, 17.8063,
2005-Jun-23 02:02, ,m,291.35391,-27.96170, 176.3019, 24.1908, 2.429,
1.018660001008, -0.2052570, .002386401381399, -0.0254904, 17.8122,
2005-Jun-23 02:03, ,m,291.36187,-27.96030, 176.5365, 24.2042, 2.428,
1.018659919884, -0.2054138, .002386391395812, -0.0241668, 17.8181,
2005-Jun-23 02:04, ,m,291.36983,-27.95890, 176.7712, 24.2168, 2.427,
1.018659838697, -0.2055706, .002386381941179, -0.0228427, 17.8239,
2005-Jun-23 02:05, ,m,291.37778,-27.95749, 177.0059, 24.2286, 2.426,
1.018659757448, -0.2057273, .002386373017659, -0.0215183, 17.8298,

Sgr
-12.38,
Sgr
-12.38,
Sar
-12.38,
Sar
-12.38,
Sgr
-12.38,
Sgr
-12.38,
Sgr
-12.38,
Sar
-12.38,
Sar
-12.38,
Sgr
-12.38,
Sgr
-12.38,

Sgr

2005-Jun-23 02:06, ,m,291.38573,-27.95606, 177.2408, 24.2397, 2.424, -12.38,
1.018659676135, -0.2058841, .002386364625399, -0.0201935, 17.8357, Sgr

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

97.617,

97.616,

97.614,

97.613,

97.611,

97.609,

97.608,

97.606,

97.605,

97.603,

97.602,

97.600,

97.599,

97.597,
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2005-Jun-23 02:07, ,m,291.39368,-27.95464, 177.4756, 24.2499, 2.424, -12.38,
1.018659594759, -0.2060409, .002386356764542, -0.0188683, 17.8415, Sgr
2005-Jun-23 02:08, ,m,291.40163,-27.95320, 177.7106, 24.2594, 2.423, -12.38,
1.018659513321, -0.2061977, .002386349435217, -0.0175429, 17.8474, Sgr
2005-Jun-23 02:09, ,m,291.40958,-27.95175, 177.9456, 24.2681, 2.422, -12.38,
1.018659431820, -0.2063544, .002386342637542, -0.0162171, 17.8532, Sgr
2005-Jun-23 02:10, ,m,291.41753,-27.95030, 178.1807, 24.2761, 2.421, -12.38,
1.018659350255, -0.2065112, .002386336371635, -0.0148911, 17.8591, Sgr
2005-Jun-23 02:11, ,m,291.42548,-27.94883, 178.4158, 24.2832, 2.420, -12.38,
1.018659268628, -0.2066679, .002386330637593, -0.0135648, 17.8650, Sgr
2005-Jun-23 02:12, ,m,291.43343,-27.94736, 178.6509, 24.2896, 2.420, -12.38,
1.018659186938, -0.2068246, .002386325435511, -0.0122383, 17.8708, Sgr
2005-Jun-23 02:13, , m,291.44137,-27.94588, 178.8861, 24.2952, 2.419, -12.38,
1.018659105186, -0.2069814, .002386320765472, -0.0109116, 17.8767, Sgr
2005-Jun-23 02:14, ,m,291.44932,-27.94439, 179.1213, 24.3001, 2.419, -12.38,
1.018659023370, -0.2071381, .002386316627547, -0.0095848, 17.8825, Sgr
2005-Jun-23 02:15, ,m,291.45726,-27.94290, 179.3566, 24.3041, 2.419, -12.38,
1.018658941491, -0.2072948, .002386313021801, -0.0082578, 17.8884, Sgr
2005-Jun-23 02:16, ,m,291.46521,-27.94139, 179.5918, 24.3074, 2.418, -12.38,
1.018658859550, -0.2074515, .002386309948292, -0.0069307, 17.8942, Sgr
2005-Jun-23 02:17,,m,291.47315,-27.93988, 179.8271, 24.3099, 2.418, -12.38,
1.018658777546, -0.2076082, .002386307407060, -0.0056034, 17.9001, Sgr
2005-Jun-23 02:18, ,m,291.48110,-27.93835, 180.0625, 24.3116, 2.418, -12.38,
1.018658695479, -0.2077649, .002386305398144, -0.0042761, 17.9059, Sgr
2005-Jun-23 02:19, ,m,291.48904,-27.93682, 180.2978, 24.3125, 2.418, -12.38,
1.018658613349, -0.2079215, .002386303921569, -0.0029488, 17.9118, Sgr

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

97.595,

97.594,

97.592,

97.591,

97.589,

97.588,

97.586,

97.584,

97.583,

97.581,

97.580,

97.578,

97.577,

2005-Jun-23 02:20, ,t,291.49698,-27.93528, 180.5331, 24.3126, 2.418, -12.37, 3.85, 97.575,

1.018658531156, -0.2080782, .002386302977352, -0.0016214, 17.9176, Sgr
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2005-Jun-23 02:21, ,m,291.50493,-27.93373, 180.7684, 24.3120, 2.418, -12.37,
1.018658448901, -0.2082349, .002386302565497, -0.0002940, 17.9235, Sgr
2005-Jun-23 02:22, ,m,291.51287,-27.93218, 181.0038, 24.3106, 2.418, -12.37,
1.018658366582, -0.2083915, .002386302686005, 0.0010334, 17.9293, Sgr
2005-Jun-23 02:23, ,m,291.52081,-27.93061, 181.2391, 24.3084, 2.418, -12.37,
1.018658284201, -0.2085482, .002386303338864, 0.0023607, 17.9352, Sgr
2005-Jun-23 02:24, ,m,291.52876,-27.92904, 181.4744, 24.3054, 2.418, -12.37,
1.018658201757, -0.2087048, .002386304524053, 0.0036880, 17.9410, Sgr
2005-Jun-23 02:25, ,m,291.53670,-27.92745, 181.7097, 24.3017, 2.419, -12.37,
1.018658119250, -0.2088614, .002386306241537, 0.0050152, 17.9469, Sgr
2005-Jun-23 02:26, ,m,291.54464,-27.92586, 181.9450, 24.2972, 2.419, -12.37,
1.018658036680, -0.2090180, .002386308491279, 0.0063422, 17.9527, Sgr
2005-Jun-23 02:27, ,m,291.55259,-27.92426, 182.1802, 24.2919, 2.420, -12.37,
1.018657954048, -0.2091747, .002386311273229, 0.0076692, 17.9585, Sgr
2005-Jun-23 02:28, ,m,291.56053,-27.92266, 182.4154, 24.2858, 2.420, -12.37,
1.018657871352, -0.2093313, .002386314587325, 0.0089959, 17.9644, Sgr
2005-Jun-23 02:29, ,m,291.56848,-27.92104, 182.6506, 24.2789, 2.421, -12.37,
1.018657788594, -0.2094879, .002386318433501, 0.0103225, 17.9702, Sgr
2005-Jun-23 02:30, ,m,291.57643,-27.91942, 182.8858, 24.2713, 2422, -12.37,
1.018657705773, -0.2096445, .002386322811675, 0.0116489, 17.9761, Sgr

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

3.85,

97.573,

97.572,

97.570,

97.569,

97.567,

97.566,

97.564,

97.562,

97.561,

97.559,

999, ,m,291.58437,-27.91778, 183.1209, 24.2628, 2.422, -12.37, 3.85, 97.558, 1.018657622889, -

0.2098010, .002386327721763, 0.0129751, 17.9819, Sgr
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SAMPLE OUTPUT:

MOON
TIME K
2005-Jun-23 00:24
2005-Jun-23 00:25
2005-Jun-23 00:26
2005-Jun-23 00:27
2005-Jun-23 00:28
2005-Jun-23 00:29
2005-Jun-23 00:30
2005-Jun-23 00:31
2005-Jun-23 00:32
2005-Jun-23 00:33
2005-Jun-23 00:34
2005-Jun-23 00:35
2005-Jun-23 00:36
2005-Jun-23 00:37
2005-Jun-23 00:38
2005-Jun-23 00:39
2005-Jun-23 00:40
2005-Jun-23 00:41
2005-Jun-23 00:42
2005-Jun-23 00:43
2005-Jun-23 00:44
2005-Jun-23 00:45
2005-Jun-23 00:46
2005-Jun-23 00:47
2005-Jun-23 00:48
2005-Jun-23 00:49

MB62205.txt
MOON MOON
DEC ALT AZ

ANTIMOON TOP OF BOW BOW FROM SLOPE

ALT AZ

ALT MIST CTR ANGLE *** D(KM) BRIGHTNESS

97.759 -28.06 19.30 154.34 -19.30 334.34 23.00 9.92 UL

97.758 -28.06 19.38 154.55 -19.38 334.55
97.756 -28.06 19.46 154.76 -19.46 334.76
97.754 -28.06 19.55 154.97 -19.55 334.97
97.753 -28.05 19.63 155.18 -19.63 335.18
97.751 -28.05 19.71 155.39 -19.71 335.39
97.750 -28.05 19.79 155.60 -19.79 335.60
97.748 -28.05 19.87 155.81 -19.87 335.81
97.746 -28.05 19.95 156.02 -19.95 336.02
97.745 -28.05 20.02 156.23 -20.02 336.23
97.743 -28.05 20.10 156.45 -20.10 336.45
97.741 -28.05 20.18 156.66 -20.18 336.66
97.740 -28.05 20.25 156.87 -20.25 336.87
97.738 -28.05 20.33 157.09 -20.33 337.09
97.737 -28.05 20.40 157.30 -20.40 337.30
97.735 -28.05 20.48 157.51 -20.48 337.51
97.733 -28.05 20.55 157.73 -20.55 337.73
97.732 -28.05 20.63 157.94 -20.63 337.94
97.730 -28.05 20.70 158.16 -20.70 338.16
97.728 -28.04 20.77 158.37 -20.77 338.37
97.727 -28.04 20.84 158.59 -20.84 338.59
97.725 -28.04 20.91 158.80 -20.91 338.80
97.724 -28.04 20.98 159.02 -20.98 339.02
97.722 -28.04 21.05 159.24 -21.05 339.24
97.720 -28.04 21.12 159.46 -21.12 339.46
97.719 -28.04 21.19 159.67 -21.19 339.67

22.92
22.84
22.75
22.67
22.59
22.51
2243
22.35
22.28
22.20
2212
22.05
21.97
21.90
21.82
21.75
21.67
21.60
21.53
21.46
21.39
21.32
21.25
21.18
2111

9.78 UL
9.64 UL
9.50 UL
9.36 UL
9.22 UL
9.08 UL
8.94 UL
8.80 UL
8.66 UL
8.52 UL
8.37 UL
8.23 UL
8.09 UL
7.94 UL
7.80 UL
7.66 UL
7.51 UL
7.37 UL
7.22 UL
7.08 UL
6.93 UL
6.79 UL
6.64 UL
6.49 UL
6.35 UL

16.62 357523 0.670
1693 357514 0.671
17.23 357505 0.673
17.53 357496 0.674
17.83 357487 0.675
18.12 357479 0.677
18.42 357470 0.678
18.71 357462 0.679
19.00 357453 0.681
19.29 357445 0.682
19.58 357437 0.683
19.87 357428 0.684
20.15 357420 0.686
2044 357412 0.687

20.72 *** 357404 0.688
21.00 *** 357396 0.689
21.28 *** 357388 0.690
21.56 *** 357380 0.692
21.83 *** 357373 0.693
22.11 *** 357365 0.694
22.38 *** 357358 0.695
22.65 *** 357350 0.696
22.92 *** 357343 0.697
23.19 *** 357335 0.698
23.46 *** 357328 0.699
23.72 *** 357321 0.700
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2005-Jun-23 00:50 97.717 -28.04 21.25 159.89 -21.25 339.89 21.05 6.20 UL 23.99 *** 357314 0.701
2005-Jun-23 00:51 97.716 -28.04 21.32 160.11 -21.32 340.11 20.98 6.05 UL 24.25 *** 357307 0.702
2005-Jun-23 00:52 97.714 -28.04 21.38 160.33 -21.38 340.33 20.92 5.91 UL 24.51 *** 357300 0.703
2005-Jun-23 00:53 97.712 -28.04 21.45 160.55 -21.45 340.55 20.85 5.76 UL 24.77 *** 357293 0.704
2005-Jun-23 00:54 97.711 -28.04 21.51 160.77 -21.51 340.77 20.79 5.61 UL 25.03 *** 357286 0.705
2005-Jun-23 00:55 97.709 -28.04 21.58 160.99 -21.58 340.99 20.72 5.46 UL 25.29 *** 357279 0.706
2005-Jun-23 00:56 97.708 -28.03 21.64 161.21 -21.64 341.21 20.66 5.31 UL 25.54 *** 357272 0.706
2005-Jun-23 00:57 97.706 -28.03 21.70 161.43 -21.70 341.43 20.60 5.17 UL 25.80 *** 357266 0.707
2005-Jun-23 00:58 97.704 -28.03 21.76 161.65 -21.76 341.65 20.54 5.02 UL 26.05 *** 357259 0.708
2005-Jun-23 00:59 97.703 -28.03 21.82 161.87 -21.82 341.87 20.48 4.87 UL 26.31 *** 357253 0.709
2005-Jun-23 01:00 97.701 -28.03 21.88 162.09 -21.88 342.09 20.42 4.72 UL 26.56 *** 357246 0.710
2005-Jun-23 01:01 97.699 -28.03 21.94 162.31 -21.94 342.31 20.36 4.57 UL 26.81 *** 357240 0.711
2005-Jun-23 01:02 97.698 -28.03 22.00 162.53 -22.00 342.53 20.30 4.42 UL 27.06 *** 357234 0.711
2005-Jun-23 01:03 97.696 -28.03 22.06 162.76 -22.06 342.76 20.24 4.27 UL 27.31 *** 357228 0.712
2005-Jun-23 01:04 97.695 -28.03 22.12 162.98 -22.12 342.98 20.18 4.12 UL 27.55 *** 357222 0.713
2005-Jun-23 01:05 97.693 -28.03 22.17 163.20 -22.17 343.20 20.13 3.97 UL 27.80 *** 357216 0.714
2005-Jun-23 01:06 97.692 -28.03 22.23 163.42 -22.23 343.42 20.07 3.82 UL 28.04 *** 357210 0.714
2005-Jun-23 01:07 97.690 -28.03 22.29 163.65 -22.29 343.65 20.01 3.66 UL 28.28 *** 357204 0.715
2005-Jun-23 01:08 97.688 -28.02 22.34 163.87 -22.34 343.87 19.96 3.51 UL 28.53 *** 357198 0.716
2005-Jun-23 01:09 97.687 -28.02 22.39 164.10 -22.39 344.10 19.91 3.36 UL 28.77 *** 357192 0.717
2005-Jun-23 01:10 97.685 -28.02 22.45 164.32 -22.45 344.32 19.85 3.21 UL 29.01 *** 357187 0.717
2005-Jun-23 01:11 97.684 -28.02 22.50 164.54 -22.50 344.54 19.80 3.06 UL 29.25 *** 357181 0.718
2005-Jun-23 01:12 97.682 -28.02 22.55 164.77 -22.55 344.77 19.75 2.91 UL 29.48 *** 357176 0.719
2005-Jun-23 01:13 97.680 -28.02 22.60 164.99 -22.60 344.99 19.70 2.75 UL 29.72 *** 357170 0.719
2005-Jun-23 01:14 97.679 -28.02 22.65 165.22 -22.65 345.22 19.65 2.60 UL 29.96 *** 357165 0.720
2005-Jun-23 01:15 97.677 -28.02 22.70 165.45 -22.70 345.45 19.60 2.45 UL 30.19 *** 357160 0.720
2005-Jun-23 01:16 97.676 -28.02 22.75 165.67 -22.75 345.67 19.55 2.29 UL 30.43 *** 357154 0.721
2005-Jun-23 01:17 97.674 -28.02 22.80 165.90 -22.80 345.90 19.50 2.14 UL 30.66 *** 357149 0.722
2005-Jun-23 01:18 97.672 -28.01 22.85 166.12 -22.85 346.12 19.45 1.99 UL 30.89 *** 357144 0.722

Page 83



2005-Jun-23 01:19
2005-Jun-23 01:20
2005-Jun-23 01:21
2005-Jun-23 01:22
2005-Jun-23 01:23
2005-Jun-23 01:24
2005-Jun-23 01:25
2005-Jun-23 01:26
2005-Jun-23 01:27
2005-Jun-23 01:28
2005-Jun-23 01:29
2005-Jun-23 01:30
2005-Jun-23 01:31
2005-Jun-23 01:32
2005-Jun-23 01:33
2005-Jun-23 01:34
2005-Jun-23 01:35
2005-Jun-23 01:36
2005-Jun-23 01:37
2005-Jun-23 01:38
2005-Jun-23 01:39
2005-Jun-23 01:40
2005-Jun-23 01:41
2005-Jun-23 01:42
2005-Jun-23 01:43
2005-Jun-23 01:44
2005-Jun-23 01:45
2005-Jun-23 01:46
2005-Jun-23 01:47

97.671 -28.01 22.89 166.35 -22.89 346.35
97.669 -28.01 22.94 166.58 -22.94 346.58
97.668 -28.01 22.98 166.81 -22.98 346.81
97.666 -28.01 23.03 167.03 -23.03 347.03
97.665 -28.01 23.07 167.26 -23.07 347.26
97.663 -28.01 23.12 167.49 -23.12 347.49
97.661 -28.01 23.16 167.72 -23.16 347.72
97.660 -28.01 23.20 167.95 -23.20 347.95
97.658 -28.01 23.24 168.18 -23.24 348.18
97.657 -28.00 23.28 168.40 -23.28 348.40
97.655 -28.00 23.32 168.63 -23.32 348.63
97.653 -28.00 23.36 168.86 -23.36 348.86
97.652 -28.00 23.40 169.09 -23.40 349.09
97.650 -28.00 23.43 169.32 -23.43 349.32
97.649 -28.00 23.47 169.55 -23.47 349.55
97.647 -28.00 23.50 169.78 -23.50 349.78
97.646 -28.00 23.54 170.01 -23.54 350.01
97.644 -27.99 23.57 170.25 -23.57 350.25
97.642 -27.99 23.61 170.48 -23.61 350.48
97.641 -27.99 23.64 170.71 -23.64 350.71
97.639 -27.99 23.67 170.94 -23.67 350.94
97.638 -27.99 23.70 171.17 -23.70 351.17
97.636 -27.99 23.73 171.40 -23.73 351.40
97.635 -27.99 23.76 171.63 -23.76 351.63
97.633 -27.99 23.79 171.87 -23.79 351.87
97.631 -27.99 23.82 172.10 -23.82 352.10
97.630 -27.98 23.85 172.33 -23.85 352.33
97.628 -27.98 23.87 172.56 -23.87 352.56
97.627 -27.98 23.90 172.80 -23.90 352.80

1941 1.84 UL

19.36 1.68 UL
19.32 1.53 UL
19.27 1.37 UL
19.23 1.22 UL
19.18 1.07 UL
19.14 091 UL
19.10 0.76 UL
19.06 0.60 UL
19.02 0.45 UL
18.98 0.29 UL
18.94 0.14 UL
18.90 -0.02 LR
18.87 -0.17 LR
18.83 -0.33 LR
18.80 -0.48 LR
18.76 -0.64 LR
18.73 -0.80 LR
18.69 -0.95 LR
18.66 -1.11 LR
18.63 -1.27 LR
18.60 -1.42 LR
18.57 -1.58 LR
18.54 -1.73 LR
18.51 -1.89 LR
18.48 -2.05 LR
1845 -2.20 LR
1843 -2.36 LR

18.40 -2.52 LR

31.12 *** 357139 0.723
31.35 *** 357135 0.723
31.58 *** 357130 0.724
31.81 *** 357125 0.724
32.03 *** 357120 0.725
32.26 *** 357116 0.725
32.48 *** 357111 0.726
32.71 *** 357107 0.726
32.93 *** 357103 0.727
33.15 *** 357098 0.727
33.37 *** 357094 0.728
33.59 *** 357090 0.728
33.81 *** 357086 0.729
34.03 *** 357082 0.729
34.25 *** 357078 0.729
34.47 *** 357074 0.730
34.68 *** 357071 0.730
34.90 *** 357067 0.731
35.11 *** 357064 0.731
35.33 *** 357060 0.731
35.54 *** 357057 0.731
35.75 *** 357053 0.732
35.96 *** 357050 0.732
36.18 *** 357047 0.732
36.39 *** 357044 0.733
36.59 *** 357041 0.733
36.80 *** 357038 0.733
37.01 *** 357035 0.734
37.22 *** 357032 0.734
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2005-Jun-23 01:48
2005-Jun-23 01:49
2005-Jun-23 01:50
2005-Jun-23 01:51
2005-Jun-23 01:52
2005-Jun-23 01:53
2005-Jun-23 01:54
2005-Jun-23 01:55
2005-Jun-23 01:56
2005-Jun-23 01:57
2005-Jun-23 01:58
2005-Jun-23 01:59
2005-Jun-23 02:00
2005-Jun-23 02:01
2005-Jun-23 02:02
2005-Jun-23 02:03
2005-Jun-23 02:04
2005-Jun-23 02:05
2005-Jun-23 02:06
2005-Jun-23 02:07
2005-Jun-23 02:08
2005-Jun-23 02:09
2005-Jun-23 02:10
2005-Jun-23 02:11

97.625 -27.98 23.92 173.03 -23.92 353.03
97.624 -27.98 23.95 173.26 -23.95 353.26
97.622 -27.98 23.97 173.49 -23.97 353.49
97.620 -27.98 23.99 173.73 -23.99 353.73
97.619 -27.98 24.01 173.96 -24.01 353.96
97.617 -27.97 24.04 174.19 -24.04 354.19
97.616 -27.97 24.06 174.43 -24.06 354.43
97.614 -27.97 24.08 174.66 -24.08 354.66
97.613 -27.97 24.09 174.90 -24.09 354.90
97.611 -27.97 24.11 175.13 -24.11 355.13
97.609 -27.97 24.13 175.36 -24.13 355.36
97.608 -27.97 24.15 175.60 -24.15 355.60
97.606 -27.96 24.16 175.83 -24.16 355.83
97.605 -27.96 24.18 176.07 -24.18 356.07
97.603 -27.96 24.19 176.30 -24.19 356.30
97.602 -27.96 24.20 176.54 -24.20 356.54
97.600 -27.96 24.22 176.77 -24.22 356.77
97.599 -27.96 24.23 177.01 -24.23 357.01
97.597 -27.96 24.24 177.24 -24.24 357.24
97.595 -27.95 24.25 177.48 -24.25 357.48
97.594 -27.95 24.26 177.71 -24.26 357.71
97.592 -27.95 24.27 177.95 -24.27 357.95
97.591 -27.95 24.28 178.18 -24.28 358.18
97.589 -27.95 24.28 178.42 -24.28 358.42

18.38 -2.68 LR
18.35-2.83 LR
18.33 -2.99 LR
18.31-3.15LR
18.29 -3.31 LR
18.26 -3.46 LR
18.24 -3.62 LR
18.22 -3.78 LR
18.21 -394 LR
18.19 -4.09 LR
18.17 -425 LR
18.15-441 LR
18.14 -4.57 LR
18.12 -4.73 LR
18.11 -4.89 LR
18.10 -5.04 LR
18.08 -5.20 LR
18.07 -5.36 LR
18.06 -5.52 LR
18.05 -5.68 LR
18.04 -5.84 LR
18.03 -5.99 LR
18.02 -6.15 LR
18.02 -6.31 LR

37.42 *** 357030 0.734
37.63 *** 357027 0.734
37.84 *** 357025 0.734
38.04 *** 357022 0.735
38.24 *** 357020 0.735
38.45 *** 357018 0.735
38.65 *** 357015 0.735
38.85 *** 357013 0.735
39.05 *** 357011 0.735
39.25 *** 357009 0.736
39.45 *** 357007 0.736
39.65 *** 357006 0.736
39.85 *** 357004 0.736
40.05 *** 357002 0.736
40.25 *** 357001 0.736

40.44 356999 0.736
40.64 356998 0.736
40.83 356996 0.736
41.03 356995 0.736
41.22 356994 0.736
4142 356993 0.736
4161 356992 0.736
41.80 356991 0.736
42.00 356990 0.736
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