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Preface

An occultation (pronounced “Occ-kull-tay-shun”) occurs when the Moon, asteroid or other planetary
body eclipses a star momentarily blocking its light. Occultation observations have been used for
hundreds of years by sailors to determine time and their position at sea. Modern occultation
observations are routinely used to refine the orbit of the Moon, analyze the positions of stars and
the coordinate system they represent, detect new stellar companions, pinpoint the position of X-ray
and radio sources, determine the size and shape of lunar mountains, determine stellar diameters,
and the recent hot area of determining the size and shape of asteroids in our solar system. In 1985,
Pluto’s atmosphere was discovered by the occultation technique. In March 1977, the occultation of
a bright star by the planet Uranus resulted in the discovery of its ring system. This ring system
might actually have been seen indirectly by the discoverer of Uranus, William Herschel, as he
noticed faint stars dim as the planet passed close by.

Occultation observations are fun to observe. There is perhaps nothing more exciting than watching
a star vanish and return from behind a lunar mountain, or to see the star disappear for several
seconds as an asteroid passes in front of it. Anyone with a small telescope, tape recorder or
camcorder and shortwave radio can make valuable scientific observations to help determine the
size and shape of asteroids and to aid in new discoveries about these mysterious objects, including
some of the elusive small moons that orbit them.

This observer’s manual is the first comprehensive book of its kind to assist beginning observers get
started in occultation observations. This manual also shows advanced observers the latest in video
and GPS time insertion techniques. It is a How To guide in observing total and grazing occultations
of the moon, asteroid occultations and solar eclipses. Whether you are an observer with a small
telescope or an experienced observer with a video system, this book will show you how to set up
your equipment, predict, observe, record, report and analyze occultation observations whether you
are at a fixed site or have mobile capabilities.

The International Occultation Timing Association (IOTA) and its worldwide sister organizations
(Europe, United Kingdom, Australia/New Zealand, Japan, S. Asia/India, Mexico, Latin America,
South Africa) are here to assist you. We have online Internet discussion groups and observers are
in contact with each other nearly every day planning for the next occultation expedition or sharing
ideas on new equipment, software and new techniques. IOTA and several of its members have web
pages loaded with occultation information and methods, tips, software, predictions and results of
observations. The Internet has simplified occultation observations with predictions and results now
online. Equipment advances (especially video) along with accurate star and asteroid positions have
resulted in an explosion of occultation observations in the past ten years. Whereas between 1978
and 1998 less than 20 successful asteroid occultationswere observed each year, now there are over
150-200 successful asteroid events observed worldwide annually by numerous teams of observers.

The novice occultation observer will find the basics of occultations including how to observe and to
record them accurately using simple, inexpensive equipment. Advanced observers will find video
methods of recording occultations. This includes the use of the GPS satellites along with video time
inserters that can allow frame by frame analysis of observations providing timings accurate to a few
hundredths of a second !



The latest method for obtaining multiple chords on asteroid events comes from remote unattended
video stations. See Chapter 10, and Scotty Degenhardt’s 14 remote video stations used to
determine the size and shape of the asteroid 135 Hertha on page 139.

The potential for new discoveries continues with every new occultation observation. Astronomers,
both professional and amateur, are encouraged to get involved in this exciting field and on several
online occultation discussion groups to see what events are to occur in their area. Information on
how to get involved with IOTA and contact information is given in Appendix A, along with the many
IOTA organizations worldwide.

Please join us.

Richard Nugent

Editor, IOTA Occultation Observer’s Manual
Executive Secretary

International Occultation Timing Association
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1 Introduction to Occultations

In astronomy, an occultation occurs when the Moon, asteroid or other planetary body eclipses
a star temporarily blocking its light. The celestial object passing in front of the more distant
one is referred to as the occulting body. For practical purposes, an occultation is a celestial
event in which a larger body covers up a distant object. Compare this to an eclipse, where the
bodies are generally nearly equal in angular diameter, and a transit, where a much smaller
body passes in front of a large object, such as transits of the Sun by Mercury and Venus.
During an occultation the occulting body blocks the light of the more distant celestial object.
As an example, when an airplane flies directly between an observer on the Earth’s surface and
the Sun, its shadow passes right over the observer blocking the Sun’s light momentarily. The
airplane has occulted the Sun. Now move the observer just 100 meters away, and the
airplane’s shadow would miss the observer entirely. If the observer had arrived 30 seconds
later to that position he or she would not see the occultation of the Sun by the airplane, and
have a miss at that location due to being late.

Occultations are both time and position dependant. The occultation observer must be at the
right place at the right time to be in the occulting body’s shadow. The most common
occultation events are fotal occultations by the Moon in which the Moon passes in front of a
star, an asteroid, planet or other object (see Figure 1.1).

star
¥
L

Figure 1.1 Total occultation geometry of a star by the Moon as seen from Earth.

A grazing occultation occurs when the Moon’s edge appear to just barely glide by the star on
a tangent as it moves in its orbit around Earth, (see Figure 1.2). As the Moon drifts by the
tangent line, the star momentarily disappears and reappears from behind lunar mountain peaks
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and valleys on the Moon’s limb (edge). The graze line, also known as the limit line (See
Figure 5.1, Chapter 5), is a line on the Earth that projects the limb of the Moon from the
direction of the star. Grazing occultation observations, when made by a team of observers
perpendicular to the graze line, are scientifically useful to help determine the shape of the
Moon’s limb. Grazing occultations and their use are described in Chapter 5.

Asteroid occultations occur when an asteroid passes directly in front of a star causing the star
to disappear for some interval of time usually from several seconds to one minute or more. An
instantaneous drop in the light level of the star of the merged object (star + asteroid) can be
observed. This fading is caused by the asteroid’s own light replacing the light of the brighter
star. If the asteroid is too faint to be seen then the star vanishes completely for the duration of
time that the asteroid is in front of it. Asteroid occultation events provide a unique opportunity
for ground based observers to directly determine the sizes and shapes of these mysterious
objects. Asteroid events are described in detail in Chapter 6.

Occultations have been used since the invention of the telescope to determine the lunar
position, time and the observer's position at sea. They have recently been used to measure
stellar diameters, to discover unseen stellar companions and to measure the diameter of the
Sun.

Many people who make occultation observations have mobile capabilities, since occultation
events are location dependent. However, for any particular location on Earth there are quite a
few occultation events that occur each year; thus any permanent observatory can be outfitted
with relatively inexpensive equipment to collect potentially valuable data. An observer's
geographic position and ability to time an occultation event accurately can be more important
than the equipment used.

The purpose of the IOTA Occultation Observer’s Manual is to educate observers on the
techniques of occultations and equipment, and to provide advanced techniques for the more
experienced observer. Toward this purpose, Section 1.2 contains a brief history of the
International Occultation Timing Association, (IOTA), its goals and objectives, plus discovery
opportunities from occultation observations, Chapter 2 discusses observing occultation
fundamentals and equipment, Chapter 3 covers total occultation observations, Chapter 4
covers predictions of occultations plus solar and lunar eclipses. Chapter 5 covers lunar
grazing occultations by the Moon; Chapter 6 covers asteroid occultations; Chapter 7 covers
determining your ground position accurately; Chapter 8 discusses occultation timing
techniques; Chapter 9 covers weather considerations including how to prepare yourself and
your equipment for weather extremes; Chapter 10 covers advanced observing techniques and
remote video stations; Chapter 11 covers solar eclipses and the solar diameter and Chapter 12
covers the modern history of occultation observations. The appendices contain web resources,
information on how to contact IOTA, an extensive list of references, report forms, example
graze profiles, short wave time signal frequencies around the world, a glossary, equipment
suppliers and useful tips.
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1.1 Scientific Uses of Occultations

The news media frequently carries articles about discoveries made with advanced equipment
found at major observatories and space probes. In this day of enormous radio telescopes,
Space Shuttle missions, the Hubble Space Telescope, the Chandra X-Ray telescope, the Space
Infrared Telescope Facility (now known as the Lyman Spizter Observatory) and planetary
space probe missions, is a visual or video occultation timing with WWYV time signals, and a
small telescope of scientific value? The answer is a resounding YES. Occultation timings are
one area where interested amateurs can and do make valuable contributions.

The geometry of an occultation is the major reason why valuable observations can be made
with simple equipment. The location (geodetic coordinates) of an amateur telescope can be
determined to the same accuracy as that of a professional observatory. This is quite easy with
low cost GPS receivers, internet and computer programs or United States Geological Survey
(USGS) topographic maps with methods presented in Chapter 7. Referring to Figure 1.2,
consider two observers A and B at nearby sites close to the northern limit of a lunar
occultation. Observer B is placed such that the star just misses the Moon from his observing
station, and the other observer A sees just one short event. Observer B who experiences the
miss, although he may not realize it, has actually made a valuable observation. Most observers
who have a miss are disappointed, however the results from the two stations A and B pin
down the location of the Moon's edge to within their ground separation. Note that only the
observer experiencing a miss who is closest to an observer who sees events has a valuable
observation. If many observers along a line see a miss, all but one of them has good reason to
be unhappy. In this example, the location of the observer who saw the miss is far more
important than the equipment used to make the observation.

Figure 1.2. The observer at A sees the star just graze the Moon passing in and out of lunar mountain peaks.
Observer at B, 100 meters north of A, has no occultation. This observer B has a miss. Diagram not to scale.
Earth image © 2006 The Living Earth/Earth Imaging.

Occultation timings are used to refine our knowledge of the Moon's motion and shape.
Predicting the motion of the Moon from past observations has always been one of the toughest
12



problems celestial mechanics has had to face. Many famous names in astronomy have been
associated with predicting the Moon's motion. The most recent attempts before the
contemporary studies were those of Dirk Brouwer and Chester Watts in the 1930's and 40's.
Since that time new information has become available — ephemeris time, atomic time, Watts
charts, new International Astronomical Union (IAU) astronomical constants, and ephemeris
corrections by Dr. W. J. Eckert, to name a few. Improvements in our knowledge about the
Moon's motion had an influence on many other branches of astronomy as well. Occultation
observations and an improved lunar ephemeris have been used to determine the location of the
celestial equator and the zero-point of right ascension (equinox). These are important
corrections to the coordinate system used for stellar reference. Lunar occultation data were
given the highest weight for the determination of the FK4, FK5 and FK6 (Fundamental
Catalogues) stellar reference frame. The analysis of occultation data gathered over a period
of many years has allowed astronomers to refine our knowledge of the motion of the Earth,
the precession of the north pole and the secular motion of the obliquity of the ecliptic (tilt
of the Earth’s axis to the equator). Since 1969, lunar orbital parameters have been accurately
determined from laser ranging to the retro-reflector arrays placed on the Moon by Apollo
astronauts and a Soviet spacecraft. Occultation and solar eclipse observations made before
1969 are used to study the long term motion of the Moon. The longer baseline of these
observations still gives occultation data an advantage for measuring the Moon's secular
deceleration in ecliptic longitude. This deceleration is caused by an exchange of angular
momentum between the rotation of the Earth and the lunar orbit via oceanic tides amounting
to 23" (23 seconds of arc) per century’. Recent studies indicate that the tidal deceleration
should be about 28" per century”. The difference, an acceleration of 5" per century squared,
may be caused by a changing gravitational constant, according to some cosmological theories.
Other studies indicate that the difference is smaller and possibly negligible.

Occultation data can accurately relate the lunar motion to the stellar reference frame, and the
data have proven extremely useful for refining the latter. Lunar occultations have been
analyzed to derive average stellar proper motions, and from these the Oort parameters (Oort’s
Constants) of galactic rotation have been determined.

The analysis of occultation observations for astrometric purposes (determination of orbital and
stellar positional parameters) is limited by our knowledge of the lunar limb profile as seen
from the Earth. The profile changes with our different viewing angles of the Moon, called
librations, as the Moon moves in its not quite circular orbit inclined to the ecliptic plane.
Nearly all possible profiles were charted in an ambitious program to carefully measure
hundreds of Earth-based lunar photographs led by Chester B. Watts at the U. S. Naval
Observatory (USNO) a half century ago. This resulted in a series of 1800 charts representing
the lunar limb profiles known as the Watts charts. The accuracy of an individual limb
correction looked up in Watts charts is about 0.2". Since it takes about half a second for the
Moon to move this distance, timings of occultations made visually to a precision of 0.2 sec are
still quite useful. Although the Clementine and Lunar Orbiters obtained high-resolution
photographs of most of the lunar surface, they did not have the positional accuracy and Earth-
based perspective needed to derive limb profiles that would have been an improvement over
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the Watts data. And due to the Moon's very irregular gravity field, which is caused by
mascons (mass concentrations), and because the orbiters could not be tracked on the Moon’s
far side, their positions at any time could be recovered only to an accuracy of about 700
meters.

Updated lunar limb profiles have been derived from occultation timings which are being
carried out by observers all over the world. These improvements are needed for better analysis
of occultation data for the astrometric purposes described above. Better profile data obtained
when the Moon is within a degree of the ecliptic also allows accurate analysis of total and
annular solar eclipse timings, which are in turn used to determine small variations of the Sun's
diameter. Grazing occultations by the Moon give the most accurate resolution of the profile.
They are very important for solar eclipse studies because the lunar profile is similar in the
lunar polar regions at each eclipse, but always different in the lunar equatorial areas. (See
Chapter 11, Section 11.3 for more on IOTA’s Solar eclipse research).

Occultation observations have also resulted in the discovery of hundreds of double stars.
During a total occultation by the Moon, if a star gradually disappears, as opposed to an
instantaneous disappearance, this is evidence of a very close binary star. The gradual
disappearance is due to one of the stars of the system vanishing behind the Moon followed by
the other.

For resolving double stars, occultations fill the observational gap between direct visual and
spectroscopic observations.* Visual observers can take advantage of the circular geometry
during a grazing occultation to resolve separations as small as 0.02". Compare this to the 0.8"
telescopic naked eye limit (this figure depends on wavelength, telescope objective diameter)
separation of a close visual double star under the best seeing conditions. Some spectroscopic
binaries have been resolved during occultations, and many new doubles, even bright ones,
have been discovered. During grazes of bright stars, visual observers should be able to
distinguish between light diffraction effects and multiple star step events. Diffraction effects
cause gradual disappearances and reappearances while double and multiple stars produce step
events. Video and high speed photometric recordings of total occultations give better
resolution to 0.02" allowing the angular diameters of some of the larger stars to be measured.

Scientifically useful information may be gathered from occultation observations made with
relatively simple equipment by amateur astronomers. When the apparent diameter of an
occulting body is smaller than the body occulted, the term transit is used. Examples include
shadow transits (regular transits occur, they are harder to observe) of the Galilean satellites of
Jupiter when their shadows land on the cloud tops of the planet, and transits of Mercury and
the rare transits of Venus across the Sun. (The most recent Venus transit occurred on June 8§,
2004, the first since 1882; the next one is June 6, 2012). Transits are now becoming an

*Speckle interferometry is now used to measure binary systems having separations in the range only previously
detectable during occultations, but occultation observations are still necessary to discover new close pairs, since
speckle interferometry can only be carried out for a limited number of stars.
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important part of extrasolar planet research. Photometric (brightness change) observations of
an extrasolar planet as it transits across its parent star provides information on the planet’s
actual size, orbital parameters and the parent star’s mass.

The main purpose for observing occultations by asteroids, comets and other solar system
bodies is to obtain an accurate size and shape of the occulting body. The sizes and shapes of
asteroids and comets have proved to be very small. The asteroid 1 Ceres, for example has an
angular extent of just 0.8", while most of the other asteroids are 0.1" and smaller. The Hubble
Space Telescope has a spatial resolution of 0.0455"/pixel with its Wide Field and Planetary
Camera thus making only a few dozen asteroid sizes measurable. The technique of infrared
bolometry on the Infrared Astronomical Satellite (IRAS) gave mean diameters of hundreds of
asteroids however the errors exceeded 10% or more. There have been several close encounters
of asteroids and comets by spacecraft, namely Halley's Comet by Giotto, 951 Gaspra and 243
Ida by the Galileo spacecraft in route to Jupiter, 253 Mathilde and 433 Eros by the Near Earth
Asteroid Rendezvous (NEAR) mission. With more than 300,000 known asteroids and comets
(and the list growing by several thousand each month), spacecraft are far too expensive to
make journeys to more than just a few of these objects feasible.

An asteroid occultation provides more than just an accurate size and shape of the asteroid. An
astrometric position of the asteroid can be extracted from the occultation of well observed
events. Currently, positional accuracy derived from well observed asteroid events are in the
range of 100-200 psec (+£0.0002"). With 3-5 observations, a position accurate to +0.003" can
be derived. For single chord observations, the error is set at the apparent diameter of the
asteroid. It is interesting to note at this precision, relativistic bending of light by the Sun is
quite significant at a 90 degree solar elongation. Single chord observations have the highest
inherent uncertainty with no corroborative observations. But a great majority of single chord
events are reported and virtually all multi-chord events are reported. The Minor Planet Center
(MPC) has allocated observatory code 244 for positions derived from asteroid occultations.

Occultations have more applications than determining the Moon’s motion, lunar limb profiles,
asteroid profiles, astrometric and galactic parameters. Occultations of stars by Saturn’s largest
moon Titan have yielded critical information on some of the properties of Titan’s atmosphere.
This information was put to use as the Huygens probe from the Cassini mission to Saturn
(launched in 1997) descended to Titan’s surface in January 2005. In March, 1977, an
occultation of a bright star by the planet Uranus led to the discovery of its system of rings.
Before and after the occultation of Uranus a series of short disappearances occurred. Almost
immediately these disappearances were determined to be a set of rings, and their
characteristics and distances from Uranus were easily deduced from the occultation
observations. The great English astronomer, William Hershel, who discovered the planet
Uranus, reported that some faint stars faded as Uranus moved right by them. This was perhaps
the first visual observation (although not known at the time) of the effect of the Uranus ring
system occulting these stars.
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Occultations by the Moon have been used to pinpoint the location of extragalactic radio
sources. Unlike the light from a star which is a pinpoint on the celestial sphere, radio waves
cover a larger area of the sky, thus making it difficult to identify optical counterparts
precisely. An occultation by the Moon cuts off the radio waves, allowing astronomers to
match the optical counterpart.

Another great discovery from the occultation technique was the detection of an atmosphere of
Pluto in June 1985 and confirmed in 1988. From analysis of this occultation event and other
data, the main component of Pluto's atmosphere was determined to be methane (CH,4) with an
estimated surface pressure of 10 millibars. Compare this to the pressure on Earth's surface of
1,000 millibars.

Hopefully, the above discussion has convinced potential observers that occultations are not
only exciting, enjoyable and striking to observe, but that when timed and reduced carefully
can provide much valuable scientific information. For observers who are interested in
gathering this valuable data the remainder of this manual provides the information necessary
to successfully predict when occultations will occur and will prepare you to observe
occultation events, extract their timings and also includes information on how to send the data
to IOTA astronomers for final reduction or to reduce and analyze them yourself.

1.2 The International Occultation Timing Association, [OTA

The International Occultation Timing Association, (IOTA) is the primary organization for
occultation predictions, the reducing of data acquired and the publication of results. IOTA
members are engaged in a wide variety of activities related to observing, data collection,
computing, instrumentation, etc. Members of the organization provide different services, such
as computing predictions for regional and independent observers, coordinating local
expeditions, predicting asteroid occultations, collecting graze reports, maintaining lists of
double stars that have been occulted, etc. Grazing occultation expedition leaders collect data
on grazes and submit observer's reports to regional coordinators. The primary source for
information about IOTA and upcoming occultations is the official IOTA website:
http://www.lunar-occultations.com/iota/iotandx.htm.

IOTA is based in the USA and its sister organization, IOTA/ES is the European Section
carrying occultation research in Europe. Another major occultation center is the Royal
Astronomical Society of New Zealand (RASNZ), Occultation Section. The RASNZ promotes
and encourages occultation observing in New Zealand, Australia and the South Pacific. A new
IOTA region, the Southwest Asian Section (IOTA/SWAsia) was formed at the time of this
publication in India headed by Arvind Paranjype as President. Occultation observers are
scattered all over the world and with the widely available access to the Internet, assistance in
predictions, observing, timing and instrumentation techniques are just a few clicks away.

IOTA was unofficially started in 1962 by David Dunham, when he made the first prediction
of a grazing occultation of 5 Tau that was successfully observed by another observer (Leonard
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Kalish) near Castaic Junction, California. IOTA was officially organized in 1975
(intentionally delayed by Dr. David Dunham due to the paperwork and other requirements)
and incorporated as a non-profit 501(c) corporation in 1983 by IOTA Vice President Paul
Maley in Texas. IOTA’s non profit status allows its members in certain situations to deduct
their IOTA travel related expenses since occultation work sometimes involves extensive
travel. Since that time IOTA has recruited observers from around the world and has begun
publishing the Occultation Newsletter, the official publication of IOTA. Occultation
Newsletter, which began publishing in July 1974, contains results of occultation and eclipse
observations, observing techniques and research articles on all aspects of occultations.
Occultation Newsletter articles are indexed on the internet on the Astrophysics Data System
(ADS) website along with all the major professional astronomy journals such as the
Astronomical Journal (A)), Astrophysical Journal (ApJ) and Publications of the Astronomical
Society of the Pacific (PASP). Occultation Newsletter is published four times per year and is
available by subscription from IOTA, see Appendix A for details.

IOTA also maintains a website in North America for announcing major occultation events of
stars by the Moon, asteroid events and other articles of general interest located at
http://www.lunar-occultations.com/iota/iotandx.htm. IOTA/ES 1is linked from the North
American site; its web address 1s http://www.iota-es.de/.

The Royal Astronomical Society of New Zealand's Occultation Section maintains a web site
here: http://occsec.wellington.net.nz/.

The Dutch Occultation Association is located here: http://www.doa-site.nl/

These and other important IOTA web addresses are also found in Appendix K. Many other
excellent personal occultation web sites are maintained by IOTA members and these can also
be found in Appendix K, Useful Web addresses.

1.3 The International Lunar Occultation Centre (ILOC) 1923-2009

The International Lunar Occultation Centre (ILOC) up until September 2008 was the
worldwide clearing house organization located in Tokyo, Japan and collected and maintained
data from lunar occultation observations from all over the world. The ILOC officially ceased
operations in March 2009 due to funding cuts. Each year the ILOC received thousands of
occultation reports. The ILOC also issued predictions for use in making occultation
observations and provides other data for a variety of researchers and research institutions.

The International Lunar Occultation Center was founded by the International Astronomical
Union in the United States in 1923 as an organization dedicated to collecting and maintaining
occultation observational data from all over the world. ILOC was later entrusted to the Royal
Greenwich Observatory before being moved again in 1981 to the Japanese Hydrographical
Office, which by then had established itself as a leader in performing occultation observations.
In 1992, the work of providing predictions of lunar occultations was taken over from the US
Naval Observatory by the same organization.
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The work of observing occultations is performed with the assistance of more than 1,000
observers working worldwide in the United States, Europe, Australia and more than thirty
other nations. The regional coordinators that now collect lunar occultation observations are
listed in Appendix F, Report Forms and How to Report Observations.

1.4 Occultation Firsts
Some 'firsts' in the field of occultation observing including IOTA members are:

The first reported observation of an asteroid occultation was made on February 19, 1958 by P.
Bjorklund and S. Muller, in Malmo, Sweden of Copenhagen, Denmark. They timed a 7.2
second occultation of an 8.2 mag star in the constellation Orion by the asteroid 3 Juno.

The first 'true' grazing occultation was observed by D Koch in Danzig (now
Gdansk, Poland). It was a northern-limit graze of Aldebaran, observed on 1794 Mar 7, at
around 19h 24m UT. Koch observed 5 events. A disappearance “D” a reappearance “R” 10
secs later, D after another 4 or 5 secs, then a rapid R and D sequence. Koch then watched for
about 30 secs before taking his eye away from the scope to write down what he saw. When he
looked back, the star had reappeared. Koch clearly understood that the events were caused by
valleys on the edge of the moon.

On November 20, 1959, Jean Meeus computed and observed a graze of the star A Geminorium
from Kessel - lo, Belgium. This was the first predicted and observed grazing occultation by
the Moon. Although his data were not of high quality compared to today's standards, they did
show that techniques were available to make such predictions.

The first predicted grazing occultation observation in the United States was made on
September 18, 1962. David Dunham made predictions of the graze of 5 Tau, m = 4.3. His
predictions showed the graze path about 40 miles north of Los Angeles. Dunham, then in
Berkeley, California, could not travel to see this one but he did notify several observers. One
of them, Leonard Kalish, traveled from his home in Los Angeles to the path just north of
Castaic Junction and saw several disappearances and reappearances of the star. This was
Dunham’s first successful graze prediction and as far as we know, the first time ever that
someone had traveled to an occultation limit and observed a graze.

The first organized grazing occultation expedition was on September 9, 1963 of a dark-limb
graze near Davis, California. During this graze, Dunham had recruited several observers from
the Sacramento Valley Astronomical Society. Four observing stations were set up. One
observer, Art Leonard, had only a one second occultation at his location and was quite
impressed realizing that, if the Moon were a perfect sphere, that implied that he was very
close to the northern limit!

Dunham was set up south of Leonard and called out three disappearances and three
reappearances using WWV* recorded on a tape.
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For the graze on October 8, 1963 of { Tauri, Dunham had published the prediction in the
October, 1963 Sky and Telescope magazine. It is shown below as Figure 1.3. It is interesting
to note that in 1963, Sky and Telescope had been publishing the yearly occultation supplement
for standard stations for five years but this was the first map published of a grazing occultation
suggesting that these events be observed. It was observed near Ft. Worth, Texas, Cincinnati,
Ohio and Columbus, Ohio and became the first published account of a grazing occultation in
Sky and Telescope, December 1963, page 369. Tom Van Flandern at the US Naval
Observatory saw and analyzed these results and was amazed to find more than 0.8 km error in
the current combination of star position, lunar ephemeris and lunar limb data. That sparked
USNO’s interest in occultations, especially grazes and van Flandern began working with
Dunham to facilitate the prediction process and obtain more graze observations.
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Figure 1.3 First predicted grazing occultation map. Courtesy David Dunham, © 1963 Sky & Telescope, used
by permission.

One of the observers on this October 8, 1963 graze event of { Tauri was Hal Povenmire of
Florida, who has successfully to date led and observed more than 500 grazing occultation
expeditions.

* WWYV 1is the call letters for the shortwave radio station from Ft. Collins Colorado that broadcasts
continuous time signals at 2.5, 5, 10, 15 and 20 MHz.
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On December 4, 1970 the graze of 1 Capricorni was observed in Central Florida and a total of
235 timings were made making it the most successful grazing occultation expedition ever.

The first successful asteroid occultation profile made by a team of observers was on January
24,1975 when 9 observers in New England observed the asteroid 433 Eros occult the m = 3.6
star kK Geminorum. The resulting size of Eros determined from that series of observations was
14.8 km x 6.9 km.

The first successful video observation of a total occultation by the Moon was made by
Susumu Hosoi of Japan. He video recorded the occultation of the bright star Aldebaran in
1979.

The first photograph of an asteroid occultation was made by Paul Maley on December 11,
1979. In a time exposure using a 1000mm focal length lens at f /16, Maley recorded on film a
27 second occultation of the star SAO 80950 by the asteroid 9 Metis.

In June 1980, a TV station cameraman in New Orleans video recorded a graze of the star
Regulus. He had only one disappearance and one reappearance. On May 10, 1981 Alan Fiala
of the US Naval Observatory video recorded 14 events (7 disappearances and 7
reappearances) of & Cancri near Conowingo Dam, Maryland. Fiala had the most timings of
anyone in that 20 station expedition. This was also the first time that multiple events were
video-recorded during a grazing occultation expedition.

On May 29, 1983 IOTA President David Dunham, IOTA Vice-President Paul Maley and Hal
Povenmire organized expeditions in Texas and Florida to observe the asteroid 2 Pallas occult
the m = 4.8 star 1 Vulpeculae which resulted in a record 131 timings.

The first video observations of an asteroid occultation were made on November 22, 1982 by
Peter Manly. He taped 93 Minerva occulting the m = 7.8 star SAO 76017. Also using
intensified video to record this event were J. Vedere, Pierre Laques and Lecacheaux at Pic Du
Midi Observatory, France.

The first remote video station set up to observe an asteroid occultation was on September 7,
2001 near Orland, California. David Dunham placed an unattended video camera pointed
toward a star to be occulted by the asteroid 9 Metis. The star was SAO 78349, m = 6.0.
Dunham set up a camcorder with 50mm lens and image intensifier on a tripod and pointed it
to the area of sky the target star would drift into during the occultation. He then drove some 23
miles south on Interstate 5 and video taped the event with a telescope. After returning to the
remote station, he saw the battery had died, but just after the occultation! 10OTA astronomer
Steve Preston video taped this event from Redding, CA and had step events caused by the
star’s duplicity. Each video station produced chords, and the analysis showed Metis to be
elongated in shape 240 x 122 km. The target star was in fact a double star and analysis of the
tapes by Dr. Frank Anet found the star components to be separated by 0.040"” in position angle
343°. Further details appear in Sky and Telescope, March 2002, page 97.
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On December 31, 2003, 15 year-old Beth Turner of The Woodlands, Texas (near Houston)
became the youngest person to video record an asteroid occultation. From the driveway of her
home she obtained one of five chords that determined the size and shape of 208 Lacrimosa (41
km x 48 km). Beth used a Celestron-8 telescope and a Supercircuits PC-164C camera. She
used this event as her Science Fair Project in 2004 and was the Grand Award winner at the
45™ annual Science and Engineering Fair in Houston, Texas which covers 16 surrounding
Counties and is one of the largest Science Fairs in the United States.

On December 11, 2008, Scotty Degenhardt obtained 14 chords of the asteroid occultation 135
Hertha over Oklahoma using /4 remote video stations. Eight other chords were obtained to
map this asteroid. Hertha’s profile appears on the front cover of this book and on page 139.

More about the history of occultations can be found in Chapter 12, Half a Century of
Occultations.

1.5 IOTA Goals and Objectives
The principal goals and objectives of the International Occultation Timing Association are:

1. To promote scientific research and discovery using occultation related methods

2. To conduct research at the local, regional and international level and to publish results
of studies in popular and scientific journals

3. To stimulate public awareness of phenomena such as eclipses and occultations
4. To improve lunar profile data through timing of grazing and total occultations

5. To determine shapes and sizes of minor planets and comets through timing
of occultations of stars by these objects

6. To conduct research into improving lunar diameter measurements through timing of
simultaneous observations of a grazing occultation at both northern and southern limits

7. To conduct research into determining changes in the polar diameter of the sun through
total and annular solar eclipse studies of Baily’s Beads

8. To search for hidden companions of stars during grazing occultation and asteroid
occultation events and to use the latter to measure the angular diameters of some stars

9. To search for natural satellites of minor planets using occultation methods

10. To conduct research into Earth crossing and very distant (i.e., Kuiper Belt Objects)
asteroids through occultation methods
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11. To engage in new types of complementary research

12. To engage in expeditions and return with useful pertinent scientific data

13. To promote occultation science through presentations, electronic and printed media
14. To improve methods of data recording and reduction

15. To work with and support efforts of the professional astronomical community
toward furthering aims related to eclipse and occultation research

16. To develop hardware and software necessary for predictions and analysis
17. To disseminate forecasts of upcoming events and document results
18. To recognize and acknowledge efforts and accomplishments of members

19. To seek funding for research tools and support in order to further the immediate
processing of accumulated data

Since the star positions are now more accurate than the mapped lunar profile, all grazes and
well timed total occultations can be used for the purpose of updating the lunar limb profile.
Occultations can no longer compete with lunar laser ranging for Iunar ephemeris
determination although the older observations have some value for this (especially
determination of AT). Before the Hipparcos stellar data became available in 1997, the polar
diameter determination of the Moon by nearly simultaneous observation of grazes at opposite
limits was an important goal of IOTA.

1.5.1 Double Stars

Hundreds of double stars have been discovered by the occultation technique. This important
field of IOTA still requires the monitoring of stars for possible duplicity. Although resolving a
double (binary) star system may not be possible with some current tiny angular separations,
such binary star candidates are still monitored. Their angular separations change, and in many
cases widen over the duration of their orbits, allowing for new discoveries.

1.5.2 Satellites of Asteroids

Discovery potential is thriving in the field of asteroid occultations. The most interesting aspect
is the possibility of detecting a natural satellite in orbit around an asteroid or perhaps the
determination that an asteroid might in fact be a binary object. Both are within the reach of the
amateur astronomer. The existence of asteroidal satellites was first predicted in the early 20"
century. They have only been directly photographed by the largest Earth-bound telescopes and
interplanetary spacecraft. Occultation observers with video systems may observe an
occultation of a body as small as 3 - 5 km in diameter.
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1.6 Relativistic Effects

From Einstein’s theory of General Relativity, the path of starlight will bend slightly when
passing/grazing near a massive body. For the Sun, relativity predicts a deflection angle of
1.75". At the Sun’s limb the observable deflection would be half this amount or 0.875". A
deflection angle of 1.61 + 0.30" was first measured during the solar eclipse on May 29, 1919
from Sobral, Brazil on an expedition led by Arthur S. Eddington. Closer agreement to within
1% has been found with the bending of radiation of radio sources (such as quasars) when
measured with radio telescopes. The question is will starlight be bent significantly as it grazes
by the Moon during a total or grazing occultation ?

Since occultation observations are used to refine the inertial system of celestial coordinates,
astronomers need to know the absolute positions of the stars unaffected by the relativistic
bending of light. Using the mass of the Moon as 7.3483 x 10* gm, relativity predicts the
deflection angle as 0.000013"” at the limb, which is far too small to measure with current
occultation equipment and techniques. See Appendix O for an illustration of this effect.

References for Chapter 1
Dunham, D., Dunham, J., Warren, Jr., W., IOTA Observer’s Manual, draft version, July 1994.
Dunham, D., private communication, 2005

Hershel, William, On the Discovery of four additional Satellites of the Georgium Sidus, Slough, near
Windsor, September 1, 1797.

Littman, M., Espenak, F. Willcox, K., Totality: Eclipses of the Sun, Oxford University Press, 2008

Povenmnire, H., Graze Observer’s Handbook, Second Edition, JSB Enterprises, Indian Harbour
Beach Florida, 1979.

Povenmire, H., A Brief History of Occultation and Eclipse Observations, Occultaion Newsletter,
Volume 10, Number 2; April 2003.

Povenmire, H., private communication, 2005
Sato, 1., private communication, 2004.
Sky and Telescope, Sky Publishing Corp, Cambridge, MA, January 1963, p. 6..

Sky and Telescope, Sky Publishing Corp, Cambridge, MA, October 1963, p. 218.

23



2 Observing Prerequisites

In order to observe occultations or eclipses of any type an observer must exhibit some
fundamental skills. It is not necessary to be a computer genius or mechanical or electrical
wizard, yet it is important to have basic knowledge of the sky. Having financial resources for
equipment and travel is important. The minimum investment in equipment may be in the order
of $300-$700, consisting of rudimentary tools such as a small telescope, tape and/or digital
recorder and a short wave receiver. This estimate does not include a personal computer.

More important is the ability to learn about the sky, what to look for, how to find it, who to
consult for help, how to collect and record data plus the ability to work as a team player and to
follow simple instructions.

2.1 Skills

To enable the quick setup of mounts requiring polar alignment, it is of primary importance to
be able to recognize the North or South Celestial Pole (NCP or SCP) in order to find
directions without a map, compass or GPS. For asteroid occultations, it is necessary to be able
to manually find stars down to m = +12.0 using a technique known as star hopping. This is the
use of different levels of star charts to find progressively fainter and fainter stars until the
target star 1s located.

Using a GO TO telescope automates the method of locating a difficult to find star thus
providing a number of factors working together. When experiencing a mostly cloudy sky in
the hours preceding an event, it is not necessarily a fact that at occultation time the event will
be a “wash out”. Having manual skills at finding stars, the telescope can be pointed close to, if
not right at, the correct place assuming even a rough polar alignment has been attained using a
level, compass, inclinometer and/or setting circles.

Another basic necessity is having access to use the Internet to check prediction updates and
download star charts.

2.2 Resources

IOTA and IOTA/ES convene annually at separate meetings in the USA and Europe. Members
are notified by email of meeting locations and through postings on the main IOTA web page
(Appendix A, Appendix M).

IOTA is a volunteer, nonprofit organization and has no property or assets. While IOTA does

provide software, reference material online, predictions of scientific events and advice, it does
not supply funds, pay salaries or provide equipment to its members. IOTA observers use their
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own computers, telescopes, video equipment, etc. and pay their own travel expenses, as well
as commit their own time and effort to the organization.

2.2.1 Expenses

In the USA, IOTA is a nonprofit organization under provisions of the federal tax code. As
such, certain expenses may be tax deductible, though you should consult an accountant to
ascertain which are legitimate. Expenses such as meals, gas, video tape, hotel, rental car and
airfare which are reasonable and pertain only to the expedition are generally allowable. This
may also include attending IOTA’s annual meeting. For example, if one is planning to observe
an event on October 4, expenses incurred to arrive at the location by October 3 should be
allowable. Legitimate expenses from October 3 through October 5 should be included. It is
assumed that October 5 is the reasonable date of return, assuming the event occurred on the
night of October 4. Expenses on dates before or after that would clearly not be reasonable and
therefore illegitimate. Expenses for others who are not part of the expedition or entertainment
are clearly not legitimate. Any person who deducts any expenses as part of charitable
contributions is personally responsible for accounting for and justifying those expenses in the
event of a tax audit. Consult your tax consultant for current legitimate, deductible expenses.

To keep track of expenses, save all receipts and keep a log. A report form and more detailed

instructions are available from IOTA at the link:
http://www.lunar-occultations.com/iota/iotatax.htm.

2.3 Personal Considerations and Behavior

Observing occultations may involve traveling long distances in the middle of the night,
depending on the distance of the event from the observer’s home. This could mean essentially
being away from family for hours or a few days at a time (worst case — solar eclipses, annual
meetings). It also may mean waking up at odd hours if the observation is to be attempted from
home or nearby. This can cause disruption in family life, depending on the level of
understanding that exists in a household. One should balance the need and desire to observe
and contribute a measure of scientific data with those of your household. Astronomy is a great
hobby but is usually a solitary activity. This can be a detriment to relationships and it is
recommended that the observer use every bit of good will and understanding to strike a
balance within one’s family before committing to occultation observing.

Sometimes an observer is focused on only one thing: to contribute data at whatever the cost. It
is important to realize that one’s safety and peace of mind are the important considerations in
the collection of these data. One must also consider other people (colleagues, service
providers) and avoid degrading relationships for the sake of being right. IOTA is a group
brought together by common interests and members work together as a team in order to
achieve success.
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Individualism flourishes because observers are generally on their own in the field operating
under no supervision. This dictates that IOTA members approach an expedition with
professionalism and a working together attitude toward law enforcement. It is not uncommon
for an observer to be approached by a passerby or law enforcement official, even at a critical
time (perhaps within a minute or two) before an occultation and have to endure headlights
shining directly on the observer. This is where it helps to have a prepared handout that the
onlooker can be given to minimize the downtime experienced at that crucial moment, or even
better, a companion to handle the situation while the observer continues working.

Avoid confrontations with law enforcement officials. One approach is to go to a local police
station on the day of the event and obtain a business card from someone in authority there. If
you are confronted you can provide proof that you attempted to notify the sheriff or police
official in advance.

Observers must refrain from trespassing on private property. Asking permission is usually
quite productive. Many rural homeowners are more than happy to assist IOTA members who
are looking for a dark sky site. Always be professional and respectful of the property and
feelings of others. If you feel you lack the appropriate social behavior to interact
professionally with the general public, bring along a companion who has these communication
skills.

Do not leave a mess. Always be respectful where you drive and always leave your observing
site clean and free of litter. Assess the mood of the landowner whose property you want to
use. If the landowner is not receptive to your presence don’t press the issue and find another
location. Your objective is to find a site and build good will in the process but not through
provocation or intimidation.

Once given permission never attempt to take advantage of a situation. This includes such
things as digging up bushes or cutting down a tree because it blocks your view. If you are
offered a place to stay overnight decline the offer for safety reasons. It is best to leave as soon
as the observation is done. Sleeping in a rental car or your own car is not uncommon and
should be considered to avoid overtiring yourself before or after a long drive. If you find that
you must rest in a car do so only in a designated rest area or parking area. Never just pull over
onto the side of the road to rest as that could be dangerous and/or illegal.

Dogs and other animals may present a nuisance or even a hazard. If you feel unsafe, abandon
the site. Never knowingly expose yourself or others with you to any risk to personal safety.
Choose your traveling companion wisely making sure it is someone who is able to withstand

the rigors of the trip. Sharing expenses is reasonable and should be mutually agreed upon
beforehand.

When in foreign countries you could be asked for money in order to set up at a location or
share in local customs such as drinking tea. Negotiating is acceptable, but think twice before
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refusing since it could create an undesirable cultural backlash. If you do not speak the local
language take along a companion who does.

If someone loans you their equipment, you are responsible for it while it is in your care and if
damaged, you are responsible for the repairs. Show professionalism in returning the
equipment at the mutually agreed time and in the same condition as when given to you.

2.4 What if Something Goes Wrong?

Planning and execution of occultation expeditions can be fun. But what happens if your plan
is altered by unforeseen events? This can happen especially if you travel by air. Always allow
enough time in your travel plans in case of flight delays or weather cancellations, etc., and
have a backup plan ready. Plan ahead when traveling by land for road closures and/or traffic
backups which could prevent you from getting to your destination. Take detailed maps, a
gazetteer and GPS in order to provide the most options in planning an alternate route if
necessary.

If you have a cell phone be sure it works and that there are cell connections in the area. If you
have car trouble be alert and careful if you accept a ride from strangers.

In a situation in which you may be forced into a making a choice between leaving without
your equipment or collecting your equipment at great risk to yourself or others, remember
your personal safety is more important than material possessions.

2.5 Observing Post-requisites

Once an observer has experienced an occultation, we hope they will continue to observe on
request. Any ideas on improvements are welcome and we hope that each observer will be an
advocate for IOTA in helping to stimulate and promote the research aspects of our field.
IOTA’s quarterly publication Occultation Newsletter is always looking for submissions on
occultation projects and we encourage observers to contribute their thoughts and studies.
Observers are also invited to attend IOTA’s annual meeting and present topics of interest
(Appendix M).

References for Chapter 2

Maley, P., “Organizing a Safe Expedition”, Occultation Newsletter, Volume 6, No. 11, March 1993,
p. 284.

Dunham, D., “Comments on Organizing Expeditions”, Occultation Newsletter, Volume 6, No. 11,
March 1993, p 285.
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3 Types of Occultation Projects

3.1 Total Occultations

A total occultation of a star by the Moon is the most common type of event. These events are
visible everywhere on Earth on every clear night except when the Moon is in the new phase.
Since stellar angular diameters are usually well below 0.01", their disappearances and
reappearances are instantaneous allowing accurate timings to be made. Larger giant stars can
cause a gradual disappearance. For a total occultation observation to be visible with a useful
observation/timing made the Moon should be high enough above the horizon without
obscurations while the sky is still dark and the target star being occulted must be plainly
visible.

As the Moon moves in its orbit, it comes between observers on the Earth and the stars in its
apparent path. Properly placed observers can see the Moon obscure or occult these stars.
Figure 3.1 illustrates a total lunar occultation event. At a given instant a star in the Moon's
path casts a shadow of the Moon on the Earth. This shadow moves across the Earth as the
Moon moves in its orbit. Observers on the advancing edge of the Moon's shadow, such as at
point A in the eastern US, would see the star disappear, and an observer on the trailing limb at
point B in the southwest US would see the star reappear. An observer north or south of the
path of the Moon's shadow, such as at C in Canada, and D in Mexico will see no occultation,
or a close approach of the star to the Moon (a close miss or appulse).

The path of the star relative to the Moon for Observer A is shown by the chord “A” in Figure
3.2. The star follows a chord behind the lunar disk during the occultation. An observer inside
the shadow would not see the star until the Moon's shadow had completely passed over him.
An observer at the center of the Moon's shadow will see the star disappear for about one hour.

Figure 3.1. A total occultation about to occur for observer at A. Observer at B sees a reappearance. Observers
at points C and D are just outside the north and south limits and would have no occultation. Earth image taken
from Snap! 3D atlas. Used with permission, courtesy of Topics Entertainment.
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Figure 3.2. Path of star behind Moon. Chord A is the path a star would appear to take as for an observer at
point -A- from Figure 3.1. Observer at point C from Figure 3.1 would have no occultation, this is called a
miss.

Whether or not a particular star is occulted by the Moon depends on the Moon passing
between the star and the observer at a specific point on the Earth. Only those stars that lie
within the Moon's path (£ 5° of the ecliptic) will be occulted. Not all occultations can be
observed. The star must be brighter than 11th magnitude or it will appear to merge with the
Moon's limb rather than to distinctively disappear or reappear. During the waxing Moon the
leading (east) limb will be dark while the trailing (west) limb will be sunlit. Reappearances
will occur on the bright limb and only stars of approximately magnitude 3.5 or brighter will be
observable. The situation is reversed for the waning Moon. During this period the leading
limb is sunlit and we will see only disappearances of stars approximately magnitude 3.5 or
brighter. Observations of daytime events are usually impossible for stars fainter than
magnitude 3.0-3.5. The brightness of the Moon is also an important factor. The closer the
Moon is to being full the more the glare around it creates problems for the observer. Weather
is also important since even on a clear night the atmospheric clarity may be too poor for
successful observations of fainter events.

3.2 Methodology

Someone who has never observed an occultation before will be surprised by how small and
pale a star can look next to the brightly sunlit Moon. As mentioned earlier total occultations of
stars can be seen from anywhere on Earth. Mobility is not as necessary as compared to
grazing occultations (Chapter 5) and asteroid occultations (Chapter 6). A telescope, short
wave receiver, tape recorder (or video system) and observer's geographic latitude, longitude
and elevation are necessary. The observer should possess a working knowledge of telescopes
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and the effects of the local temperature variations (including humidity effects) on a telescope
at night plus have an accurate method to record data.

3.2.1 Equipment

Total occultations of stars fainter than 9th-magnitude require good atmospheric transparency,
good equipment and observing experience. Events with brighter stars can be quite easy and do
not require as much from the observer or the equipment. The easiest occultation events to
observe are dark limb (non-sunlit portion of the Moon) disappearances. Fainter stars and
reappearances require more skill. For a dark limb disappearance the star can be found well
before the event, and tracked as the Moon's limb approaches. If the Moon is not more than
one-half sunlit, such as a crescent or half Moon, the dark limb will be visible from Earthshine
making the observation even easier.

The observer will need a telescope, a source of time information, and a means of recording the
timings. Observers attempting their first occultation may not have much equipment and may
be somewhat hesitant to invest money or time in buying or making it. Most observers are
limited to what they have, to what is available from their school or club or to what they can
afford. Observations can be made with simple equipment which may limit the observer to a
small number of events. There may be difficulties in using simple equipment. A seemingly
minor inconvenience can turn into a major problem if it spoils observing during the moments
leading up to the occultation. Several considerations when selecting equipment will be
discussed in this section. The perfect equipment varies from observer to observer and even
from event to event depending on the circumstances.

Under good conditions, occultations of 4th-magnitude stars can be observed without optical
aid during a total lunar eclipse in a dark sky away from city lights (such events are very rare),
or during lunar crescent phases with binoculars, if they are steadily held on a tripod or
supported firmly in some way. However, a telescope is necessary to observe nearly all
occultations. Timing information can be from radio station WWYV or other shortwave
broadcast time signals, a watch synchronized to an accurate time source or GPS time. Note
that the time provided by most local telephone companies in North America is not accurate
enough for occultation work. This is due to the wide range of signal processing delays from
the time the signal is sent to the time it is received by the caller. Chapter 8 gives more
information on timing methods for occultations.

3.2.2 The Telescope

The telescope is the most important piece of equipment used in observing occultations. There
are occasional spectacular events observable with binoculars, but they are uncommon. For
those who are planning to buy or make a telescope, or who have the choice of several
instruments, here are some things to consider.

The best telescope for an event is one large enough for the event to be seen and yet is easy for
the observer to use. Portability is paramount, and the observer must be able to manage the
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telescope and its assembly alone in the dark. Such a telescope may be fine for deep sky and
certain types of astrophotography work or in a permanently mounted observatory, but is
overkill for occultation work.

Some telescopes are more prone to problems from the scattered light of the Moon. The Moon
is a bright light in the sky and when in a gibbous phase its glare becomes a serious problem.
Large f-ratio refractors, f/12 or f/15 are recommended for observing under these conditions,
as are instruments of simple design with a minimum of mirrors and lenses. A high f-ratio
telescope has a smaller field of view (FOV), so less lunar light is collected within the
instrument. Some telescopes are better protected than others of the same size and type with a
better designed system of baffles to keep light from being scattered inside the telescope tube.
Schmidt-Cassegrain telescopes (SCT’s) such as Meade and Celestron generally have long
focal lengths that make up for their multiple reflections. For a given aperture, they are the
most compact telescope type, an important consideration for portability and ease of setting up.
Reflectors, especially those with Dobsonian mounts, are the least expensive per inch of
aperture. Their increased aperture can compensate for their generally lower f-ratio. With a
lower f-ratio telescope a high power eyepiece should be used to decrease the field of view.
Although most cost effective, they are bulky and can be difficult to transport and set up.

An inexpensive telescope mount is frequently a less sturdy mount with less reliable slow
motion controls. If the observer is not using a motorized clock drive he may find himself
continually frustrated. Just as an event is about to occur the Moon and star drift out of the field
and by the time he has them back in view the event is over. This problem is the most
discouraging of all to a beginning observer. The weather can be gorgeous, the star easily
visible, and the event lost because the telescope does not track well. The best telescope mount
is a sturdy one with no wobble, whose motion, either in right ascension and declination, or in
altitude and azimuth, is smooth, positive and easy to use. A clock drive is convenient, but is
not necessary if adjustments can be made smoothly. If a telescope must be used that is stiff or
hard to adjust, use an eyepiece that gives a wide field of view, and close to the event set the
star (or lunar limb for reappearances) at one edge of the observing field so that it will drift to
the other side. This may take some practice with the telescope to see the direction of drift
across the field of view. Wobbly mounts can be made sturdier with braces or by the addition
of weights hanging from the middle of the mount. If permanent structural changes cannot be
made, as in the case of a borrowed instrument, the braces can be attached with masking tape
or string. A good mount can be very expensive but a poor mount can make a telescope of
good optical quality almost worthless.

The possible discomfort caused by using a particular instrument should also be considered.
Some problems are obvious but may not be thought of in time. The observer should be alert to
avoid any situation where the observing position is uncomfortable. Continued discomfort
while observing not only affects accuracy but may convince the observer that this is not an
experience worth repeating. This is especially the case during a grazing occultation where the
observer must monitor events continuously for five or more minutes. In this case it is
extremely important to assume a comfortable position before the start of the events and to
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maintain that position throughout the observing period. It is especially wise to practice ahead
of time looking through the telescope at the same altitude/azimuth that the Moon will have
during the time of occultation event. This way comfort and other problems can be identified
and corrected before the occultation event. Examples might include: will you need an
observing chair and a star diagonal to simplify the observing angle of your neck? Will you
need gloves, and can you use the telescope's controls and operate your recording equipment
with them on? Will you require mosquito repellant? Will there be any glare from a nearby
streetlight, neighboring home or passing cars at the time of the occultation? A dew shield
placed over the end of the telescope will help reduce or eliminate extraneous light. These are
just a sample of issues that can come up when making an occultation observation. Even
experienced observers will do a dry run in the days before an event to check out equipment,
batteries, viewing angles and any obstructions that might occur with the telescope and all
equipment attached. For example, if you plan to video tape a total occultation when the Moon
is at a high altitude, you should check that your attached video system will not hit anything
(such as the table the telescope is on or the hood of a car) as the telescope tracks the star when
the time of the event approaches. When using video systems, proper balance of the telescope
and all attached equipment is critical. Having extra weight might cause the motor drive to be
strained and it may not track the target star properly.

With the wide availability of image intensifying eyepieces, should you buy this device for
occultation work? For video recording faint asteroid occultations you'll need all the light
gathering power you can get to reach fainter stars. An intensifier such as the Collins I’ piece,
(See Appendix D) is a great accessory. For total lunar occultations, including grazing events
an image intensifying eyepiece should not be used. This is because the intensifier will wash
out the star with the tremendous increase in brightness of the Earthshine from the Moon.

If a telescope is going to be used to observe grazing occultations, it should be readily
transportable. The definition of transportable depends on the situation. There are 24-inch
trailer mounted telescopes that can go anywhere their owners can drive. The observer who
wants to chase grazes frequently should be able to set up the observing equipment without
assistance in the dark. Telescopes that require more than one person to assemble, or that are
complicated and hard to set up, won't be used as often as those that do not require so much
effort. Small telescopes are also advantageous for car pooling and for traveling on airplanes.

Further information on telescope selection can be obtained from local astronomy clubs,
planetariums, colleges or University astronomy departments and other observers. Sky and
Telescope and Astronomy magazines publish a guide to buying a first telescope. They also
have this information on their web sites (Appendix K). It is useful to attend a star party
organized by a local group in order to see different telescopes and to talk to observers about
their preferences and experiences.
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3.2.3 Short Wave Receivers

The method of timing an occultation event is by shortwave time signal broadcasts or from
GPS satellites. In the USA, The National Institute of Standards and Technology in Ft. Collins,
Colorado broadcasts continuous time signals at frequencies of 2500, 5000, 10000, 15000 and
20000 kHz. In Canada, CHU broadcasts at frequencies of 3330, 7850 and 14670 kHz. See
Appendix J for more information on these time signal frequencies and their broadcast format.

Generally in the USA, WWYV is best heard at 5000, 10000 or 15000 kHz. To improve signal
reception it is advisable not to set up near power lines, as their strong magnetic fields can
distort the shortwave signals sometimes making them impossible to discern. When choosing
an observing site, check for power lines and the strength of the WWYV signal before setting up
your telescope and other equipment.

A good shortwave radio is one with digital tuning. See Figure 3.3. Stations can be identified
by their actual frequency readout on a small LCD screen compared to the awkward manual
tuning with conventional older tuning radios. These radios (which typically cost between $50-
$100) can also have pre-set stations programmed for one-touch recall which becomes useful if
you accidentally bump your radio or hit the tuning button.

Figure 3.3 Digital Tuning shortwave radio set to WWYV 10 MHz. Radio is Grundig model YB 300PE and is a
compact 5.5" x 3.5" x 1".

The older Radio Shack “Timekubes” used for many years by occultation observers are no
longer made. Radio Shack and other companies sell digital shortwave radios for a reasonable
cost. Sometimes local astronomy club members (especially experienced occultation observers)
have extra shortwave radios that may be loaned out. Sometimes, a radio that cannot quite get a
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good signal can be improved by grounding it, or by adding a 50-foot antenna (see Chapter 8§,
Section 19) and by changing out the batteries.

Time signals from GPS satellites are now being used for occultation timing by direct insertion
and overlay onto the video tape. For detailed information about occultation timing techniques,
including GPS time insertion see Chapter 8. For a list of sources for purchasing shortwave
radios see Appendix D.

3.2.4 Recorders

To effectively make a scientific observation, the occultation observation is recorded in real
time using a simple cassette or digital recorder. Motor driven cassette recorders are subject to
speed variations with temperature extremes or low battery power, a problem even mini-
cassette recorders suffer. For these reasons digital voice recorders are preferred. See Chapter
8, Section 8.6 for more details on these types of recorders.

If you are going to video tape an event it is still a good idea to have a cassette or digital
recorder as a backup in case the video system fails. A perfectly working video/camcorder
setup may sometimes fail for the least expected reasons, such as low battery level, forgetting
to bring video tape, cables missing, adapters missing, non-functioning, etc. Pre-identifying an
equipment problem in the daytime makes for a faster fix at night.

3.2.5 Equipment Check List

1. Telescope

Optical tube

Mount, equatorial head for equatorially mounted telescope
Tripod or pedestal, legs, bolts for the legs

Tools for assembly (Allen wrench, pliers)

Power inverter and battery or auto jumper cable

Finder scope (for asteroid occultations)

Eyepieces

Qe Ao o

2. Tape Recorder or Digital Voice Recorder
a. Fresh batteries
b. Tape cassette (preferably not one with unreduced data)
c. External microphone (especially for cold weather observing)

3. Video recorder/camcorder
a. Charged battery
b. Blank video tape (use tape without unreduced data)
c. Cables and adapters

4. Time Signal Receiver
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a. New batteries
b. Antenna wire, copper, 20 meters

5. Other Items
a. Red flashlight, with new batteries
b. Mosquito repellant
c. Digital watch that displays seconds
d. First aid kit
e. Standard broadcast radio
f. Money for snacks, food, tolls, gasoline, etc. (grazes and asteroid events)
g. Battery powered hair dryer for removing dew on telescope optics
h. Drinking water and snacks

6. Cold Weather Necessities (See Chapter 9)
a. String to hang tape recorder inside jacket
b. Heavy boots
c. Gloves, sweater and hat
d. Foot warmers, hand warmers (electric socks, for example)
e. Hot soup, hot coffee, and/or hot chocolate in unbreakable thermos
f. Extra blanket

Several of the above items are weather dependent and are not necessary in all climates.
3.3 How to Observe a Total Occultation

Now assume you will attempt to observe a total occultation by the dark limb of the Moon
tonight. Predictions of a total occultation will include parameters to locate the star on the
Moon’s limb. These parameters are called cusp angle and position angle. See Figure 3.4 and
3.5:

Figure 3.4 Cusp Angle. The cusp is the point on the Moon where the terminator meets the sunlit point, thus
there is a North and South cusp. Cusp angles are measured from the North or South Cusp. A negative cusp
angle indicates the star will be occulted on the sunlit limb. Cusp angles range from -90° to +90°.
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Test your shortwave radio before you set up to confirm a good signal. Power lines can cause
problems with signal reception. Verify this by walking around with your radio tuned to station
WWYV. Check for obstructions that might block visibility of the Moon at the time of the event
keeping in mind that celestial objects move westward at the rate of 15°/hour as the Earth
rotates, in addition to the Moon’s own eastward orbital motion with respect to the stars.

Have your telescope set up and pointed on the target star at least 30 minutes to an hour prior to
the time of the event. You will notice that the Moon is moving closer to the star as time
progresses. If you don’t have a predicted time for the event, a good rule of thumb is that it
moves its own diameter in one hour, and it is always moving eastward with respect to the
target star.

o= r

Figure 3.5 Position angle. The position angle is measured from the Celestial North Pole eastward and ranges
from 0° - 360°.

Thirty minutes before the event, record (this could also be a video system) your name, date,
time, a brief description of telescope equipment, eyepiece power, approximate location
(nearby intersection is adequate) and the identifying catalog number of the star being occulted.
This information will be used for the report and entered into a computer later. Turn off your
recorder after this brief announcement is made to save battery power.

A few minutes before the event turn on your recorder and radio and watch the star. The
recorder and radio should be close you and the telescope so your voice can be heard clearly.
When starting the recorder, let it begin about 15-20 seconds before the top of the minute so as
to have the voice announcement on WWYV identifying the start of this next minute. Keep your
eyes moving around the field of view of the eyepiece to avoid blank stares. Blank stares can
cause the eyes to see illusions and the star intermittently dim, vanish and come back again.

When the star disappears, call out “D” (for disappearance) or “Gone” or “In” as soon as you
can. These one syllable words minimize the time spent on projecting your verbal sound into
the recorder and simplify the time reductions later. There will be a delay when you actually
see the star disappear vs. when you call it out into the recorder. This delay is called reaction
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time or personal equation. Techniques for measuring and estimating reaction time are given in
Chapter 4, Section 4.1, #11 and Chapter 8, Section 8.2. Allow the recorder and radio to
continue until 10 seconds past the top of the next minute after the event.

As an example assume the occultation is predicted to occur over your home at 2:18:24
Universal Time (UT) on July 21, 2006 and you are in the US Central time zone. Converted to
US Central Daylight Savings time, this is 9:18:24 PM (or 9h 18m 24 sec) on the evening of
July 20, 2006, as midnight marks the beginning of the next day over Greenwich, England
where UT originates. Times are read as follows: 9:18:24 means 9:18 PM and 24 seconds. The
format is hh:mm:ss, hh = hour (0-24), mm= minute (1-60) and ss = seconds (1-60).

Knowing how to convert from UT to your time zone is important to prevent you from missing
the event since you may have thought it was the night before or after it actually occurred.

The timeline for this observation is as follows:

1. In the days before the event: Test your telescope, radio and recorder. Place your
telescope at the approximate angles of where the Moon will be at the time of the event
and check for any comfort issues while viewing. A chair or stool may be required.
Determine the geographic coordinates of the observing site either by GPS receiver,
internet or road atlas computer programs to an accuracy of at least 30 meters (1").
Determination of this position can also be made after the occultation.

2. During the day of the event: Check the weather forecast and have any item needed for
your recorder (new batteries, video tape, necessary cables or adapters, etc.).

3. Two hours prior to the event: (Around 7 PM in this example) Set up your telescope,
polar align if necessary and confirm the tracking motor is working. If you are using a
dobsonian or other non motor driven telescope, make any adjustments to the bearings
and teflon pads and slow motion controls to ensure their smooth operation. Check
WWYV reception. US observers use the best signal from 5000, 10000 or 15000 kHz.

4. Thirty minutes prior to the event: (8:50 PM) Use the recorder and state your name, date,
time, a brief description of telescope equipment, eyepiece power, approximate location
(nearby intersection is adequate), weather conditions, and the identifying catalog
number of the star being occulted and magnitude. Turn off your recorder after this brief
announcement is made to save battery power.

5. Five minutes prior to the event: (9:13 PM) start your radio.

6. Three minutes prior to the event: (9:15:45 PM) start your recorder. Watch the target star
as the Moon’s dark limb seems to press up against it. At the moment of disappearance,
call out “D” into the recorder. Tip: Mention any type of problem into the recorder after
the event that might aid in the reduction of the tape. For example, if you knew you had
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a longer reaction time that what you may have practiced, or if you were surprised by the
event, or there was a disturbance (barking dog, interference from on coming car
headlights, etc.) mention this onto the recording. All of this information can be used to
help pin down the reaction time and the actual disappearance time.

7. Record a minimum of at least ten seconds past the top of the next minute marker.

8. One minute after the event: (9:19:24) Turn off your recorder. You have now completed
a total occultation observation.

9. Reduce and extract the times from your tape and send them to the regional coordinator
and use the report forms from Appendix F or use the programs Occult/Low which take
your observational data and convert it directly into the proper email format. If you need
assistance with this, contact your local coordinator.

3.4 Reducing the Observation (quick overview)

Extracting the time of the occultation observation requires that you determine the exact time
the event occurred. Detailed methods of timing including stopwatch, cassette recorder and
video reduction methods are presented in Chapter 8 Timing Strategies for Occultations. The
time can be extracted by first noting which second after the WWV minute tone marker the
event occurred and then by repeated playback of the tape to refine to within 0.3 — 0.5 second
the time of the occultation.

After the occultation, replay the tape back and count the number of seconds into the minute
when the event occurred. Write this down. In the above example if you called out “D”
somewhere between 9:18:24 PM and 9:18:25 PM, then it is now a matter to estimate when
during the 24™ second you called out “D”. Was it at the beginning of the second? Near to the
middle of the 24™ second? Or was it closer to the end of the 24" second nearing the 25"
second?

Play the tape back several times and for each playback listen carefully when you said “D” to
the nearest tenth of a second (0.10 sec). Imagine each second is divided into 10 parts, 0 — 9,
and estimate when you shouted “D”. Write each estimate down. Do this for at least 5-6 tries.
Then average the results. For example, if you played the tape back five times and your
estimates of when you called out “D” were:

First playback: 0.6
Second playback: 0.7
Third playback: 0.7
Fourth playback: 0.6
Fifth playback: 0.5
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Then the average of these is 0.62, so your preliminary time when you called out “D” into the
recorder was 9h 18m 24.62 sec or 9:18:24.6 PM CDT rounded off. See Chapter 8, Section
8.11 for more information on accurate timing.

The next step is to estimate your reaction time and subtract it from the above result to derive
the actual time of the occultation. Estimating reaction time (or your personal equation) is an
individual approximation. Personal notes recorded after the event can assist the observer in re-
constructing individual reaction time. If you were very confident that you shouted “D”
immediately after you saw the disappearance, then your reaction time could be close to 0.2 or
0.3 second. If you were slightly surprised by the star’s disappearance behind the Moon’s limb,
before calling out “D”, then your reaction time could be 0.4 sec or more. Methods for
determining raw times from observations and reaction time and personal equation are found in
Chapter 8.

Once you have established what your reaction time was for the occultation, write it down and

subtract it from your uncorrected time of the observation. Assume your reaction time was 0.4
second:

Raw time of event from recorder playback: 9:18:24.62 PM CDT, July 20, 2006

Reaction Time: —0.40 sec

Actual time of occultation 9:18:24.22 PM CDT, July 20, 2006
Rounded to nearest 0.1 sec 9:18:24.20 PM CDT, July 20, 2006
Time be reported 2:18:24.2 UT July 21, 2006

In the above example, the time was rounded to the nearest 0.1 sec for reporting purposes. The
time was also converted to Universal Time (UT) by adding 5 hours to the local time (add 6
hours for Central Standard Time, CST). Additional reduction methods for visually recorded
observations and video observations are presented in Chapter 8.

How accurate is your final time? This depends on several factors. The transparency of the
sky, the seeing conditions, if the telescope was in thermal equilibrium with the outside air
temperature, the presence of dew or frost on the telescope’s corrector plate (SCT’s only), was
the mount shaking due to wind or a wobbly mount, were you in a blank stare at the time of the
event, were you observing through trees, were there any interruptions near occultation time,
etc. Generally, visual times are accurate to 0.5 second, which is the minimum desired
accuracy needed for scientific use.

3.5 Sending in Your Observations (quick overview)

The time of your occultation observation should be sent in to the regional coordinator. A
special Excel file format should be used and is described in detail in Appendix F. If part of a
combined team effort you may be requested to also send your observations to a local IOTA
coordinator.
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3.6 Double Stars

In the course of observing a total lunar occultation there may be an event that does not have an
instantaneous disappearance. If the disappearance is gradual or happens in “steps”, this might
be an indication of a double star being occulted. During the occultation of a double star first
one star will be covered up by the Moon followed by the next component. Thus there will be a
drop in brightness as the first star is occulted followed by the complete drop off in brightness
as the second star is occulted. Depending upon the position angle of the components, the
duration of the brightness drop could be less than 0.1 second or longer. Double stars with
angular separations down to 0.02" have been discovered by the occultation technique. The
prediction of an occultation event will usually have a code next to the star to indicate it is a
known or suspected double.

Moon's motion Moon's motion Moon's motion
oy — oy — —
0 @
a b C
Figure 3.6 Double star geometry during an occultation. As the Moon approaches the double star (a), it first
covers up one component (b) and then the second component (c). Diagrams not to scale.

If the star being occulted is a known double star expect to see step events in the
disappearance. Call out the “D” as you would normally do so into the recorder and note the
estimated duration until the star completely vanishes immediately following the event. If
videotaping the event, later analysis of individual frames will show the step events as they
occur over several 0.03 sec duration frames. (American VCR’s and camcorders, both digital
and analog, generally record at 30 frames/second). A video record of the occultation of a
double star cannot necessarily derive the separation or position angle of the pair, but the
observation can be used by professional astronomers with high resolution speckle
interferometers to further study the pair.
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3.7 Safety Considerations

Normally, total occultations can be observed from your backyard. Sometimes, because of
special circumstances, you may have to travel to observe a particularly bright star occultation
that misses your location (or in the event of a graze). If you travel to a remote site it is
recommended that you first obtain permission from the landowner for setting up equipment. If
possible notify the local law enforcement agency to let them know you are in the area and will
be conducting scientific data collecting, especially if it is in a public area (such as a roadside
park). Contacting local law enforcement is not practical when traveling for an asteroid
occultation expedition. The key element is to always be aware aware of your surroundings.
More about safety considerations can be found in Chapter 6 Section 6.10.
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4 Predictions

General Overview

This chapter describes how to generate predictions of total occultations by the Moon at any
location, occultations by asteroids, solar and lunar eclipses, transits of Mercury and Venus and
how to report these observations.

The prediction of occultations used to be a complex process involving the calculation of the
precise positions of the Moon, the target star and other solar system objects with respect to the
Earth. This required computers with the ability to produce detailed maps showing the
projected positions on the Earth’s surface of the Moon and asteroids with respect to the target
star being occulted. With the arrival of personal computers and software for astronomical
purposes, the process of predicting occultations has been greatly simplified so that anyone
with a personal computer can produce accurate predictions for the observer’s individual
locations. The following software packages are widely used for predicting occultations:
Occult written by David Herald and the Lunar Occultation Workbench Low written by Eric
Limburg. Both are written to run in Windows format and require only minimal processor
speed and memory.

Planetarium software programs such as The Sky, SkyMap, Megastar, etc. simulate the star
field and position of the Moon for an occultation event but lack the output format and high
accuracy necessary to predict occultations and eclipses.

The predictions for grazing occultations are more involved than can be covered here.
Predictions for these important events are covered in Chapter 5, Lunar Grazing Occultations.

4.1 Lunar Occultation Workbench (Low)

Low is a powerful occultation freeware program in two editions: Lite and Professional. The
Professional edition includes over 476,000 stars from Guide Star Catalog 1.1 (GSC) in the
Zodiacal region. The Lite edition has an 80,000+ star database and computes and displays all
aspects of total and grazing occultations. Both editions can handle the large lunar limb
databases called Watts and MoonLimb which are add ons. A complete description of Low 3.1
and its history are referenced in the Occultation Newsletter, Volume 8, Number 4; January
2002. Low was written by Eric Limburg.

Some of Low’s capabilities include:

1) Input of observer information, including level of expertise.
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2) Telescope specs: type, size, focal length, eyepiece info, filters used, type of mounting.

3) Station information, latitude, longitude, altitude, geodetic datum, local horizon and
elevation. The local horizon option allows an observer to define in intervals of 10° of
azimuth, the altitude at which the observer has a clear view of the sky. There is an
option that filters out occultations occurring below the local horizon.

4) Allows input of timing methods used for the observation: visual, video, stopwatch, eye
and ear, photoelectric, CCD drift scan, etc.

5) Prediction of occultations for tonight and for any time period past or future with a wide
range of controlling parameters. Parameters include star magnitude limits for individual
telescope’s limiting magnitude, a lunar eclipse occultation option and dark/bright lunar

limb star magnitude limits. Low also allows the local horizon to be set on or off.

6) Computation of Moon and Sun ephemeris in right ascension (RA) and declination
(DEC) coordinates.

7) Predictions are listed in an easy to read format showing the date and time of the
predicted occultation to the nearest second, star magnitude, altitude, azimuth, Moon
phase, cusp angle, Watts angle and position angles. See Figure 4.1.

8) Details for each prediction: time, star information such as RA and DEC, accuracy of
prediction in seconds, type of occultation (disappearance, reappearance), Moon details
and all associated angles including librations, relative motion, etc. These parameters
are defined below following Figure 4.1.

9) A screen shot of sample total occultation predictions is shown as Figure 4.1:
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Figure 4.1 Low View Predictions window for total occultations.
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Explanation of columns in Figure 4.1 above:

Date
Date of event in day-month-year format. The date highlighted is September 23, 2004.

Time
UT time of event to the nearest second.

A
Accuracy of the prediction in seconds.

P
Phenomena or type of event, D = Disappearance, R = Reappearance, C = conjunction or miss

XZ
XZ catalog number of star. The XZ catalog is a star catalog of over 58,000 stars in the ecliptic zone of the
sky where lunar occultations occur

Mag
Magnitude of star being occulted

Alt
Altitude of Moon at time of event

Az
Azimuth of Moon at time of event

Phase

Moon’s sunlit illumination (phase) as a percentage at time of event. 0% = New Moon, 50% = half Moon,
100% = Full Moon. “+” after the phase means the Moon is between new and full (waxing), “— means the
Moon is between full and new (waning)

Cusp
Cusp angle of star at time of event. Angle in degrees around the dark limb away from the terminator, N =

angle from north cusp, S = angle from south cusp. Cusp angle range is 0 - 90°.

Aperture

Minimum aperture telescope in centimeters (cm) to view the event. Determining factors: observer’s
experience, altitude of the Moon and Sun, magnitude of star, Moon phase, cusp angle, dark limb or bright
limb event.

10) Low also shows a Moonview illustration of the event depicting the lunar phase and
and earthshine. Also shown is the location of the star at the point of disappearance and
reappearance overlaid on the background star field. A single column table of required
data, angles, and times is also shown. See Figure 4.2. The Moonview feature
demonstrates where to find the target star in regard to the lunar terrain emphasizing
how to spot a reappearance. Reappearances are more difficult to time due to their



surprise re-emergence from behind the Moon.

Figure 4.2 Sample Moonview output from Low. North is at the top. The star will be occulted at an angle 54°
away from the North cusp. Information is tabulated for each predicted event in the right column.

The lunar limb profile can be displayed at the position on the Moon where the occultation
event occurs. This is a zoomed in portion of the lunar limb (Figure 4.3) to show the mountains
and valleys the star will pass during the occultation to enable planning grazing occultation
expeditions using information from the Watts and MoonLimb databases. The Watts Angle
(WA) is defined as the angle between the lunar North Pole and the occulted object at the
moment of occultation. It is measured in an eastward direction and expressed in degrees and
ranges from 0° to 360°. Chester B. Watts of the US Naval Observatory pioneered the
measurements of the lunar limb profiles in the 1950’s and published his now famous Watts
charts in 1963.

A sample screen of the Lunar Limb profile is shown below as Figure 4.3.
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Figure 4.3 Low screen shot of limb profile for Watts angle 54.92°. The vertical line is the path the target
star will follow as it is occulted by this portion of the limb. The vertical scale here at limb = 0.0"”
represents the mean limb of a perfectly spherical Moon. The actual limb profile shown is the data from
numerous grazing and total occultation observations. The upper line is the limb profile from the
MoonLimb data, the lower line shows the Watts data.

The various screens in Low can be tiled on your computer screen allowing simultaneous
viewing of all the information regarding a particular event including the Moonview.

11) Low also includes a reaction time simulator to test one’s personal (reaction time)
equation. From the View function on the toolbar, select Reaction Time Test. An
image of the Moon and star in the case of a disappearance will appear. (See Figure
4.4). Press Start in the Reaction Time Test window and notice the star begins
flickering simulating actual seeing conditions. As soon as the star disappears the user
presses the left mouse button and the user’s reaction time is displayed in a table.
Reaction times are displayed in the Test Results window.

12) Using this reaction time test users can estimate individual reaction time. This test is a
useful training tool in preparation for an actual occultation.
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Figure 4.4 Reaction Time Test option using Low. The user will click when the star disappears and the results
will be tabulated. Results are displayed in Test Results window. In this test event No. 4 was the slowest at
0.61 sec. The average was 0.32 sec for the five attempts.

13) Low has the ability to import and export selected prediction data. A tab character in
the export file separates the fields to be imported and organized in columns in
spreadsheet programs such as Excel. Observation data is reported in a standard
format and the exported file may be sent by email either to your regional coordinator.

14) Low has the ability to print custom reports for predictions, grazes, and observations
and also allows printing of up to four Lunar limb profiles in black and white or color.
The Moonview diagrams may only be printed using the Print Screen Function from the
User’s own PC.

15) Access Low’s help function by pressing F1. In addition, the user can select the
Help function on the toolbar to access 160 entries for specific information.
How to obtain Lunar Occultation Workbench Software:

The program can be obtained in two different ways:
1) From the Dutch Occultation Association Home page: http://www.doa-site.nl
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2) By CD-ROM, $10.00 including postage. The professional edition includes both the
complete Watts and MoonLimb databases. One may also acquire a Zip Drive for $20.00
including postage. Please make your international money order or Eurocheck payable to:

Dutch Occultation Association,

Boerenweg 32

NL 5944 EK Arcen

The Netherlands

or e-mail for more information: info@doa-site.nl

4.2 OCCULT

Occult 1s issued as a freeware program distributed by IOTA, with the aim of encouraging
observations of occultation phenomena. Occult was written by David Herald of Australia.

The program has six distinct modules:

1) Asteroidal and Planet Occultations

2) Baily's Beads

3) Eclipses and Transits

4) Ephemerides; Mutual events

5) Lunar occultations — Prediction and Observations
6) Satellite Phenomena

X

Asteroid predictions Asteroid observations Ecly

Click on a selected module and follow the on screen instructions.
As related to occultation predictions, Occult4 has been updated as of November 2007 and is
a complete rewrite:

1) The method of handling AT (pronounced delta T) has been modified. AT is an increment of
time added to Universal Time to give Terrestrial Dynamical Time (TDT). See Chapter 8,
Section 8.16 for more about AT.

2) Improved functionality and tools for prediction and analysis of Lunar and asteroid
occultations.
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3) Greater accuracy, through revision of the code, and use of improved data sources (DE413
planetary ephemeris, Chebychev polynomial series for many moons of Jupiter and Uranus)

4) Incorporation of all reported occultation observations from 1623 to 2008 with options to
analyze and display the lunar profile for grazing occultations.

5) Direct linking with GoogleEarth for drawing occultation and eclipse paths and direct
linking with GoogleSKy for viewing star fields.

6) Animations for several phenomena, lunar occultations, eclipses of planetary satellites,
Baily’s Beads during solar eclipses.

Both Occult and Low perform equally well with similar accuracy. The interface on Occult is
easy to navigate through the use of drop down menus. Low has some extra features not found
in Occult such as the simulator module. In Occult, all information can be entered into one
popup box. With Low, the information has to be entered into separate boxes — one for
observer’s information, one for telescope information and one for site information. Occult
allows the choice to set up a global information box on an observer, telescope and coordinates,
which are set up as defaults within the other modules: Ephemeris, Asteroidal, Baily’s Beads,
and Eclipses and Transits.

4.2.1 Sample Total occultation output generated by Occult (partial listing):

Occultation Predictions for Bonner Springs in May 2004

E.Long. - 94 53 35.5 Lat. 39 3 28.6 Alt. 250m. T.dia 204mm. dMag 2.0
day Time P Star Sp Mag % Elon Sun Moon CA PA VA WA Libration A B RV Cct R.A. Dec
y m d h m s No D voill Alt Alt Az o o o o L B m/o m/o "/sec o h m s o m s
04 05 23 0 50 47 d 1067cK2 7.1 12+ 41 6 44 272 61N 62 1 56 -3.8 -5.7 +1.8-0.1 .294 +42 7 1 12.6 27 9 14
1067 is double : 8.0 8.0 0.100" 90.0
04 05 23 1 43 10 r 1067cK2 7.1 13+ 42 -3 34 279 -34N 327 267 320 -3.9 -5.6 -0.3-2.9 .317 +137 7 1 12.6 27 9 14
1067 is double : 8.0 8.0 0.100" 90.0
04 05 23 1 59 23 d X 97145 9.7 13+ 42 -5 31 281 75N 76 17 69 -3.9 -5.6 +0.8-0.9 .388 +29 7 3 24.6 26 58 35
04 05 23 2 15 24 d 79007 A2 9.3 13+ 42 -8 28 283 415 141 83 134 -4.0 -5.6 -0.3-2.5 .369 -36 7 3 33.7 26 41 38
04 05 23 2 15 57 d 1075 GO 8.5 13+ 42 -8 28 283 60N 62 4 55 -4.0 -5.6 +1.0-0.5 .334 +43 7 3 51.3 27 0 o6
04 05 23 2 18 28 D 79022 KO 8.0 13+ 42 -9 28 283 80S 101 43 94 -4.0 -5.6 +0.3-1.5 .458 +3 7 4 3 26 49 57
04 05 23 2 41 48 d X 97342 11.4 13+ 42 23 286 308 151 95 145 -4.0 -5.6 -0.7-2.8 .325 -47 7 4 17.3 26 37 4
04 05 23 2 46 58 d X 97379 9.5 13+ 42 22 287 308 152 95 145 -4.0 -5.6 -0.7-2.8 .321 -48 7 4 27.8 26 36 26

Total Occultation Prediction Format:
The predictions commence with a header identifying the site. The predicted information is as follows:

DAY

The day of the event in “y m d” (year month day) format. There is a quirk in the system that may place the first or last
day of the month in the wrong month. The program selects events by the time of the geocentric conjunction of the star
and moon, however an occultation may occur up to 1.5 hours within this time causing events falling within 1.5 hours of
the end or beginning of a month to be listed in an adjacent month. Such occurrences are obvious when they occur.

TIME
Universal time, in hours, mins and secs

P
The type of event

D- disappearance

d - star less than 1 mag brighter than predicted visibility limit for disappearances
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R- reappearance

r - star less than 1 mag brighter than predicted visibility limit for reappearances

Gr- grazing occultation at site. At mid-occultation, or closest approach, the star is less than 4" from the limb
of the moon

gr- Graze with star less than 1 mag brighter than predicted visibility limit

STAR NO

The star identification number, with the catalogue indicated as follows:

nnnn- zc catalogue no.

nnnnn- or nnnnnn- Smithsonian Astrophysical Observatory (SAO) catalogue number

xnnnnn- xz94 catalogue no.

gnnnnnnnn- the Hubble Guide Star Catalogue number (note that this continues through the double star
and spectral type fields.)

nnnn- catalogue no. in another catalogue (with the initial letter of the catalogue file name leading)

D
The double star code. The following definitions apply:

a- listed by Aiken or Burnham

b- close double, with third star nearby with separate xz entry

c- listed by Innes, Couteau, or other visual observers

d- primary of double, secondary has separate XZ entry

e- secondary of double, primary has separate XZ entry

f- following component

g- a or ¢ with second star either m, j, u or v, with a third star referred to second star
h- triple: joru or v, and m

i - 0, - with secondary either j, u, or v (third star's data referred to secondary)

j- one-line spectroscopic binary, separation probably < 0.01"

k- u or v, but duplicity doubtful

I- triple: j or u, and v; or all v; or all j

m- mean position of close pair

n- north component orbital elements available

p- preceding component

q- triple; joru orv, and o

r- triple; oand o

s- south component

t- triple, v, and a or c; or all a and/or ¢

u- separation < 0.01" (usually a double-line spectroscopic binary)

v- separation > 0.01" but not visual (occultation, interferometric or speckle component)
w- triple; joru,and aorc

x- probably a close double, but not certain

y- triple; k or x, and a or ¢

z- triple; o,and aorcorvorxorl

$- g except m rather than a or c for 1-2 stars

Note: visual observers will usually not notice the duplicity of stars with codes j or u.

SP
The star's spectral type

MAG
The star's magnitude, v (visual magnitude).

%ILL
The percent illumination of the moon. If followed by a +, values are for a waxing moon; - for a waning moon and e for

illumination during a lunar eclipse

ELON

The elongation of the moon from the sun, in degrees. New moon = 0°; first quarter = 90°; full Moon 180°, etc.
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SUNALT

The altitude of the sun in degrees, greater than -12 deg. A negative value indicates the Sun is below the horizon.

MOON ALT

The altitude (degrees) of the moon in reference to the horizon (horizon = 0°, zenith = 90°)

MOON AZ

The azimuth (degrees) of the moon in reference to the cardinal points on the earth’s surface (North = 0°, East = 90°,
South = 180°, West = 270°)

CA

Cusp Angle - The angle of the event around the limb of the moon, measured from the nearest cusp. Negative values a
indicate bright limb event. The cusps are usually n (north) or s (south), but near full moon can be e (east) or w (west). If
a lunar eclipse is in progress, CA given is the % distance from the center of the umbra to the edge (that is, center = 0,
edge of umbra = 100) and is followed by a u. Values up to 103% are possible.

Dark limb Northern cusp to +90° W Positive number with “N” measured counterclockwise from
northern cusp (e.g. 43N)

Dark limb Southern cusp to +90° W Positive number with “S” measured clockwise from southern
cusp (e.g 43S)

Bright limb Northern cusp to -90° E Negative number with “N” measured clockwise from
northern cusp (e.g. —43N)

Bright limb Southern cusp to -90° W Negative number with “S” measured counterclockwise from
southern cusp (e.g. —43S)

PA

Position angle - The angle of the event around the limb of the moon, measured from celestial north. The angular
convention used is north being 0° and moving counterclockwise to 360° as seen from the naked eye view.

VA

Vertex Angle - the angle of the event around the limb of the moon measured counterclockwise from the vertex of the
lunar limb — i.e. the point on the limb highest from the horizon. Angle is measured from 0° to 360°. Angles less than 180°
are on the left limb of the moon, and angles more than 180° are on the right limb of the moon, as seen be the naked
eye.

WA

Watts Angle - The angle of the event around the limb of the moon, measured eastward from the moon's North Pole.
Essential for reappearance, as it locates the event with reference to lunar features. To use, mark a map of the moon
around the circumference at 10 deg intervals, starting at the North Pole. Mare Crisium is at about 300 deg. This
provides the Watts Angle scale.

LIBRATION L

The libration of the moon in longitude, as seen from the site at the time of the event. The range of longitude libration is
+ 7.59°

LIBRATION B
The libration of the moon in latitude. The longitude and latitude librations are the selenographic coordinates on the
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Moon's surface through which a line from the Moon's center to the prediction site on the Earth passes. The range of
latitude libration is + 6°.83°

A

Coefficient for correcting the prediction for changes in site location. The units are seconds of time per minute of arc. The
correction to the prediction for a change in site, in seconds of time, is found by multiplying A by the change in site
longitude (in minutes of arc, positive to the East) from the prediction site. See Example below in Section 4.4.1.

B
Same as for A, but for changes in latitude (positive to the north).

RV (or photoelectric observations
Radial Velocity - the radial rate of motion of the star relative to the lunar limb, in milli-arc secs per second.

CCT for photoelectric observations

Contact Angle - the difference between the normal to the lunar limb and the direction of lunar motion. Values range
between -180 and +180 - with values greater than 90 being reappearances, and positive values to the north, negative to
the south.

RA
The apparent RA of the star

DEC
The apparent DEC of the star

4.2.2 Eclipses and Transits

Occult’s Eclipses and Transits module provides predictions for solar and lunar eclipses and
transits of Mercury and Venus. The user simply keys in a year and to obtain a list of eclipse
and transit events. By double clicking on a particular event from the list, a world map is
displayed showing the path limits for solar eclipses along with Moon/Earth shadow geometry
for lunar eclipses and Earth facing orientations for transits. The program provides a tabular
listing of UT times for the start and end aspect of each event. Sample screen for a solar eclipse
are shown in Figures 4.6.

200% Jan 2o 7

Select eclipse from the list 2009 Jul 2z 2.
of eclipses over the penod SRR Ty
: — |2010 Jul 11 189

of 10 vears startina at- 2009 = (..., = . =

Figure 4.5. Occult Eclipses prediction window. Double click on the highlighted event (July 22, 2009 eclipse)
to display a world map. See Figure 4.6 for map.
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Total Eclipse of 2009
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Figure 4.6. Global map projection of eclipse from July 22, 2009. The path of totality from India through
China into the south Pacific Ocean is shown. The area where partial phases are visible are shown north and
south of totality.

Occult displays detailed maps for eclipses by zooming in on a particular latitude/longitude
box. North, south and center path limit predictions may be displayed for individual and multi
sites in an easy to read tabular format. Occult predicts eclipses from 2000 BC to 9999AD.

Occult displays the circumstances and contact times for a lunar eclipse. Figure 4.7. shows the
Moon’s motion through the Earth’s shadow along with tabular times of 1* through 7" contact.
Also shown for each contact time is the orientation of the Earth as seen from the Moon.

Transits dunng cel
Low-precision

2003 May 7 7.3hr Mea
2004 Jun 8 B.7hr Ver
2000 Hov 8 Z1.4hr Hen
2012 Jun & 1_lhr Ver
201le May 9 15_.Zhr Mea
2018 MNowv 11 15_Zhr Her
2032 HNowv 13 IL_0hr Hen
20359 Howv 7 B.Zhr Men

Figure 4.6a Occult Transits window. Transits are listed for the century selected.

By double clicking on a transit event, an Earth view is shown along with the planet’s path
54



across the Sun’s disk (Figure 4.6b).
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Tranait of Venus on 2012 Jurn o
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[3] Exterior Egress 4 43 3¢

Minimum separation 554 _8"
[delta T = 7.2 secs]

Figure 4.6b. Venus transit for June 6, 2012. Orientation of Earth is shown at the start and end of transit.
Diagram above the Earth views shows a line and direction that Venus will take as it transits the Sun’s disk.
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Figure 4.7. Lunar eclipse contact times. Earth orientations for each contact time and Moon’s motion through
Earth’s shadow are displayed.

4.2.3 Asteroid Event Predictions

Occult’s module on Asteroid and Planet Occultations provides detailed predictions for
asteroid and planetary occultations of stars. The user may search for occultations for a
particular asteroid or a whole list of asteroids using the Tycho-2, PPM (Position and Proper
Motion Catalog), UCAC2 or Goffin star catalog data. With the predicted occultations, each
event is displayed in a global format as viewed from the asteroid.
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856 Backlunda occults 2UCAC24437244 on 2004 Aung 15 at 4]

Star (2000): Max Duration = 3.4 secs
M = 11.9 Mag Drop = Z.6
Pa = 18 31 3.01:z2 Bun - Dist = 135 deqg
Dec = -19 1 Z2.62 Moon: Dis=t = 142 deg
illum = 1%

Plot for Long -100.0 Lat 20.0 TMcertainties: Major = 031", Minor = _0Z259",

Figure 4.8. Occult prediction for the asteroid occultation of 856 Backlunda on August 15, 2004. The map
projection shows the orientation of the Earth from the asteroid. Details are shown in the tabular section at the
top of the chart.

In the prediction of star 2UCAC24437244 in Figure 4.8, the asteroid’s shadow will pass over
the Earth’s surface from 4h 10m to 4h 45m UT, for a total duration of 35 minutes. Each
minute across the USA is shown as tick marks ranging from 4h 11m to 4h 15m, which are the
predicted times when the asteroid’s shadow will pass over that area. For example, the
asteroid’s shadow moving southward across the USA will pass over the Kansas/Oklahoma
border near 4h 13m 20sec, (Figure 4.8a below) and pass from Texas into Mexico near 4h 14m
40sec. An observer can estimate the time of the occultation by interpolating and thus plan
accordingly for a particular location.

A 2° x 2° star chart of the target star region is shown on the maps with North up and East to
the left.

The asteroid’s predicted shadow path and size is indicated by the dark parallel lines on the
map that contain the minute by minute tick marks. The dashed lines just outside the predicted
shadow lines represent the margin of error in the prediction, called the 1-sigma uncertainty.
This means that there is a 68% chance the asteroid’s shadow path will shift anywhere in
between these dashed lines. Detailed tabular lists for each asteroid occultation event prediction
and path maps are located on IOTA’s asteroid occultation  website,
http://www.asteroidoccultation.com. This website is maintained and constantly updated by
IOTA astronomer Steve Preston.
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In Figure 4.8 tabular quantities are defined as follows:

Star (2000):
M,
Visual magnitude of the target star being occulted.

RA
Right Ascension of the target star in the J2000 equator and equinox.

Dec
Declination of the target star in the J2000 equator and equinox.

Max Duration

The maximum predicted duration of the occultation in seconds. This is based upon a predetermined
estimate of the asteroid’s size usually from non-occultation methods. Many surprises have occurred
from observations of occultations so this number should only be considered an estimate.

Mag Drop

The drop in brightness during the occultation in units of magnitudes. Before the occultation, when
the asteroid and star have merged in the telescope field of view, and can no longer be distinguished
as 2 objects, they will have a combined brightness. During the occultation, the star is now covered
up by the star, and thus only the light visible is from the asteroid. The drop in brightness is the
magnitude drop. The larger the Mag Drop the easier it is to see the occultation, Mag Drops lower
than 0.5 are difficult to see visually, however with a video recording and the use of the software
program LiMovie (See Chapter 8, Section 8.13.1) Mag Drops of 0.10 have been detected.

Sun
Angular distance of the Sun from the target star in degrees

Moon
Angular distance of the Moon from the target star in degrees. The further away the Moon is from the
target star makes for an easier to see occultation.

lllum
Sunlit illumination of the Moon expressed as a percentage. 0% = New Moon, 100% = Full Moon

Asteroid
Mag
Magnitude of the asteroid

Dia
Estimated diameter of the asteroid in kilometers followed by its angular diameter in arc seconds.
This is only an estimate obtained from non-occultation methods.

Parallax
The parallax of the asteroid from the change in observer’s position from the Earth’s rotation

Hourly dRA
The asteroid’s hourly change in the Right Ascension direction expressed in seconds of time
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dDec
The asteroid’s hourly change in the Declination direction expressed in seconds of arc

Plot
Center longitude and latitude of the plot

Uncertainties Major, Minor

The specified uncertainty in the relative position of the star and asteroid.

() *+————— Uncertainty

Uncertainty

Figure 4.8a. Shadow path description. Enlargement of prediction from Figure 4.8.

In Figure 4.8a the path of the asteroid occultation is displayed with solid parallel lines
showing the edges of the asteroid's shadow as it travels across the Earth. Occult plots the path
and assumes that the asteroid's shape is circular. If the occulted star is not at the zenith, the
width of the shadow path is greater than the width of the asteroid thus the actual ground path
of the asteroid is a projected path. This concept is illustrated in Figure 5.17 in Chapter 5,
Lunar Grazing Occultations. The width of the asteroid's projected shadow is determined by
the altitude of the star at the time of the event.

The dashed lines on either side of the path lines indicate the effect of a 1-sigma shift in the
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edge of the path. As mentioned above, in theory, there is a 68% probability the actual path of
the asteroid's shadow will fall somewhere between the 1-sigma lines. The uncertainty ellipse
is also plotted somewhere on the path plot and shows the full orientation of the 1-sigma
uncertainty in the path prediction. One may estimate the location of 2-sigma lines. Given the
distance from the path edge to the nearest 1-sigma line as a distance of 1-sigma, the associated
2-sigma line would be located at a distance of 2 x 1-sigma from the path edge. In theory the
actual path of the occultation should be located within the 2-sigma lines with a probability of
95%.

Occult shows the time of the occultation along the path by plotting cross lines and labeling
them with the time in UT (Universal Time). The time marked on the path is the predicted
central time for an event. If the predicted duration of the event is 20 seconds, the event should
start 10 seconds before the marked time and end 10 seconds after the marked time.

The small circles on the plots show the location of major cities and towns.

4.2.4 Ephemerides and Mutual Events

Occult’s Ephemerides and Mutual events module provides detailed predictions for the
following solar system events:

1. Positions, elongations, illuminations, apparent magnitudes and distances of the Sun, planets,
comets and satellites in intervals of 1 day to 366 days for any year

Positions and an ephemeris of an object from orbital elements

Graphics of the planets and their positions including animations of planetary moons

Detailed planetary moon ephemeredes including distance from parent planet and position
angles

5. Moon phases: perigee and apogee

6. Central meridians for Mars, Jupiter and Saturn

7. Diary of astronomical phenomena
8
9

BN

Detailed predictions for mutual conjunctions of planets

. Rise and set times of the major planets
10. Moonrise and Moonset, plus altitude of any object
11. Calendar for any year -9000 BC to +9999 AD
12. Julian Day No, Sidereal time, solar transit times, ecliptic
13. JD & Date, angle conversions, precession from any dates -9000 to +9999, Earth orientation
14. Draws star charts, magnitude calculator
15. Datum conversions local = WGS84, plus Geoid heights Mean Sea Level (MSL) TO WGS84

Use of these functions is as easy as a mouse click and following the on screen instructions.
The user may save the data to a file or print for easy reference.

4.2.5 Record and Reduce

Occult allows users to record and reduce lunar occultation observations in the standard new
Excel format and submit them by email. It will also guide the user to prepare asteroid
occultations and allow users to view and analyze graze reports.
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4.2.6 Baily’s Beads

This application, which is part of the Eclipses and Transits module allows the user to simulate
Baily’s Beads for a selected solar eclipse and identify them compared to the lunar limb
profile. This part of the program is for advanced users involved in IOTA’s long term solar
radius studies. See Chapter 11, Section 11.3 for more about IOTA’s solar eclipse research.

4.2.7 How to obtain Occult Software

The program can be obtained three different ways:

1) browser via http://www.lunar-occultations.com/iota/occult4.htm

2) through FTP software (e.g. WS_FTP) - username: your email address; password:
anonymous

3) CD-ROM at a cost of $5. International postal rates will apply outside of the US.
Contact Walt Robinson, 515 W. Kump, Bonner Springs KS, 66012. Email for
further information: webmaster@lunar-occultations.com

Added notes: For those interested in Occult who are located in Australia, please contact David
Herald at dherald@bigpond.net.au for quicker delivery service. Mailings from the USA to
overseas addresses usually take 1-3 weeks.

Included on the CD-ROM version are the PPM, Goffin and Tycho-2 catalogs for the
Asteroidal Module.

4.2.8 How to Obtain Predictions Only

You may request total occultation predictions either by email or regular mail. Please provide
your longitude, latitude and telescope diameter to Walt Robinson, 515 W. Kump, Bonner
Springs KS, 66012 USA. Email webmaster@lunar-occultations.com. Response time usually
takes 3-5 days. Predictions by email are sent in a zip format package, along with other
pertinent information. Predictions sent via US Postal Service are in tabular format. You may
be referred to an IOTA prediction specialist in your area.

4.3 Royal Astronomical Society of Canada Observer’s Handbook

The Observer's Handbook is a 300+ page guide published annually since 1907 by The Royal
Astronomical Society of Canada (RASC). Through its long tradition and the expertise of more
than 40 contributors, the Observer's Handbook has come to be regarded as the standard North
American reference for sky data. Each year under the section “Occultations By The Moon”
the handbook has predictions for total occultations for the 18 Standard Stations in the US and
Canada, Halifax (Ha), Montreal (Mo), Toronto (To), Winnepeg (Wi), Edmunton (Ed),
Vancouver (Va), Massachusetts (Ma), Washington, D.C. (Wa), Chicago (Ch), Miami (Mi),
Atlanta (At), Austin (Au), Kansas City (Ka), Denver (De), New Mexico/Arizona (NM), Los
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Angeles (LA), Northern California (NC), and Honolulu (Ho). The Standard Stations are
shown in Figure 4.9.

STANDARD
STATIONS

1000 km

. |

Figure 4.9 North American Standard Stations for occultation predictions by the Moon. Figure Courtesy the
Observer’s Handbook 2006 Edition, page 153, Royal Astronomical Society of Canada with permission. See
also http://www.rasc.ca/publications.htm.

Predictions are limited to stars of magnitude 5.0 and brighter. To compute an event for your
city choose the city closest to you. Occultation times will require adjustment for sites outside
the listed cities. To do this, use the coefficients 4 and B that are provided for each occultation
event in the Standard Station tables using the formula:

UT of event = UT of event at Standard Station + A(Lo —Lo*) + B(La — La*), 4-1
where:

Lo*, La* are the longitude and latitude of the Standard Station, in degrees,
Lo, La are the longitude and latitude of the observer, also expressed in degrees,
A and B are expressed in minutes of time per degree.

Longitude is measured west of Greenwich and is assumed to be positive (which is opposite
convention used by IAU, Occult and Low software).

The Handbook also provides a list of favorable grazing occultations. Grazes and path maps are
shown for star magnitudes 7.0 and brighter. If the Moon is less than 40% sunlit, maps are
shown for stars down to magnitude 7.5. Due to the high number of grazes, the Handbook
provides up to one map per month to avoid confusion due to extensive overlapping of the
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graze paths. A sample graze chart is shown as Figure 4.10 below. A full explanation of the
maps and how to read them is provided in the Handbook. The Handbook can be ordered from
astronomy clubs or directly from the RASC at http://www.rasc.ca.

THE Moon 165

GRAZING OCCULTATION MAPS (continued)
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Figure 4.10. Sample graze chart from the RASC Observer’s Handbook. Grazes/tracts are identified by number
and a tabular list for each graze is given in the Handbook. Data given for each graze includes date, USNO star
number, star’s visual magnitude, percent of sunlit Moon, UT of the West end of the track, and longitude and
latitude of the West end of the track. Figure courtesy the Observer’s Handbook, published by the Royal
Astronomical Society of Canada. Reprinted with permission from the Royal Astronomical Society of
Canada. See also http://www.rasc.ca/publications.htm.

4.4 Standard Station Predictions — IOTA Website

It 1s impractical to list predictions for every location and/or observer on the IOTA website.
When generating predictions for multiple cities, coordinates may not be close to your
particular observing site. Occult uses a multi-city data file which generates predictions for
300+ North American Cities. By selecting a city near you and using formula 4-1, you can
compute accurate prediction times for your particular observing site. If you have difficulty
computing a prediction using formula 4-1, contact webmaster@lunar-occultations.org for
predictions. A listing of the North American cities can be found on the IOTA website at:

http://www.lunar-occultations.com/iota/nadat.htm.
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4.4.1 Standard Station Predictions and Your Location

When a major occultation event is about to occur predictions are usually placed online at the
main [OTA website under the heading, Time Critical Events for many North American Cities.
The format for these multi-city predictions is the same as the format used by Occult, with the
addition of the 4 and B factor. When the prediction shows the time of the event for your city
(or one nearby) a general formula can be used to determine a more precise time of the event
for your site.

After selecting the closest major North American city from the selections, use the A and B
column to correct for your local time. Using Blon = base longitude, and Blat = base latitude,
and where Lon is your station longitude and Lat is your station latitude, the corrected time is:

Local Station Time = Base Station Time + A(Blon—Lon) + B(Blat—Lat) 4-2

Where Blon, Lon, Blat, Lat are in decimal degrees.

The value sign (+ or —) of the number is important. For stations located East or South of the
base station your time will be later than the base station. For stations located West or North
of the base station, your time will be earlier than the base station.

An example of how to use the 4, B factor constants to determine your site time:

Date taken from Occult predictions: 05/23/04 (see sample output listed from Section 4.2.1)
Star ZC 1075. Predicted Time shown from Bonner Springs, KS (the standard station) Occult
predictions = 2:15:57 UT.

Using the Standard Station of Bonner Springs, KS at 94.89319° West and 39.05794° North, an
observer in Blue Springs, Missouri (approximately 40 miles away) wishes to determine the
disappearance time at his site. The site location coordinates are 94.34508° West and 39.02783°
North.

From the table above of Occult predictions, coefficients 4 = +1.0 min, B = -0.5 min.
Thus we have from the above formula:

Local Station Time = Standard Station Time + 1.0 min (0.54811) + —0.5 min (0.03011)
or
Local Station Time = + 0.54811 min + (—0.015055 min) = +0.533055 min

Convert +0.533055 min = +31.98 seconds (rounded to +32 sec) and add this time to the
Standard Station time at Bonner Springs, KA:
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Local Station Time =2:15:57 UT + 32sec =2:16:29 UT at Blue Springs.

Note since the site in question is EAST of the Base Station in Bonner Springs, the Blue
Springs disappearance time will be later.

4.5 Training and Simulation

The first time an observer witnesses an occultation, such is the amazement that the observer
may forget to actually time it! Although the observer can only gain proficiency through
experience, there are several ways he or she can practice without the use of a telescope and at
the same time define his or her personal equation. Personal equation (or reaction time) must
not be confused with accuracy. Reaction time is that fraction of a second between when the
event is seen and when it is marked. Those using a video camera with date/time overlays have
zero reaction time, while those using stopwatches for visual observations will have a reaction
time difference to subtract from the raw time. Numerous factors come into play when
considering reaction time: age, health, weather, and/or distractions.

A study was done in Japan on average individual reaction times. Dr. Mitsuru Soma, who was
Director of the International Lunar Occultation Center discusses visual timing accuracies:

“Three occultation observers at Shimosato station of Japanese Hydrographic Department
made experiments in 1980 imitating an occultation observation of a 7th magnitude star at the

dark limb of a 8 or 9 day old Moon through a 30cm reflector, with the following results:

Table 4.1 Personal equations of actual occultations measured by an oscillograph

Voice recorded Event Key-tapping Event

Event | N M/sec |standard | Event | N M/sec | standard

Type deviation | Type deviation
Observer A | D 20 0.36 0.03 D 18 0.32 0.03

R 18 0.36 0.04 R 19 0.32 0.05
Observer B | D 18 0.34 0.05 R 18 0.33 0.04

R 20 0.31 0.03 R 18 0.30 0.03
Observer C | D 19 0.33 0.04 D 20 0.30 0.04

R 19 0.32 0.05 R 20 0.31 0.04

where Event Type D = Disappearance, R = Reappearance, N = number of experiments, M =
mean value. Times were also obtained by hearing the recorded tapes with an accuracy of
0.1sec or 0.05sec, and the differences calculated hearing the tape minus the time from the
oscillograph.

Therefore if one can estimate personal equations appropriately, achieving a 0.3 second
precision is not very difficult.”
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4.5.1 Simulation Software

Currently on the IOTA website there are two simulation programs which can be used for
practice and determining personal equation. Low (Lunar Occultation Workbench) as
previously mentioned, has a simulation module included with the basic software package.
Occult has no simulation program.

The first simulation program on the IOTA website written by Gary Goodman is here:
http://www.lunar-occultations.com/iota/react.bas. It is written in DOS basic, and will run under
any of the Windows operating systems with some considerations. The referenced page is
actually the DOS program code, requiring the user to save the program to the PC hard drive
and employ BASIC and QBASIC to run the program. BASIC and QBASIC can be
downloaded free from Microsoft’s website. Go to Microsoft Product Support, do a search on
the keyword OLDDOS.EXE. Scroll down to the bottom of the page under Other Folder
download it and extract it to your hard drive. Only the basic executable file and related help
file are required. Delete all other files extracted in the package. Place these saved files in the
Windows/Command folder and restart your computer.

Asteroid Occultation Program Simulator (AOPS), by Doug Kniffen, can be downloaded from
the IOTA website at http://www.lunar-occultations.com/iota/aops.htm. AOPS was originally
written for asteroid occultations but is well suited for total occultations. It is a DOS EXE file
that will run well under any version of Windows. The events it displays are actually dimmings
and brightenings of the star but they are abrupt enough to get a good idea of one’s reaction
time by following the on-screen instructions. The AOPS simulator is recommendable for
those not familiar with DOS programs.

For more detailed discussion about personal equation and methods of estimating it, see
Chapter 8 Section 8.2.

4.6 Results and Reporting Observations
4.6.1 IOTA Website Publications

Published articles and observation logs for significant events appear on the IOTA website:
http://www.lunar-occultations.com/iota/. There are also archives available on the IOTA website
located near the bottom of the page with links to other sites.

4.6.2 Reporting Your Lunar Occultation Observations

Lunar occultation reports are sent by email to your regional coordinator listed in Appendix F.
Your regional coordinator is determined by where your observation was made (North
America, Europe, Australia, etc.). Both Occult and Low have options for sending the data
electronically. Refer to the help file within each program. Paper submission of reports is no
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longer accepted. If you cannot send your report by email using the new Excel file format,
contact an IOTA member in your area that has email/internet capability.

Report forms and detailed instructions are covered in Appendix F, Report Forms and How to
Report Observations.

4.6.3 Asteroid Occultation Reporting and Results

For assistance in reporting your successful observation of asteroid occultations, see Appendix
F.2. Again, electronic reporting of observations is required.

North American results of asteroid occultation events can be found on several websites:
http://www.asteroidoccultation.com/observations/NA/ - North America results
http://weblore.com/richard/Asteroid Profiles.htm - Texas results page

Results of events worldwide:

http://www.asteroidoccultation.com/observations - This website has links to asteroid
occultations results from Australia and New Zealand, Europe, Japan and North America.

References for Chapter 4

Gupta, R., ed., Observer’s Handbook 2006, Royal Astronomical Society of Canada, University of
Toronto Press, 2006, pp. 153, 165

Limburg, Eric, Occultation Newsletter, Volume 8, Number 4; January 2002.

Lunar Occultation Workbench version 3.1, LOW 3.1, Eric Limburg, Dutch Occultation Association,
http://www.doa-site.nl.

OCCULT, version 4, David Herald, http://www.lunar-occultations.com/iota/occult4.htm
November 2007.
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S Lunar Grazing Occultations

NOTE: If you are new to grazing occultations read Sections 5.1 — 5.4 and 5.11 — 5.14.
Sections 5.5-5.10 are important for those leading grazing occultation expeditions.

5.1 Introduction

A lunar grazing occultation (called grazing occultations or grazes) is a special type of eclipse
in which the Moon grazes by the star. The star would thus appear to skim by the Moon’s
northern or southern limb. The visible effect would reveal the star passing in and out from
behind the lunar mountains and valleys, (disappearing and reappearing). Grazes are only
visible only from a narrow band on the Earth’s surface. The series of disappearances and
reappearances from behind the lunar mountains will last a fraction of a second to a minute or
longer. This blinking is caused by the lunar topography and is dependent upon the alignment
of the observer, the Moon’s limb, and the star. An exaggerated view of the lunar limb is
shown in Chapter 11 Figure 11.4.

Both the Moon’s northern and southern limbs project tracks on the Earth’s surface where the
graze may be visible. These lines are shown in Figure 5.1. These are the north and south limits
of the occultation.

Figure 5.1. Grazing occultation limit lines. The lines N and S represent the grazing limits of the occultation.
Observers stationed along these lines will see a grazing occultation. N and S are called the north and south
limit lines. Earth image © 2006 The Living Earth/Earth Imaging.

The occultation path in Figure 5.1 contains two curves marked with N and S that define the
northern and southern limits of visibility of the occultation. These are called the graze lines,
also known as the limit lines. An observer situated near one of these curves such as at C or D,
will see the star eclipsed (occulted) by the Moon for only a few tenths of a second to a few
minutes. The star appears to move along a line tangent to the lunar disk, as shown by the limit
lines N and S. The edge of the Moon is not smooth and the observer may see multiple events
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(a disappearance or reappearance is called an event) as the star disappears and reappears from
the mountains and valleys at the Moon's limb. For every grazing occultation there will be two
graze regions centered on the predicted northern and southern limit lines N and S. Due to
various factors such as the variations in the topography of the lunar limb and the altitude of
the Moon above the horizon, the band on the Earth’s surface may vary from several hundred
meters to 8 km depending on whether the graze occurs at the Moon’s northern or southern
limb. The widths of these graze paths are directly related to the heights of the mountains in the
Moon's polar regions. A star can produce two grazes 180° apart along the Moon’s limb, one at
the north limit N and one at the south limit S. Thus one graze will be on the Moon’s sunlit
(bright) limb and the other graze along the dark limb (except during total lunar eclipses when
both north and south limits are dark limb events). Only the brightest stars can be seen against
the Moon's bright limb, so only for those stars is it possible for both the northern and southern
grazes to be observed simultaneously. If a total lunar eclipse is in progress, grazes of stars of
fainter magnitudes may be observable.

+~—

Moon’s motion

(a)

To Star ——»

(b)

Figure 5.2 Grazing occultation geometry. In order for a graze to occur, the observer , Moon’s limb, and star must be in
alignment as in (b) above. The observer would see the star appear to drift by the Moon’s north limb as depicted in (a).
Earth image taken from Snap! 3D atlas. Used with permission, courtesy of Topics Entertainment.
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Figure 5.3 View of lunar limb near the Moon’s north pole. The lunar limb consists of craters, mountains and valleys.
The south lunar limb has higher mountain peaks than the north limb. Diagram not to scale.

The importance of the lunar limb was studied in detail by Chester B. Watts in his work in the
1940’s and 50’s. The project was started by Dr. Watts in 1946 at the United States Naval
Observatory (USNO) in Washington, D.C. The purpose of this project was to produce the
most detailed map of the lunar limb to date and to create a precise datum from which to
reference the topography. Watts published over 1,800 charts of the lunar limb and determined
the limb profiles within 30° of the Moon’s north and south poles. These charts are called The
Marginal Zone of the Moon. One of the major reasons for observing grazing occultations is to
continuously refine the Watts charts, which were published in 1963 and have been
computerized. Further refinements in the charts were developed from artificial satellite
observations and have made the foundation of the modern occultation program consisting of
total occultations and grazes possible. Per Watts convention, the Watts angle is measured
positive eastward around the lunar limb starting at the Moon’s north pole where the Watts
angle is 0°. The Watts angle ranges from 0° to 360°.

Lunar features on the far side of the Moon just beyond the lunar north and south poles are
sometimes presented in profile at the Moon's edge during certain latitude orientations. As a
result of Cassini's third law these regions are never fully illuminated by the Sun when they are
at the lunar limb. Watts' survey of the marginal zone of the Moon being based on photographs
taken from the surface of the Earth was not able to map these regions, which we call "Cassini"
regions.

5.2 Scientific Value of Grazes
One of the most frequently asked questions by both the amateur and professional astronomer

is, “What is the importance of observing grazes?” While grazes are interesting to watch it
would be a waste of time if they did not have scientific value. In addition to the scientific
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benefits and uses of occultation observations mentioned in Chapter 1, grazing occultations
have other scientific applications, including:

71

1.

Refinement of the Moon’s motion and position in ecliptic latitude. In order to determine
the exact position of the Moon, its distance and ecliptic longitude must be known. The
Moon’s distance has been accurately determined from placement of laser reflectors on
the lunar surface by the Apollo astronauts. Two full 18.6 year saros cycles revealed
precise distance data (= 5 cm) frequently used today.

. The Moon is not perfectly spherical and is somewhat flat at the poles in the regions

called the “Cassini Third Law Areas.” A Cassini region is a sector of surface as seen
from the Earth never fully illuminated by the Sun. There are frequent grazes in these
areas providing important limb data. With careful observations of grazes it is possible to
resolve systematic errors in the Watts lunar limb profile charts. These charts are the
most complete set of corrections we have of the marginal zone of the Moon at the
present time. Under ideal conditions profile heights of less than fifty feet can be
resolved.

. Grazes have been extremely effective in the discovery of new binary star systems and

studying known systems in detail. Binary systems under 0.1" separation cannot be
resolved visually, but grazes cover the range between the visual and the spectroscopic
range. Under ideal conditions with just a camcorder, a resolution of 0.02 arc/second has
been achieved. Hundreds of new binary systems have been found as a result of graze
observations.

. Another benefit of knowing the size, shape and position of the Moon during a graze is

determining the position of the star being occulted. Through a total or grazing
occultation the positions of radio sources, X-ray sources, infrared and other objects that
radiate non-visible wavelengths can be accurately determined. Scientists can perform
some of this work in the daytime and even in cloudy weather using radio telescopes.

. Stellar diameters can be accurately measured with moderate sized amateur equipment

during total and grazing occultations. Hundreds of stellar diameters have been
measured using the occultation technique. This direct method of measuring stellar
diameters complements stellar sizes from astrophysical theories.

. With more data available, astronomers can begin to determine an accurate system of

stellar coordinates within the zodiacal region (The zodiac region is the path in the sky
followed by the Sun). This can be used to improve the reference system for stellar
proper motions (apparent angular rate of motion a star has across the celestial sphere).
Proper motions are of prime importance to accurately compute the mass and rotation of
the galaxy.

. The Earth’s rotation rate can be monitored through very precise reductions of total and



grazing occultation data. It is well known that the Earth’s rotation rate is slowing down
but the exact rate is difficult to measure. Occultation data helps determine the value of
AT 1in the equations of motion.

8. Dimming phenomena: Giant and supergiant stars will have a brief dimming effect
during an occultation due to their large angular diameter. While this can be seen during
a total (single) occultation observation, a grazing occultation provides multiple
dimmings to confirm the effect. The dimming effect can also be interpreted as a close
double star; thus the grazing occultation offers more than one chance to see the effect.
The slope of lunar mountains increases the dimming effect.

9. Accurate lunar limb profiles are used to predict the Baily’s Bead phenomenon during
solar eclipses. This in turn is being used by IOTA in its long term study of measuring
possible solar radius variations. See Chapter 11, Solar Eclipses and the Solar Diameter.

10. One extremely important function of the grazing occultation field is to provide a
training ground for young visual observers. Many of the leaders in the field of
occultations got much of their visual work experience through the American
Association of Variable Star Observers (AAVSO), Association of Lunar and
Planetary Observers (ALPO), Project Moonwatch and similar organizations.

5.2.1 What to Expect When Observing a Graze

There are four basic phenomena observed during a graze. These include the disappearance
(D), reappearance (R), blink (B), and flash (F). A blink occurs when a star disappears and
then reappears in less than one second. A flash occurs when the star reappears and then
disappears for less than one second. Sometimes other phenomena are experienced. This is
where the star disappears or reappears over a period of time that is noticeable to the eye. In
one example, a competent observer noted dimming phenomena during a favorable graze of the
red supergiant star Antares that lasted a full ten seconds. This particular type of dimming is
due to the extremely large angular diameter of these red supergiant stars.

5.3 The Lunar Limb Profile

Lunar mountains and valleys can be seen with small telescopes along the edge of the Moon.
These features of the lunar profile affect occultation events. A total occultation disappearance
can occur several seconds earlier than predicted if it occurs at the top of a high lunar
mountain. Of course, the multiple phenomena seen during a graze are entirely dependent on
the lunar profile. Accurate predictions, especially of grazes, demand that the profile be taken
into account. In general, the Moon keeps one face pointed toward the Earth, but in practice,
the profile changes as the Moon moves in its orbit and as seen from different places on the
Earth's surface. The profile depends on the rotation of the Moon which is described by three
laws of celestial mechanics that were postulated and observationally confirmed by the Italian
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astronomer Giovanni Cassini:

1. The Moon rotates uniformly on an fixed axis. The period of rotation being equal to its
period of revolution around the Earth.

2. The lunar equator is inclined to the ecliptic by a constant angle of approximately
1°32'.

3. The plane of the Earth's apparent orbit (seen from the Moon), the ecliptic plane,
and the lunar equatorial plane intersect in a line with the ecliptic always in the middle.

The lunar profile depends on the apparent orientation of the Moon as described by the
librations, which are the selenographic coordinates of the place on the lunar surface pierced by
a line connecting the Earth-based observer and the center of the Moon. The latitude
libration is the latitude of this point on the Moon's surface, while the longitude libration is
its longitude. The mean longitude libration of the Moon is 6° 9’, due primarily to the non
uniform motion of the Moon in its roughly elliptical orbit around the Earth. The mean
latitude libration is 5° 9’ due primarily to the Moon's motion north and south of the ecliptic
while its rotation axis remains near the ecliptic pole.

5.4 Observing Grazes

Observing grazing occultations requires the observers to be stationed on the ground
perpendicular to the Moon’s motion such that the lunar limb is projected onto them. Figure 5.4
shows this geometry and Figure 5.5 shows how observers would set up on the ground path of
the predicted projection area. This area is known as the graze path.

Graze observers use the same equipment and the same methods to observe and time the events
as described in Chapter 3, Sections 3.3 and 3.4. Prior to attempting a grazing occultation the
observer should review these Sections and practice beforehand. Experienced observers and
observers with video equipment can record the graze using the techniques described in
Chapter 6, Section 6.5 except for the CCD drift scan method which is inapplicable to grazes.
Advanced observing and timing methods are presented in Chapter 8, Timing Strategies for

Occultations Sections 8.10 — 8.13 and Chapter 10, Unattended Video Stations.
YA
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Figure 5.4. The lunar mountains and valleys are projected onto the Earth’s surface. Diagram not to scale.
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Figure 5.5. Positioning of 5 observers. The graze observers would set up their telescopes at stations 1-5 to get unique
coverage of the lunar limb profile.

From Figure 5.5, observers at stations 1-5 will have different timings as the Moon’s limb
passes over them:

Station 1: This observer has the most events, three disappearances and three
reappearances.

Station 2: Two disappearances and two reappearances.

Station 3: Two disappearances and two reappearances. Even though this station
has the same number of events as Station #2, they will be at different
times as indicated by the slope of the mountains.

Station 4: One disappearance and one reappearance. This observer only sees the
events due to the tall mountain peak.

Station 5: No events. This observer’s position on the ground is such that there is
a miss. This miss observation is valuable data as it places a limit to the
height of the tall mountain peak seen by the observer at Station 4.

A good knowledge of the limit line (graze line) is a must for any grazing occultation
expedition and is the responsibility of the graze leader. The detailed procedure for organizing
a grazing occultation expedition is given in Section 5.11. The basic procedure for a successful
grazing occultation expedition is as follows:

1. Examine and plot the limit line on a computer generated atlas or USGS topographic
map. The limit line is determined from predictions and the predicted limit line
coordinates assume the Moon is a perfect sphere. The limit line actually has a slight
arc to it, but for plotting on a 7.5 topographic map straight lines are adequate since the
deviation from an arc is negligible for prediction purposes.
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2. Make corrections to the limit line for elevation (Sections 5.5, 5.6)
3. Coordinate with potential observers at least 2 or 3 weeks ahead of time.

4. On graze night, station observers perpendicular to the limit line to provide the
maximum amount of coverage of the limb profile. Depending on the limb profile
observers could be spread out across a 300 meter span or even up to 3 or 4 km. Obtain
precise latitude/longitude coordinates of each observer (See Chapter 7).

5. Observe the graze with the same equipment as you would a total occultation or
asteroid occultation (telescope, WWYV receiver, video or cassette recorder).

6. Report timings within 24 hours to the graze team leader.

7. Team Leader: send results to the regional coordinator (See Appendix F, Report Forms
and How to Report Observations) using the preferred email format and keep a paper
copy for your files.

Grazes and asteroid occultations are a team effort and require the cooperative efforts of many
observers in order to determine the lunar limb profile.

5.5 Elevation Correction

This Section and Sections 5.6- 5.10 are specific for graze expedition team leaders. New
grazing occultation observers may desire to skip to Section 5.11.

On a perfect Earth with no deviations from a perfect sphere, (See the “N” and “S” arcs on
Earth’s surface from Figure 5.1 at the beginning of this chapter) the limit lines projected on
the ground by a perfectly smooth Moon would not require any corrections for elevation and
variations in topography. Due to the Earth’s wide variations in elevation a correction is
usually made when plotting a limit line on a map or computer screen map. The discussion of
elevation correction and associated limit shift are presented early on in this chapter to
familiarize the reader with the physical effects of plotting the limit line when preparing for an
actual grazing occultation expedition. Elevation corrections are directly related to the
observer’s elevation above sea level. The correction amount d can range from zero to 3 or 4
times the observer’s elevation for a low altitude Moon during a graze. Elevation corrections
are usually made only for elevations above 200 meters (620 feet).

The elevation correction is also known as the TAN Z correction in predictions and is

illustrated by comparing Figure 5.6a to Figure 5.6b below. These two figures have North to
the left, South to the right, and East/West perpendicular into the paper.
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Nerth sea level

» South

Observer
Figure 5.6a. No elevation correction for observer. On a perfect Earth with no deviations in elevation or
topography the Moon’s limb would project onto the ground at sea level across the graze path. The position of
the observer is then uncorrected for elevation.

Local zenith

F'l

Sround

e o £

Figure 5.6b. Elevation corrected observer. The observer is at the point marked with an elevation above sea
level of h; z is the zenith distance and is the angle measured from the local zenith to the line of sight to the
Moon’s limb. The quantity d is the elevation correction to be applied in the direction of the Moon’s azimuth.
The triangle with the sides m, d, and h and angle z allows the elevation correction to be calculated.

Figure 5.6b demonstrates that when set up well above sea level, the observer will set up
further south (further north for observers in the southern hemisphere) by the distance d as
compared to the observer in Figure 5.6a. In Figure 5.6b above the triangle defined by the sides
m, d, h 1s 1dentified as follows:

h = elevation (altitude) of observer in feet or meters

m = line of sight distance to the Moon from the fictitious ground (at sea level) to
the observer at elevation 4

z = zenith distance (angle) of the star being occulted

d = correction to limit line applied in the direction of the Moon’s azimuth

thus
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tanz=d 5-1

h
or

d=htanz 5-2

The elevation / is determined from topographic maps (www.topozone.com or sometimes GPS
receivers®). From the graze predictions the quantity z is given to compute the elevation
correction d. If one does not have the zenith distance z, it can be computed easily in one of
two ways. First, note the target star’s altitude a at the time of central graze. This quantity is
available from the graze predictions or many of the planetarium programs for desktop PC’s
with a few mouse clicks. Subtract this corrected altitude from 90° to obtain the zenith distance
z. For zenith distances of 0° the elevation correction equals 0.

The second method for obtaining the zenith distance requires a scientific calculator with trig
functions or a computer using the formula:

cosz = sin d sin ¢+ cos d cos / cos ¢ 5-3
where
o = graze star’s declination (or Moon’s declination)
@ = observer’s latitude
h = local hour angle of the Moon at the time of central graze

The hour angle h is the angle measured from the observer’s meridian to the hour circle of the
Moon. It is the time interval it takes for the Moon to go from the local meridian to the location
when the graze occurs or vice versa and is related to the sidereal time, ST = h + RA, with RA
= right ascension coordinate. The hour angle is usually given in hours, minutes and seconds
and will be in the same units as the other variables (degrees or radians) for use in formula 5.3.

For grazes north of +31° latitude the elevation correction d is always southward unless the
elevation is below sea level. This is because +31° is the highest northern latitude in which the
Moon can reach the local zenith. Latitudes south of +31° will have the Moon on the southern
half of the local celestial sphere as shown in Figures 5.6a and 5.6b. Elevation corrections are
vector quantities and the directions in which they are applied is as important as their measure.
To apply the elevation correction to plot the shifted limit line see Section 5.6 below.

5.6 How to Apply the Limit Line Correction

This Section and Sections 5.7-5.10 are specific for graze expedition team leaders. Beginning
graze occultation observers may desire to skip to Section 5.11.

*GPS receivers provide elevations; however the elevation correction to the limit line is usually done long in
advance of the graze, usually before the graze leader makes a field trip to the observing site.
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Once the elevation correction d has been obtained from Section 5.5 for a graze the limit line
will be shifted by the perpendicular amount X in the direction of the Moon’s azimuth. Next
plot the shifted line on the map you intend on using to station the observers for the graze.

Figure 5.7 shows the effect of the elevation correction. The sea level limit line is drawn using
two points generated by the predictions. The elevation corrected line is then drawn further
south by the amount X which is computed as follows:

In Figure 5.7 below,

d = elevation correction (feet or meters)

X = shift to correct limit line

angle VAH = G = Moon’s azimuth at time of graze
angle VAI = F = azimuth of sea level limit line

Figure 5.7 Limit line shift. The sea level limit line is the projection of the Moon’s limb on a perfect uniform
smooth Earth. The elevation corrected limit line is shifted by the amount X in the direction of the Moon’s
azimuth AH and is parallel to the sea level limit line. Background map from Microsoft Streets and Trips.
Microsoft product screen shot reprinted with permission from Microsoft Corporation.

From Figure 5.7, subtract angles G — F = D, and then

sinD=X 5-4

U
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or
X=dsinD

X=htanzsinD 5-5

If the elevation / is in meters, X will also be in meters. The azimuth angle F of the sea level
limit line can sometimes be computed from GPS receivers by plotting two longitude points
centered at the intended graze observing site. In GPS terminology the angle F is known as the
bearing angle.

The angle F is found below the lunar limb profile plot on Grazereg* predictions. See Figure
5.8 below shown as line 5 under the plot “HEADING = 79.75 DEG”. The occultation
programs Low and Occult do not currently provide the azimuth of the limit line.

For users using Low or Occult a method to compute the angle F is as follows: In Figure 5.7b
below, the sea level limit line is one side of a right triangle with sides A/, AB and BI.

This triangle is a spherical triangle since its sides are on the Earth’s curved surface. For
practical purposes we will assume its sides to be short enough to approximate a plane triangle
so that we can use elementary trigonometry to compute the angle F.

The point 4 has the coordinates of (LAT, LONG wgst) and the point / has the coordinates
(LAT, LONG gast). The angle at point A4 is a right angle (90°) and the angle denoted by F is
the unknown angle to be calculated. Clearly F = angle VAB + b or 90° + 5. The angle b is
found by

tan b = Bl 5-6
AB

The side Bl is equal to the difference in latitudes of points 4 and / (denoted A¢), and the side
AB is equal to the difference in longitudes of points 4 and B (denoted AA), thus

tanb= Ag 5-7
AA cos ¢
thus
b=tan"' A¢ 5-8
AL cos ¢

The quantity cos ¢ is applied as a correction to compensate for the different distances between
identical longitude meridians on Earth due to higher latitudes. Choose ¢ as the latitude half-
way between the points selected.

*Grazereg is a computer program that predicts grazes and provides tabular data.
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We can now calculate F = 90° + b. 4 and B are any two well spaced points 10 km apart from
the detailed graze predictions found below in Table 5.2 or Figure 5.10. Graze predictions
provide longitudes and latitudes for numerous points along the limit line.

arth
')
F 3
SEA LEVEL
LIMIT LINE
Py F

S|

Figure 5.7b. Computing the azimuth F of the sea level limit line. F =90 + b. A rlight triangle is formed from
the sides AB, Bl and Al

Elevation Correction Example: For an observer’s elevation of 322.5 m (1,000 feet) above
sea level and a Moon’s zenith distance of 41°, Moon’s azimuth of 153° and a sea level limit
line azimuth of 106°, the limit line correction is computed using equation 5.5 above:

X=322.5 tan (41°) sin (153° — 106°)
X=322.5 (0.869) (sin 47°)

X=322.5(0.869) (0.731) =205 meters

The limit line would be plotted 205 meters further south parallel to the sea level limit line.
Caution: Large differences in elevation across a 10 km mile stretch of the limit line plotted on
a map will affect the correction/shift. Expedition leaders will prepare the correction/shift for
each graze team site.

5.7 Grazing Occultation Predictions

Detailed occultation predictions and lunar profiles are distributed to IOTA members by
volunteers known as Computors, who prepare the predictions from one of the computer
programs Occult, Lunar Occultation Workbench (Low), Grazereg and/or the Automated
Computer Limb Profile Prediction Program (ACLPPP). Interested observers can make their
own predictions using these same freeware programs. Summary predictions of stars in North
America to magnitude 7.5 are found in the yearly publication Observer’s Handbook,
published by the Royal Astronomical Society of Canada (www.rasc.ca). See also Chapter 4,
Section 4.3 for more information. In addition, Sky and Telescope’s February issue each year
provides graze paths for North America and Europe for some of the brighter stars and
highlights important planned expeditions.
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Prior to 1993, data for predictions were provided by the United States Naval Observatory.
Since 1994, data has been taken from modern star catalogues such as Tycho-2, Hipparcos,
PPM, UCAC2 and the Moon’s dynamical parameters from updated lunar ephemeredes and
modern theories of the Moon’s motion. The predictions use the most up to date lunar limb
database. This constantly revised database is made from the Watts charts and has been
updated with the many thousands of grazing occultation data observations since 1963.

Persons interested in observing grazing occultations can request a list of grazes from a
Computor that will occur within a specified radius of their homes. The Computor will send
(usually by email) the list of predictions and the detailed circumstances of each graze.
Interested graze observers can contact an IOTA member in their areas to locate a Computor.

Predictions from Computors are in tabular form (Table 5.1, 5.2). Profile plots are derived from
the Grazereg program (Figure 5.8), the programs Low (Figure 5.9) or Occult (Figure 5.14).

These predictions give the data for northern or southern limit grazes within a travel radius the
observer has selected. The grazes are rated based on the expected ease or difficulty of
observation with additional information provided about the Moon and star. Each observer is
provided with a summary page listing all predicted events (one line per event) for the time
period requested. The profile predictions prepared from the Watts charts of the marginal zone
of the Moon give the observer an indication of the distance from each side of the limit line
where multiple events will be seen.

5.7.1 Overview of Predictions

Tables 5.1, 5.2 and Figure 5.8 show sample predictions, detailed graze data and the Moon
limb profile using the Grazereg program written by Dr. Eberhard Riedel of the I0TA
European Section. (IOTA-ES).

2006: NUGENT~RICHRRD , HOUSTON, TX STATION: LAT. 25.6717TH
TEAVEL RADIUS 500 MI. LONG. —-953.2386E
OVERVIEW OF GRAAING OCCULTATIONS WITHIN TRAVEL RADIUS:

DATE USNO H/P/St UT H M 5 MAG %SNL D(MI) ALT AZ SUN PR CuUspe
JaN 1 ¥ 54083 p556124 23 34 0 &.5 4+ 3%2 15.2 225.3 -2.6¢ 151.0 24.8D
JAN 1 ZC 3018 H101997 23 35 10 #.4 35+ 386 15.6 225.3 -2.4 150.9 24.8D
JAN 4 ¥ 30886 H111%930 2 11 47 7.9 20+ 256 18.4 246.5 -324.1 144.5 15.6D
JEN 5 ¥ 352 H 1¢01 23 47 51 B8.¢ 40+ 115 1.2 188.2 -4.7 136.3 20.5D
JAN & X 408 H 17863 2 1 13 9.0 41+ 2538 47.2 241.3 -31.7 140.2 1&.2D
JEN 7 X 1739 H 5888 4 10 537 8.1 33+ 310 34.7 235.9 -56.9% 148.7 59.3D
JBN 5 Z2C 439 H 13913 5 18 €6 7.3 74+ 2956 45.6 2¢4.4 -70.5 155.%9 5.4D
JAN 10 AZC 522 H 17702 1 .25 aB 2.9 B2+ 40 75.8 111.1 -28.5 331.7 15.08
JAN 10 Z2C 564 H 17500 2 44 13 6.2 82+ 304 79.3 154.6 -37.4 154.3 16.6D
JaN 10 Z2C 567 H 17923 3 4 20 ©.8 82+ 116 84.9 215.0 -44_.1 155.3 15.7D
JAN 10 ZC 570 H 17995 3 48 18 7.0 82+ 209 7T&.9 261.1 -533.9 158.5 12.7D
JAN 12 ZC BB3 H 27¢2% B8 32 47 5.6 95+ 130 41.5 283.7 -€2.3 18%.6¢ 0.3T
JEN 19 ¥ 17415 H 56598 38 37 19 7.2 80- 170 55.8 142.4 -583.5 223.1 20.56
JAN 23 AC 2093 H 7181¢ 13 22 32 7.0 41- 21¢ 40.1 184.7 -2.5 214.4 17.3D
JAN 24 ¥ 21397 H 76075 11 28 42 ©.8 32— 3%3 2B8.9 141.0 -26.2 212.2 20.2D
JEN 24 ¥ 214032 P264369 11 40 45 8.5 32— 405 30.3 143.2 -23.8 212.2 20.3D

Table 5.1. Sample graze prediction for an observer in Houston, Texas. This is only a partial list of grazes
generated.
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Table 5.1 i1s a convenient list of all grazes within the specified radius of the observer’s station
coordinates (upper right hand side of Table) giving basic information for each graze. By
examining this table, the graze observer can decide which grazes would be attempted. For
example, the Jan 1% graze of ZC 3018 occurs at 5:35 pm local Houston time (which is
December 31% the evening before) with the Moon’s altitude of just 15.6 degrees. The Sun is
only 2.4 degrees below the horizon (see column SUN), thus bright twilight exists. Even with
the relatively bright 6.4 magnitude star this graze is highly unfavorable due to the twilight
interference.

The Jan 24" graze of USNO 21397 is more favorable. It occurs at 5:28 AM approximately 2
hours before sunrise in a dark sky with a magnitude +6.8 star. The star will be at a cusp angle
of 20 degrees. The Moon is 32% illuminated (waning crescent) 28.9 degrees above the
horizon at the time of central graze. This graze is listed as 393 miles from the observer’s base
station so if the observer wasn’t planning a trip in the direction of the graze, the long travel
time must be considered in planning to observe this event.

In Table 5.1, the columns are i1dentified as:

Date: Date of graze
USNO: United States Naval Observatory reference no. or Zodiacal Catalog (ZC) star number

H/P/S#: The letters H, P or S in front of the number refer to the star catalog, H=Hipparcos, P=Position
and Proper Motion catalog, S =SAO catalog

UT H M S: Universal time of central graze in hours minutes and seconds

MAG: visual magnitude of the star

%SNL: percent of the Moon that is sunlit and is also an indication of the phase of the Moon. A '+’ after
this number refers to a waxing Moon (phase between new and full) and a ‘-* after this number
refers to a waning Moon (phase between full and new)

D(MI): perpendicular distance in miles of the graze line from the observers specified site coordinates

ALT: altitude in degrees of the star at central graze. Altitude varies from 0 - 90°

AZ: azimuth in degrees of the star at central graze. Azimuth range is 0 - 360°

SUN: altitude of the Sun in degrees at central graze. Negative signs specify the Sun is below the horizon.

PA: position angle of the star on the Moon’s limb. Range is 0 - 360°

CUSP: cusp angle of the star at central graze. This is the angle measured from the terminator to the star.

‘D’ refers to dark limb graze, ‘T’ refers to a graze less than 1 degree from the terminator and ‘B’
refers to a graze on the bright, sunlit limb.

5.7.2 Column Data

In Table 5.2, detailed graze predictions are given for the graze of the star HIP 12472 (which is
also known a ZC 395 and SAO 93042) on February 5, 2006 in regular intervals of longitude.
The columns are identified as:
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EAST LONG Longitude in degrees, minutes, and seconds of the sea level limit line. Negative (-)
longitudes are westward, positive (+) longitudes are measured eastward.

NORTH LAT Latitude where the predicted sea level limit line crosses in degrees, minutes and seconds.
UNIVERSAL The Universal Time of central graze seen from the longitude and latitude. HMS (hours, minutes
TIME and seconds) is the time

MOON ALT Altitude of the star being occulted. Range is from 0 - 90°. Atmospheric refraction is not
considered in the calculation of altitude.

MOON AZI Azimuth of star being occulted. Range is from 0 - 360°. Azimuth is measured positive
eastward from due north and is identical to compass angle with respect to true north.

TAN Z This is the tangent of the zenith distance described in Section 5.5 above and is used for
the elevation correction.

SUN ALT Altitude of the Sun in degrees at central graze. It is negative when the Sun is below the
horizon and positive when the Sun is above. Atmospheric refraction is not taken into
account. Refraction is typically 0.5 degrees.

POS ANGLE The position angle of central graze in decimal degrees measured eastward around the

OF GRAZE Moon’s limb from the north (See Figure 3.5 Chapter 3).

CUSP Angle measured in degrees from the Moon’s terminator closest to the star. (See Figure

ANGLE 3.4 Chapter 3) A negative number indicates the point of central graze is on the sunlit
limb, a positive number is on the dark limb.

PREDICTION FOR NUGENT~RICHARD » HOUSTOM
DISTANCE TO CLOSEST POINT ON FEB. 5 AT U.T.=

EVENT: FEB. 5, 2006 STAR:

SOUTHERN LIMIT GRAZE HIP 12472, MAG.

DELTAT: 66.66 SEC. USND ZC 395 sao 93042

POSITION AND PROPER
MAGNITUDE SOURCE: K

STAR IS DOUBLE.PRIMARY MAG. 8.6

STAR-CODE V, SECONDARY MAG. 8.6, SEP. 0.05
EAST LONG, NORTH LAT. UNIVERS.TIME MOON N
DEG. " "™ DEG. ' " H M 5 ALT. A
-9715 0 305130 22414 57.2 25
-97 730 305254 224131 57.0 25
-9 0 0 305417 2 24 48 56.9 25
-9 5230 305539 225 5 6.7 25
-9 45 0 3057 0 225 23 56.5 25
- 96 37 30 305820 2254 56.4 25
-9 30 0 305939 2255 56.2 25

Table 5.2. Detailed graze data from the Grazereg program. See text for explanation.

Following the columns of data in Table 5.2 are statements indicating the version of the
prediction program used, the geodetic datum used, the prediction data source, and the name of
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the Computor who ran the program. The last information given is a result of the observer scan
indicating all other observers have been selected to receive these predictions. In the scan the
observer's specified travel radius are given in miles after their name. An asterisk following the
radius denotes those who expect to organize expeditions more often than join expeditions set
up by others. The time of closest approach of the graze to that specific observer is in hours
and decimals of an hour.

5.7.3 Limb Profile Predictions

Graze observers are provided with computer generated profiles of the Moon’s limb at the time
of the grazing occultation. The lunar limb profile for the graze of ZC 395 is shown as Figure
5.8. The data used to compute the profile is derived from the Watts Marginal Zone of the
Moon with additional corrections determined from occultation observations. These profiles
are only a prediction of what the observer might see. They are used by observers to
determine where the best region is in the occultation path for observing. The profiles
are for the point on the limit line closest to the observer. The Watts angle of central graze,
position angle of the graze, and cusp angle are all shifted from the longitude and latitude
printed on the profile to the longitude and latitude of the closest point on the limit line.
The central graze time for the intended observation area should be obtained from the limit
predictions in Table 5.2.

The plot looks busy with the various letters, numbers and asterisks but upon careful
examination it is simple to understand. Figure 5.8 is an enlargement of the lunar limb profile
with a 3 minute window surrounding the time of central graze. In the plot the smooth curve
pointed downward using the letter “D” shows a view of the southern limb assuming a
perfectly smooth mean Moon (a northern limb graze would have the smooth curve pointed
upward). The second jagged curve represents the predicted limb profile from Watts chart data
using the character (0), ACLPPP (x) and MoonLimb (*) along with previous graze
observations.

The vertical scales on the left and right show the range of the Moon’s limb in arc seconds
notated on the left and kilometers notated on the right side with the zero point (0.0” and 0 km)
as the mean uncorrected limb. Other heading information includes the position angle (PA) of
the limb shown in one degree intervals, date and time of the graze, along with the longitude
and latitude of central graze, libration angles, vertical scale, central graze angle which can be
read off from the top of the plot at the “0” minute mark, and lunar velocity.

Notice the valley near the time of central graze extending below the mean limb (pointed up) of
+3 km (2"). A mountain is present in the lower left of the plot (pointed down) with a height of
2 km. Since these two features are projected onto the Earth’s surface during a graze, placing
observers in a range covering 3 km north and 2 km south of the predicted limit line after
applying the elevation correction should give sufficient coverage of the profile.
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Figure 5.8 Grazereg Lunar limb profile prediction for graze of ZC 395 on February 5, 2006

A detailed description of the information found in Figure 5.8 is given below.

PROFILE HEADING DATA:

LINES 1-2 The values on the scale are printed in one-degree intervals from the Watts angle of central
graze.
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LINE 3 This is the time from central graze in one-minute intervals -3 min to +3 min. Vertical bars are
generated for each minute through the plot, with the one for central graze so labeled. Negative
numbers indicate minutes before central graze, and positive numbers minutes after central graze.

PROFILE PLOT:

Horizontal bars are drawn across the plot at regular intervals to help in scaling the distance from
the predicted limit. The vertical scale on the right is the number of miles or kilometers from the

limit, while the scale on the left is seconds of arc from the limit. A negative value is south of the
limit and a positive value is north of the limit. Values are labeled for both north and south of the limit.

The actual profile data are a series of letters, numbers, and asterisks that can look busy and
bewildering. Some observers have found that drawing smooth curves through the points with

a red pen for the limb and for the predicted profile help in understanding the plot.There are at
least two curves represented on each plot, and sometimes more. Each plot has a curve for the
smooth mean limb of the Moon, and a more jagged plot for the predicted profile. In addition,
the terminator may appear on the plot, if it is near the central graze. If the star is double, and
both components will graze, the profile for the secondary (and tertiary) component will also be
provided.

Codes for limbs and terminators:
D dark limb of the Moon
B bright limb of the Moon
T terminator
W "worst" terminator, where two-mile (3-km) high lunar mountain peaks can be
sunlit. Areas enclosed by W's will usually be sunlit at the south limb, where

high mountains are common, and will usually be dark at the relatively smooth
north limb

Codes for the profile points:

*

good limb correction, typically accurate to 0.15"

1 fair limb correction, accurate to 0.3"

2 meaningless limb correction, either exreme librations or in the Cassini region

3 good limb correction from previously observed graze data, accurate to 0.4"

4 poor limb correction from previously observed graze data, accurate to 1.0" most
of the Cassini regions have been crudely "mapped" with previously observed
grazes, so 3's and 4's usually dominate the profile when a graze occurs in these
regions

5 good limb correction with an empirical correction applied + 0.5"

6 fair limb correction with an empirical correction applied (1.0 = 0.5")

7 meaningless limb correction with an empirical correction applied (2.0 + 0.5")

P shifted limb of the primary component of a multiple star (when the star is not at

the position used for the limb predictions, which is often the case when a
center-of-light, or mean position, is used)
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S shifted limb of the secondary component of a multiple star

R shifted limb of the tertiary component of a multiple star

When drawing curves through the plotted points, the following groups should be connected together. A
different color pen for each group makes the profile more readable.

B AND T enclose bright area of the Moon

D encloses dark mean limb

w encloses area where sunlit peaks may exist and cause observing difficulties ("worst"
terminator)

*,1-7 the predicted limb for mean star position

P the predicted limb for a primary star not at the mean star position

S the predicted limb for a secondary component
R the predicted limb for a tertiary component
At the bottom of the profile plot are lines of additional information.
LINE1 The date, time and latitude libration, longitude of the graze is given.

LINE 2 Limb data source, plotted symbols, “0” = Watts, “x” = ACLPPP, “*” = MOONLIMB
And latitude of central graze

LINE 3 Latitude libration in degrees, central graze position angle
LINE 4 Longitude libration, central axis angle

LINE5 Vertical profile scale in seconds of arc per kilometer, heading: azimuth of sea level
limit line in degrees. This heading is the angle “F” in the calculation above in Section
5.6.

LINE6  Lunar velocity in deg/min. This is how fast the Moon is moving in position angle at the
Time of central graze.

5.7.4 Using Lunar Occultation Workbench for Predictions of Grazes

The Lunar Occultation Workbench (Low) is a freeware program with excellent graphics,
tabular data, and limb profile data for generating predictions for grazing occultations. Some of
Low’s capabilities for predicting total occultations were discussed in Chapter 4, Predictions.
Once the user enters basic information about the observing location
(latitude/longitude/elevation, telescope and observing methods), the program Low will
generate grazing occultation predictions based on a wide range of parameters such as the
distance from observer’s home site, star magnitude, minimum Moon altitude, local horizon
obstructions, Sun altitude, etc. Low provides all the data needed for plotting limit lines. A
sample prediction is shown as Figure 5.9 for the star SAO 189348 on October 20, 2007.
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Figure 5.9 Low grazing occultation prediction for the star SAO 189348 on October 20, 2007. A lunar limb

profile box is shown for the area of the graze. The target star has a 14 degree cusp angle from the southern
limb.

The Low prediction includes a wealth of tabular data along the right side of the graph
providing day of week, time, star numbers from several catalogs, altitude, azimuth of the star
at time of graze, along with the various position/cusp/libration angles and graze distance from
observer’s home site. The box is an enlargement where the star will graze the lunar limb and
shows the smooth mean limb and the Watts data (wavy line). Vertical scales left and right
show the range of the Moon’s limb in arc seconds (") and km as projected on Earth. The Watts
angle is labeled along the bottom axis.

Tabular data for plotting the limit is also provided in another window. For the above graze of
SAO 189348, a portion of the Graze Details window is shown as Figure 5.10.
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Figure 5.10 Low graze details. The columns define the position of the sea level limit line at approximately
two-second intervals during the graze of SAO 189348 for October 20, 2007. Sixteen limit line points are
shown, although over 400 points were generated for this prediction.

To plot the sea level limit line on a map, select two of the longitudes (spaced approximately
10 km apart) with their corresponding latitudes and draw a straight line between them. As an
approximation for distance on Earth’s surface in mid-northern latitudes, you can use 1 minute
of arc in longitude = 0.7 mile = 1.1 km. So a longitude difference of 9 arc minutes ~ 10 km.
Graze lines are actually arcs on the Earth’s surface, but for short distances of less than 16 km a
straight line will not deviate significantly from the true arc. Low provides ground coordinates
of the central graze limit line listed at intervals of approximately 1 arc minute in longitude,
along with the Watts angle and cusp angle of the star. The last column in Figure 5.10 is the
estimated minimum recommended telescope aperture in centimeters (cm) needed to see the
graze. Many factors including altitude, sky transparency and seeing, will determine which
minimum size telescope is needed. A numerical example of plotting an elevation corrected
limit line is shown in Section 5.8.
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5.7.5 Using Occult for Predictions of Grazes

The computer program Occult written by David Herald of Australia is the most
comprehensive software package available to date for predicting lunar and asteroid
occultations, solar and lunar eclipses, Baily’s Beads during eclipses, recording observations,
drawing maps and limb profiles, applying corrections and generating tabular data for all
events, etc. This section will briefly describe Occult’s module for predicting grazing
occultations using the star SAO 189348 on October 20, 2007 for observers in Oklahoma.

Occult can predict grazes of single stars or for all stars for any time period at specified
distances from specified sites. For this example we will use the single star prediction option.
Once the user selects the Lunar Occultation Module the window from Figure 5.11 appears.
After editing the observer site under SITE DATA the user will go to the drop down menu
“Options” and choose 8 Find occultations of specified stars or planets.

€' Occultation Predictions

Campute,.. Sike data. .. Star catalogues. .. | Options,.,  With output, .. Help... Exit
Year 3 ; 1 Prediction options Today | Whole month | E 5 |ﬂ
5005 | First : 2 Edit values in 'Default’ file - oft | o
— 3 DeltaT - addjedit values ] First day only | Whole year |
2006 February B 4 Edit City files 3

Grazing Occultations near Kambah in S Compute Lunar Ephemeris
6 Read Watts Chatts

da Time P Star & Ma - E ’
i L g 7 Display moon in star Field

v m d h m = No D T

g Find occulbations af specified skars or planets
Ba Summary of observed grazes 4

9 Asteroids - Add/Edit/Integrate Orbit
0 Compute planetary coordinates - for integrations

A Map Conwersians

E Display lunar polynomial faor current date
C angle conversions

D Precess a posikion

v E Hide Tooltip kext

Figure 5.11. Occult Lunar Occultation prediction main window. Option #8 to find a specified star or planet for
an occultation has been highlighted.

This window (Find Occultations of a Star, see Figure 5.12) allows the user to select a
particular star from one of three catalogs ZC, SAO or XZ. Enter a catalog number in any of
the catalog fields and the remaining fields will automatically be displayed. Since this is a
graze prediction only for a single star the minimum time period Occult searches for the
calculation of visible grazes is one year. Enter a Start year and End year and click on Search.
The result of the search for SAO 189348 is a tabular list of dates from 2006 Dec 23 to 2007
Nov 16 shown in Figure 5.12.
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Select list for 'Name of star'....

With predictic

Figure 5.12. The user specifies a particular catalogued star for the year and a list of grazes is produced.

Next, the user double clicks on the graze dated 2007 Oct 20 and a map displays the Moon’s
north and south limit lines for the graze. Figure 5.13 shows only a portion of the southern limit

line.

Figure 5.13. USA map showing south limit line of the graze of SAO 189348 on October 20, 2007.

Figure 5.13 shows the south limit line of the Moon’s shadow crossing the central USA over
Texas, Oklahoma and Missouri. The graze will simultaneously occur on the Moon’s north
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limb across northern Canada. It is a dark limb graze on the south limb, hence it will be a bright
limb graze on the north limb as previously explained in Section 5.1.

Occult then generates tabular data for the graze in the increments of longitude specified by the
user (See Table 5.3). This listing of longitudes and latitudes is used to plot the sea level limit
lines on detailed maps and can be copied for use in other programs. The highlighted lines in
Table 5.3 are used to plot the example elevation corrected limit line in Figure 5.15.

Compute... Site data... Star catalogues... 0
Year First - Month
2007 = =
2007 Ochober 20
Frazing CQccultation of 183348 FEl Magn.
Date 2007 Qctober Z0 {Saturday) Nom:
E. Longit. Latitude o.T. ourn  Moon
o T " o T " h m = Alt Alt A=
=101 O 0 24 15 45 o 47 28 -9 32 171
—-100 52 20 24 21 23 0o 47 57 -10 32 171
—-100 45 0 234 Zo 59 0 48 17 -10 32 171
—-100 27 20 34 3Z 3o 0 423 2o -10 32 171
-100 20 0 24 328 15 0 423 5SHo -10 32 172
-100 ZZ 20 24 43 57 0 4% 15 -10 32 172
-100 15 0 24 459 25 0 459 24 -11 32 172
-100 7 20 24 55 Z4 0 459 54 -11 3z 172
-100 O 0 25 1 10 0o 50 13 -11 32 173
— 859 5Z 20 25 © 5B 0 50 322 -11 32 173
— 859 45 0 25 12 48 0 50 52 -11 32 173
— 85 327 20 25 18 23 g 51 11 -11 32 173

Table 5.3 Occult detailed graze prediction for the SAO 189348 graze on October 20, 2007. The
longitude/latitude points represent the sea level limit line for plotting on a map. These points are used in
Figure 5.15 for the elevation corrected limit line plot.
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5.7.6 Reading Occult’s Lunar Limb Profile Plot

Occult draws a limb profile of the Moon at the time and position angle of central graze nearest
the observer’s site. Figure 5.14 is a detailed plot of the lunar limb profile drawn by Occult for
the graze of SAO 189348 on October 20, 2007. This profile is a projection of the Moon’s

curved limb onto a flat plane.

Dots depicting the mean lunar limb are plotted as a bowl shaped curve starting from the upper
left corner above the —14 km mark coming down to the 0 km horizontal line at the center of
the plot then on to the upper right corner above the -14 km mark. This is the limb of a perfect
spherical Moon. The vertical scales on the left and right are in kilometers centered on the
mean limb at the point 0 km. The Watts data is the wiggly continuous line starting on the
upper left near the —10 km mark and across the entire plot dropping down to below the 0 km
horizontal scale line and ending at the upper right above the -14 km mark. This is the limb
profile one should expect when planning a graze expedition. The dots scattered near the Watts
data line are the observations from previous grazes. These data points should be given more
influence as to the actual limb of the Moon. Notice the similarity in the profile plots from
Grazreg, Low and Occult of the same region for the same graze. The Grazereg profile (Figure
5.8) is somewhat squeezed in the horizontal direction due to the width of the paper. Both
Occult and Low have the option of displaying the Watts limb data, the ACLPPP data and or
the MoonLimb data. In addition, data derived from observations can also be plotted.

The horizontal line just below the center of the plot from —4m to +4m is the time in minutes
from the point of central graze. These minute marks indicate the time with respect to central
graze (Om) before (-) and after (+) when the Moon’s limb profile will be passing in front of
the star for the observer at the longitude specified on the plot. In this case the longitude is -99°
00' 00".

This is a southern limit limb profile, so the mountain peaks indicated by Watts data and data
points from observations are facing downward. Northern limit profiles have the mountain
peaks facing upward.

Having graze observations drawn on the limb profile is also important for planning future
graze expeditions. When significant bright stars undergo a series of grazes (such as the
Pleiades passages), their observations should be reduced as soon as possible so that the next
set of graze expeditions can use the corrected limb data and any derived limit shifts for their
own observer station planning. This is due to the fact that the Watts data is not necessarily
accurate everywhere around the limb. The Watts data was obtained by close examination of
photographs whereas graze observations generally provide updates and corrections to this
data.
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Figure 5.14. Occult chart of lunar limb profile for the graze of SAO 189348 on October 20, 2007. The smooth
wiggly line from left to right is the Watts data. The mean lunar limb is depicted by the solid dots and the open
dots scattered near the Watts data line represent data obtained from graze observations.

5.7.7 How to Station Observers for a Graze

The limb profile plot from Occult in Figure 5.14 is used in planning the stations for the graze.
With the data points derived from observations (the open circles scattered near the Watts data)
the graze team leader can clearly see where other observers have actually had D’s and R’s
with respect to the actual limb profile. The data points show a 4 km high mountain between
the Om and +1m mark (Remember this is a southern limit limb profile so the mountain peaks
are facing downward). Another mountain peak of 3 km height lies near the —2m mark.
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Figure 5.14a. Identical chart as in Figure 5.14. The four lines added at -0.8km, 1.2km, 2.7 km and 3.7 km are
preferred locations for a 4 station expedition.
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To determine where to station observers refer to Figure 5.14a which is the same limb profile
as Figure 5.14. With more influence of the open circle data points from observations rather
than the Watts data line a four station expedition is chosen as follows:

1) Station located at -0.8 km inside the mean limit line providing coverage for the
mountain peaks at 2 minutes before central graze (—2m mark).

2) Stations located at +1.2 km, +2.2 km and +3.7 km outside the mean limit line. These
three stations provide coverage of the profile’s terrain between the 0 km and +4 km
height.

3) No stations are placed between the +4 km and +6 km position for the risk of having
a miss. Similarly no stations are placed between the —2 km and —4 km zones. These
zones would likely be a long total occultation 6-7 minutes as the limb profile drifted
over them. With more observers, they could be placed in these zones.

With the placement of the stations chosen with respect to the Moon’s mean limb, it’s now
time to plot them on a map.

5.8 How to Plot Graze Path Limit Lines

Unlike asteroid occultations where observers can be spread out across the country to collect
observations grazes generally require observer teams to be at the same location in a fairly
straight line perpendicular to the limit line. This simplifies expedition planning. However
graze teams can be placed along the limit line at different parts of the country and the results
from different expeditions can be combined.

Limit lines can easily be plotted on computer generated atlas maps (such as Microsoft’s
Streets and Trips) by simply plotting a set of longitude and latitude points spaced 5-10 km
apart from Table 5.2, Table 5.3 or Figure 5.10 over the area(s) where the graze is expected to
be observed. Recall earlier it was stated that limit lines are actually arcs on the Earth’s
surface. For prediction purposes short distances of 10 km or less can be plotted as straight line
and the deviation from a true arc is negligible.

When using a topographic map to plot a limit line the observer should examine a map of the
state or region using the predictions to determine an approximate location where the graze
might be observed. One or two alternative locations might be selected in case bad weather or
other circumstances prevent observation at the first location. Computer drawn maps should
cover two or more regions for the same reason.

Use this procedure to plot the sea level limit line and the elevation corrected limit line. We
will continue to use the example of the graze of SAO 189348 on October 20, 2007.
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1. Find two longitude points 10 to 20 km apart from the predictions. Estimate 1 minute of arc
in longitude = 0.7 mile = 1.1 km. Look for a 7-8 arc minute difference in longitudes for
picking points. In Table 5.3 the highlighted points are used.

2. Use the corresponding latitudes and plot these two points.
3. Have the computer plot (or draw) a straight line between the two points.
4. This straight line is the sea level limit line. See Figure 5.15.

5. If you are unable to get two longitude points on a single topographic map two adjacent
maps can be taped together. Computer map software programs don’t have this problem.

6. Determine the elevation of the sea level limit line on Highway 270/281 from the map.
Using longitude —98° 45, latitude 36° 0" (a point at the sea level limit along
Highway 270/281) www.topozone.com shows the elevation as 1,850 ft (596.7m)

7. From Table 5.3 at the longitude point —98° 52" 30"", TAN Z = 1.65. The
corresponding elevation shift d = TAN Z (596.7m) = 984.8m in the direction of
the Moon’s azimuth. Using the procedure from Section 5.6 the shift amount
X =767 m (0.767 km) south (parallel) of the sea level limit line.

EUruu FEU

Figure 5.15. Sea level limit line and elevation corrected limit plot on Microsoft’s Streets and Trips. The
user plotted two pairs of longitude/latitude points and connected the line to get the sea level limit line.
The elevation corrected line was computed from the method from Section 5.6. Observer stations are
marked by —0.8km, +1.2km, +2.7km and +3.7km with respect to the elevation corrected limit line.
Microsoft product screen shot reprinted with permission from Microsoft Corporation.
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For determining the azimuth of the sea level limit line from a topographic map, use a
protractor to determine the angle F from Figure 5.7 or use the mathematical technique from
equations 5-6 and 5-8 and Figure 5.7b. Follow the procedure for calculating the shift X. With x
calculated, re-plot the limit line shifted by this amount south for positive elevations, north for
negative elevations. As mentioned earlier some GPS receivers can calculate the angle F, the
bearing.

8. With the shift X calculated, plot the corrected limit line on the map. This line will
be the elevation corrected limit line as shown 0.767 km southeast from the sea
level limit line. This line is where the Moon’s mean limb (Figures 5.8, 5.9 and
5.14) will fall on Earth during the graze.

Figure 5.15 illustrates the sea level limit line drawn using Microsoft’s Streets and Trips. The
user picked two points from the graze details table (Table 5.3), plotted by the program. The
user then drew a line connecting the points and enlarged the scale. Microsofts’s Streets and
Trips has the convenient feature called Measure Distance whereas the user draws a line
perpendicular to the limit line with the mouse and it displays the distance the cursor has
traveled as the mouse moves. So it’s an easy task to stop the mouse at 0.767 km for the
elevation corrected limit line.

5.8.1 Plotting and Locating Observer Graze Stations

It was previously determined from the lunar limb profile for this graze that a four station
expedition would consist of locations at —0.8km, +1.2 km, +2.7 km and +3.7 km perpendicular
to the elevation corrected limit line.

Using Microsoft’s Streets and Trips, it’s a simple matter to use the Measure Distance function
and plot the four stations. The —0.8 km station is just inside the sea level limit line (also shown
in the limb profile Figure 5.14a). As a convenience for the graze team leader all four stations
were placed along Highway 270/281. The Moon’s azimuth for this graze is 174° thus the
observers will be pointing their telescopes in a nearly due south direction and should be set up
on the west side of Highway 270/281 facing away from traffic.

If plotting these stations on a topographic map, measure the shift perpendicular to the sea level
limit line using the quantity X. Determine the scale factors (millimeters per km) and draw the
line. Plot the four stations the same way.

5.8.2 Google Map Plots

The popular Internet search engine Google has added an interactive map feature to its website
www.earth.google.com. IOTA members have used it to plot limit lines for grazes and asteroid
occultations. Google maps resolution varies from the entire country view to 1 inch =200 ft on
a typical computer monitor screen. These maps also feature options favorable for IOTA
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applications such as limit line plotting, one-click lat/long coordinates and one-click
perpendicular distances. See Figure 5.16 for a sample screen shot of its application for the
graze of ZC 1251 on May 3, 2006 over California. These interactive features were originally
added to Google Maps by Geoff Hitchcox of New Zealand. Hitchcox is also the inventor of a
GPS video time inserter used by many occultation observers. Its webpage in given in
Appendix D, Equipment Suppliers. IOTA astronomer Derek Breit maintains updated Google
maps, star charts, and pre-point lists for important grazes and asteroid events worldwide. See
Appendix K for the web address. Remember the limit lines plotted for the Google Maps are
not corrected for elevation.

Teo set gray offset line A (in ko perpendicular to YELLOW limit line), edit this box | 1.1 {then |_ Hick Here

To set oray offset line B (in km perpendicular to YELLOW limit ine), edit this box -1.6 Ithen I Click Here !

= [ wap ][ Satelite ][ Fyond |

PUSERED B 00 # W
Got }SIC I'Eirm_l-l Map data @2005-Tele Atlss - Terms of Lss
iMap center 12 at (WG5S datum) Lat = 3066679337, Lon = -121 420298, which 1s 0,206 Em from graze it line

Figure 5.16. Screen shot of Google Earth Maps for the graze of ZC 1251 on May 3, 2006. The center
coordinates of the map are given at the bottom and the cursor was clicked at its location to display the 0.206
km distance perpendicular to the center line.

5.9 Graze Profile Use

The limb profiles are used to select the region of the graze path where observers should be
concentrated. Once the graze path has been plotted, the observers can be placed north and/or
south of the predicted limit where the tracks across the profile indicate that multiple events
should be seen. For any location within a few miles of the predicted limit the star will appear
to move in a horizontal line across the profile chart.
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The limb profile chart from Figure 5.14 shows that from —3.5 m of central graze to +1.5 m
indicates most of the Moon’s features are south of the dotted mean limit line. The Watts data
line shows a mountain peak situated at the +0.2m mark at 4 km in height. The data derived
from observations line shows the same mountain peak at the +0.5 m mark and what appears to
be a second peak near the +1m 15 sec mark. Between +2 min and +4 min, the Watts profile
and observations profile lines are in good agreement. From —Im to —3m marks, the
observational data is shifted south approximately 2km or about 0.5 arc second from the Watts
data.

Not all limb profiles have Watts data or observational data points in good agreement. The
placement of observers by the graze team leader is generally a judgment call based upon the
Watts profile, the profile from recent observations and the number of observers that show up
to observe the graze.

5.10 Finding the Time of Central Graze

Once the sites have been selected, the next step is to determine the time of the earliest event as
seen from the sites. The UT of central graze is determined by interpolating the times given in
the predictions between the longitudes of the two plotted points on the map. The limb profile
charts (Figures 5.8, 5.9 and 5.14) have tick marks from -4m to +4m. These are the predicted
times with respect to central graze when the star will be at that point on the limb profile.

To determine the time central graze for the organized stations, use the longitude from the
graze site and find two adjacent longitudes from the graze details Table 5.3. Each longitude
will have a corresponding UT for the time of central graze. For example, in the map of the
graze site (Figure 5.15), the corrected limit line crosses Highway 270/281 at longitude -
908.761°. From Table 5.3, we have the following data adjacent to the graze site and the
corresponding UT of central graze:

E. Long Latitude UT

° ° h m s
-98.875 35.0583 0 53 05
-98.761 --- graze site ---
-98.750 36.0064 0 53 24

The graze site is located just about 9/10 way eastward between the table longitudes. Thus to
find the time of central graze calculate the UT between the two times shown. The difference in
time between the two table longitudes is 19 seconds. Nine-tenths of this is 17 seconds. Adding
17 seconds to the time at longitude —98.875° gets the time of central graze at Highway
270/281 of Oh 53m 22sec UT.
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From the limb profile the earliest event might occur at —2.5 min from central graze or Oh 50m
52sec UT. Observers should be ready to time events about at least a minute or two before the
expected time of the first event. Unexpected shifts (prediction errors) can cause events to
occur early. A minimum observing window from the limb profile from Figure 5.14a should be
from -3.5 to +2.5 corresponding to Oh 49min 52 sec to Oh 55min 52 sec.

In the case of a known double star where there is a possibility of observing the secondary, two
lunar profiles will be provided on the profile chart, one for each component. Observers can
use the profiles to position themselves to observe grazing phenomena of either or both
components. In general, the expedition leader should station most observers in the zone where
multiple events can be seen for the component whose profile is deepest into the lunar shadow.
Then most observers should see some complete disappearances of the star, which are usually
easier to observe than the partial drop in light when one of the two stars disappears. However,
if the difference in component magnitude of the double star is 1.5 or greater, it is best to
position observers based on the profile of the brighter component.

Often the two stars will be so close together that observers will not be able to tell that the star

is double until the graze begins. Due to the grazing geometry, the step events sometimes seen
during total occultations of double stars may be very prolonged. A resolution of 0.05" is
obtainable from a graze of a double star observed visually along flat lunar surfaces. This is
nearly equivalent to the resolutions obtained in photoelectric work with total occultations.
Video observations of double stars can resolve 0.02" separations with favorable geometry.
Many close double stars have been discovered during grazing occultations. However, gradual
or fading events seen during grazes are more often due to grazing enhancement of Fresnel
diffraction at the Moon's limb rather than to stellar duplicity, which is more noticeable by
events occurring in distinct steps.

5.11 Organizing Grazing Occultation Expeditions

Section 5.4 briefly outlined the basic procedure for organizing a grazing occultation
expedition. More details are presented here along with some safety tips. Remember, safety is
the most important concern. If you are in a situation where your safety is at risk, where for
example an irate homeowner threatens or intimidates you, it is advisable to pack up your
equipment and leave. It is best not to take the offensive position even if your right and even if
you are on a public road. Your safety is more important than the occultation no matter how far
you traveled to get there. Bear in mind there will always be more grazes.

Unlike asteroid occultations where multiple observers can be situated across the country or
even across oceans, grazing occultations are most successfully observed when a group of
people meets at a prearranged site and set up a chain of observers across the graze path.
Someone must obtain the graze predictions, select the best site, notify other observers, and
assign observing locations before the graze. Afterward, someone must verify the lat/long of
each of the observing sites, report the locations, and collect and report the observations. The
graze organizer obviously bears the burden of the work. This section is intended to detail the
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steps involved in organizing a successful graze. A single observer at one location can observe
a chord across the graze. These data are useful especially if they can be combined with other
chords obtained by observers to the east or west during the same graze. However, the
resolution obtained by having a line of well-spaced observers, even if only a few, across the
predicted graze path is much better and worth the time it takes to set up such an event.
Observer safety should be the top priority of all expedition leaders. The articles discussing
expedition safety (Occultation Newsletter, 6, No. 11, 1993 March, pp. 284-286) are required
reading for all IOTA graze expedition leaders. Additional tips on safety are described in
Section 6.10 in the Asteroid Occultation chapter of this book.

5.11.1 Preparation

The time and effort needed for organizing a graze will vary depending on the number and
experience of the people expected to observe. As a general rule the more people who want to
observe the more elaborate the preparations must be. The graze organizer will need to select
the sites, notify the observers, often help the observers find equipment and transportation and
teach the new observers what to do.

5.11.2 Site Selection

The graze organizer should first obtain predictions of the grazing occultations for the local
area. These are available to members of IOTA. Predictions for the brightest events are
published in Sky and Telescope and the yearly Observer’s Handbook of the Royal
Astronomical Society of Canada for the areas those publications cover. Graze organizers will
usually want the predictions distributed by IOTA or generate their own from freeware
programs such as Low and Occult.

Predictions can be used to determine approximately where grazes might be observed. Any
computer drawn map or map of the state map of the general area that gives latitude and
longitude can be used for predicting where grazes can be observed.

The predicted graze limit line at sea level can be plotted on computer drawn and other types of
maps directly from the predictions. The plotting of limit lines and correcting them for
elevation when necessary are discussed in Section 5.6 above.

The region of expected events can be determined from the predicted profile, as discussed in
Section 5.7.5. This region is the area near the predicted limit where observers should be
stationed. It could be anywhere from 300 meters to and sometimes several kilometers in
length. The observing sites should be selected to fall within this suggested range. It should be
stressed that the suggested range and the profile are indications of what is going to happen.
Taking into account the accuracies in the predicted stellar and lunar positions, as well as the
lunar profile, means that the exact location having the most events cannot be precisely
predicted. All locations within the suggested observing range will have approximately the
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same chance of seeing multiple events with locations near to the limit line having slightly less
chance.

Things to consider when selecting sites are the ability to see the Moon at the time of graze
from the site, accessibility of the site to observers, lighting, parking, traffic (if the site is a
road), what permission is needed if the site is located on private property and whether public
authorities will need to be notified if the site is public property. It is advisable to notify local
authorities such as the sheriff's office or the office of the local police force especially for
expeditions with three or more sites. The observers will need reference points to locate their
stations. Some graze team leaders plant wooden stakes in the ground with numbers and assign
observers to specific numbered sites. After the graze they are asked to return the wooden
stakes to the graze leader provided an accurate geocentric position is obtained for the sites.

Observers will want to be able to move their equipment in order to find the best observing
locations for grazes when the Moon’s altitude is low. It may not be possible to determine the
effects of local obstacles such as houses, trees, and hills until actually arriving at the graze
location to observe. A pre-site survey by the graze organizer is helpful and can help avoid
surprises.

If the observing sites chosen are along a road, observers with cars will need places to park
completely out of the traffic. The shoulder may be sufficient but smaller country lanes and
county roads may not have them. If the road is heavily traveled by trucks the observers will
need to be well away from the road to avoid problems from equipment vibration and
associated traffic noise.

Railway tracks and railway rights of way are not public property. They are the property of the
railroad. And don’t forget to use common sense: NEVER, NEVER set up your equipment
on the railroad tracks ! As a practical matter, even if the observers will not be in the right of
way but only nearby, it might be wise to contact the rail line to determine if there are any
trains scheduled near the time of the graze. Passing trains will drown out D and R voice call
outs and the WWYV time signals into tape recorders.

Public parks may be closed after sunset. If accessible they are often very good sites due to
lack of lighting and traffic. Avoid locations near water especially if the dew point is predicted
to be reached by graze time.

The organizer should inspect the sites before the graze to check their suitability or to mark the
locations selected for the sites. If the selected observing location is devoid of landmarks the
observers are not going to find their stations unless they are marked. This can be done with
marked or numbered stakes pounded into the ground, cards tied (not nailed, that is not always
legal) to utility poles. Water-soluble spray paint or chalk can be used to write station numbers
on the side of the road.
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5.11.3 Observer Notification And Preparation

It is advisable to contact potential graze observers at least 2-3 weeks before the graze.
Remember occultations wait for no one. Notification of observers can be as simple as by
email, through a local astronomy club newsletter or through graze notices sent to anyone who
has expressed an interest or by telephone. The notification should state when and where the
graze will occur, a meeting time and place, a telephone number to call for notice of weather
cancellation, and a list of equipment they will need for observing. The organizer will want to
know who is interested in observing a particular graze to help in planning the observations.

5.12 Expedition Results and Reporting

The expedition leader will collect the observed times or the unreduced observation tape from
all observers. Accurate geodetic coordinates for all successful stations must be determined
(see Site Position Determination Chapter 7), and the expedition leader must take charge of
that task as well. See Appendix F, Report Forms and How to Report Observations for
information on how to prepare the final expedition report.

5.13 Other Tips for Making a Successful Graze Expedition

Roads: Selected roads should be somewhat perpendicular to the graze path. Country roads are
better than city roads due to less interference by passing cars and trucks. When setting up on
roads set up stations so observers will be aiming their telescopes away from traffic.

Marking of Observing Stations: Wooden stakes can be hammered into the ground off the
side of a road and numbered with a magic marker. Heavy white paper, cardboard or reflective
tape can also be attached and numbered to the stakes for easy identification. The road may be
marked with spray paint at the intervals needed for station layout. As the team leader marks
each station with wooden stakes or paint, GPS position readings can be taken.

Layout of Observing Stations: The lunar limb profile will determine the span of the
observers to obtain the most data. Along the Moon’s south limb the mountains are much
higher than the north limb. The observers should be spread out more for these southern limit
grazes. The Moon’s altitude above the horizon will also introduce a projection effect on the
Earth’s surface. When the Moon is at lower altitudes stations should be spread out further
compared to higher Moon altitudes. (See Figure 5.17).
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Figure 5.17. Effect of the Moon’s altitude on the projected lunar limb profile. The length of the lunar profile
on the Earth’s surface is wider at low Moon altitudes than at higher altitudes.

Power Lines: Power lines cause interference and static with the WWYV radio time signals.
When choosing a site walk around with your radio tuned to WWYV and determine where you
can set up safely and still get a good WWV signal. Notify all observers of the best WWV
frequency. If your WWYV reception is poor choose another site. This is where a pre-site survey
by the graze team leader can solve these problems ahead of time.

Meeting Place: Meeting spots can be at a nearby landmark, parking lot or one of the graze
stations. Go over the plan with the observers and assign the stations. A single page handout
with the central graze time, cusp angle (from which terminator) and desired observing window
should be printed out. Have some blanks on this info sheet where the observer can write down
his latitude and longitude, station no. and any other notes. Late arriving observers should be
set up closer to the limit line rather than further away so they can at least get some data.

Temperature: Cold weather observations require telescope optics to cool down to reach
equilibrium with the outside air temperature. Telescope optics in thermal harmony with the
outside air will give better images and less flicker effects. Observers should plan to arrive
early. A typical cool down time for a Schmidt-Cassegrain telescope is one hour.

Dew Formation: Observers should have a battery powered hair dryer to keep dew off the
optics. While waiting for a graze, a cover for the eyepiece is useful to keep it free of dew

formation.

Placement of Observers: The most experienced observers (and/or observers with video)
should be placed at the stations expected to give the most multiple events. An inexperienced
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observer can be placed in between two experienced observers or can be placed into the Moon
(closer in the direction of the center of the Moon) where they will get longer duration events.

After the Graze: Have the observers meet up again at the team leader’s site or nearby site in
town. Observers should turn it their tapes or take them home and reduce them. Stress to the
observers they need to reduce their times and email them to the leader within 48 hours. This
way, memory retention is better for any particular circumstances that might have affected the
observations. Video observations should have their tapes WWV time inserted for accurate
report times to within 0.03 second. See Appendix H, Where to Send Observation Reports to
get your tapes time inserted.

Extra Useful Equipment:

1.

Cell phones for emergencies or when an observer needs assistance. Cell phones
should not be used to transmit WWYV time signals to other observers due to their
signal processing delays (see Chapter 8, Section 8.8.4)

Low Cost hand held CB radios. Cost: $30 - $50 pair. A CB radio can transmit
WWYV time signals to an observer without a radio.

Bug spray. Annoying mosquitoes can ruin an observation.

Extra batteries, second short wave radio, pen and writing pad. Fold out chair. Red
flashlight and white flashlight.

. Backup power source and a means of connecting it to your telescope/video/radio.

. Backup recording method. An extra cassette recorder or digital voice recorder can record

the observation in case a video system fails.

. Good road atlas for finding the graze meeting site.

Drinking water, money for food, snacks. Hunger can tempt observers to go to a nearby
convenience store leaving their equipment. Never do this as your equipment is at risk. If
you make a mess at your site, clean it up. Leave it exactly as you found it.

. Warm clothing and gloves for cold weather grazes. More about this and how to

protect your batteries during cold weather in found in Chapter 9, Cold Weather
Observing.

10. Contact lens solution and case. Contact lens wearers may prefer removing their lenses
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11. Allen wrenches and tools needed to adjust your telescope and finder scope.

12. Observing chair for maintaining a comfortable position while observing the graze.

5.13.1 Reasons for Failure

When driving a car people continue to make mistakes and have accidents. These accidents are
not due to new kinds of problems but to the same kinds of mistakes that are repeated. The
same holds true for occultation observing. The following list will indicate the most common
reasons of observational failure.

9.

. Incorrect conversion of the UT date and hour. Failure to get to the site or get equipment

set up in time. Be sure that your equipment is set up and tested at least thirty minutes
before central graze time.

Using batteries that are not new.

Poor reception of WWYV. This may be due to a poor receiver, or more likely due to the
wrong frequency chosen, bad ionospheric conditions or setting up too close to high
voltage power lines.

Tape recorder not checked. Tape recorder running out of tape, batteries weak, volume
not correct, microphone not turned on. Microphone turned toward traffic and not
toward observer or WWV.

Improper handling of human or police interference during the graze.

Observer couldn’t see star because of dirty optics, dew or bad collimation.

Observing the wrong star.

Mirror not to temperature. It is important in cold climates to allow the telescope to cool
down for at least one hour prior to the event.

Failure to prepare for mosquitoes and other insects.

Remember that observing occultations is done at night. Practice ahead of time at your home in
the dark to verify that you can find your tape recorder and radio, turn them on and be at a
comfortable viewing angle while observing the graze.

5.14 Approximate Reduction And Shift Determination

The expedition leader should make an approximate reduction of the observations by plotting
the observed timings made by each observer on the predicted profile. This allows an estimate
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to be made of the shift of the graze shadow from its nominal or predicted position. The graze
shift is the correction the predicted shadow of the Moon would need to be moved on the
ground to match the actual shadow observed during the graze. Its scale is in seconds of arc
subtended at the Moon's mean distance and is the vertical scale on the right side of computer
predicted profiles. The shift may be thought of as the residual of the observations for the entire
expedition and is used to notify future expedition organizers of stars with poorly determined
positions and to identify poor quality Watts limb correction data (which are used to generate
profile plots). These procedures are used to plot graze observations on the predicted profile in
order to determine this shift. Plotting the expedition's data is the best way to verify that all
stations of a graze agree with one another. Plots can also reveal large unpredicted mountains
or valleys on the lunar limb that should be added to the data set used in predicting profiles.

Plotting the observations on the predicted profile is very much like the process of determining
predicted event times described in Section 5.7 above.

For computing the correction of a graze profile to that of the actual observing location, see
Appendix E.
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6 Asteroid Occultations

Asteroids (minor planets) range in size from many meters to hundreds of kilometers in
diameter. They are located in general between the orbits of Mars and Jupiter within the so-
called asteroid belt and are believed to have originated from planetesimals 4.6 billion years
ago. Perhaps more than one million such bodies reside in the belt and only half a dozen are
larger than 300km across. Of interest to inhabitants of Earth are the special groups of asteroids
whose orbits cross that of our planet’s orbit with the potential of a catastrophic collision. This
1s still another reason why the study of asteroid occultations is of such interest.

As the Earth and these objects move in their orbits, geometric alignments occur where the
Earth, minor planet and a star (called the ‘target star’) will line up. For a brief interval of time
a shadow from the star’s light is created by the minor planet covering the star and is projected
on Earth. When this happens, an ‘eclipse’ or occultation occurs along some portion of the
Earth’s surface whose path width is directly related to the size of the asteroid. If an observer is
located inside the limits of the ground track he will observe a brief dimming of the target star
during the occultation ranging from perhaps a fraction of a magnitude to as much as 8 or 10
magnitudes depending on the brightness difference between asteroid and target star. Such an
occultation can last from a fraction of a second to as long as a minute or more. The length of
occultation is related by the angular speed differences between that of the Earth and the
asteroid. A typical occultation lasts seven seconds. Detecting a small drop of 0.5 magnitude or
less may be difficult to impossible depending on atmospheric transparency and seeing stability
at your site. The geometry of an asteroid occultation is shown as Figure 6.1 below.

Geometry of an Aste

To star
Shadow of asteroid
H ~ cast by the star
{/M tion of k'*—s
1'. ast:{-:ft::; 2-3 times
Earth-Sun
distance

Observers' View

Figure 6.1. Geometry of an asteroid occultation. The asteroid eclipses the star and its shadow is projected onto the
Earth’s surface. Observers B,C, D on Earth see the asteroid block “occult” the star for several seconds while observers
A and E are out side the shadow path and do not observe it. This lack of seeing the event is termed a miss.
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From Figure 6.1, observers at B, C and D have positive observations, meaning they do have an
occultation since they are within the asteroids shadow path on the ground. The observers at A
and E have negative observations, meaning they do not see an occultation since they were
outside the shadow path limit. Negative observations are just as important as positive ones
since they place limits on the size of the asteroid and provide confirmation of the reliability of
the prediction. Asteroids are numbered and generally named. For example, 25 Phocaea is the
25th discovered asteroid and its formal name is ‘Phocaea’. The smaller bodies with much
higher number designators are often not named.

6.1 Scientific Value

An asteroid occultation offers a fabulous opportunity for an amateur astronomer to determine
a number of things based on an accurate timing of the occultation. The timing is composed of
two key events: the disappearance and the reappearance. The combination of the two is termed
a ‘chord’. Each event can occur instantaneously or in steps or slowly (meaning over a fraction
of a second or longer). Accuracy is generally needed to within 0.2 second or better. This
precision timing is easily achieved using video where 0.03 second accuracy can normally be
accomplished (See Chapter 8, Section 10). A successful observation will also provide
information on the accuracy of the prediction which in turn will be highly useful in evaluating
the quality of the prediction measurements and the data reduction technique. Details of the
appearance of the event such as how long it took for the star to drop or restore in brightness
may offer insight as to whether the star might have a hidden companion and perhaps even
reveal the dimensions of that newly discovered star. The length of occultation will provide
data on the shape and size of the asteroid especially if coupled with data recorded by other
observers located at independent observing stations perpendicular to the ground track.

Phocaea Occults SAO 108610

1 Richard Mugsnt, Newfisid, MJ
2 Paul Malsy!Greg Lee, Woodstown, MJ
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% Brian Hunter, Canada
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Figure 6.1a. Left - Profile of 25 Phocoea from occultation on October 3, 2006 using Occult software. Solid drawing is
the derived line of sight shape of Phocoea from the observations drawn by Richard Nugent. Chords #3 and #4 are from
Brad Timerson’s video and show a valley or depression on the northwest side of the asteroid. Right-Limovie light curve
shows Brad Timerson’s double event from chord’s # 3 (3.4 second occultation) and #4 (0.30 second occultation).

109



(345) Tercidina 2002 Sep 17 0.0 :0.8 x 0.0 215 km

Figure 6.2 Profile of 345 Tercidina from Occult software. This occultation was recorded by over 70 observers in Europe
on September 17, 2002 (although the number of chords shown here is a subset of that). Observations of these events
show the irregular size/shape of asteroids, and the difference in timings due to human error and other factors. Each line
represents an observation from a single observer. Tercidina’s estimated size was derived as 107.6 km X 89.8 km.

In Figures 6.1a and 6.2, the asteroid’s derived shape is strictly line of sight and instantaneous
for that moment in time when the occultation took place in its rotational phase. If the
occultation had occurred earlier or later, a different shape would be revealed. Hence the
resulting shape is two-dimensional. Additional occultations of the same asteroid are required
in order to reveal more about the three dimensional morphology.

Even a lone observation might be enough to determine the minimum size of an asteroid.
Figure 6.2 illustrates how a large group of observers (each contributing a unique chord) can
determine the accurate size and shape of an asteroid, which is otherwise not attainable except
by space probe missions.

6.2 Asteroid Satellites

Amateur astronomers played an important role in the early detection and identification of the
existence of asteroid satellites. The first reported evidence of an asteroid satellite was made as
a result of an observed 0.5 second duration drop in brightness of the 3.6 magnitude star
Gamma Ceti during the occultation by the asteroid 6 Hebe in March 1977. It was observed by
Paul Maley with a 5 inch (12.6cm) refracting telescope and the account documented in
Occultation Newsletter (See Volume 11, page 116, July 1977). The visual observation

110



occurred at Victoria, Texas some 1600km north of where the primary occultation was
definitely observed at Mexico City. The Victoria observation was reported before the Mexico
data was received. Since the predicted time of occultation had a significant error, there was no
way the Victoria observer could have known the results of any observations elsewhere. Both
times of observations of the Hebe occultation and the reported secondary occurred very close
together. Because there were no other sightings, this possible asteroid moon could not be
confirmed. See Figure 12.2, in Chapter 12.

A suspected event was observed of 129 Antigone occulting an m = +6.4 star on October 12,
1974. Veteran grazing occultation team leader Hal Povenmire planned on observing a graze
that night of a star from Cooper City, Florida so he set up his equipment early for the asteroid
event (See Figure 12.1 Chapter 12). Povenmire observed a 0.7 sec occultation of the star at the
predicted time of the event and sent his report in to the US Naval Observatory, the
Smithsonian Astrophysical Observatory and the Royal Greenwich Observatory in England.
Povenmire thought this short occultation was caused by the asteroid grazing by the star. Later
astrometric updates had showed that the asteroid’s shadow passed well south of Povenmire in
Guatemala and Belize. For this reason the observation was not taken too seriously although
Gordon Taylor of the HM Nautical Almanac’s Royal Greenwich Observatory notified
Povenmire about a southward shift of the predicted path. Other observers that attempted this
event were clouded out hence there is no confirmation of what Povenmire saw. After the Hebe
occultation, the word was out and observers began to look at asteroid occultations in a new
light. However, the credibility of IOTA observers (amateurs especially) was looked at with
skepticism since the tools in their possession were not good enough to enable a confirmation.

In the 1980’s other secondary occultations were reported, both visual and photoelectric but
none could be confirmed. This was before the era of video, though even as of 2007,
confirmation of an asteroid satellite has yet to occur. It was clear that the standards IOTA
observers needed to conform to were those involving rigorous self examination and care to
ensure that personal judgment and human errors were minimized. Regardless of this, the
prediction accuracy enabling observers to be alerted and deployed were poor since path
prediction errors were on the order of hundreds of miles.

It was not until 1993 that skepticism about the existence of asteroid satellites vanished. At that
time, the Galileo spacecraft discovered Dactyl, the first asteroid satellite to be confirmed in
orbit around the known asteroid 243 Ida. On November 1, 1998 the first asteroid satellite
found from Earth was discovered by Merline et al. (see Nature vol. 401, pp. 565-568) The
moon, called Petit Prince, having a diameter of about 13km in diameter, was discovered
orbiting minor planet 45 Eugenia.

The latest box score on newly discovered asteroid satellites can be found at:
http://www.johnstonsarchive.net/astro/asteroidmoons.html

Beginning in 2000, better astrometry was available consisting of improved positions of both
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stars and better data on minor planets which resulted in a greater degree of reliability in
predictions and also a greater number of observations by IOTA members. Soon the number of
predicted asteroid occultations expanded as smaller and smaller minor planets were added to
IOTA’s prediction database. As of 2007 more than 1000 asteroid occultations have been
observed.

Finding an asteroid satellite through direct telescopic observation is not a trivial task since a
find may come only as a byproduct of attempting to observe the occultation of the minor
planet itself. IOTA undertakes observation of minor planet occultations with a strategy to first
define information on the asteroid size and shape. The odds of discovering a satellite are
theoretically increased by placing a large group of observers at closely spaced strategic
intervals across the occultation path since the probability of a single observer finding one is
rather low.

Because an occultation is directly proportional to the size of the body doing the occulting,
satellites are expected to produce short lived occultations—on the order of one second or less.
Hence spotting one visually is rather difficult but not impossible. In Figure 6.3, the geometry
of a possible asteroidal moon is shown crossing the United States along with the parent
asteroid. Thus an observer outside the predicted path of the asteroidal event may make an
important discovery if a brief occultation is recorded.

Asteroid Moon shadow

Parent asteroid shadow

Figure 6.3. Geometry of an asteroid moon shadow. The large shadow is that of the parent asteroid crossing the Earth.
The smaller asteroid moon’s shadow moves across Earth along with that of the parent asteroid. Asteroidal moon
occultations would be of short duration-less than one second. Diagram not to scale. Earth image taken from Snap! 3D
atlas, used with permission, courtesy of Topics Entertainment.
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Only a small group of satellites have been identified to date. The satellites found up to 2006
appear to lie in orbits within 1,000 miles (1600km) of the parent; some are associated with
tiny asteroids and located at relatively close distances from them, essentially binary asteroids.
The theory of celestial mechanics has demonstrated that an asteroid satellite can maintain a
stable orbit around the parent asteroid up to a distance of 10 times the size of the parent. Thus
an observer lying anywhere within 10 diameters of the predicted ground path should be
watching for possible satellite occultations. If an asteroid occultation is predicted to occur
within 1600km, IOTA’s recommendation is to monitor the occultation preferably using a
video camera whose sensitivity will enable detection and recording of the occultation. Direct
visual observation can be used but this does not offer a permanent record of the event. Visual
observations are subject to reaction time errors plus memory recollecting problems. Having a
permanent video and corresponding timing record that can be replayed for an audience and for
proper analysis is the best methodology. The observing window for an asteroid occultation
should be a minimum of 4 minutes centered on the predicted time of the event for the
observer’s location (i.e. 2 minutes on either side of the predicted event time).

6.3 Equipment Needed

6.3.1 Visual Observation and Timing

The following is a minimum set of equipment that IOTA recommends. Other combinations of
equipment are permitted provided they exceed the minimum. Telescope aperture is based on
the magnitude of the target star and the assumption that the observer will encounter a dark sky
background at the site. Higher elevation sites are more likely to offer darker conditions but
could offer more turbulence, such as those found near mountain chains.

a. Telescope aperture as related to the magnitude of the target star:

Target Star Magnitude  Minimum equipment

+5 or brighter 7x50 binoculars firmly mounted on a tripod or other mount.
+5 to +8 4 inch telescope on motor driven mount
+8 and fainter 8 inch telescope on motor driven mount

b. Time signal receiver with new batteries (portable)
c. Tape recorder with new batteries (portable)
d. Quartz watch (digital suggested)

¢. Red flashlight
f. Star charts or software program able to lot stars down to at least m = +12

6.3.2 Video Observation and Timing

Video and image intensifier equipment is explained in more detail in Chapter 8 Section 10. A
sensitive video camera will gain you at least one or two magnitudes, while use of an image
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intensifier may provide an additional 2 to 4 magnitudes.
6.4 Methodology

Stars undergoing occultations typically exhibit magnitudes between +9 and +12.5.
Occultations of naked eye stars rarely occur. It is rare for an occultation to cross an
observatory with a fixed telescope, statistically it will happen once maybe twice per year,
therefore mobility is the key for success. Having access to an automobile, personal computer
(PC), the Internet, a telescope, short wave receiver, GPS receiver etc. are normally necessary.
In addition the observer should possess at least a working knowledge of telescopes, effects of
the local temperature, humidity, clouds, air pollution on a telescope at night, how to navigate
around the sky, good planning and contingency expectation skills, accurate data recording and
reporting and communications with others.

6.4.1 Analyzing the Event Before You Try It

Examine the predictions from the IOTA site: http://www.asteroidoccultation.com on a regular
basis and plan ahead for an event. Never wait until the last minute.
A map of a sample prediction is shown below:

326 Tamara occults TYC 6111-00088-1 on 2005 Jun 12 at 5h
Star (2000):

Max Duration = lE.3 secs
My = 11.8 Mag Drop = 1.3
i = 1& E3 EE.eg30 Sun Distc = 117 deyg
Dec = -1L 32 17.00 Moorn: Dist = 53 dag
illum = Z4%
Plot for Long -100.0 Lat 200 Tnecertainties: Major = 038", Minor = _0Z7", PAL

Uncertainty

[ L

Figure 6.4. Map of the asteroid occultation by the asteroid 326 Tamara from Occult software. The solid lines 93 km
wide from Oklahoma through Texas into Mexico is the predicted path of the asteroid’s shadow. The dashed lines
parallel to the path just outside of the solid lines indicate the 1-sigma error margin, this is where the shadow could shift.
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Figure 6.4, a prediction from David Herald’s Occult program, shows a view of the Earth as
seen from the asteroid at the time of occultation. For a detailed explanation of the terms and
meanings of the map quantities and symbols, see Chapter 4 Section 4.2.3, Asteroid Event
Predictions.

Study the information carefully and review the following before making a decision to either
observe it or travel to observe an asteroid event:

a. altitude of the Sun to avoid twilight. If the event doesn’t pass this test, stop.

b. expected magnitude drop (Mag Drop on heading of chart) to assure you can detect it
with the equipment you have

c. elevation and azimuth of star to assure you can see it

d. distance of the target star from the Moon, and the phase of the Moon

e. magnitude of the star to assure that your equipment can detect it

f. date and time of event to be sure you can support it

g. distance from your location to be sure you can reach it

h. check the prediction site all the way up to the day before the event for updates

1. expected error in major axis of the prediction to assure that you understand the
likelihood of seeing or missing the event (See Section 6.6.2)

6.4.2 What to Expect When You Make the Observation

Note: You do not need to be able to see the asteroid to make the observation, you only need
to see the target star! If you are able to see the asteroid, that’s fine, you can watch it as it
approaches the target star. An asteroid looks just like a star. Regardless of the magnification
you attempt to use, it will still appear just like a point of light. If your telescope is large
enough you may be able to see the asteroid approaching the star slowly until perhaps 15
minutes before the event when its light merges with the light of the target star. It is desirable
to keep at least two other reference stars in the field of view in order to detect variations in the
target star that result from Earth’s atmospheric seeing. A focal reducer lens (see Figure 6.7
below) is very useful in this case.

The telescope should have motorized tracking so you can concentrate completely on the
observation without worrying about having to manually track the star. The aperture of the
telescope should be covered with a dew shield to prevent stray light (such as passing car
headlights) from entering or dew from forming. Finding the target star can take quite a bit of
time. In the case of a GO TO telescope, it should not be used except when skies are known to
be free of clouds, as these telescopes require specific alignment stars usually located across a
wide area of the sky.

Use adequate charts to find the target star. A useful set of charts is Wil Tirion’s Sky Atlas
2000.0 or Pocket Sky Atlas both published by Sky Publishing Corp. These charts are available
at discounts from used book suppliers on the Internet. Although the limiting magnitude of the
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Figure 6.5. Edwin Goffin’s condensed prediction of the 326 Tamara event for June 12, 2005. The bottom detailed chart
(3 x 5 degrees) represents the portion of the larger field of view in the chart at the left center of the page bordered by the
dashed line box. See Figure 6.6 for this 3 x 5 degree field drawn in on Sky Atlas 2000.0.
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Sky Atlas 2000.0 charts is m = +8.5, the large fold out page format allows you to find the
target star area by identifying bright stars nearby. The Pocket Sky Atlas has a limiting
magnitude of m = +7.6 and its adjacent pages cover typically 40° x 55° of the sky. This makes
it easy to navigate to the 3° x 5° field needed to find the target star. Then, most any
planetarium program can print a detailed chart to say 11" or 12" magnitude to help you
identify the target star. Figure 6.5 shows the Goffin prediction (from Edwin Goffin’s website
in Belgium) and the associated 3° x 5° finder chart.

The prediction web site (http://www.asteroidoccultation.com) usually has five levels of charts.
The fainter the star, the more time it generally takes to locate it with certainty. Always allow a
two hour set up time before the time of occultation. It is crucial to allow plenty of time to
setup and find the target star. Many occultation observations have been lost due to observers
saying, “I couldn’t find the target star in time...” Don’t fall victim to this, always allow at
least one hour after equipment setup to find the target star.

For the 326 Tamara event from Figure 6.4 and Figure 6.5, a section of Wil Tirion’s Sky Atlas
2000.0 is shown below as Figure 6.6. By drawing the 3° x 5° box on the chart near right
ascension = 13h and declination = -16°, this makes it easier to navigate to locate the target star
field by star hopping.
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Figure 6.6. Portion of Chart 14 of Wil Tirion’s Sky Atlas 2000.0 showing the region for the 326 Tamara occultation.

Drawing a 3° x 5° box as shown on this large full page chart greatly aids in finding the target star area fast. Sky Atlas
2000.0 © Sky Publishing Corp.

During the observing window (the time period + 3 minutes from central occultation time),
expect to see one disappearance (D) and one reappearance (R) as the star is occulted and then
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returns back to its normal brightness. Depending on your method of timing you should also
watch for a secondary occultation caused by a satellite. If this were to occur it would likely be
a short blink. Thus using a video recording setup is far superior to the human eye in detecting
and recording the event accurately without the reaction time. If you clearly have seen the
occultation, continue observing until the end of the observing window.

The D and R usually are instantaneous. Sometimes either event could occur in step-wise
fashion lasting a fraction of a second. If the observer is close to the edge of the actual
occultation path, a ‘grazing occultation’ might be seen where an episode of short duration
light variation occurs within the time span of one or two seconds. Step-wise dimmings may
also be caused by Fresnel diffraction effects.

The observer must anticipate many things:

- altitude and azimuth of the star at occultation time must be in the clear (no trees or
structures blocking the view)

- checking out all equipment before leaving home for the site

- all equipment should be battery powered and batteries should be fully charged

- assure clear reception of time signals

- carry a cell phone or other reliable means of communication

- assure an accurate ability to determine the site location through GPS or geodetic maps
and be able to relocate the site after the fact if necessary

- the observation site must be safely located above all other factors

- the site should be located on a flat, quiet, dark location away from transmission lines
and power lines since these cause short wave reception problems

- bring backups of all key equipment components in case of failure

- effect of low temperatures on equipment and the observer

- anticipate location of the Moon and twilight relative to the event

- practice finding the target star in the days before the event if at all possible

- carry the proper star charts and be able to positively identify the target star by
approaching it through identification with other stars in the vicinity. Often similar
asterisms can confuse the proper identification for inexperienced observers.

- Be aware that seeing can effect the detection and recording of the target star as well as
confirmation that an occultation has even taken place

- Shallow magnitude drops are possible and should be anticipated

- Step events may be observed signifying possible duplicity in the target star

- It is never necessary to see the asteroid but depending on the telescope, the observer
may monitor the approach until the two images merge

- Protect telescope from condensation, animals, poor mounting surfaces such as soft gravel

-If setting up telescope on hood of a car, check tires to make sure they don’t have slow
leaks as this could shift the telescope while waiting for the occultation

- Being careful never to set up on private property without the owner’s permission

- Never leave the observation site until the precise location has been recorded

- Make a commitment to the organizer to take a certain observation line and stick with it
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The observation should commence from at least two minutes before the time of predicted
occultation at the latitude/longitude of the site and extend the same amount of time after. The
observer must not be distracted and must be able to monitor and record data continuously
during this critical period. Portable video systems are currently the most expedient and
reliable method of data recording.

Abandoning an assigned site on a whim is not recommended since it will leave a valued
portion of the ground track vacant and could result in a duplicate observation elsewhere.
However, there may be a rarely unanticipated situation where moving to another unplanned
and off assigned location at the last moment may be required such as the onset of fog or
clouds. For the occultation of 54 Alexandra in central Texas On May 17, 2005, Richard
Nugent had to relocate from his assigned station by 12 km to find some trees to block the 30
mph sustained winds. 54 Alexandra’s profile is shown in Figure 6.14.

If a star field is low in elevation, expect that even the presence of thin high scattered clouds
could wipe out the event. Poor seeing at low elevations coupled with the fact that one is
looking through a denser atmosphere than in a field at high elevation may also be detrimental.

Clouds can often scare away even experienced observers. However, weather can be quite
changeable and more often than not, clouds have broken or dissipated at unpredicted times.
An apparently hopeless sky condition at 6PM may turn into a great observing night at 10PM.
Of course the reverse can also occur too. Don’t give up too soon. Using internet resources to
watch the infrared images from weather satellites can be a help in establishing weather
patterns. One well known website, www.weather.com, offers hourly cloud forecasts.
Eventually it comes down to one observer making the final decision to attempt the event.

6.4.3 Example Timeline

The following is detailed information that you can use to train yourself and others in
organizing for an asteroid occultation. The letter “O” signifies “Occultation”.

O-7 days to O-1 day: Locating the target star ahead of time is invaluable and can save the day.
PRACTICE! If you are training others, finding the star before occultation night will be an
investment in success. There are many times when clouds are near the star on occultation
night and locating may consume lots of time. If you have already spotted it on preceding
nights, you may short cut the process considerably compared to another observer who is
totally unfamiliar with the star field. The star might also be situated in an area of the sky
devoid of other reference stars or it could be in a very rich area with confusing star patterns.
Other factors such as proximity to the moon or twilight makes early detection very important.

O-1 day: Determine where you plan to observe. If observing from your house, notify the local
coordinator so we will know that that part of the occultation path is covered. Send either GPS
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coordinates or an address. If you plan to be mobile, notify the coordinator so you can be
assigned a site area.

O-2 hours: you should be set up at your chosen site by this time. Polar align your mount and
be sure your clock drive is working. If using a Schmidt-Cassegrain watch out for dew
formation and use a ‘dew zapper’ or portable hair dryer to lessen this possibility. Be sure you
have the following: at least 2 eyepieces (wide field), bug spray, right angle finder, red
flashlight, binoculars, copies of the star chart, tape recorder with fresh batteries and tape
rewound to the beginning, short wave radio source of time signals. This latter item is the key
to precision timing.

0-30 minutes: find the target star and observe from a comfortable position either sitting or
standing that will not cramp your neck. Be sure your hands are free as possible.

0-20 minutes: For a visual timing: test your voice and the radio and recorder to be sure the
time signals and your voice evenly record. Play it back to verify. If one is drowned out,
reposition and repeat the test until you get it right. Be prepared to comment on passage of
clouds, distractions, seeing changes, stability of the target star, etc. during your 10 minute
observation window. Be quick about it and be aware to quickly call out when the star
disappears and reappears. Use either "D" and "R" or "out" and "back" to mark those events.
Call out your reaction time if you can estimate it after you have seen the occultation. For
example, if you think you were late in timing the D, try to estimate the delay by counting to
yourself “one thousand one” which should take about one second. There is always a “personal
equation” of error by a visual observer which must be accounted for immediately before you
forget. If you are using video, start recording 4-5 minutes before central occultation time.

O-2 minutes: Begin continuous observing. Start radio and recorder. If the radio fades in and
out, another person at your site could assist in helping get the signals back. While it is best to
keep both hands free, if using a tape recorder hold it in one hand close to your mouth and use
the other hand to adjust the telescope focus. The focus must always be kept sharp!

O+2 minutes: End the observation. Turn off radio and recorder.

6.5 Techniques

Several proven techniques are recommended to be suitable for data recording and collection.
The best methods for producing the most accurate data are those which minimize the resultant
timing error of the event. A comprehensive discussion on timing methods for asteroid
occultations may be found in Chapter 8, Timing Strategies for Occultations.

6.5.1 Visual

This is the least costly from a hardware perspective but offers the most chance of error. It
involves the observer looking through a telescope and watching as the target star undergoes
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the occultation. The observer must watch the star constantly without interruption and will use
his/her voice to record onto a portable cassette tape or voice recorder along with short wave
radio time signals. Beware of staring continuously at the target star as your eyes can play
tricks on you as the star can fade and change colors. Keep your eyes moving every 15 seconds
or so to avoid blank stares. Without a time signal source, the data may or may not be useful. In
a general sense, timing the length of occultation without knowing the precise UT of the D and
R offer some data. Observers located north or south of your position may have obtained
accurate time references of their data and so, even just the length of your occultation can be
used to interpolate between adjacent stations.

All visual observers have reaction times, which must be accounted for. This can best be done
by estimation realizing that more experienced observers may develop quicker reaction times
after having seen a couple of occultations and a typical error in a novice observer might be a
full second or even longer, or perhaps less depending on his/her acuity. An experienced
observer’s reaction time is usually 0.3 seconds. Testing reaction time indoors may be done by
using a projected or video taped star field where the observer handles a stopwatch and tape
recorder along with time signals. Methods of estimating reaction time are found in Chapter 8,
Section 8.2, Estimating Personal Equation and Chapter 4, Section 4.5.1.

A tendency to blink or turn away from the eyepiece perhaps due to fatigue, insects or other
factors is common, hence one should verbally annotate into the tape recorder when the
observation is interrupted.

It is most important for the observer to minimize the distractions. Having the telescope well
aligned and tracking means the observer can concentrate fully on looking into the eyepiece.
Be careful in a humid environment to watch for dew formation. Avoid the gap between the
eye and the eyepiece, which could trap air in the small space and encourage condensation.
Having a battery powered hair dryer handy is a good tactic.

Use several eyepieces, right-angle finder and a right angle eyepiece for the main telescope. A
visual observer who is more comfortable at the eyepiece will likely obtain better data.

6.5.2 Video

Video is by far the best method to date for eliminating the human reaction factor in capturing
time sensitive data and using inexpensive off the shelf equipment. A video camera is currently
the best method of occultation recording. (See Appendix D, Equipment Suppliers). Such
cameras will eventually develop ‘dead pixels’ which will exhibit star like characteristics in the
same portion of the field. Stars can be distinguished from dead pixels as they move through
the field while the dead pixels do not move. The cameras are lightweight and usually require
no counterweights even on telescopes as small as 4 inches (10cm) in diameter. The most
common cameras used by IOTA observers are the Supercircuits PC-164C and PC-180XS low
light cameras (0.0003 lux), and the Watec 902H and 902H Ultimate cameras (0.00015 lux).
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For stars brighter than +7, it is even possible to use a small portable tracking mount or tripod
with camera attached to a telephoto lens and set up a remote station at a additional location
(See Chapter 10, Unattended Video Stations), then go to your primary, fully equipped site,
returning later to pick up the remote station gear and data tape. A camcorder with a night
vision setting may also be used for the same purpose. Test your camcorder system a few days
before the event to be certain it can record the target star.

If available, use a focal length that results in at least two or three reference stars visible in the
same field. A focal reducer lens such as an /3.3 or /6.3 provided by Meade or Celestron
expands the field of view noticeably. This can make locating the star (and keeping it in the
field if polar alignment is not optimized) much easier. The use of a focal reducer increases the
ability of your video system to detect fainter stars. This principle is demonstrated in Figure
6.7. Here the left frame shows a video chip FOV with no focal reducer and the star’s light is
spread over a 3x3 or a 4x4 pixel array. This limits the amount of light striking each pixel. On
the right frame a focal reducer is used and now the star’s light is only spread over a 2x2 pixel
array. The same amount of starlight hits the whole chip and thus each pixel in the 2x2 array
receives more light and appears brighter. This increases the faintest magnitude limit.
Experience has shown that using an /3.3 focal reducer on a Schmidt-Cassegrain compared to
its /10 factory ratio increases the sensitivity by at least one magnitude on video.

6.5.3 Locating the Target Star Using Video
To locate the target star in the video field follow this procedure:

1. Locate the target star visually in the center of the eyepiece field using star charts
such as Sky Atlas 2000.0, Pocket Sky Atlas and detailed planetarium program custom
charts. Make sure the telescope is tracking the star. See Figures 6.5 and 6.6.

2. Carefully remove the eyepiece/star diagonal assembly.

3. Install focal reducer/video camera/adapters, attach all cables and turn video
monitor/camcorder on. Be sure during this process that the removal/installation of
hardware does not cause the mount/telescope to move.

4. Focus the field of view using the monitor by turning the focus knob. It is useful to
already know how many turns of the focus knob it takes clockwise or counter-
clockwise to achieve focus for the star and your particular setup. Have this written
down somewhere for rapid focus. For example, if it takes 3% turns clockwise of the
focus knob to reach focus from visual to video, write this down on a piece of paper
and tape it to the telescope so you can see it. See Figure 6.7b.

5. Since you are very close to or at the target star, use the detailed star charts to center
the target star in the video field.
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6. Understand the field of view of your video camera and have this field marked on
your detailed star charts. This makes it easier to determine where your field of view
is. Also keep in mind the inverted and/or mirrored FOV with your particular
telescope system.

7. Once you have acquired the target star in the field, with say 30 minutes to spare
before the occultation, you may want to turn off your camcorder and the power to
the camera. This will conserve battery power. You should recheck the position of the
target star at least every five minutes to make sure it’s in the field of view of the
camcorder, making small adjustments to as needed. This will also help you see the
direction and amount of drift that your telescope has, if any. If the tracking is
drifting in a preferential direction you should ‘lead’ the field and position the star so
that it will drift into the center after some period of time knowing the drift rate as
you are able to watch it. To prevent large drifts with time, look through the finder to
remember key reference stars, so that when you manually adjust the telescope for
drift, you can minimize the time and number of such operations.
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Figure 6.7. Effect of a focal reducer on the pixel brightness on a video camera chip. The left CCD frame
shows a smaller field of view and hence the starlight is spread over many pixels (lower frame). The right
CCD frame used a focal reducer creating a larger FOV allowing starlight to fall on fewer pixels resulting in
brighter star images.
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Figure 6.7b. Reminder note on telescope base to achieve rapid focus

The camera must be battery or DC powered and the telescope mount driven from a car or
other portable battery. If the camera does not have built in audio you must arrange for the time
signal receiver to transmit either directly into the camcorder (if you are using one as a
substitute VCR) or generate audio signals that can be monitored and recorded by a lapel
microphone attached to the AUDIO IN plug of the camcorder. You should also run a test to
ensure both video and audio record at proper levels.

Batteries used for camcorders and video cameras can generally operate for one or more hours
with on/off usage during one or even more occultation sessions without fear of running down.
Always keep spare batteries just in case.

6.5.4 Remote Video at Unattended Video Site(s)

This method utilizes the video or image intensified video technique with the sole exception
that a single observer prepares and sets up two (or more) stations with full sets of equipment
which may or may not be identical. One station will be unattended during the occultation. The
idea here is to maximize the opportunity for acquiring chords at well spaced distances
especially when there is significant uncertainty in the prediction accuracy. Stations can be set
up where the distance between them is to be determined by the path error and also the distance
to which you can conveniently travel. For example, if the path error is +/-1 full path width,
one might consider a site just outside the predicted south predicted limit and one just outside
the north predicted limit. This assumes no other observers are in attendance. See Figure 6.8.
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Figure 6.8. Location of Unattended video station at North path limit and attended station at South limit.

The strategy also requires that the observer have enough time to set up one set of equipment at
a safe dark site where it can later be retrieved hours later without risk. This site will run by
itself, record data and must have enough battery power to operate past the time of the
occultation for all system components. The observer needs to drive to the second location and
have enough time to get the equipment set up there before the event occurs.

If the star is bright enough, the camera system might be set up on just a tripod eliminating the
need for a tracking mount with a telephoto (e.g. 135mm) lens preset so that the star will
actually drift into the field of view at just the right time. The lens used should depend on sky
darkness and clarity. Fainter stars can also be recorded this way with telephoto lenses pointed
at the target area ready for the time of the event. This remote video station method is routinely
used by IOTA astronomers Roger Venable and David Dunham. Setting up such a site is not
without its risks especially when there is high humidity. A site left alone without dew removal
capability will likely fail. Always check the prediction of ambient temperature and dew point.
If there is a 3 degree or less spread between them prior to or during occultation time, you can
expect dew to form.

If the observer has a companion that wants to participate at a remote site, then appropriate
instructions should be provided to ensure that the companion verifies that all equipment at the
site are operating correctly through the time of the observing window. Cell phones can prove
extremely valuable in this scenario. The most common problems might be with short wave
time signal reception, dewing of optics, battery levels or tracking. For contingencies, there
should always be extra batteries and a method to remove dew. One desperate method for dew
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removal for Schmidt-Cassegrain telescopes at a mobile site is to divert the hot air from the
dashboard of an automobile heater turned on full blast through a narrow, but long flexible
ductwork from a clothes dryer. The flexible ductwork can be attached to the dashboard with
duct tape. For a more detailed account of remote video stations see Chapter 10, Unattended
Video Stations.

6.5.5 Image Intensified Video

An electronic image intensifier is a device that amplifies the input light from the telescope
before reaching the video camera. It is attached to the prime focus of the telescope with the
video camera mounted directly behind it. If a focal reducer lens is employed, that lens is
attached first, followed by the intensifier and then the video camera. At least one intensifier
(Collins I’) has an accessory eyepiece allowing focus to be achieved before placing the video
camera in the optical path. Though this intensifier can operate for a hundred hours from a 3V
lithium battery, the observer should keep a spare battery handy and turn off the intensifier
when not in use. See Figure 6.9.

P

Focal Reducer
Collins Intensifier C-Mount
Adapter

Figure 6.9. PC-164C camera attached to Collins I’ Image intensifier. The Collins I’ piece is attached to a 3.3 focal
reducer at the back of the telescope. The Collins I’ is powered by a 3V lithium battery with its holder attached to the
bottom of the Collins tube.

The intensifier may be damaged by prolonged exposure to bright sources. Depending on the
aperture of the telescope, a ‘bright’ star might be m = +6. If the target is a bright object, there
is no need for an intensifier. One must take care when using an intensifier close to twilight.
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Sky background can also impact the resultant image and potentially damage the intensifier
tube itself. A burn spot may appear which will not change position when the field is changed.
This signifies that damage has occurred. Adding an intensifier to the optics may shrink the
field even further; hence accurate polar alignment and being certain that you have the target in
the field become even more critical. If a burn spot is present, be sure not to allow the target to
drift over the spot.

Adding the intensifier increases the moment arm of the telescope but probably will not require
counter weighting. Smaller telescopes such as the 4" Meade 2045D (Figures 6.9, 8.6) may
have a tripod mount that is too short to accommodate this moment arm. However, even on a
larger scope one must exercise care that the extended optics will not bump the telescope
mount as it is moved either during the initial location of the target star or during the tracking
process for the occultation. The additional weight of an intensifier may require additional
support to maintain the telescope balance for proper tracking.

Always choose a telescope whose mounting does not require re-pointing as the target crosses
the meridian. A fork mount is generally the favored design. If a target star is located 85
degrees above the east after you have first located it and it is predicted to be occulted when 85
degrees above the west, for example, one must ensure that the telescope will track without
repositioning during that time. Scopes on German equatorial mounts will bump up against the
mount and force a repositioning. With the amount of time needed to manually find high
altitude events, this is an important issue to consider.

6.5.6 CCD Camera Drift Scan

The CCD drift scan technique is a method of using CCD cameras for occultation recording.
Since CCD cameras do not have the 30 frames/sec exposure rate that video systems have, an
alternate method to record asteroid occultations is the drift scan method which is described in
detail in Chapter 8 Section 8.9. In this method the motor drive of the telescope is turned off
while the CCD camera is making a time exposure. The field of view is allowed to trail across
the CCD chip. As the occultation occurs, a dimming in the target star is apparent (see Figure
6.10 below) and the exposure is stopped a few minutes later. The UT start and end times of
the exposure must be known, and the times of the event are measured graphically as can be
seen from Figure 6.10. A numerical example of the CCD drift scan technique is presented in
Chapter 8, Section 8.9.2.

6.5.7 Photography

The occultation may be photographed with a time exposure, though this technique is not
recommended for accurate timing data. The resultant gap in the trail of an unguided time
exposure will reveal the occultation if the magnitude drop is steep enough. If the start and end
time of the exposure are accurately timed, one may use a print of the trailed image to
interpolate the D and R times. Unlike the CCD drift scan method described above, the
precision will perhaps be accurate to at best one second depending on the duration of exposure
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and focal length used. This method is discouraged except as a medium for the simple
recording of the event.

END = 07h 51m 305 TABLE MOUNTAIN OBSERVATORY
' JPL/NASA
350 ORNAMENTA
(STAR = 111-01007-1)

OCCULTATION

November 14, 2002
(2-minute trailed exposure)
24-inch Telescope at £/16

CCD Image by James W. Young gl Al

Figure 6.10. CCD drift scan (negative image) of the 350 Ornamenta occultation on November 14, 2002. Image courtesy
James W. Young.

6.6 Predictions

Predicting asteroid occultations is a challenging task and it is these forecasts that must be
relied on in order to successfully execute an observation. A detailed account of the asteroid
occultation prediction parameters is presented in Chapter 4, Section 4.2.3.

6.6.1 Overview of the Prediction Process

To observe an asteroid occultation you must be located in the right place at the right time.
When an asteroid occults a star for an observer on the Earth, it cuts off the light from the star
and thus casts a “shadow” on the Earth (Figure 6.1 & Figure. 6.3). As the asteroid moves
across the sky, the asteroid’s shadow moves across the Earth — this is the asteroid occultation
“shadow path” or the “path of the occultation™. It is a phenomena identical to a total solar
eclipse, except the asteroid’s shadow is much smaller than that of the Moon on the Earth’s
surface. Computing the path for an asteroid occultation is a challenging task because very
small errors in the position of either the asteroid or the star can translate to a significant shift
in the path of the occultation. Although we have seen many improvements in the accuracy of
asteroid and star astrometry in recent years, we still have significant uncertainty in our
prediction of the path of asteroid occultations. Because of this uncertainty, we refer to our
asteroid occultation path information as a “prediction” or “predicted path”. If we observe an
event and thereby determine the actual location of the asteroid’s shadow, we then know the
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“actual path”. For the vast majority of events, the difference between the actual path and the
predicted path is likely to be more than a quarter of the path’s width.

IOTA employs a two step process to improve the accuracy of path predictions: search and
update. The first step is to perform a search for possibly interesting asteroid occultation
events. In the spring of each year, Edwin Goffin (IOTA European Section in Belgium) utilizes
his database of asteroid orbits and star catalogs to search for asteroid occultations that would
occur in the following calendar year. He then reviews these asteroid occultation events, both
computationally and manually, to reject events where the asteroid is too small, the duration of
the event is too short, and other criteria of the occultation. He then publishes path predictions
for worldwide asteroid occultation events for the following year which typically include over
a thousand events. This list of events (also known as Goffin’s events) is the starting point for
IOTA’s efforts. In addition to Goffin’s events, other IOTA members perform searches finding
additional events during the year. IOTA will add some of these events to the list of events for
observers. See Appendix K for Goffin’s FTP website for downloading asteroid events.

Because Goffin computes his predictions in the spring, many events will occur more than a
year after he publishes his predictions. To improve the accuracy of the path predictions for
observers, IOTA computes updated path predictions closer to the time of the event. These
updated path predictions, also called “updates”, are typically more accurate that the initial path
predictions because they can include recent astrometry of the asteroid and sometimes recent
data on the star. Updated accurate positions of the asteroids comes from the US Naval
Observatory (USNO) in Flagstaff, Arizona and the Table Mountain Observatory (TMO)
operated by the Jet Propulsion Laboratory, Pasadena, California.

Since the uncertainty in initial path predictions is often much more than the width of the path,
these updates are crucial to our goal of gathering as many successful observations as possible.
Until recently IOTA only computed updates for the most promising events. Recently, IOTA
has computed updates for a larger percentage of worldwide events. Based upon the latest
astrometry, updates are computed and posted approximately one month prior to an event. Also
note updates are sometimes produced for new events that are not listed on the event
summaries posted at the main IOTA website. “New” events are sometimes discovered
relatively near the time of the event and these events are not always added to the summary
lists. In the case of an important new event, it is usually posted on the IOTA E-group
listserver.

6.6.2 Using the Updates

Predicted path and uncertainties are the key elements of the update because these are the only
elements of the path prediction that change from Goffin’s initial computation. The location of
the star and other circumstances of the event essentially remain unchanged from the initial
prediction. Updates provide path information in two forms: maps and latitude/longitude
coordinates. Updates provide a global map of the path and one or more maps showing a more
enlarged view of the path. The maps provide a general idea of the location of the predicted
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path, a general idea of the time of the event at a particular location along the path, and some
indication of the uncertainty in the predicted path. This same information is provided in more
detail via a text based web page, which includes lat/long coordinates of the shadow path
center, limits and 1 sigma limits. The maps provide a good general view but the text based
documentation provides more accuracy.

IOTA astronomers use the program Occult to produce the basic path plots. The maps (See
Figure 6.4) have a text legend at the top that provide the key circumstances of the event. The
event time in the first line of the plot legend is the time for the mid-point of the event and is
almost certainly NOT the time of the event at your location. The time at the top of the plot is
UT followed by a time interval to show the length of time that the asteroid’s shadow path is
on the Earth. The actual plot of the path on the Earth’s surface depicts the path from the
perspective as viewed from the asteroid. When plotting a picture of the Earth’s, Occult shows
the sunlit areas with vertical lines, twilight areas with dashed lines, The predicted occultation
path is shown with parallel lines. The path lines primarily identify the width of the path. One
minute tick markers are plotted along the path lines with labels for each 5 minute marker.

Occult also plots a finder chart for the star. The field of this chart is two degrees square,
centered on the occulted star. Tick marks assist identification in crowded fields and a dashed
line shows the motion of the asteroid as it approaches the star. Updates usually include an
uncertainty ellipse on each plot and this ellipse is described more completely below. See
Chapter 4, Section 4.2.3 for detailed description of asteroid occultation Occult map
parameters. The asteroid occultation website http://www.asteroidoccultation.com is
maintained and updated by IOTA astronomer Steve Preston as new data about asteroid
positions is available.

When planning to observe an event observers should determine the time of the event from the
text document for the event. The timeline marked on the path plot maps can used for a general
idea of the time at a location. To determine the time of an event for a specific location follow
these steps:

1. On a path map, find a point along the predicted path that corresponds to your planned
observing location. A line drawn from this corresponding point on the path to your location
should be perpendicular to the direction of the path. Note the approximate latitude and
longitude (or event time) of this point along the center of the path. See Figure 6.11 below.

2. On the prediction website for each event, click on “Detailed Info”. This displays a text
document providing a listing of the latitude and longitude coordinates for the path center and
occultation whether over land or water.

3. Locate in the latitude/longitude table where the latitude/longitude of the center of the path is
nearest to the corresponding point for your planned observing location. Note that the
latitude/longitude table gives the time (UT) of the center of the event for each location along
the path (each line in the table). Now determine the approximate time for your location from
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Figure 6.11. Determining your observing position from prediction updates. The pointed arrow corresponds to an event
time near 4h 14m 30sec UT in central Texas. Prediction from Occult software asteroid module.

the path locations near your corresponding point. Note that this table also gives the star’s
altitude and other circumstances of the event. Be sure to apply the time correction from UT;
e.g. in the USA, for Central Standard Time, subtract 6 hours, 5 hours for Central Daylight
Time. It is easy to make a mistake and mark down the wrong day/time if you are not careful.

For some updates, also included is measure of the path certainty called Rank. The event Rank
is a measure of the likelthood of observing an event. Currently, the Rank equals the
probability of at least one successful observation by a team of two observers where the two
observers are positioned 3/4-path width apart perpendicular to the center of the path along the
asteroid’s motion. This probability is a function of the size of the asteroid in the sky (in arc
seconds), the uncertainty in the position of the asteroid, and the uncertainty in the position of
the star. Note that due to rounding, the event Rank can be 100%, but in reality there is always
a chance of no success.

6.7 Organizing Expeditions

Coordinating observers for maximum coverage depends on the number and location of
available observers. Deployment of mobile observers is important to complement fixed sites
from which observers are unable to move their equipment. Since video records are more
accurate than visual, ideally it is desirable to place video stations at equally spaced intervals
alternating with visual observers.

131



The average occultation is observed by one to three observers, therefore it is not always
possible to cover the path effectively. Spectacular asteroid events can bring in dozens of
observers.

Single Observer

One person has the most flexibility in covering an occultation. If the observer can reach the
occultation path, set up as close to the predicted center as possible. If the occultation is quite
far from the observer the odds of seeing the occultation will be poor, yet detection of an
asteroid satellite might be possible. The observer may then set up in any convenient location
and make the effort. In that case one might expect the best (a brief occultation) but prepare for
the worst (not seeing any change in the brightness of the target star).

Two to Five Observers

Depending on the number of observers, an ideal group strategy is to blanket the predicted path
to plus or minus the predicted error with alternating video and visual observing stations. If
only two to five observers join the effort, it is mandatory to coordinate observers to avoid
duplication of data and to position them equally along a perpendicular to the ground track
covering the center outward in both directions. If the path width is e.g. 150km, observers
might be set up at the center and 50km in each direction (3 observers).

Fifteen or More Observers

With a larger observer base, a 150km path width can be approached in a number of ways. Ten
observers can be placed at 15km intervals across the track with remaining observers
positioned as outliers at 15km intervals to account for errors.

The biggest problem in such observations is the onset of weather. To account for this IOTA
has developed one strategy that consists of cutting the path into parallel lines along the track.
The number of lines is proportional to the number of observers. Each observer is assigned a
fixed line and only that line. For urban observers, it is helpful to lay out the lines on a map and
then poll candidate observers in advance to establish the latitude/longitude of each observer’s
home or preferred observing location. A composite map of observer locations can then be
built. Each time a new occultation expedition is mounted and new sets of lines are drawn, the
observer inventory can then be assessed on the computer map and mobile observers used to
fill in the gaps.

Employing a GPS receiver with the coordinates of the predicted center, a given observer e.g.
is assigned a line 20km north of center. Two pairs of coordinates for the centerline are entered
into the observer’s GPS unit. The first set is perhaps 1 degree west of the planned set up point,
and the second set 1 degree east along path and in the opposite direction. These two points
define a line parallel to the occultation path 20 km north of center allowing the observer to be
independently mobile and set up anywhere without further coordination. The observer can
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travel virtually anywhere along this 20km “off course” line simply by monitoring the GPS
display and maintaining this 20km off course distance from the center of the path and pick an
observing site. Many times the observer will encounter the unexpected: weather, lights, bad
roads, other people, trees and other obstructions in the direction of the occultation. By using
this method, the observer can travel across a broad geographic span and relocate as necessary
without altering the overall plan. If GPS receivers are not available, the organizer must
provide maps with the same flexibility and resolution in determining site locations. The use of
GPS receivers for this “off course” type of navigation is illustrated in Chapter 7, Figure 7.4.

Having one or more observers at the same site is a waste of resources and should never occur
especially if both observers are capable of independently observing and recording the event.
This is extremely important. Often social interactions (such as a star party) may dictate that a
group observe together, and IOTA stresses that safety is the number one consideration. The
only time when we do recommend that two or more observers monitor the star at the same
place is when there are novice observers who have never seen an asteroid occultation and are
reluctant to undertake independent observation. In this case using the event as a training effort
can be quite important for future occultation efforts.

6.7.1 The Organizer/Coordinator

There should always be a single organizer or coordinator who assigns sites and distributes
observers based on:

ability to travel,

size of telescope,

whether they have a recording capability such as video, photometry, etc.,

overall need for coverage,

all mandatory equipment including time signal reference,

safety considerations including having to avoid hazardous areas such as waste dumps, high
crime areas, recently flooded areas, etc.

The organizer should be good at delegating responsibility especially if the observer corps
grows to unmanageable levels. Providing educational talks to prospective clubs or groups
where one or more observers might be recruited is important especially in the case of high
priority asteroid occultations (e.g. a naked eye star being occulted close to a major
metropolitan area).

The organizer should also be sensitive to the interests (or lack of) in prospective telescope
owners. Often e.g. a planetary observer may be interested only in that discipline and no
amount of persuasion may get that person to participate in an asteroid occultation. It is
important to attend to new observers and maintain the level of interest of others who may have
sporadically participated in the past. One challenge can be to try to get armchair observers out
of the house and into the field.
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Communication using email and phone is important as well as recruiting large numbers of
observers in advance and keeping them interested in the upcoming event. This takes a great
deal of networking, attention to detail and planning. Giving a talk a month in advance of the
event and expecting 30 or 40 persons to be present without any intervening one on one
discussion is not likely to produce great results. It is extremely important to pay attention to
the needs of inexperienced observers. One cardinal rule for organizers: there are no dumb
questions. At times observers may be afraid to ask a question in the presence of others. The
organizer must often ask questions such as:

Have you ever observed an occultation before? What were the results? Did you ever make a
mistake during an occultation? Do you know how to recover if your radio fails in the field?
Can you find a 10™ magnitude star on your own? Do you know how to use star charts? Will
you travel 50 miles by yourself to a place you have never seen and set up in the middle of
nowhere for 3 or 4 hours?” and be respectful of the responses.

For expeditions where guest observers have traveled a long way to get to the area, these
individuals should be given priority for the best sites since clearly they have probably spent
the most money, time and resources to get there.

6.8 Training and Simulation

A new observer should not be thrown into the field without having experienced one
occultation as a training experience with someone else. The one exception to this rule is when
a very experienced observer (though not with asteroid occultations) uses an automatic
recording system such as video. Often new observers have no idea what to expect. A good
way to introduce them to the asteroid occultation phenomenon is to play a videotape of an
event in front of an astronomy club meeting or novice observer meeting. A role playing
demonstration performed in front of the same group where a demonstration of typical
equipment is brought in and an occultation simulated can also be beneficial. Another method
is to bring a prospective observer to an actual occultation to watch how it’s done in real time.
Another variation is for an observer to borrow an occultation video to play at leisure in his/her
home for independent self style training. Many asteroid occultation videos are now on the
internet for demonstration and practice.

It is especially important for the observer to conduct self training in order to practice for the
inevitable contingency. It is quite common for a piece of equipment to fail in the field even
with proper preparation and checking. Even experienced observers have trouble locating the
star field or having to manually adjust the telescope if the motor drive power source fails or
the polar alignment is severely misaligned. Often it is not practical to bring backups of
everything (such as 2 telescopes) and so one must anticipate a backup plan if e.g. the tape
recorder fails or motorized drive stops running.
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6.9 Results of Asteroid Occultations

The following are examples of publications of results of IOTA occultation expeditions that
have made their way into the professional literature. Results of other expeditions can be found
in Occultation Newsletter, the official publication of IOTA and Sky and Telescope magazine.

Dunham, D.W. et al. “The Size and Shape of (2) Pallas from the 1983 Occultation of 1
Vulpeculae by Pallas”, Astronomical Journal: 99, 1636-1662, May 2000.

Dunham, D.W. et al. “Results from the occultation of 14 Piscium by 51 Nemausa’,
Astronomical Journal 89: 1755-1758, 1984.

Povenmire, H., Bookamer, R., “The Feb 16, 2001 Asteroid 83 Beatrix Occultation”,
Meteoritics and Planetary Science, 36, No. 9, Supplement, 2001

Sada, P., Nugent., R., Maley, P., Frankenberger, R., Preston, S., Dunham, D., Pesnel,
W.Dean., Occultation of w Arietis by Asteroid (828) Lindemannia on November 10, 2002,
Occultation Newsletter, Volume 9, Number 4, page 9, September 2002.

"The Probable Detection of a Moon of Asteroid 98 lanthe", Venable, Roger, Occultation
Newsletter, International Occultation Timing Association (IOTA) (ISSN 0737-6766), Vol. 11,
No. 2, p.8 April 2004

6.10 Safety Considerations

Being safe is more important than getting data. This includes driving to a site at a reasonable
speed, planning to meet colleagues or being at the site at a time that is practical and without
endangering the observer or others. Choosing a safe observing site for oneself and or
colleagues is equally important. Avoid sites with obvious problems such as a location close to
major roads where oncoming traffic will be visible or where road vibrations will affect the
telescope. This is an indication you are in the wrong place!

If setting up along a road shoulder (in the absence of any other viable alternative), always
ensure your vehicle is pulled completely off the road. Let others know where you will be
before leaving home. Informing local law enforcement is also useful since they may be even
able to help recommend a good site! Never transport unsupervised children or animals. Try to
bring a companion who can help with security aspects such as examining the site for holes, ant
hills, sharp objects, wet areas, proximity to drop-offs, etc. If in a remote area be sure to have
enough water and food and if you require medicine, don’t forget to bring it with you. Consider
having an easy to understand handout that could be given to someone such as an irate property
owner or law enforcement officer in case you have such an encounter close to occultation
time. An example handout is shown in Appendix L.
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Carry proper identification and the minimum amount of money necessary for a trip. Ensure
the car 1s properly loaded, tire pressure adequate, gas tank full, etc. If clouds threaten it is
always tempting to try to outrun them. In this case having a companion to navigate to ensure
you will end up where you need to be is quite an advantage.

6.11 Negative Observations

The observer should approach an asteroid prediction with a clear view of the world.
Predictions are often accurate but sometimes do not meet expectations. Making the effort and
having everything proceed smoothly only to ultimately observe that no occultation occurred at
your site can be a little disappointing. But in fact this information can be of great value to
IOTA and supplement knowledge on where the path did or did not go. A positive attitude can
go a long way toward stimulating young people and non-occultation observers alike to
becoming interested in this discipline of astronomy that offers the opportunity for amateurs to
contribute useful data with off the shelf equipment.

Experiencing a miss, where no occultation is observed can be disappointing, but this
information is quite important in terms of establishing an upper limit on prediction quality and
in assessing whether the zone occupied by the observer at a fixed distance from the asteroid
has been scanned for a satellite. A miss observation can establish the limits to the size of the
asteroid and is of great value to the effort. In this context a miss observation does not refer to
observers that are clouded out and missed the event due to weather conditions. In Figure 6.2
of the occultation by 345 Tercidina, the upper and lower most chords were observers that had
misses. These miss observations put size limitations on the asteroid.

6.12 Reporting Observations

All observers should keep their own observing log. This log should be printed clearly with
date and time of event, equipment used, problems encountered. It is a valuable record of the
events that happened along with important notes, times, errors and other subtle notes that
would be impossible to recall later on. For occultations, the audio/video tape records should
be reduced quickly, preferably within 24 hours after the occultation and key information
(disappearance, reappearance times, reaction times if applicable, site latitude/longitude
recorded in degrees, minutes, seconds and hundredths of a second if possible; altitude is not
really a factor) extracted while it is fresh. Tapes should be filed away for later reference if
required.

6.12.1 Report Form

The official IOTA asteroid occultation report form for North American Observers is a user
friendly Excel form. It is located at:

http://www.asteroidoccultation.com/observations/Forms/AsteroidReportForms.htmi
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It should be filled out within 72 hours after the event. Regardless of the result, the observation
should be reported to IOTA through the official asteroid report email address:
reports@asteroidoccultation.com and to the event coordinator. Report even NEGATIVE
observations which are very important for confirming astrometry as well as determining path
shifts and perhaps even other observer’s sightings. The format for email reporting is included
in Appendix F. See also Appendix H of where to send these report forms after you make an
asteroid occultation observation. Reports for asteroid occultations in Europe, Australia/New
Zealand, Japan should be sent to the coordinators specified in Appendix H, Where to Send
Observation Reports.

6.13 Asteroid Occultation Profiles and Analysis

Several asteroid profiles are shown as follows. As of the publication date of this book, over
1,000 asteroid occultations have been recorded with the amount growing by 140-160 each
year. In Sky and Telescope magazine several times per year, the brighter more favorable
asteroid events are shown and charted worldwide along with general information on how to
observe and report the observations.

/,

Occultation of a Star
by 1263 Varsavia
July 17-18, 2003

Figure 6.11. Profile of 1263 Varsavia. Courtesy David Dunham, © 2004 Sky & Telescope, used by
permission. Varsavia’s size was derived to be 53.9 km x 36.2 km
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(402) Chloe 2004 Dec 15 39.0+59 x 30.0 +4.3 km
N

1 Richard Mugent, Buffalo, Texas

2 Jim Stamm, Tucson, Arizona

3 Roger Venable, Bunnell, Florida
4iM) Roger Wenable, Deland, Florida

Figure 6.12. Profile of 402 Chloe, December 15, 2004 from Occult software. Shape appears to be elongated
by a 2:1 ratio.

(135) Heriha 2008 Dec 11

Figure 6.12a. Left: Profile of 135 Hertha, December 11, 2008. Chords 4, 7-9, 11-15 and 17-21 were obtained
by Scotty Degenhardt with his 14 remote video stations. Hertha’s size is 75 km x 94 km. Right: Model from
radar observations oriented to same viewing angle as during the time of the occultation.
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(704) Interamnia 2003 Mar23 350419 x 303529k
Geocentric X-463.020.8 ¥ 2616.1 +1.1 km N
Double : 5ep 0.0 £1 4%, PAZ2308°

e

Figure 6.13. Profile of 704 Interamnia from March 23, 2003. This occultation was recorded by 54 observers in

Hawaii and Japan, demonstrating international cooperation in observing occultations. Proile generated from
Occult software.
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Silhouette
of Kleopatra
Jan. 19, 1991

50 km
bl

10 meter Keck images November 1989

11:13:50 11:20:24 11:26:40 11:33:.06

Figure 6.14. Profile of 216 Kleopatra from January 19, 1991 occultation (above) and direct photos by the 10-
meter Keck telescope 8 %2 years later on November, 1999 (below). Kleopatra’s line of sight size came to 264
km x 60 km at the time of the occultation. Courtesy David Dunham, © 1992 Sky & Telescope, used by
permission.
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Occultation
by 54 Alexandra

Figure 6.15. Profile of 54 Alexandra from May 17, 2005. Two very important north and south limit chords
here are from Peter Armstrong, Texas and Rebecca Alestick, OK. Both were at the Alexandra’s extreme edges
while Mitch Brumbelow and Richard Nugent’s chords were 63 seconds each in duration near to the center of
the path. Alexandra’s size was derived as 160.3 km x 134.8 km. Courtesy David Dunham, © 2006 Sky &
Telescope, used by permission.
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Occultation

of SAO 78190
by 22 Kalliope
and its satellite

100 km

Kalliope

£ 0, SOMAET AL

s
SOURC

Figure 6.16. Profile of 22 Kalliope and its satellite from occultation of a 9h magnitude star on November 7,
2006. This is the first occultation observation of a previously known asteroid satellite. Courtesy David
Dunham, © 2007 Sky & Telescope, used by permission.

Occultation of SAO 118158 by (308) Polyxo, 2000 Jan. 10
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Figure 6.16. Profile of 308 Polyxo, January 10, 2000. This occultation was the first to be observed and timed
from an aircraft, namely an F-18 Air Force jet over Death Valley California. Profile courtesy David Dunham.
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(433) Eros 1975 Jan 24 149:03 x 69+04km PAB4:21
Geocentric X-4160.0 :0.1 ¥ 2871.6 0.1 km N

Figure 6.17. Profile of 433 Eros, the first asteroid observed by a team of observers in the United States on
January 24, 1975. Eros’ size came to 14.9 km x 6.9 km. Profile generated from Occult software.
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