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Grazing Occultation Geometry
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Moscow Institute of Electronics and

Mathematics — 50" Anniversary

| am working at MIEM during 2012 and 2013 with a “megagrant”
from the Russian Ministry of Education and Science

to study optimal trajectories for human space exploration and planetary
protection (from hazardous asteroids); that’s another long story

| was at MIEM in late June when they had their 50" anniversary
celebration; | was asked to say a few words

| thought for a moment, 1962, that was an important year for me, too

It was the start of my professional career, when | first really did
something about grazing occultations,

making the first computer predictions and mobile expeditions to
observe them, and

reaching out to observers around the world to encourage them to
observe these spectacular events

It was the real start of the International Occultation Timing
Association, not yet with that name, but with its intent



The concept of grazing occultations occurred to me earlier, when |
was 15 years old. Below is an Occult view of the disappearance of
6.1-mag. B! Capricorni from La Cafiada, California, October 29,
1957 at 9:25 pm PST; | observed it there from my backyard with a
60mm refractor




Appulse of 3.1-mag. 32 Capricorni from La Cafiada, California, October 29,
1957, min. dist. 5" at 9:47 pm PST; | was amazed at that sight, | could see
the Moon’s motion, the star looked like a spacecraft flying over the Moon. |
could see the star’s position change from second to second as it passed over
the Leibnitz mountains, a real-time view of celestial motion




Southern Limit of the B2 Capricorni
Occultatlon 1957 October 29
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26 years later, | computed the trajectory for flying the 3 International
Sun-Earth Explorer (ISEE-3) spacecraft over the Moon, a gravity assist
that resulted in the first comet flyby, of Giacobini-Zinner, in Sept. 1985

As
11-10-83
[AV ~ 6.5 m/sec] S

ISEE-3 Trajectory
Relative to Fixed
Sun-Earth Line

S3: 9-27-83
S4: 10-21-83
Ss: 12-22-83



17:53
18:19
18:39
18:45
18:47

EVENT
START GEOCENTRIC OCCULTATION
START SOLAR ECLIPSE
END GEOCENTRIC OCCULTATION
PERILUNE - HEIGHT 120km
END SOLAR ECLIPSE

~——T0 SUN




My 1957 vision of a spacecraft flying over the Moon was realized,
but that’s another long story.




Last Aldebaran Graze of 1959 — 1962 series In
California occurred on 1962 March 12
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| had completed a course in solid geometry
at the Univ. of Calif. At Berkeley shortly
before this event, and realized, maybe |
could work out the equations and compute
it. | started Sat. morning March 10 (event
local time was Sun. evening March 11) but
the hand calculations using trig function
tables and a clunky Marchant calculator
were harder than expected; less than 2h
before, | had calculated 6 points from
Arizona to near Santa Cruz, and convinced a
grad student to drive me there. We didn’t
make it to the limit; while crossing the Bay
on the Dumbarton Bridge, using binoculars,
| saw the star had disappeared. At Palo Alto,
| quickly set up my 60mm refractor and saw
Aldebaran reappear on the bright side,
coming out like a drop from a faucet; |

¢ realized that was close enough to the limit to

see the star’s angular diameter! The chase
for arazes was on!



1962 April 10t expedition to Concord, Calif., for a
graze of 5.1-mag. 64 Orionis by the 33% sunlit Moon
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This promised to be a good event, so |
computed the path well in advance, and
worked with Jack Borde, leader of the
Walnut Creek Moonwatch Team, to
time the graze from 4 locations across
my predicted limit line (I had no lunar
profile predictions then). But the
prediction was wrong and we all had an
8-min. occultation, with the R at the n.
cusp occuring at my predicted time. |
discussed my calculations with Prof.
Cunningham and he pointed out that |
needed to take into account the motion
of the observer. This made the
calculations harder (needed to iterate)
but now accurate enough to locate in the
real graze zone.



Len Kalish’s 1962 Sept. 18t expedition to Castaic
Junction, for a bright-limb graze of 4.1-mag. 5 Tauri

This provided the first confirmation of
my predictions, and was the first time
that multiple events were seen (but not
timed) during a mobile effort. My own
next 6 attempts, after the April debacle
in Walnut Creek, were all clouded out,
= remarkably bad luck for California. |
Kalish could not observe the 5 Tauri graze
Santa because it was about 700 km from

Clarita oy
3 L ~ % Berkeley, so I asked Carroll Evans of
Limi Valie Q405 = Nabonal Forest - -
e e China Lake to try it, and asked Ronald
v, o g il i OB I S— " Royer to announce it at the Sept.
i comne S G meeting of the Los Angeles
Morica ) cme o as Astronomical Society. Evans couldn’t
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tell what happened due to desert winds
and a low f-number scope, but Kalish
responded to Royer’s announcement

and drove 60 km nw of his LA home to
oh<serve the araze



My 15t prediction published in Sky and Telescope,
zeta Geminorum graze of 1963 March 4/5

CETRSTIAL CALnNDAR « SUESSSE During the last months of 1962, at Prof.
byt o smialiin . s Cunningham’s suggestion and support, |
gavaage 1= Tt ‘ took a course in the then new Fortran
computer programming language, and
avidly learned it, applying it immediately
to the task of computing grazing
occultation paths. This allowed me to
compute many more paths and expand my
predictions to areas beyond California. |
contacted Sky and Telescope about
publishing my predictions. They first
wanted to be sure my work was legitimate
so | documented my procedures. Satisfied,
they published a first prediction in March
1963. That graze was not observed, as far
as | know. There was still some tedium
limiting what could be done as 50 numbers
had to be specified to high precision for
each event.




My First Observed Graze, north of Roseville, California,
1963 Mar. 31, 6.3-mag. ZC 881, Moon 39%+, CA -3N

o \% | observed this with my 60mm refractor

north of Roseville with Bruce Bowman

Voot ~.m from the Sacramento Moonwatch Team.
ey @ GLb s anas Most of the Interstate highways weren’t
i built yet and the town of Rocklin was
& yultne \ N much smaller then. Although the graze
" U was on the bright limb, I could see the
. Nepa @ star well enough to know that it grazed
G e among the mountains at the northern
A cusp, but not well enough to make any
T, \ |/ d definite timings. At least, | saw for
s ";mﬂ myself that my predictions were good.
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Two nights later (1963 April 2), Fremont, Calif., | saw a
graze of 5.4-mag. 85 Geminorum, Moon 63%+, CA -2S

Remarkably, two nights later, Jack Borde,

& T a few other members of the Walnut Creek
Berkeley. Ot9e . wowe .. Moonwatch Team, and | observed another
| Emenyie wialll N ' graze from Fremont. Again it was on the
G M s suUnlitlimb near the southern cusp, but we
Sy g S S were able to make crude timings of a few
' San Learid = __ ofthis brighter star’s graze events.
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The first successful dark limb graze where the observers travelled to
their sites - 1963 Sept. 8 Graze of 6.1-mag. ZC 464, Davis, Calif.

e al? it | |
sl 402,19 Graze of R464 on 1963 Sep8 L=225 B=6.16

Finally, good timings were made of
this graze with CA 15N and Moon
72%- sunlit. This is adopted from
Dave Gault’s presentation on the
current graze archive given at the
2010 IOTA meeting.




My 15t graze map published in Sky and Telescope, for the
1963 Oct. 8 graze of 3.0-mag. zeta Tauri, CA 13N, Moon 67%-

This map helped generate interest
among new observers across the
eastern USA




Observations of the 1963 October 8t graze of zeta Tauri were the
first published in Sky and Telescope, in the Dec. 1963 issue

A WELL-OBSERVED GRAZING OCCULTATION

N THE evening of October 7-8, 1963,
Zeta Tauri grazed the moon's dark
for observers along a narrow strip
passed near Fort Worth, Texas;
mbus, Ohio; and Montreal, Quebec.
ctions by David Dunham were pub-
Lin SKY aND TrerEscops for October,
page 218,
orably located amateurs saw the 3rd-
itude star wink on and off as eleva-
on the lunar limb moved through
ar'’s line of sight.
@ watcher was well south of the
g-occultation path, he saw 2 normal
ation, the star disappearing only
North of the line, Zeta passed just
of the moon and
ed.
sarland, Texas, the moon was quite
he horizon when James E. Smith
ta Tauri disappear at 4:58:40 Uni-
time. The occultation was brief,
r, and the star reappeared at
). as timed with a 6-inch reflector.
mary Pierson, at May, Texas, saw
sappear at 4:5¢ UT. She missed jt
out, however, while consulting a
hart two minutes later.
7 a 6-inch reflector, John Brannen
rearly 13-minute occultation from
Rock, Arkansas, He reports, “Zeta
entered a small valley located
st of a group of craters near
b, It disappeared at 4:55:04.4

no occultation

UT and reappeared at
tude is 34° 4%/ 55~
92° 18 58”7 west.”

The follawing reports are from ama-
teur groups with more extensive pro-
grams:

5:08:02.5. My lati-
north, and longitude

Davyron, Omio

My physics students at the Washington
Township High School in Dayton re-
sponded enthusiastically to news of the
predicted grazing occultation of Zeta
Tauri, On the night of October 7th,
about 30 of them reported, with all the
telescopes and binoculars they could find.

We separated into cight groups along
the predicted graze path. Timing the
cvent was made easy by the local radio
station  WONE, which broadcast voice
time signals every I5 seconds. The time
and observations were tape recorded at
cach station. All observers reported see-
ing the occultation, except two who re-
mained at our school, about I3 miles
north of the northern limir,

Observer Freedman probably had one
of the most spectacular views, He watched
with a 60-power 3-inch reflector at west
longitude 84° 122 087, north latitude 39°
35" 187, altitude above sca level 975 feet.
Zeta  disappeared and reappeared at
the following Universal times: D, 5:07:85;
R, 5:07:52; D, 5:07:57; R, 5:08:05; D,
5:08:15; R, 5:08:55: D, 5:09:00; R, 5:09:05:
D, 5:09:15; R, 5:09:30.

At four other stations the star disap-
peared at least twice, making our program
50 successful that almost everyone offered
to travel a hundred miles to see future
grazes. One boy even got his Christmas
telescope early for the October event!

DAVID E. LAIRD
99 Virginia Ave,
Dayton 59, Ohio

CorLumsus, Omnio

Members of the Columbus Astronomical
Society observed the occultation of Zeta
Tauri at the four sites shown on the map.
Each was located at roughly Z-mile in-
tervals along a nearly north-south line
about 15 miles northwest of Columbus,

—
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This is the 2" page (page 370) of the 2-page article abogt the
1963 October 8t zeta Tauri graze in S&T’s Dec. 1963 issue
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near the predicted geographical limit.
Early on the evening of October 7th,
the following members of the Columbus
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Charles Legg, Larry Ochs, Mike Peugh,
Dan Sagstetter, and Steve Yanochek. Al-
len Austin, Butch Hall, and John Morris
of the Worthington High School Astrono-
my Club, and Dan McGrath of Bishop
Watterson High School in Columbus, also
joined our group.

We observed with a 6-inch refractor
and two 6-inch and one 4-inch reflectors.
A two-man team recorded CHU time sig-
nals on tape, while the other groups had

OBSERVED CONTACT TIMES

Contact Universal Station
{see chart) time* on Map
1 " 08™ 19°.5 D
2 5 08 57.2 C
3 5 09 045 C
4 3 09 05.0 C
5 S5 09 311 B
6 3 09 458 B
7 5 09 528 B
8 5 10 03.1 B
9 5 10 29.0 C
10 J 10 38.0 C
11 5 10 44.0 C
12 5 11 21.5 D

a timekeeper, observation recorces q
observer. :

As the predicted time of contac: =
one observer thought the moon
miss Zeta, for the illuminated poramm
its disk had already passed the szs.
ing the illusion that the dark part
also miss. However, the star *4;1
reached the predicted contact ez
angle, and his location eventualls e
to be a proper one.

The southernmost station. D. =af 3
simple occultation lasting 3~ it~ g
shown in the accompanying diagraz zad
table. There was a deep graze at C. winam
Zeta Tauri was hidden three times &
1™ 47%. The observer at B, near the nosdli
ern limit, saw two disappearances = ¥
seconds. Zeta was not occulted at A. ol
of the predicted limit,

Our society has additional informamms
available to interested persons. We wamill
also like to hear from other successfz il
servers of this occultation,

BARNETT GOLDINE

society gathered with telescopes and other
equipment: Barnett Golding, John Kissel,

111 Richars Rl
Columbus. <

*Italics denote disappearances, all others
are reappearances.




From
Dave

High school students open the eyes of USNO

BEX)

& 19631008_ZC847-DunhamComments.txt - Notepad

File Edit Formakt Wew Help

The 1963 Oct. graze is important since it was the first one for which details of obserwvation expeditions were published.

Tom Wan Flandern was just starting work at the US Naval Obserwatory at the time; when he saw the article in Sky and Telescope, he

got the TS topographic map that showed the sites north of Columbus, scaled the positions, and analyzed the timings that he was
ahle to measure from the time diagram.
Tom found a2 mismatch ishift) of 0.4" or so; at the time, it was assumed that the FE2 star positions and Watts data were nore
accurate than that, so Paynor Duncombe, director of the Nautbical Almanac Dffice, was incredulous when Tom showed him the results.
This sparked TUSNOQ's interest in grazes at the time.
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Dave Gault declared, the illegitimate delta Cancri graze

now legitimate!

Lunar Profile from Graze of delta Cancri — 1981 May 9-10
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The 1964 publication of Watts’ charts gave us the possibility
to predict the lunar profile for grazing occultations
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This was
published in the
1964 Feb. issue
of Sky and
Telescope.

The figure at
the bottom for
WA 176.4° was
In the range for
a graze we
observed that
month, so |
knew from it
that a high
mountain
would dominate
our profile.



Graze of 6.4-mag. ZC 398 observed 1964 February 19, again
near Davis, Calif., Moon 34%-+ sunlit, Cusp Angle 6S

DBSI-RVERS PAGE N =l

| led this expedition (I
believe some sites from
1963 Sept. 8™ were
reused) with members of
the Walnut Creek and
Sacramento Moonwatch
Teams, and from as far
away as San Jose. Most
observers had one
occultation by the high
mountain since | didn’t
know then about the rest
of the profile. Others and |
obtained Watts’ charts and
% started plotting (by hand!)
wwaos ——profiles for future grazes.

O page 38T ol ik Jume. 1%9H i
i wndder ihic Raled Chara i
whe wrnryg ariemstioe aorib

FoOLLOW THE STARS ...

- precisely




Starting in 1965, cable systems were developed for observing
grazing occultations, first at USNO, then by 3 clubs In
California (Riverside, Santa Barbara, and Mount Diablo
Astronomical Society), and Milwaukee, Wisconsin

This is a Riverside A.S. expedition to the desert in 1966; I’m wearing a white jacket.
Observations were visual, with audio tones recorded at the central station.



1970 July 11, standing on the Milwaukee cable trailer at our
wedding in Highland Park, Illinois
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From left to right, Tom Van Flandern, Ronald Abileah,
Homer DaBoll, Edward Halbach, David Dunham, and Joan Dunham



Finally, | observed a graze of % Capricorni with 12 others near
Ruther Glen, VA on 1977 June 5, Moon 83%-, CA 3N, Sun alt. -2°
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Manassas Burke . -
B e meantime, the International

Occultation Timing Association
(IOTA) had been formally
established as a dues-paying
Fredericksburg: organization in July 1975,
primarily to promote the
observation and analysis of lunar
grazing occultations.
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Lunar Profile from Graze of delta Cancri — 1981 May 9-10
Alan Fiala, USNO, obtained the first video recording of

multiple events during this graze, with 7 D’s and 7 R’s

MINUTES FROM CENTRAL GRAZE NEAR CONOWINGO DAM, MARYLAND
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Video of 1990 April Aldebaran
Grazing Occultation from Poland

SJB8E842S8 - DI 218195 28



The First Multiple Stations were

Deployed for Grazing Occultations

In the 1990’s, | often thought, the equipment is doing all
the work, maybe | should be somewhere else making
another observation.

For a graze of omicron Leonis the morning of 1998
November 12, | set up a 5-in. clock-driven SCT at Delta,
Pennsylvania, near York

| left a student there after showing him how to make
adjustments to keep the star in the field of view, and set up
another telescope about 0.5 km away to record the event

When | came back, he was excited to see the multiple
occultations of the star. “Did you make any adjustments?”
“No”. “At least, you were there to protect the equipment”.

“Actually, it was the other way around. Whenever a car
drove by, | hid behind the telescope box.”



Remote Stations Successfully Run
Two Weeks Later

e On 1998 Nov. 26, after Thanksgiving dinner, | drove about
10 miles south and set up a 20-cm SCT with video to
record a marginal grazing occultation

e Then I set up another telescope 200 m north and observed
the graze visually there. The video station recorded three
events, the first unattended mobile video occultation
observation, as far as | know.

e Two nights later, | had another success with a better graze,
of 4"-mag. y Piscium at Assateague Island, Maryland



2001 Dec. 21 Grazing

Occultation of 4.0-mag. t° Aqr

Moon 32%+, Cusp Angle 125

Observed from 8 stations at Kitty Hawk, North
Carolina, by only 4 observers. Kitty Hawk has
many summer homes, unoccupied on a December
weekday, so we had many safe places to set up
telescopes 1 to 2 hours before the graze.

4 of the video stations were unattended
Also observed from 6 stations in Georgia



Map of Kitty Hawk, North Carolina
showing observing sites for the
Graze of 1* Aquarii,

2001 December 21

by Wayne H. Wam;n, Jr




My Telescopes for Remote Observation




Station “A”, C-5 & PC23C,

& /6.4 focal reducing lens from Orion




tation “B”, Sony Digital Camcorder

T T R O .,& 5 :

No Telescope, just an undriven good camcorder! | set the
Moon just outside the field, above and left, 8 min. before the
graze. This station had 5 D’s and 5 R’s, more than any other;
although it had less than 1000t the aperture of the 1m
telescope on Hokkaido, it was more successful!



Station “C”, C-8 & Watec 902H

and Meade /3.3 focal reducing lens ($150 from Focus
Camera). A cat jiggled the video a little after the graze.
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My Visual Observation

| only had a couple of minutes before the graze when
| arrived here. | discovered that | had left the last

eyepiece holder (visual back) at another station, so |
watched the graze with the 50mm finder scope.




Alin Tolea’s Remote Setup

He also observed about 100m away visually with binoculars
held steady against a trash dumpster. Alin is a grad student at
Johns Hopkins U. in Baltimore; he’s from Romania, where he

has organized graze expeditions by e-mail and telephone.
= 1= = e
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Graze of 4.0-mag. v° Aquarii by the dark southern limb
of the 32% sunlit waxing crescent Moon

2001 December 21, Kitty Hawk, NC and Geogia

-2 \_ Paul Bridge Mean Limb Also, Robert Hays’ timings the same night of a
graze in the same area of 5.7-mag. 69 Aquarii, and
\ BK cFadden another graze of 7 Aqr recorded in 2002 Jan. with

a 1-m observatory scope on Hokkaido (H. Tsuda)
Charles Lawrence

ki Tsuda
o Miles
from 7]
southern . 3
limit
' Wayne Warren,lJr
] \
David W. Dunham—
(visual)
le N
Watts Ang ~ A/ Tsieg Remote
165 166 167 168 169 170 17

by Marshall Stapko, Mitsuru S6ma, and David Dunham



Multi-Station Occultation
Observing with Galileo Sized
Optical Systems

Scott Degenhardt, IOTA

Galileo’s Legacy 2009
Waianae, Hawaii




Mighty Mini

Can record
occultations of stars

to mag. 9.5, even

mag. 10.0 under

good conditions.
These are fine for
asteroidal occultations,
but how about lunar
grazes? Glare from the
Moon and their low
power cause problems



Mighty Midi — Orion 80mm short tube

Can record
occultations of stars
to mag. 11.0, even
mag. 11.3 under

good conditions; these
work better for grazes

| use visual finder
scope and $60
Quantanray tripod
while scotty uses a
mighty mini video
as the finder and
MX-350 tripod

(not as sturdy as the
Quantanray)
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Eta Geminorum - Graze

RISE OF THE MACHINES

Grazing
Occultation of
3.9-mag. eta
Geminorum in
Arizona,

2011 April 10,
my first success
with remote
stations (a
humiliating
defeat, It was
machines, 3;
humans, 0)
Moon 36%+
Cusp Angle 15N



Graze path In central Arizona
2011 April 10 (UT; April 9 MST)

o

Cordes Star ge'le-_.-
Lakes o
Congress e
d YOG
2 Cibaci
l
! 4+
.3:'."5‘5'?! N':.".-'llzk:nl‘..';; NE‘-I'JGR ver
387th - olave Creek [ _
W Tento Mational
Salome Ave e

Jua lz.alte- Surprise Fountain
2

Beoria | SColtsdale
o

\J

Apache
Eye o ] ENiesa Junction @
Rd. ckeve avondale Phoenix 2. aod Miai 0 O0lebe 5o ca
Canyon e : o
o Chandler Peridat &
o Superior
Sun Lakes o Cuesn
Creek

. Tl
Florence ‘E'M!"
95} =
Gile Bend CaYa o
nd.e Coolidge
T Arizong Clty @ Mammath
Wellion  Sone J :
[+]
[+
25 W]
{a ;
Awra Vabley
[+] F [
Ao Ore Valbey
B Santa Kose Casas
; o o
M | Adohes
T e =i Cabeza |Fneta 1 B2 IEG T i TRiEamils
126 em "HMI e Jap data ©2011 Googls, INEGI, Europa Technologisz - ThidaailisE ] Harmosil

| m— - - ~
Map center is at (WGSES datum) Lat =33 335117, Lon = -112 483321, which is 3.327 Km from path center )



Graze path Iin Tonopah, AZ area
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Stations on N. 387t Ave.
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Graze of 4.9-mag. o? Tauri (ZC 628) over Minneapolis, Minn.
on 2012 Aug. 11, Moon 35%-, CA 2N
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Station 4’s single R indicates a south shift of about
200m; we can still determine corrections to stellar
proper motions from graze observations

| attended an astrodynamics
conference in Minneapolis,
Minnesota Aug. 12-16. | went
there early because | noticed
that this graze occurred 2 days
before; | made plans to observe
it from near Grant. With the
small cusp angle, | thought that
there would be too much glare
to record with midi systems, but
| took 2 of them, to try, and 2
4-inch SCT’s for attended
stations that Joan and | ran. But
like in Arizona, the machines
triumphed; it was machines, 2,
humans, 0. Station 3 recorded 6
D’sand 6 R’s; I’ll play the
video.



Comparison of Kaguya & LRO profiles

Graze of ZC 946 on 20110410 Basis = 99G Here IS a recent redUCtlon Of
W wese 2 13 @ Opservations of the 2011 April
10t eta Geminorum graze by
Dr. Mitsuru SOma at the
Japanese National
Observatory. The profiles are
close, but LRO’s, with more
orbits and points than Kaguya,
- 1S more accurate near Axis
+" Angles 14.3 and 15.4.

avidson
ke & K. Meidl

~B. Lueb

Height above lunar mean limb
o
o

With multiple stations and

“ LRO data, there are still new
things that can be done with
| | grazing occultations!
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