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Introduction

In a minor planet occultation the minor planet (asteroid) briefly obscures the light of a background star.  In so doing the shadow of the minor planet as cast by the star sweeps across the Earth.  Observers situated at different locations within this shadow will therefore see the star occulted for different times, the length of the occultation being proportional to the length of the chord across the asteroid.  

Because we cannot direct a minor planet’s shadow to cross any particular location on Earth, observing minor planet occultations is an activity ideally suited to amateur astronomers.  These events remain one of the few areas where amateur astronomers, using only very simple equipment, can still contribute meaningful scientific results.

The principal reason for attempting to time these events is to determine the diameters and shapes of asteroids.  Incidental results include high accuracy astrometry for the asteroids involved, and the potential discovery of asteroidal satellites.

The diameters of most asteroids have been estimated by radiometric or polarimetric means, some near Earth asteroids have been directly imaged by radar, and a very few asteroids have been directly visited by spacecraft.  However observing minor planet occultations remains the only direct terrestrial method of determining the actual diameters of most of these bodies.

Timing Occultations

Some of the benefits of involving amateur astronomers in observing minor planet occultations are the greater geographical diversity of observers (so making the chance of an occultation crossing an observing site much higher) and the very simple equipment required – typically a telescope, and some method of timing events to 0.1 second precision.

Disadvantages include the difficulty of motivating and training observers, as well as dealing with variable human reaction times.

Timing events usually involves using a tape recorder in conjunction with time signals from either of the time signal stations VNG or WWVH.  VNG is generally well-received throughout Australia and New Zealand, and WWVH moderately well-received in New Zealand and poorly received in Australia. However VNG is due to close at the end of 2002. 

For those who cannot easily receive WWVH the only viable alternative timebase source is the Global Positioning System (GPS).  Moves are being made in Australia to develop a portable time system based on a cheap GPS chip. Further information about this and other timebases is available at: http://tufi.alphalink.com.au/time/

Prediction Accuracies

Predictions for minor planet occultations can be computed far in advance by comparing the asteroid’s orbit with the position of stars close it its path. Historically, star positions were not very accurate and asteroid orbits often only moderately well-known, leading to path predictions which could be out by many hundreds of kilometres.  

The situation has changed markedly in recent years since the advent of CCD astrometry and improved star positions from the Tycho and Hipparcos catalogues.  These, together with the availability from the AstDys database and elsewhere of much greater numbers of asteroid positions, many dating back to historical times, now makes the accuracy of the predictions much higher.  With the addition of astrometry up to the time of the event, predicted paths (many based on hundreds to thousands of asteroid positions dating back a hundred years or more) now routinely lie within one track width of the true path. 

This unprecedented accuracy is now giving observers high confidence that an event predicted to cross their location will in fact do so. 

Observational Successes

Table 1 shows the number of astrometric updates for Australasian minor planet occultations over the past four years, together with the number of observed occultations.

Table 1: Astrometric Updates vs Observed Events

Year
Astrometric Updates
Observed

Events

1998
9
5

1999
31
3

2000
30
7

2001
86
11

The accuracy of the updates (as measured by their formal errors) increased substantially during 2000 and 2001.  That being the case, one might ask why there were only 11 occultations successfully observed in 2001 in spite of 86 updates being available.  The reasons are as follows:

· A significant proportion of events are affected by weather (~40%?)

· Most observers still reside in or close to metropolitan areas.  Thus substantial regions of both Australia and New Zealand still do not receive observational coverage. If a prediction places an occultation across a region wherein no observer resides, the only way the occultation will be seen is for someone to travel with a telescope into the region.  In practice most amateur observers (perhaps understandably) are reluctant to travel possibly hundreds of kilometres on a weeknight for an event after midnight when they must work the next day.  

Thus, the successes achieved have largely been with events whose paths have crossed metropolitan areas, and this scenario is likely to continue.  Our most productive results have occurred where the same event has crossed two or more such areas.

Of the events observed, the majority still involve only one chord across the planet which makes the value of the event limited. The useful data to be derived in such circumstances is:

· A very accurate position for the asteroid at the time of the occultation; and

· A possible limit on the diameter of the planet if assumed circular.

Notwithstanding that the diameters of most asteroids have been estimated by indirect means this latter result is still useful in some cases.  Because indirect diameter estimates are based on assumptions about the planet’s albedo, if these assumptions are incorrect then the derived diameter will be incorrect.  Where the duration of observed occultations has been significantly longer than the predicted duration, then it is safe to say that the underlying assumptions concerning the albedo may be invalid.

Summary of Results

Tables 2 to 6 list specific occultation events reported within Australasia for the years 1998 to mid-2002.  Note that the observations listed here are those directly reported by the observers, and in some cases there may remain some ambiguity or a degree of doubt. In several cases observers have claimed to see secondary events which could be due to asteroidal satellites.  However no confirming observations were obtained by geographically separated observers.

Figures 1, 2, 3, 4, 5B and 6B referenced in the tables show plots of the raw observations for selected events.  These figures either show a representative circular outline for the planet, or a representative ellipse.  Circles and ellipses are not rigorous fits to the data and are shown for evaluative purposes only.

Table 2: 1998 (5 occultations)
Date
Planet
Chords observed
Results/Notes






May 31
(795) Erminia
2 chords 

(Munford – Palmerston North; 

Vincent – Havelock North)
· First event from high precision astrometry






July 12
(696) Leonora
1 chord (Loader – Christchurch)







August 25
(24) Themis
1 chord 

(Mattiazzo – South Australia)
· Diameter > 200km (no previous estimate);

· ACT proper motion found to be incorrect






September 29
(47) Aglaja
Possible 1 chord 

(Skilton – Victoria)







October 29
Tethys 

(Saturnian satellite)
1 chord (Hayward – PNG)


Table 3: 1999 (3 occultations)

Date
Planet
Chords observed
Results/Notes






March 26
(444) Gyptis

(Refer Figure 1)
3 chords (Johnston, Hill, Purvinskis – South Australia)
· ~193 x 135 km. 

· Very similar to 1994 result.






April 2
(279) Thule
2 separate occultations 

(Loader – Christchurch)
· Asteroidal satellite?






May 2
(559) Nanon
1 chord (Kerr – Rockhampton)


Table 4: 2000 (7 occultations)
Date
Planet
Chords observed
Results/Notes






May 17
(349) Dembowska
1 chord (Watson – Whakatane)
· Predicted/Observed tracks almost coincident






May 22
(5) Astraea

(Refer Figure 2)
3 chords (Brakel – ACT; Price – VIC; Streicher – South Africa)
· ~ 87 x 171 km; Diameter ~125 km expected

· Unresolved discrepancy with one observation






May 28
(445) Edna
1 chord (Loader – Christchurch)







May 30
(250) Bettina

(Refer Figure 3)
2 chords 

(Smith, Zalezsak – Qld)
· Both durations substantially longer than expected for a planet of the predicted 85 km diameter.






June 17
(164) Eva

(Refer Figure 4)
2? events (Thomas – Alexandra; 

Rowe – Waddington)
· Two events separated by another two observers who recorded no disappearance. (Satellite?)






August 10
(117) Lomia
1 chord (Pearce – WA)







October 1
(529) Preziosa
1 chord (Byron – Sydney)


Table 5: 2001(11 occultations)
Date
Planet
Chords observed
Results/Notes






April 25
(2940) Automedon
1 chord (Dickie – Gore)







May 2
(804) Hispania
1 chord (Kerr – Rockhampton)







May 16
(250) Bettina
1 chord (Liu – Exmouth, WA)
· Update used 65 positions 1998-2001

· O-C ~1 path width






July 7
(1240) Centenaria
1 chord (Dickie – Gore)
· Update used 356 positions 1913-2001

· O-C ~0.5 path width






August 22
(423) Diotima
1 chord (Dickie – Gore)
· Update used 700 positions 1904-2001

· O-C ~0.5 path width






October 5
(909) Ulla
1 chord (Liu – Exmouth)







October 6
(410) Chloris
1 chord (Dickie – Gore)
· Update used 27 positions

· O-C ~1.5 path width






October 12
(94) Aurora

(Refer Figures 5A & 5B)
8.5 chords (Anderson, Zalezsak, Smith, Hutcheon – QLD; Bembrick, Bosloper/Pickard, Wheeler – NSW; Nelmes, Dower – ACT)
· Update used 350 positions 1900-2001

· Predicted/Observed paths coincident






Nov 21
(14) Irene
1 chord (Gault – NSW)
· Update used 1341 Positions 1901-2001

· Predicted/Observed coincident






Nov 25
(159) Aemilia
1 chord (Loader – Darfield)







Nov 28
(48) Doris

(Refer Figures 6A & 6B – See following discussion)
2 chords (Bacon – WA; Hutcheon – QLD)
· Update used 707 positions 1906-2001

· Predicted/Observed coincident

· Confirmation of highly irregular shape first observed at occultation of 14 October 1999.

Table 6: 2002 to May (4 occultations)
Date
Planet
Chords observed
Results/Notes






January 16
(754) Malabar
0.5 chord 

(Clark/Clark – Auckland)
· Update: 334 Positions 1901-2001

· Predicted/Observed coincident






February 18
(96) Aegle
1 chord (Loader – Darfield)
· Update: 365 positions 1911-2002

· O-C ~0.2 path width






May 7
(1512) Oulu
4 chords (Brakel, Tabur, Higgins, Purcell – ACT)
· Update: 386 positions 1939-2002

· Predicted/Observed coincident






May 11
(803) Picka
1 chord (Gilmore – Mt John – photoelectric)

1 event (Loader – Darfield)
· Update: 357 positions 1915-2002

· O-C ~0.5 path width

Occultation of TYC 6910-01938-1 by (94) Aurora - 2001 October 12

The occultation of a magnitude 10.6 star by (94) Aurora on 2001 October 12 remains the best observed minor planet occultation within Australasia. 

Originally predicted to be seen from eastern Tasmania and parts of the Tasman Sea just off the coast of southeast Australia, pre-event astrometry moved the path directly across the main population centres of Brisbane, Canberra and Melbourne, with Sydney on the southeastern edge.  As such the event afforded an excellent opportunity to provide maximum return for effort.  With an expected drop in magnitude of 2.7 at occultation and a maximum expected duration of 19.6 seconds (assuming a circular outline of ~210 km diameter) the event was expected to be easily seen by visual observers. 

A good spread of visual chords across the planet was recorded, with ten observers in Queensland, New South Wales and the Australian Capital Territory reporting 8.5 chords in total. (Figure 5A shows the updated path in relation to these observers, and Table 7 lists the observation details with the reaction times [personal equation] estimated by the observers). The observed track was, to all intents and purposes, coincident with the predicted track.  It is unfortunate that cloud prevented observation by many additional observers in Victoria and parts of the ACT.  

Table 7: Aurora Observers and Observations

Observer


Location
UT Disappearance
UT Reappearance
Duration (sec)

Tamas Zalezsak
Brisbane, Qld

152° 55' 54"E  

27° 29' 52"S
13:56:14.1 ± 0.5 s

PE applied: 1.0 s
13:56:27.5 ± 0.1 s

PE applied: 0.3 s
13.4 s

Peter Anderson
Brisbane, Qld

152° 55' 54"E  

27° 27' 48"S
   
13:56:14.2 ± 0.3 s   

PE applied: 1.03 s
13:56:27.7 ± 0.1 s

PE applied: 0.31 s
13.5 s

Charlie Smith


Brisbane, Qld   

153° 05' 44"E  

27° 38' 19"S 
13:56:12.0 ± 0.1 s

PE applied: 0.6 s
13:56:26.8 ± 0.1 s

PE applied: 0.5 s
14.8 s

Steve Hutcheon
Brisbane, Qld

153° 11' 35"E  

27° 34' 39"S
13:56:14.3 ± 0.4 s

PE applied: 0.9±0.4
13:56:28.3 ± 0.2 s

PE applied: 0.45±0.2


14.0 s

Case Bosloper 

&  Ray Pickard

(Note 1)
Bathurst, NSW   

149° 40' 03"E  

33° 23' 44"S
13:55:22.0

PE applied: 0.8 s
13:55:39.0

PE applied: 0.8 s
17.0 s

Colin Bembrick


Bathurst, NSW

149° 45' 30"E

33° 26' 06"S
13:55:21.0

PE applied: 0.5 s
13:55:35.9

PE applied: 0.5 s
14.9 s

Michael Nelmes


Canberra, ACT 

149° 03' 26"E

35° 11' 47"S
13:55:03.0

PE applied: 0.8 s
13:55:18.9

PE applied: 0.4 s
15.9 s

Mike Dower 

(Note 2)

Canberra, ACT 

149° 03' 37"E  

35° 11' 51"S
13:55:19.6

No PE specified
-
2 s ?

David Wheeler


Wollongong, NSW 

150° 53' 12"E  

34° 24' 57"S
13:55:18.4

PE applied: 0.7 s
13:55:19.9

PE applied: 0.3 s
1.5 s

Notes:

(1)  Case Bosloper and Ray Pickard observed using different telescopes on the same mounting. The timings made were independent but identical.

(2)  Dower noticed the star as having dimmed only 2 seconds before it brightened.

Discussion

Plotting the observations (Figure 5B) clearly shows that Aurora does not have a circular outline. Of particular note is the short (1.5 second) chord obtained by David Wheeler at the University of Wollongong, indicating that he was only a few hundred meters inside the southeastern edge of the track. Note that the ellipse shown is in no way a rigorous fit, but is instead a representative ellipse suggesting that the axial dimensions of the face of the planet at the time of the occultation are of order 225 x 175 km.

The following points are of note:

· While there is no doubt that the planet is non-circular, and there is an indication of irregularity particularly on the eastern (disappearance) limb, some observations are in disagreement with others.

· The chords of Anderson, Zalezsak and Smith are in reasonable agreement, and differences between them could potentially reflect true features on the limb of the asteroid. Observers Anderson, Smith and Hutcheon are very experienced observers, all having previously timed multiple minor planet occultations. Hutcheon’s chord is significantly shorter than, and displaced positively in time compared to, those adjacent to it, although this observer has indicated factors which he feels might have negatively impacted his ability to accurately time the events. For dynamical reasons Hutcheon’s observations as they stand cannot reflect the position of the true limb of the asteroid.

· The chords of Bembrick and Bosloper/Pickard are closely spaced. Yet, the Bosloper/Pickard chord is displaced positively in time by a small amount at the disappearance end, and by a much larger amount at the reappearance end. Bembrick is an experienced observer with multiple observed events. Bosloper and Pickard are observers experienced in other types of observing, but are new to occultations. As such, their reaction times might be expected to be significantly different to those of more experienced observers. On the other hand, Bosloper and Pickard were observing using two telescopes on the same mounting and the recorded times for both observers were identical. 

· Dower and Nelmes are both new observers, and were observing essentially on the same chord.  Dower saw the star dim only two seconds before it brightened which, given Nelmes’ observation, makes his disappearance clearly spurious.  Nelmes’ observation is within allowable tolerances as an indicator for the true limb of the asteroid.

· Wheeler is a new observer, and his observation is crucial in giving some indication of the extent of the asteroid.  However, his observed occultation was short and his (probably differing) disappearance and reappearance reaction times, as a new observer, are likely to be a significant percentage of the reported 1.5 second chord length. 

The above points describe several observations from adjacent observers which cannot be reconciled with each other. As such, they serve to show up many of the limitations of visual observing:

· Inexperienced observers are likely to be startled by the suddenness of occultation events, with a consequent severe negative impact upon their reaction times.  Studies have shown that inexperienced observers consistently underestimate reaction times, occasionally by factors of five or more. 

· Reaction times for disappearance and reappearance events are often significantly different, which serves to greatly complicate the analysis of visual observations.

· Inexperienced observers are more likely to be unfamiliar with their timing equipment, with the starfield, and with other aspects of the observation, leading to a higher possibility of error.

· Even experienced observers may be subject to significant timing errors due to circumstances sometimes outside their control.

Conclusions

These observations show that notwithstanding the existence of a small band of very experienced observers, some timings of positive occultations (and often the timings of relatively inexperienced observers) may be prone to significant error.   This leads us to conclude that while visual observations of these events will remain very useful in defining path limits and in providing an overview of the asteroid’s shape, if the accuracy of results is to keep pace with now higher accuracy of the predictions, observers must be encouraged away from visual observations and into a form of observing which is independent of the human eyeball. 

Future Directions

In the past many non-professional astronomers have had neither the dedication nor the cash to pursue photoelectric or other options which remove dependence on solely visual observing.  In addition, although such options are capable of repeatedly producing verifiable results of high accuracy, they are typically neither simple, portable nor low-cost. However, methods of observing which fulfill just these requirements are now urgently needed if the quality of minor planet occultation observations is to keep pace with the accuracy of the predictions.

While video cameras have been an alternative to photoelectric observation for some years, it is only in the past year that video technology has broken new ground in providing access to relatively cheap, extremely low light level (.0003 lux) and extremely portable video cameras.  Cameras such as the very small PC-23E and PC-164C from Supercircuits, and similar cameras from other manufacturers, can now be purchased for prices in the region of $US80-150.  These cameras will easily attach to standard Schmidt-Cassegrain and other telescopes, and several units are available in PAL format for direct Australasian use.

Further information about some of these cameras may be obtained from the following websites:

· http://www.supercircuits.com

· http://www.watec.net/_eng/spec/902h.htm

· http://www.rfconcepts.co.uk/cctv-camera.htm 

It is clear that while visual observations will remain valuable, the next step in this field must utilise video technology to remove the observer’s reaction time from the equation and to allow events to be subsequently replayed and analysed.

Combined with a GPS timebase, the use of portable video technology to produce verifiable minor planet occultation data independent of any human factors is likely to revolutionise this field of observing.

Further information on developments in the use of video for occultation observations can be found on the RASNZ Occultation Section’s website as follows:

· http://occsec.wellington.net.nz/

Figure 1: GYPTIS – 1999 March 26
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Figure 2: ASTRAEA – 2000 May 22
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Figure 3: BETTINA – 2000 May 30
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Figure 4: EVA – 2000 June 17
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Figure 5A: AURORA – 2001 October 12 – Locations

Map showing the updated predicted path for the Aurora Occultation of 2001 October 12.
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Positions of Observers are shown by their observer codes as follows:

Zal : Tamas Zalezsak
And : Peter Anderson
Smc : Charlie Smith

Hut : Steve Hutcheon
Boc/Pir : Case Bosloper /Ray Pickard
Bem : Colin Bembrick

Dom : Mike Dower
Nem : Michael Nelmes
Whd : David Wheeler

Figure 5B: AURORA – 2001 October 12

(Disappearances are on the right; reappearances on the left)
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Figure 6A: DORIS – 2001 November 28 - Locations

Map showing the updated predicted path for the Doris occultation of 2001 November 28.
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Positions of Observers are shown by their observer codes as follows:

Par :
Ralph Parmour (no event)
And : 
Peter Anderson (no event)

Bac : 
Ian Bacon
Hut : 
Steve Hutcheon

Figure 6B: DORIS – 2001 November 28

(Disappearances are on the right; reappearances on the left)
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