GUIDANCE NOTES FOR THE USE OF THE ‘GRAZEREG’ LUNAR GRAZING OCCULTATION PREDICTIONS

With additional explanation of some of the terminology.

This document provides a detailed key to, and explanation of, the attached output of the ‘GRAZEREG’1 grazing occultation program.  The program is under continuous development, including the steady improvement of data used to plot the lunar limb profile.  The output of the program is in pure ASCII text which can be displayed or printed using a fixed width font.

Each graze prediction comprises two pages of information.  The first page contains general information about the graze and a table of longitudes and latitudes for plotting the central graze track on a map. The second page contains a representation of the moon’s ‘limb profile’ – the limb profile plot – and other useful detail about the graze to help the planning of a graze ‘expedition’.

[These notes usually accompany predictions of single events sent to observers.  Information about the header pages from the full annual set of predictions sent to local coordinators has been omitted for now.]

PAGE 1

The heading gives the name and brief address of the observer.  (The observer’s geodetic coordinates are not printed on these single predictions but are shown on the header page of the ‘full set’.  They are those supplied by the observer for prediction purposes – usually the “home” coordinates.)  The ‘TRAVEL RADIUS’ is that specified by the observer so that all grazes within it are included in the full set of predictions.  The ‘CLOSEST POINT’ is the distance from the observer’s coordinates to the closest point of the graze track ‘as the crow flies’ to give a rough idea of the travel distance to the graze.

The next lines give the date and central time of the graze at the ‘closest point’, information about the moon and star, and whether it is the northern or southern moon’s limb that is grazed (northern or southern ‘LIMIT’ graze).  The moon data includes the percentage sunlit, whether waxing or waning, or if in eclipse.  Where available, several different catalogue cross-references for the star may be printed to help identification, the reference catalogue being the first.  The magnitude is visual unless followed by ‘B’ (B magnitude).

‘PHASE-ANGLE’ – to be strictly correct, I think this should read ‘LUNAR PHASE’ – it is the excess of the moon’s apparent celestial longitude over that of the sun, being 0º at new moon, 90º at first quarter, 180º at full moon, and 270º at last quarter.

‘DELTAT’ (T) is the value applied to the Terrestrial Time (TT) used in the lunar ephemeris to obtain positions referred to Universal Time (UT) (= “GMT”).  It is for information only: owing to the non-uniformity of the earth’s rotation it has to be extrapolated when the predictions are generated but the error in UT is generally never more than a fraction of a second.  (For full accuracy the subsequent true known value of T is applied to observations during reduction.)

‘POS-AN.CUSP’ is the position angle of the bright limb cusp that is nearest to the point of the graze on the moon’s limb.  Position angle (PA) is the angle measured in degrees anticlockwise round the moon’s disk from the disk’s north point as seen from the earth.  This is the point where a line of right ascension intersects the disk or the “top-most” point of the disk when viewed through an equatorially mounted telescope.  (The north point here does not usually coincide with the moon’s northern pole: due mainly to the inclination of the earth’s axis to the ecliptic, the moon’s north pole appears to oscillate by about ±23º from the zero of PA during the course of a lunation.)  And the ‘cusps’, usually describing the ‘points’ of the illuminated crescent, can refer, by extension, to any phase of the moon, even near new and full moon.  (The line joining the cusps is usually aligned roughly with the north-south direction.  However, near new and full moon, when the moon is passing north or south of the earth-sun line, the line of the cusps rotates through an east-west alignment.  At these times, the cusp angle of an occultation – its distance from the cusp – may be quoted as relative to the east or west cusp.)

If relevant, double or multiple-star information is given on the next lines.  For very close double stars, such information may only have been discovered from previous occultation observations and the tabulated separation of the components and their position angle may not be very accurate.  The observation of occultations of double stars, including grazes, can be used to improve this data.  As one component is occulted before the other, a so-called ‘step event’ can occur as the magnitude of the pair appears to drop to an intermediate value a short time before disappearing altogether.

Next follows a table of longitude/latitude points for plotting the central graze track on a geodetic map.  These coordinates are fully corrected for the local maps’ geodetic datum and for atmospheric refraction.  Longitudes are positive east of Greenwich and are printed at 10’ intervals although the interval can be set as low as 2.5’.  The points actually refer to the intersection of the 0’’(- 0KM) and ‘0 MIN’ axis on the lunar profile chart (page 2 below).  The universal times are the times of arrival of that part of the moon’s shadow at those points on the track.  The plotted points refer to sea level but the value “TANZ” (tangent of the moon’s zenith distance) allows a shift to be applied to the position of the track if the observation site is not at sea level.  The lower the moon’s altitude, the greater the effect due to foreshortening.  However for the planning of observation sites, the correction is usually only significant for elevations of several hundred metres above (or below!) sea level.  Details of the calculation are given below2.  (Elevation of the observation site is fully taken into account when reducing observations.)

For each point in the table, other data are given:  The moon’s altitude and azimuth at the time of the graze help in planning the location of observation sites, and the sun altitude indicates what level of twilight may interfere, if any.

The ‘POS.ANGLE OF GRAZE’ is the PA of the point on the limb where the graze occurs, while the ‘CUSP ANGLE’ (CA) is its angular distance round the limb in degrees from the nearest cusp (the absolute value of [PA cusp - PA graze]).

The first letter after CUSP ANGLE indicates whether the central graze takes place against the [D]ark or [B]right limb, or on the geometrically dark lunar limb near to the geometrical [T]erminator.  (These letters are also used to indicate the relevant zones on the limb profile plot.)  Except for very bright stars, predictions are generated only for grazes occurring entirely or partially against the dark limb.  In the latter (partial) case, grazes will occur going from the bright limb to the dark limb or vice versa.  Although it may not be possible to make accurate timings of graze events during the bright limb segment, timings obtained from the dark limb segment are still fully valid.  Also, the use of ‘B’, ‘D’, or ‘T’, represent the geometrical situation of the smooth mean limb.  But, for grazes occurring close to the cusp  (CA around 1º or less), the presence of lunar limb features such as sunlit mountain peaks or shadowed valleys may mean that a bright limb event actually occurs in the dark or vice versa.  This can be spectacularly so for southern limit grazes, where the lunar profile is very rough.  The limb profile plot helps to identify this situation.

The bright full moon, against which grazes of most stars would be invisible, may become dark during a lunar eclipse allowing grazes to be observed.  GRAZEREG detects the eclipse condition and relaxes the magnitude limits normally computed for observability.  During eclipses, no PA of the cusp is given in the predictions and the ‘% SUNLIT’ refers to the fraction of the moon’s diameter outside the umbra. ‘CUSP ANGLE’ is replaced by ‘UMBRAL DIST.’ which, in this case, means the distance of the grazed star in degrees from the edge of the umbra, (not from its centre).  This information helps to assess the likely observability of the graze during an eclipse.  [The umbral dist. value is followed by a letter – I have only seen ‘T’ so far, presumably indicating the ‘terminator’ condition that would apply to the otherwise full moon? – AJE, 24/9/04]

The second letter after CUSP ANGLE (in the ‘T’ column) indicates the size of telescope needed for the observation.  ‘A’ means 4-inch telescopes are sufficient, ‘B’ denotes apertures up to 6 inches, and ‘C’ suggests telescopes well above 6 inches.  (The ‘T’ column is omitted for grazes during lunar eclipses to make room for the other information in the above paragraph.)

In these predictions, which are generated for UK observers, the final column holds the Ordnance Survey grid references automatically produced by the program ‘Grazconv’ [AJE].  The 6-figure (100 metre) grid references correspond precisely to the longitude and latitude in the first columns and vastly simplify plotting graze tracks on OS maps.  (Where there is no valid grid reference, when the graze track has passed off the OS grid limits, the grid letters are replaced by asterisks.)

The first line under the table gives the geodetic datum of the coordinates and the actual star catalogue used for the prediction.  For the UK the datum used is the ‘Ordnance Survey of Great Britain 1936’ (OSGB 1936) which allows direct plotting on Ordnance Survey maps.  (During reduction, the coordinates are converted to the preferred WGS 84 system used by GPS – the first truly global and uniform system.)

The last lines on page 1 show the result of the observer scan if any.  The regional co-ordinator keeps a file of interested local coordinators for whom predictions are run.  Grazereg automatically searches the file for other observers for whom the graze is within their travel radius.  This enables co-ordinators to see at a glance who else may be interested in joining expeditions.

PAGE 2 – The Profile Plot.

[The following uses Eberhard Riedel’s narrative directly with some augmentation/clarification.  AJE]

This page, containing the profile plot, is only printed if the observer requested it and then only for grazes within the observer's travel radius (not outside it).  It is always plotted for the location and time of the ‘closest approach’ as defined above, centring the corresponding position angle of graze in the headline 'PA' and the central Axis Angle in line 'AA'3.

The mean lunar limb always agrees with the ‘0 km’ line, which is the predicted limit at central graze, because the graze path data already includes the shifts due to geodetic datum and refraction.  The mean geometrical smooth lunar limb is plotted with the letters 'D' for the dark limb and 'B' for the bright limb (or ‘W’ for  the ‘worst case’ limb – see below).  During a lunar eclipse the mean lunar limb is plotted with the letter 'E'.

The moon’s terminator, where present on the chart, is plotted with 'T's along its geometrical position for lunar phases between 21º and 339º.  At crescent phases the terminator is plotted at a decreased position angle allowing  for the optical ‘retreat of the cusp’.  A 'Worst Terminator' is not included in the plots, instead the letter 'W' stands for the worst case of lunar limb illumination referring to the presence of possible sunlit mountains of a height of 2 arc seconds.  This worst limb is geometrically a dark limb and always starts where the terminator meets the limb.

Three separate sets of data are used to plot the true lunar profile ‘superimposed’, as far as possible, on the mean profile.  In theory, the points plotted with the three data sets should correspond, but in practice they do not due to differences and omissions.  This leads to a messy profile.  In principle the symbols for the three data sets should be joined up separately but the ASCII character representation of the plot makes this difficult.  The data sets are:

- Watts data.  In the 1940’s, C B Watts measured hundreds of high resolution photographs of the lunar limb to establish the lunar limb profile – the ‘Watts Charts’.  But 50 years of observations highlighted significant errors.  Yoshio Kubo, Tokyo, recently applied corrections to the data set but the data remains incomplete in the Cassini regions4. The Watts data are plotted using 'o's.

- ACLPPP data.  ACLPPP is an IOTA data set based on ‘empirical corrections’ taken from many years of actual graze observations, but by its nature, it is not complete and there still appear to be errors in the profile so corrected.  The data are plotted using 'x's.

- MOONLIMB data.  MOONLIMB is a project started in the early 1990’s by German amateurs (IOTA members) to statistically correlate all existing total occultation observations to produce an improved limb profile.  Only observations with verified internal consistency were used.  Early indications are that the MOONLIMB profile is more accurate than the other two although not all regions are covered yet.  MOONLIMB data are plotted using '*'s.

When all of these three data sets are shown together in one profile the plots sometimes look a little crowded. It is not always possible to connect the profile points by a smooth line. Sometimes the coverage is so dense, that with the poor resolution of the profile plots there is more than one symbol of that limb data in one column, and sometimes there are wide gaps in the observed data.  Drawing a line connecting the limb structures of different symbols is not recommended.

But even with a rough connection of the profile points there is a good chance to estimate the favourable locations for an observation.  Data points derived from observation, i.e. '*'s and 'x's, take priority, and are the only data shown in the Cassini regions, where Watts data does not exist 4.

The chart shows the moon’s limb strongly exaggerated in the vertical direction to magnify the apparent profile.  This makes it easier to identify the rugged areas of the limb and therefore where to position observers on the ground so that they will be in the best place to observe multiple events.  The chart axes are labelled.  The left hand vertical axis shows distances from the ‘tip’ of the lunar profile in arcseconds at the moon.  The right hand vertical axis shows the distance in km or miles from the graze line on the ground.  The actual scale of each chart may differ depending on the moon’s elevation.  For very low elevations, the profile plot may extend as far as 16km from the zero line due to the foreshortening (forelengthening?!) of the moon’s shadow.  The minute markings ‘MIN’ on the horizontal axis allow the expected times to be estimated, before or after the central graze time, when the various graze events will be seen by observers positioned across the track.

To get a rough idea of the circumstances of the graze, the profile chart can be laid on top of the map with the 0” – 0km axis coinciding with the track.  Moving the chart along the track will give an idea of what will be seen at any proposed observing site.  Obviously, this is affected by any difference between the chart and map scales.  Fortuitously for British observers, the usual chart extent of around 8 km on the ground is fairly close to the 1:50,000 OS map scale.

The table below the profile gives the time and location (WGS 84 datum) of the ‘closest point’ for which the profile is valid, and the lunar libration angles as seen from there.  The 'VERTICAL SCALE' value corresponds to the former VPS-value, but is calculated in a different way from the actual topographic situation.  All corrections to observing locations derived from this value have to be made perpendicular to the graze path heading. (The value 'HEADING' is the azimuth direction of the lunar motion on the earth's surface and is used in any site elevation correction2.)

The value 'LUNAR VELOCITY' is equal to the former HPS-value [Horizontal Profile Scale] and gives the rate of lunar motion per minute relative to position angles on the lunar limb.

Graphical display of the graze tracks of secondary or tertiary components of double/multiple star systems has been omitted to prevent clutter.  Coordinators can estimate where the tracks of these would run from the separations and position angles given in the path predictions.

A J Elliott

2004 September 28

[General information on organising graze expeditions, and the use to which their results are put, will be added here at a later date.]

NOTES:

1 The GRAZEREG lunar grazing occultation program was developed by Eberhard Riedel on behalf of IOTA – the International Occultation Timing Association European Section (IOTA/ES).

2 The track shift to be applied on the map for sites above or below sea level is calculated as follows:

Correction = Sin(HEADING-MOON AZI.) * TANZ * Site elevation

The quantities in upper case are given on the predictions and the correction is in the same units as the site elevation.  For site elevations above sea level and negative values of the correction, the line is shifted southerly perpendicular to the sea level track and vice versa.  (The term ‘southerly’ is used to indicate which side of the sea-level track to shift the corrected track because graze tracks can occur at very large angles to the east-west direction.)

3.  The use of Axis Angle (AA) has now replaced the use of Watts Angle (WA).  AA is the angle measured anticlockwise round the lunar limb from the moon’s true ‘northern’ pole.  The origin of WA, used for the Watts charts, supposedly the same point (the pole), was found to be in error by about 0.2º.

4.  The ‘Cassini regions’ are areas of the moon’s surface near the lunar poles which, at certain latitude librations, can never be seen illuminated from the earth.  The deficient areas range from approximately axis angles 166º to 196º round the southern pole for negative librations, and from 352º to 010º round the northern pole for positive librations.  The effect is a consequence of Cassini’s third law which “relates to the coincidence of the ascending node of the moon’s equator on the ecliptic with the descending node of its orbit on the ecliptic”.  Therefore it was not possible to photograph these regions for the Watts charts.  Because of this, the observation of grazing occultations is still the best method of finding the missing limb data in these regions.

Ref: Astronomical Papers Prepared for the Use of the American Ephemeris and Nautical Almanac, XVII, “The Marginal Zone of the Moon”, C. B. Watts, 1963.  (The “Watts Charts”)
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