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Abstract
From lunar grazing occultation observations it is shown that the present lunar limb profile data have sometimes
large errors, and therefore it is apparent that they need to be modified. For that purpose observations of grazing
occultations collected at the Royal Greenwich Observatory until 1980 were analyzed and lunar limb profile data
were obtained. As a result the number of the lunar limb profile data obtained from grazing occultations was almost
doubled. These profile data are being used for the predictions of lunar grazing occultations in order to locate observers
at better positions, so that they can also get good grazing occultation data to improve the lunar limb profiles. These
profile data will be used in the future analyses of solar eclipse observations and of the possible errors of the Hipparcos
proper motion system.
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1. Introduction
For the lunar limb irregularity corrections in the lunar occultation analyses, Watts’ (1963) charts are still being used.
In 1994 lunar topographic features were observed by the
Clementine lunar mapping mission (Smith et al. 1997), but
the Clementine laser altimeter data were too sparce (they only
covered narrow meridianal strips separated by almost 3◦ of selenographic longitude) to replace Watts’ data, and the altimeter data for the polar regions were not obtained. Margot et al.
(1999) obtained lunar polar topography from radar interferometry, and Cook et al. (2000) derived them from Clementine
stereoimages, but derived lunar limb profiles from them did
not agree well.
There is a Japanese SELENE mission which will start
in 2003. The Moon-orbiting SELENE satellite will observe
Moon’s surface, and it is expected that the observations will
help to derive the lunar limb profiles. But for the present, lunar occultation observations are the only ways to get precise
lunar limb profile data. Those data will be used to detect the
variation of the solar diameter from analyzing solar eclipse
timing observations (Fiala et al. 1994). They are also useful for
detecting errors of the Hipparcos proper motion system (Dunham 1997, Sôma 2000).
Lunar grazing occultation observations are of an advantage to getting lunar limb profile data in the lunar polar regions, and they can be used for predictions of future grazing
occultations with near librations. The International Lunar Occultation Centre (ILOC) in Tokyo has been collecting lunar
total and grazing occultation observations made in the world
since 1980. Sôma (1999) analyzed those grazing occultation
observations collected at the ILOC using the planetary and lunar ephemerides DE405 (Standish 1998) and the Hipparcos
Catalogue of stars (ESA 1997), and published the lunar limb
profile data obtained from the analysis. They have been be∗ A scholarship student sent to National Astronomical Observatory of Japan by the Astronomical Society of Japan from 2001 April
1 to 2002 March 31.

ing used for the predictions of grazing occultations provided
by IOTA (International Occultation Timing Association) each
year, but they are not enough for the predictions so that many
predicted grazing events still have inaccurate profile data for
the observations as will be explained in Sect. 2 below.
Until 1980 the lunar total and grazing occultation observations were collected at the Royal Greenwich Observatory
(RGO), and the total occultation data were provided in the
machine-readable form, but the grazing data were only publicized on the microfiche (Appleby et al. 1984) and those in
the machine-readable form were lost. However Dietmar Büttner and other IOTA/European Section members digitized the
data recently, and they kindly provided the data to the authors.
We checked the data and some errors in the digitized data were
corrected with the help of David Herald in Australia. In Sect. 3
these grazing occultation observations are analyzed with the
same lunar and planetary ephemerides and the same star catalog as was used by Sôma (1999) and the lunar limb profile
data obtained from the analysis are given in the same format
of table 1 by Sôma (1999).
Our goal is to give lunar limb data for any libration and
any position angle. The grazing occultation observations made
hitherto are not enough to provide them. But the data in the
present paper are intended to be used for the lunar limb profile
predictions for future grazing occultations in order to locate
observers at better positions, so that they can also get good
grazing occultation data to improve the lunar limb profiles.
The data presented in this paper have been provided in the
machine-readable form to IOTA computers, who are responsible for grazing occultation predictions for observers in their
countries or regions, and are used for the predictions for 2002.
One of the authors (MS), as the Vice President for Grazing
Occultation Services of IOTA from 1998, is receiving grazing occultation observations made by the IOTA members. The
authors will reduce them, update the limb profile data, and provide them annually to the IOTA computers. The data can also
be provided in the machine-readable form to anyone upon request.
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2. Recent Examples of Successful Grazing Occultations
The lunar limb profiles obtained by Sôma (1999) have
been used for the predictions of lunar grazing occultations distributed annually from IOTA, but there are still many grazing
events which have no observed lunar limb profiles in the predictions. The grazing occultations of the 5.1-magnitude star 97
Tauri (ZC 730) observed on 2000 July 27 in Florida, U.S.A.
and on 2000 August 23 in Japan were two of such events, and
Watts’ (1963) lunar profile charts had large errors for those
events, but through international collaboration those events
were successfully observed, as explained below.
Just a few days before the 2000 July event David W. Dunham, the president of IOTA, remembered that he and an IOTA
member Robert H. Stewart observed the grazing occultation
of the same star on 1995 July 23 in Virginia, U.S.A., and from
their observations he suspected that while Watts’ charts gave
rather low lunar limb profile for that region, the actual profile was not so low. So he reported their observations to Sôma
and Dunham’s suspicion was confirmed from Sôma’s analysis of their observation as given in figure 1. The fact was also
consistent with the grazing occultation of ZC 478 observed
on 1977 August 7 in Maryland, U.S.A. (figure 2), whose observations were archived at the ILOC in Tokyo, although the
latitude librations b of the Moon of them differed by about
1◦ . The Watts angle (the position angle used in Watts’ charts;
it was Watts’ intention that this angle was identical with that

measured from the north pole of the Moon, but actually they
differed by about 0◦. 24) of those profiles were larger than the
central graze Watts angle of the 2000 July event by about 10◦ ,
but Sôma found that a few other grazing occultations that were
within a few degrees of Watts angle and librations of the 2000
July event showed the actual lunar limb profile being close
to the lunar mean limb, which was about 0. 5 to 1. 0 higher
than Watts’ profile, as shown in figures 3–6 (it is noted that, as
shown in the figures, the longitude librations l and the latitude
librations b of the Moon for these events vary in the regions
◦
◦
◦
<
< <
−1◦. 1 <
= l = + 3 . 2 and +3 . 60 = b = + 6 . 11, but all of
the observed lunar limb profiles are close to the lunar mean
limb). Based on this information the 2000 July grazing occultation of 97 Tauri was successfully observed, and 9 observers
in three expeditions got a total of 65 contacts. A month later,
on 2000 August 23, another grazing occultation of the same
star occurred over almost the length of Japan (figure 7). In order to help positioning Japanese observers of the event, the
timings and locations of the observations in Florida were all
determined and they were sent to Sôma by a few days before
the date of the Japanese event. Based on the reduced lunar
profile as given in figure 8, the Japanese event was successfully observed, and 31 observers in five expeditions were able
to time a total of 198 contacts. As a result the lunar limb profile
was accurately determined as shown in figure 9.
It is regretted that the Japanese expeditions failed to
observe the top of the highest mountain located at Watts angle

Fig. 1. Limb profile from the 97 Tauri (ZC 730) graze observed on 1995 July 23 in Virginia, U.S.A. The plot uses the mean limb as the
horizontal axis. The abscissa is WA (see the text). Since a 1◦ arc of the Moon’s limb at average distance subtends 16 , the vertical
scale on the plot is exaggerated by a factor of about 19 over the horizontal scale. The filled circles are from disappearances, the
open circles from reappearances, the filled triangles from blinks, and the open triangles from flashes. The curved line represents
the profile data from Watts’ (1963) charts, the solid part being the one given as accurate and the broken part being the extrapolated
inaccurate one.
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Fig. 2. Limb profile from the ZC 478 graze observed on 1977 Aug. 7 in Maryland, U.S.A. For the explanation, see figure 1.

346◦. But about nine hours earlier of the Japanese event a grazing occultation of a 6.9-magnitude star X 5788 (SAO 93963)
was observed in North Carolina, U.S.A., and fortunately the
top of the mountain at Watts angle 346◦ was obtained from the
observation as shown in figure 10. It is also noted that the two
profiles obtained from the two events are slightly different due
to the slightly different librations of the Moon.
These grazing occultation observations were summarized
in Sky and Telescope by Dunham (2001) as the most successful
grazing events in the year 2000.
3. Lunar Limb Profile Data
The lunar limb profile data obtained from the grazing occultation observations collected at the ILOC were published
by Sôma (1999) and they are used for the predictions of lunar grazing occultations distributed annually from IOTA, but
as discussed in the previous section, there are still many grazing events which have no observed lunar limb profiles in the
predictions.
Before 1980 lunar grazing occultation observations were
collected at RGO. The data were digitized recently by Büttner and other IOTA/European Section members. In total there
were about 17,000 timings for 842 grazing occultations in the
RGO data, whose number is comparable to the total number
of grazing occultations collected at the ILOC and analyzed by
Sôma (1999). Those RGO data were analyzed using the same
procedure and the same values of the parameters as used by
Sôma (1999), which are summarized as follows:
Lunar and planetary ephemeris: DE405/LE405 (Standish
1998)
Star catalog: Hipparcos Catalogue (ESA 1997)

Correction to the Moon’s ecliptic longitude and latitude at
mean distance (384, 400 km): λ = +0. 50 and β = −0. 24
Radius of the Moon: R0 = 1738.107 km
Correction for the ellipticity of Watts’ datum:
ρ =
+0. 128 sin 2(WA)
Relation of Watts angle (WA) with axis angle (AA): WA =
AA + 0◦. 24
Here WA is the argument of position angle in Watts’
charts, and AA is the position angle measured from the lunar north pole. For the basis of each adopted value, see Sôma
(1985).
It should be noted that nowadays precise geodetic coordinates of the observation stations can be obtained from GPS
measurements, but during the intervals of the observations of
which the current analysis was made those coordinates were
usually measured from geographical survey maps whose accuracy is considered to be typically about 1 arcsec. This accuracy corresponds to within 0. 02 arcsec for the obtained lunar
limb profile accuracy, which is enough for the purposes of the
present paper.
The obtained lunar limb data are given in table 1 for every
0.2 deg of Watts angle. In order to preserve only reliable data,
observations with only a small number of limb points or with
many inconsistent data are rejected. In table 1 the observations
which have the mean number of observed limb points for every
0.2 deg of WA of more than 1.5 are given, and the rejected data
are stored in another file to be used for future analyses.
The data in table 1 are given in the format which is compatible with the input data for IOTA’s ACLPPP (Automatic
Computer Lunar Profile Printing Program) profile predictions.
The byte-by-byte description is given below.
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1st line for every grazing occultation:
1-4
5-8

◦
Watts Angle range in 0 . 1

9-10

Limit: 1 means northern limit, -1 means
southern limit

11-14 Usable latitude libration range in 0◦. 01
15-18
19-22 Usable longitude libration range in 0◦. 01
23-26
27-33 Catalog identifier and number in the catalog
of the star; Catalog identifier X means XZ
(Schmidt & Van Flandern 1977) and ZC means
Robertson’s (1940) zodiacal catalog
35-42 Observation date MM/DD/YY (Year is subtracted
by 1900)
43-45 Number of the profile data given
46-50 Libration in longitude in degrees
51-55 Libration in latitude in degrees
57-59* Basis of the analysis (99B is the basis in
the present paper)
61-65* Number of observed profile points used to
derive the data
66-70* Standard error in the star’s declination

the data provided by Sôma (1999) for the predictions of lunar
grazing occultations in order to locate observers at better positions, so that they can also get good grazing occultation data to
improve the lunar limb profiles. These data will be used in the
future analyses of solar eclipse observations and the possible
errors of the Hipparcos proper motion system.
Mr. Dietmar Büttner in Germany and other IOTA/European Section members provided us the digitized grazing occultation data. David Herald in Australia corrected some of
the errors in the digitized data. The authors would like to express their hearty gratitude to all of them. Thanks are also due
to many amateur astronomers who made the observations analyzed in this paper.
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Fig. 3. Limb profile from the ξ 1 Ceti (ZC 327) graze observed on 1981 Aug. 20 in Australia. For the explanation, see figure 1.

Fig. 4. Limb profile from the X 5735 graze observed on 1981 Aug. 23 in the Netherlands. For the explanation, see figure 1.
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Fig. 5. Limb profile from the  Tauri (ZC 668) graze observed on 1982 Nov. 3 in Japan. For the explanation, see figure 1.

Fig. 6. Limb profile from the 104 Tauri (ZC 764) graze observed on 1999 Sept. 3 in Florida, U.S.A. For the explanation, see figure 1.
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Fig. 7. Northern limit of the 97 Tauri (ZC 730) graze on 2000 Aug. 23. The dots represent the places where the observations were made.
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Fig. 8. Limb profile from the 97 Tauri (ZC 730) graze observed on 2000 July 27 in Florida, U.S.A. For the explanation, see figure 1.

Fig. 9. Limb profile from the 97 Tauri (ZC 730) graze observed on 2000 Aug. 23 in Japan. For the explanation, see figure 1.
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Fig. 10. Limb profile from the X 5788 (SAO 93963) graze observed on 2000 Aug. 23 in North Caroline, U.S.A. For the explanation, see
figure 1.

83

84

M. Sôma and Y. Kato

Fig. 11. Location on the moon in the P -D frame that has the limb profile data given by Sôma (1999).

Fig. 12. Location on the moon in the P -D frame that has the limb profile data given by Sôma (1999) and in the present paper.
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Table 1. Lunar Limb Profile Data.
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