Analysis of lunar crater timings,

1842-2011

David Herald & Roger W. Sinnott

Crater timings are made during a total or partial lunar eclipse as the Moon slowly
glides through the Earth’s central shadow cone, or umbra.We have gathered 22,539
observations made at 94 lunar eclipses since 1842 — the largest collection of crater
and contact timings ever compiled. In this paper we analyse these timings to derive
an improved characterisation of the umbra’s size, shape, and stability over time.

Introduction

Crater timings are made during tota
or partial lunar eclipses. The mome
when either the rim or the midpoin{
of a lunar feature (usually a crater
coincides with the umbra’s edge is
recorded. This edge, while somewhd
diffuse, is well enough defined for
timings by different observers to
agree to better than one minute.

The apparent ease with whic
the umbra’s edge can be locate
has made crater timings attractivq
for observers since the early years
of the telescope, when eclipse pre-
dictions were not reliable and the selenograph@dinates of
craters poorly known. For example, during a 173ipse George
Graham & James Short, using a 5¥2-inch reflectomifigigg 38
times, recorded the moment the umbra reached gisielzes of
Tycho, Plato, Manilius, and Mare Crisium to the mesa 5 sec-
onds. John Bevis observed the same eclipse witffioatsel-
escope and noted when the umbra first touched Gdiraad,
175 seconds later, covered it.

The umbra’s edge photographed by Dennis di Ciccthatlunar eclipse of 2003 November 8.

Chauvenet approach

Numerous values for the umbral enlargement, rantyipigally
from 1/40 to 1/65, are found in the literaturetod L8th and 19th
centuries4William Chauvenet, in his influential 1863 texttkgo
selected 1/50, or 2%, as representative of thedeéstminations,
corresponding to an enlargement fadignf 1.02.

Chauvenet expressed the umbra’s observed angdlas g,

Since those early observations, numerous authove haas follows:

drawn various conclusions about the size and sludpgbe
umbra, and its stability over time — usually on tesis of a
small number of eclipses.

In this paper we analyse 22,539 observations mz@i¢ lanar
eclipses since 1842 to derive an improved charaat@n of the
umbra’s size, shape, and stability over time.

Reduction methodology

As early as 1687 the French astronomer Philippe Hée, in his
predictions of lunar eclipses, added 90 arcsectmdse um-
bra’s geometric radius to take into account thesesithouetting
effect of the Earth’s atmosphetéater he revised this angle to
60 arcseconds. In both cases, de la Hire treatedritargement
as a fixed angle, additive to the umbral radiusinaddpendent of
variations in the SurEarth-Moon geometry from one eclipse to
another. The final enlargement value adopted bhkaditire, 60
arcseconds, is about 1/41 of the umbral radiusibatd other-
wise be predicted if the Earth were airless.
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ry= (0-998340-5\/100n_38un+ T[Sun)E [l]

wherer,,,, andTi,,are the equatorial horizontal parallaxes of the
Moon and Sun, respectively, asgl,is the geocentric semidiameter
of the Sun. The factor 0.998340 is the Earth’'susaali 45° latitude, the
equatorial radius being 1. The factor serves &vanage’ radius of
the oblate Earth and allows the umbra to be redasleircular.

Equation [1], withE set to 1.02, is still used today in #hstro-
nomical Almanador predicting the primary contacts of lunar
eclipses

To analyse observations, one calculates an obsg¥edeach
contact or crater timing and rearranges equatipto [dolve forE.

Danjon approach

In 1951, AndréDanjon argued that Chauvenet was not strictly
correct to apply an enlargement factor to the ergkpression
for the geometric radiusAmong other problems, it leads to an
erroneous enlargement of the penumbra (whose eulge,
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difficult to believe that the atmosphere could digantly

weaken the sunlight up to such heights.is merely a
single quantity, derived from timings and freetod effect
of the known oblateness of the solid Earth, thatee

Eiwn sents the effects of the Earth’s atmosphere. Variatin

- 1{' S NEL height from eclipse to eclipse would likely inate
: | _:' { J it = SN changes in transparency and the scattering prepeati
| \ / Earth / . Zm ‘Za| lower atmospheric levels rather than atmosphesnoghs

at the NEL height itself.
Figure 1 sets out the geometry of a lunar eclippse.
fundamental plane is that passing through the e@fithe

Figure 1. The geometry of a lunar eclipse. Here the Earth$us, Ry, is not a fixed

Earth and perpendicular to the umbral axis. Thausaof

quantity, because it includes the oblateness offarh's solid figure and also the the Earth (in equatorial Earth radii) at the tarigeaint of

notional eclipse-forming layer in the Earth’s atrpbsre.

admittedly, is not seen).

Instead, he regarded the Earth as increased incphg&ze by
the atmosphere and applied this value to the Ipaailax alone,
leading to the following expression:

fu= (0.998340 +) Thvoon ™ Ssun™ Tlsun [2]
whereh is the effective height of the atmosphere for hedipse

the shadow beinB,, the half-anglef, at the vertex of the
shadow cone is given By= s,,,— Ry T, The radiuRR, of the
umbral shadow on the fundamental plan&ig cosf, and the
same radius through a crater at point C is asvistio

ry=(Ry/ cosf) -7 tanf [3]

The distance,,, of the Moon beyond the fundamental plane
obtained from the Besselian elements. The distghge Z)) of a

S

purposes. An investigation of past eclipses ledjd@ato estimate point on the Moon’s surface at the edge of the easl obtained
this height at 75 km, or 0.0118 Earth radii. Tigatside of equation by projecting that point onto the plane throghusing the helio-
[2] becomes very nearly 1.000n— Ssyn* Tlsyn @N €xpression used centric lunar librations. Combining these givesdistanceZ. for

since 1951 in th€onnaissance des Tenipspredicting contacts of use in [3]. Similarly that projection, when comhineith the geo-

the Moon’s limb with the umbra.
To analyse observations, one calculates an obsg[¥edeach
contact or crater timing and rearranges equatipio [2lve forh.

Refined approach

Both Danjon and Chauvenet made simplifying asswonpti

They treated the solid Earth as spherical (notteplavith a
radius equal to its true radius at 45° latitude;

They considered the Moon to be located on the aiibhe
umbra, whereas timings are made when the Moontigeclea
0.5>and 1.0 from this axis;

They made use of the Moon'’s parallax and its ingptisstance
to the Moon’s centre, but individual craters onM@on’s near
side are slightly nearer the Earth and pass thalgtyer cross
section of the umbral cone.

Thus, while equations [1] or [2] are convenient aseful approxi-
mations for predicting primary contact times, thalgsis of crater
timings requires a more detailed treatment.

We proceed in the spirit of Danjon’s approach aewve, for
each timing in the dataset, the corresponding heitdn‘notional
eclipse-forming layer’in the Earth’s atmospher@after, the NEL
height). Imagine a straight ray of light that extefrom a point on
the Sun’s limb all the way to a particular point thie Moon’s
surface (or limb) that was timed as it enteredxited from the
umbra. This straight ray grazes the Earth’s atmespéat a certain
height above the solid surface. For entrancestiambra, the
ray represents thlast possible ray of sunlight that could reach
this lunar point. For exits from the umbra, ithisfirst such ray.

We do not suggest that the atmosphere literallgkdsun-
light up to the heights (roughly 75 km) implieddnater timings.
As early as 1936, Enzo Mora in Italy remarked thad very
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centric rectangular coordinates of the Moon, gthedocation of
the point on the Moon’s surface relative to thedsivaaxis.

The valueR; is the effective radius of the Earth at some tange
tial point of the umbral shadow, and it includes folid (oblate)
Earth’s radius plus the height of the NEL at theinp Having
regard to the conical nature of this shadow, tlevemt tangential
latitude for the umbra’s northernmost contact puwiithh the Earth
would be 90 - &g,,,— f, wheredg,,,is the declination of the Sun. We
may also define the position angldor referring to various points
around the edge of the umbra. By analogy withudéton the
Earth, is measured northward (+) or southwarffom the east-
west direction on the sky.

As seen from the Sun, the Earth’s apparent radiasgley
around the limb can be computed with sufficientuaacy as
follows:

R,=1+h-0.003353 sifiy) coF (dg,,+ f siny), 4
where the constant 0.003353 is simply the Eartatiehing (usu-
ally expressed as 1/298.256). To analyse obsenstime can:

calculate the observed umbral radiy$or each contact or cra-
ter timing,

use [4], then [3], to calculate theoretical valoks, correspond-
ing to bothh= 0andh= 0.02352 Earth radii (that is, 150 km), and

# timings

1820

1900
Year of eclipse

1940

Figure 2. Relative number of crater timings by date. Theadat includes
crater timings made over 170 years, with a 60-yggy in the middle.
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Figure 3a. The umbra’s percentage enlargement (Chauvenetappy,
plotted against lunar distance in Earth radii. Ehparticularly dark eclipses,
indicated by crosses here and in Figure 3b, dostetd out from the rest.
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Figure 3b. The height of the notional eclipse-forming lay&afjon

approach), plotted against lunar distance.

« linearly interpolate the two theoretical values po match the
observed radius, thereby obtaining the obsevealue of the
NEL.

Results

We have gathered 22,539 observations represergigg2 indi-

vidual timings at 94 lunar eclipses between 18422411 1. This is
the largest collection of such timings ever assethbiVe have
archived the observations with the Vizi8Rrvice for Astronomi-
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of observations made between 1960 and 2000 isdatey than in
other epochs. This is the result of the observiog@ammes run
by the late Byron Soulsby and also®ly & Telescopmagazine,
initially under the late Joseph Ashbrook.

The online dataset includes the percentage enlangjeas well
as the height of the NEL, so that the data caeadily compared
with previous results expressed as a percentagegement of
the umbra.

The standard deviation of an individual timing f¢tee order
of 25 to 30 secs. Most reports list the timingspécific observ-
ers separately, but a few provide, for each ciatdrevent type,
only a combined (average) time from several obssrva all
cases, the dataset lists the number of observsosiaged with
each timing.

In the dataset, 6% of the timings are for umbraitacts with
the Moon’s limb. Another 3% are for extended agular surface
features such as maria and mountain ranges. Budb kif timings
show greater scatter than the rest. Accordingly, discussion
and plots (except where noted) are based solelher20,678
records, representing 24,264 individual timingsrafers and small
spots on the lunar surface.

Itis not our intention to model the physical caustthe umbral
enlargement. Both Lirlkand Karkoschk& have made serious at-
tempts to model the scattering and refractive &ffetthe Earth’s
atmosphere that give rise to the observed enlanger@eir re-
sults will help future modelling efforts.

Enlargement of the umbra

Figures 3a and 3b show the increased size of theaucalculated
by our algorithm as a function of the Moon’s distanThe first
plot shows the umbral enlargement as a percentafiev
(Chauvenet approach), while the second plot shosWwsSEL height
in kilometers (Danjon approach).

As expected, thpercentageenlargement depends somewhat

cal Catalogueshosted by the Strasbourg astronomical data cemn the lunar distance, but the NEL value doesTtais it isnota

tre athttp://vizier.u-strasbg.friviz-bin/VizieR . Our dataset is avail-
able as catalogue VI1/140, and the associReattiMdile contains
details of sources. For example, it names the @é#iduals or
groups who made the timings, and lists the 504rligzdures they
observed. All the timings were made visually atehepiece, typi-
cally with telescopes of 5 to 25 cm aperture.

Figure 2 shows the number of observations by the afathe
eclipse. While the dataset extends for almost £adsy the number

good idea to consider 2% or any other fixed peegmtas the
typical umbral enlargement. It would be betterdogt a nominal
NEL height and use that for predicting contact sraed crater
passages at future eclipses.

Nevertheless we derive ‘best’ values for both teeepntage
enlargement and the NEL height. As illustratediguFes 4 and
5, the distribution of timings is slightly asymmietr for reasons
not yet understood. We therefore offer three stahdtatistical

# timings

20% 4.0%

percent enlargement

1.0% 3.0%

Figure 4. The distribution of percentage enlargement vainethe dataset
as a whole. Unlike a purely Gaussian distributitiis one is not quite
symmetrical (as is emphasised by the dotted liepresenting the midpoint
at each level of the curve).
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Figure 5. The distribution of NEL heights in the datasesaldiffers
slightly from a Gaussian one. (This plot is morggad than that for
enlargement values because narrower ‘bins’ wered.)se
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Figure 6. No clear periodicity is apparent when the NELghés (one dot  Figure 7. The distribution of NEL heights versus day of year also shows no

per eclipse) are plotted against their phase inlth@-year solar cycle.

measures of the ‘best’ value for the percent eelarnt and the
NEL height.

For the percentage enlargement,itigalvalue (that encoun-
tered most often in the dataset) is 1.7%. Tieglianvalue (for
which the number of values smaller equals the nurobealues
greater) is 1.8%. Finally, theeanenlargement is 1.88%.

For the NEL height, thenodalvalue is 78 km, and theedianis

clear features that could be associated with cer@éteor showers or with
seasonal changes in the atmosphere.

variation or secular trend in the NEL height. Feg8rcompares the

observations made in the middle of the 19th cenuitly those
made in the latter part of the 20th century. Thaugrof eclipses
between 1949 and 1974 stands out, as the heightdfinbs well
above 90 km for these eclipses. But the reporteaxe eclipses
showed they were sparsely observed, and the obissivavere
affected by cloudiness or the approach of moomsgtlying in-

85 km. Thameanis 86.9 £ 0.2 km, where the quoted uncertainty igerference by twilight). Thus we consider that tigher NEL

the standard deviation of the mean.

In summary, our derived enlargement percentageallasey-
nificantly smaller than the 2.0% Chauvenet value\@rsely our
derived NEL heights are all larger than the 75 kiDanjon.

Cyclical variations in enlargement

During the 20th century the focus of most investiga shifted
from finding a ‘best’ value for the umbral enlargamhto studying
the differences that occur from eclipse to eclipset only in the
amount of umbral enlargement but also in the bnigbs and col-

heights from those eclipses are most likely spriou

When those eclipses are disregarded, Figure 8 sthaivhere
is no obvious long-term trend in the NEL heightoy@0 years,
despite the major changes in human activity ovsttitime period.

Incidental variations in umbral size

Major volcanic eruptions can lead to unusually danlar eclipses,
owing to the vast quantities of aerosols spewenl tim¢ Earth’s
upper atmosphere. Ke®nand Hofmanret all6 have investi-
gated this connection in detail.

our of the Moon during totality- and the possible causes and A particular example is the 1963 Dec 30 eclipsesrelthe unu-

correlations among these differences.
Thus in 1921 Danjon studied 150 eclipses and regdinat the
brightness of a lunar eclipse appeared relatets facement in

sual darkness was likely caused by the massivetienymine
months earlier, of Mount Agung on B&liThe eclipsed Moon'’s
visual magnitude was only +4.1, as derived fronmti@pendent

the 11-year solar activity cyclé.In the same paper he proposedestimates at mid-totality collected Bky & Telescopt When

his well-known five-point scale (0 through 4) by iaHn future
eclipses could be ranked by brightness and colbiesse are com-
monly called. ratings.

However a 1950 analysis of 33 eclipses by Bou3lgvéstka
found only a weak correlation, at best, with saletivity.12 They
found even less correlation with the declinatiohthe Sun and

Moon, or with the EarthSun and EartiMioon distances. Instead,

they mentioned meteoritic dust in the upper atmesphs a pos-
sible factor, suggesting that increased particleltein the days or
weeks following annual meteor showers might yiestiatly swol-
len umbra. This idea gained further support in @alyesis of 57
eclipses by Link & Linkovd3

Seasonal changes in atmospheric structure haveedsopro-
posed as possibly influencing the size of the umbra

Figures 6 and 7 plot the NEL height against thespta the
solar cycle and of the seasonal cycle, respectiigijther plot
shows any signs of a cyclical trend. We have asted the data
by the discrete Fourier transform (DFT) methodngdemented
by Belserene to search for periodicities in thettigrves of newly

discovered variable sta¥$The DFT analysis shows no hint of a

period in the vicinity of either 1 year or 11 years
We also checked for the existence of any long-peciglic
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Ashbrook analysed 600 crater timings from thispsgihe found
the umbral enlargement to be nothing out of thénarg1® Our
own analysis concurs, with a mean NEL height ol 87.4 km,
compared to 86.9 km for the entire dataset.

We have not pursued further the direct relationghgmy, be-
tween eclipse brightness and NEL height. Reliabtebral
brightnesses are hard to come by, especially fdiapaclipses.
Also, published Danjoi. ratings show a great deal of scatter.
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NEL height - km
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1820 1900 1240 1980

Year of eclipse

1860

Figure 8. When a few poorly observed eclipses between E9431974 are
ignored (see text), the NEL heights show no clemgtterm trend from
1842 to 2011.
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However the well-observed 1963 Dec 30 eclipse gtysuggests Figure 9 plots the average NEL height as a funaifdhe angle
the absence of a correlation between eclipse Imégistand the W of each crater’s contact point around the umbrasmed from
height of the NEL. (This eclipse, and those of 1082 30 and 1992 the eastwest line (akin to latitude). For eclipses thatwaetear an
Dec 9, are indicated by crosses in Figures 3a bid 3 equinox,\p corresponds precisely with the geographic latitofde

Other incidental variations in NEL height from ceddipse to  the NEL. For eclipses near the solstices this spoedence is
another are amply confirmed by our data. The 1tib@isigs of the  still a fair approximation, except that near lat#®0 north or south
1982 July 6 eclipse yield a height of 90.7+1.2 Kive 1,119 timings  the inclination of the pole towards or away frora Moon comes
of the 1989 Aug 17 eclipse give a height of 82.2kin. Changesin into play. (At a solsticaep value +90 or—90° implies tangency to
weather conditions around the Earth’s terminatmmfeclipse to  the Earth at latitude +87or —67, and observations cannot tell
eclipse are likely responsible, but a specific eauas yet to be anything about the NEL at polar latitudes.)
identified. The straight line in Figure 9 is a linear regresgim the data

points— excluding the point for 83atitude (which had far fewer
observations than any other latitude). Any abnorimadease in
Oblateness of the umbra flattening would appear as a decrease in NEL heightincreas-
ing latitude. The absence of any such trend demaisstthat the
The shape of the base of the umbral shadow corbgdtinda- shape of the umbral shadow is fully attributabléheoblateness
mental plane) is defined by the Earth’s profilesasn from the of the Earth. Past conclusions that the obsenattéfling of the
Sun. The Earth is a flattened sphere. Furthermdren an eclipse umbral shadow was greater than expected from thgesbf the
occurs near a solstice the apparent polar radideeoEarth is Earth are not supported by our analysis.
greater than when an eclipse occurs near an eqeidog to the
different tilts of the Earth’s polar axis towartieiSun. As a result
the flattening of the base of the umbral shadoviesdoetween Differences between sunrise and sunset
about 1/298 for eclipses near an equinox, to abi866 for eclipses  terminators
near a solstice.

As the shadow cone converges toward the Moon,lgte f BousSka found that the umbral enlargement of theemepart of
tening in its cross section increases for purebngetrical rea- the shadow for the 1957 May 13 lunar eclipse wé4, While that
sons. In 1969 Ahnert & Meeus noted that the flattgrof the  of the eastern part of the shadow was 1/50. He camted, ‘The
umbra at the distance of the Moon is expected talbeut difference between both values may be explainetiffarent me-
1/214 on averag®. teorological conditions along the west and the pasts of the

However, various investigators have claimed thesldd the
umbra to be different from that expected geoméllyiém increased
flattening was suggested in 1940 by Kés#&nd affirmed in 1950
by Bouska, who wrote, ‘It is evident that the tfia¢tening of the
shadow is much greater than the calculated onegsmrnding to
the Earth’s flattening?2 Similar conclusions were reached by [Eink
and AshbrooR? Schilling subsequently suggested that the heigh
of the Earth’s mesosphere may vary with latité&ldhnert &
Meeus noted that the umbra’s observed flatteninddcbe ac-
counted for if the troposphere were 10 km highdéhatequator I Y e
than at the pole®. Investigation of the umbra’'sincreased flatten{ |~ )0 .0 & s 100 10 150 1m0 1e0  ano
ing became a special passion of _Sou%b?y. o NEL height - km

In our analysis we avoid any direct determinatibthe shape
of the umbra. Rather, we use the observationstermdee the Figure 10. A comparison of height distributions for ingressdaegress
NEL height above the oblate Earth’s surface, soethpabnormal ~ €vents.
shape of the umbra will appear as a latitude-degr@nériation of
this height. Earth’s terminator (high clouds}®.However, he found no such

difference for the 1959 Mar 24 eclip¥dn 1990 Soulsby analysed
crater ingresses separately from egresses, ussngwn much

100 larger collection of timings. While significant tifences occurred
for certain eclipses, Soulsby found that on avethgeenlarge-
ment was the san?é.

. . . In Figure 10 we compare the NEL height for ingreass egress

* separately. Our mean height is higher by 3.5 knnfpresses than
for egresses.
= e s 2 = 2 : Since crater ingresses serve as a probe of thetdensinator
Latitude of Earth, and egresses the sunrise terminatepadssiblethat the
. 5 The NEL helante in the datacet . 07 bine of difference has something to do with the transparefithe Earth’'s
alr?guurlear bosit?on arouilg trfelTJmt?ra ?rﬁZZsSrrgd ﬁz)?rtg(r)g?r?eof themesagt— atmosphere at these two times of day. On the e, observa-

west line, ignoring sign). Since there is no cleand, we conclude the NEL  tional bias could be involved (see next section).
height does not vary for sunlight grazing differéatitudes on the Earth. We consider the difference in height of 3.5 km leetwingresses

Ingress

AAAAAAA Egress

# timings

o0

NEL height - km

B0 +

60
i
80
90
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Figure 11. NEL heights found for limb contacts and individuahters during the well-observed eclipse of 198@ A7.
The left plot is for ingress, the right for egreasd the horizontal scales show Universal Timealitytlasted from 2:20
to 3:56 UT. Note the tendency for heights to comeé glightly smaller when the Moon as a whole iskéat (nearer
totality), probably biasing observers’ judgmenttbé umbral edge.

and egresses is insufficient to support a predietatystematic
difference in atmospheric transparency at the s sunrise
terminators. This is illustrated by two well-obsedveclipses. At
the 1986 Apr 24 eclipse, the height for the egressses 10.2 km
higherthan for ingresses, whereas at the 1993 Nov 28edhe
height for the egresses was 15.4lkmer than for ingresses.

Bias in the timings

To make a timing, the observer must judge the iocadf the
shadow edge. Articles soliciting timings have tgtlie defined
this edge as the point on the umtpanumbra boundary where
the change in light intensity is the greatest. Withentiming in-
volves a crater, the observer is able to compardvtbon’s sur-
face brightness on either side of the nominal eblgethis is not
the case for primary contacts with the lunar ligitdirst and fourth
contact, the observer sees only the penumbrab$itdie umbra’s
edge. At second and third contact, the observes saly the
umbral side. Under these circumstances, reliabiad of primary
contacts is, at best, a severe challenge.

Our dataset amply confirms the superior accuracyatér tim-
ings over primary contact timings. There are mamglainations of
event types that might be compared, but a singlmpie will make
the point. In the entire dataset, craters and sfeltba mean NEL
height of 88.2 km at ingress and 84.7 km at edregsnuch differ-
ence). But for primary contacts itis 80.0 km add®&m, respectively.

Even during the course of ingress and egressiagke.swell-
observed eclipse there can be subtle trends thggestthe per-
ceived size of the umbra has some dependency gvomiuch of
the Moon is in shadow, as illustrated in FigureAtiother effect we
have noted is the possibility that the height efffEL is systemati-
cally affected by the observer’s confidence in ssisg the loca-
tion of the edge of the umbra. However we leavedtmossible
effects for future consideration, noting that fréme dataset as a
whole the height of the NEL is a well-determinedkB¥

An extreme contrarian view of biasalt lunar eclipses is in-
cluded here for completeness. Marmet & Couture lamatatory
simulations of a lunar eclipse to conclude thatimbral enlarge-
ment is purely an optical illusion that stems fitheway the human
eye and brain interpret the brightness gradigheaimbra’s edgé®.

If this were the case, the apparent angular erfehe umbral
enlargement would be the same for all eclipsesleggandent of
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the lunar distance. This would require the physteaent of the
umbral enlargement at the distance of the Moonet@teater
when the Moon is further away, which in turn wotadjuire the
observed height of the NEL to increase in propartmthe lunar
distance. The required increase is of the ordefOckm over a
change in the lunar distance of from 56 to 64 Badfi. Figure 3b
plots the observed height of the NEL against tinaduistance.
The absence of any indication in Figure 3b of sachariation
prima facienegates the hypothesis that the umbral enlargement
purely an optical illusion.

Conclusions

For the dataset as a whole, involving 20,000+ ctatengs at 94
lunar eclipses over 170 years, we find no evidéorcine cyclical
variations or systematic anomalies in umbral sizehape that
previous investigators have claimed. The size &ghes of the
umbra are consistent with the known shape anchetidin of the
solid Earth at the time of each eclipse, and withdoncept of a
notional eclipse-forming layer that envelopes theftuniformly.
Any correlation with the brightness or darknesshef umbra is
not statistically significant.

Our analysis confirms what has long been know thieeedge
of the umbra is more reliably located using cragerd spots than
by contacts with the Moon'’s limb. The standard dgon of a
single crater timing, even for an experienced oleseis no better
than 25 to 30 seconds. This produces an uncertfiatyout 25 to
30 km in NEL height (again, forsingletiming), making it essential
to combine many timings.

The size and consistency of the dataset suggestyatav
improve predictions of future lunar eclipses. Tiaglitional pre-
dictions using either the Chauvenet or Danjon apgnonclude
the simplification of a spherical Earth having dits equal to
that at 45 latitude. But this simplification can lead to es®f
the order of 1 minute of time. We recommend préofictinclude
proper allowance for oblateness (which is almagiatirin com-
puter-generated predictions).

Further, the Chauvenet ‘2-percent rule’ for commyitihe en-
larged umbral radius, long adopted in the natialmblnacs of the
United Kingdom and United States, leads to an dhat is de-
pendent upon the lunar distance. The Danjon methotéarly
preferable in this respect.
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We consider that predictions of the primary contanes of
lunar eclipses, past and future, should be basednjon-like
approach with full allowance for an oblate Eartithvthe umbral
radiusr,, being computed using

fy= RD Thvioon ~ Ssun ¥ Tlsun
where

e R, =1+h-0.003353 st coF (dg,,* fsiny),

* h=0.0136 is the adopted height of the notionapsetforming
layer in Earth radii (corresponding to the meaglhigilerived in
this paper, of 87 km),

* W is the angular position angle (measured from #st-avest
direction, positive to the north) of the relevanhtact point
about the edge of the umbra, and

e f= Ssun— RD Tsun
The calculation requires only a single iteratiogéoerate mu-
tually consistent values &, andy.
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