Obtaining solar eclipse and planetary
transit contact times using DSLR

Giovanni Di Giovanni

Based on a mathematical analysis of a sequence of DSLR images taken during
the events, a simple method is presented to determine the times of contact of
solar eclipses and planetary transits across the solar disk.

Introduction

Accuratetimingsof eclipsesand planetary transitswerevery com-
mon in the scientific literature of the past.15 Such painstaking
work was once invaluable in refining our knowledge of the lunar
and terrestrial orbits, but today thereis much lessinterest in these
kind of measurements as new techniques have emerged. Nonethe-
less, eclipses continue to be timed with great accuracy at the Colle
LeoneAstronomical Observatory in Italy (MPC observatory code
C96), in order to obtain exact times of contacts and event maxima.
Such timing determinations were, for example, made during the
2015 March 20 solar eclipse, which waspartia from our observing
station (Figures 1a, 1b).

Increasingly, DSLR cameras are used to record eclipses. We
have therefore devel oped asimple method, mainly for educational
purposes, to determine the eclipse times of contact from an accu-
rately timed sequence of DSL R images, which we shall describein
this paper.

Recording and analysing the DSLR
images

We obtained a sequence of DSL R images throughout the 2015
March 20 solar eclipse. A correction to UTC was made to the
timerecorded by the camerafor each consecutiveimageby means
of aradio-controlled clock. We estimate that the uncertainty on
thetiming of eachimageis+0.5s. Using Photoshop software, we
measured on each resulting image the length, in pixels, of the
chord C common to both the solar and the [unar disks, and the
distance, V, between the vertices of the visible arcs of the Moon
and the Sun (Figure 2).
Figures 3 and 4 show the
variationsof themeasured val-
uesof C and V during the par-
tia eclipse of 2015 March 20
observed from our sitein Italy.
Inthe case of theinstant of the
first contact, Ti, and the instant

maximum phase happensin the instant, Tm, when C is maximum
andV minimum.

The problem of determining theinstantsTi, Tmand Tf during an
eclipse, whether total, partia or annular, can be resolved by ana-
lysing the intersection between two circumferences (the Sun and
the Moon) which have constant radii (Figure 2). The solar disk is
considered asfixed in thereference system of thetelescope, whilst
thelunar disk appears mobile.

We can obtain amathematical formulathat expressesthelength
of thechord according to thetimeif we makethefollowing simple
assumptions:

a) Thevisbledisksareperfectly circular and haveconstant radii.
In reality, however, the apparent lunar radiusis slowly varying as
the eclipse progresses. For example during the solar eclipse of
2005 October 3 at Uccle, near Brussels, theradius of the lunar disk
was 909.0 arcseconds at the beginning of the (partial) eclipse, but
913.1 arcseconds at the end.

b) The Moon movesalong a straight linein respect to the Sun
placed at distanceY| fromthesolar centre(Figure?2).

Actually, the path is dlightly curved due to the diurnal motion of
the observer (caused by rotation of the Earth).

of thelast contact, Tf, the two
disks form externa tangents,
where C is zero and V is the
sameasthesolar diameter. The

Figures 1a, 1b. Solar eclipse of 2015 March 20. Images from OACL Mosciano
Santangelo, Italy (IAU code C96) taken with a Takahashi Sky 90 telescope (90mm
aperture) fitted with an Astrosolar filter and a Canon EOS20 Da DSLR camera operating
at 100 1SO with 1/1000 sec exposures. Images by Giorgio Clemente (above) and
Sandro Bocci (left).
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Figure 2. In the reference system of the telescope, the solar disk appears
stationary whilst the lunar disk appears in rectilinear movement across the
solar disk

¢) Themotion of the M oon isunifor mly accelerated, sotheve-
locity is v= vy tat (aisthe acceleration, t the time, v, isthe
velocity int=0).

It is true that due to the diurnal motion of the observer, if the
eclipse occurs before local noon, the speed of the Moon (in re-
spect to the Sun) decreases, while during an afternoon eclipse the
speed increases. However, if the eclipse occurs near noon, the
angular speed of the M oon reaches aminimum during the eclipse.
Thus the speed cannot be represented by alinear function such as
v=V,+at; instead, the formulashould contain aterm of the second
orderint.

However, the above caveats on the assumptions (a) to (c) have
no real significancefor educational purposes, sincethe effectsare
very small. Moreover, atmospheric turbulence makestheir effects
almost negligible.

Therefore we shall use a system composed of only three equa-
tions: the eguations of the two circumferences and that of the
velocity. After many tedious algebrai c stepswe calcul ated the co-
ordinates of the intersection points of the lunar and solar circum-
ferences and thus easily obtained (using Pythagoras' theorem)
the length of the chord, or rather the theoretical function of the
chord C(t) in relation to time:
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wheret isthe time counted from the unknown instant, Tm of the
maximum phase, and R, and Rg are the lunar and solar radii re-
spectively.

Fitting C(t) to the experimental data

Now we have to adapt the theoretical function C(t) in
Equation 1 to the measured values of the chord derived
from the DSL R images. Rather than applying the usual,
and in this case difficult, method of least squares analy-
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Figure 3. Distribution of experimental points (184) and graph (solid line)
of the function C(t) during the partial eclipse of 2015 March 20 (Colle
Leone Observatory, Italy).
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Figure 4. Distribution of the measured values of the distance, V, between
the vertices of the visible arcs and the function V(t) during the partial eclipse
of 2015 March 20 (Colle Leone Observatory, Italy).

1 On some frames we measure the approximate values of the pa-
rametersvy, a, Y| , R , Rgand Tmwhich appear in the theoreti-
cal function (Figure5);

2 Using these we cal culate the val ues of the chord C(t) for exam-
ple at intervals of a second during the entire duration of the
phenomenon;

3 Using the mathematical software we draw a graph of the C(t)
valuesthat have just been cal culated and we superimposeit on
the experimental points;

4 We repeat procedures 2—-3 many times, using just one param-
eter each time, until we obtain a good fit between the values
C(t) just calculated and the values of the chord measuredin the
frames (Figure3).

Table |. Comparison of our measured contact times with
predicted times for the partial solar eclipse of 2015 March 20

sis, we can use an empirical techniqueto fit the function
graphically to the data points using commonly available
mathematical software (we used MATLABY). Assuchwe

Ti Tm Tf
Ephemeris [NASA] 08h 25m 29s 09h 33m 13s 10h 44m 36s
Observed  [C(t)=0] 08h 25m 29s 09h 33m 13s 10h 44m 35s

proceed in the following manner:
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(All times in UT)



Figure 5. Determination of initial values of the parameters R, Rs, Vo, &,
Y, which appear in the theoretical function C(t). The points 1, 2, 3 (and 1,
4, 3) can be any points on the lunar (and solar) circumference. The lunar
(and solar) centre will be the intersection of the perpendicular n_ (and ng)
bisectors of the chords between the given points. Ax is the distance trav-
elled by the lunar centre in the time interval, At. A correct orientation of
images selected is essential for this procedure.

Experimental results

The result of fitting the experimental data pointsto the C(t) func-
tion for the solar eclipse of 2015 March 20 is shown in Figure 3.
The curve approximates to a parabola. Thus the values Ti and Tf
are the solutions to the equation C(t)=0, while Tm derives from
the operation of fitting. As shown in Table 1, the timings we ob-
tained are consistent, to within a second, with times predicted by
the NASA Eclipsewebsite.6

By contrast to a partial eclipse, which we have considered
until now, inthe case of atotal solar eclipse the graph of the chord
isvery different to aparabola (Figure 6 and 7). Here, the common
chord reaches two maximum values (one C' just before totality
and one C" just after, in the instants T' and T" respectively) and
goes to zero at the instants of the four contacts. Thus, the func-
tion C(t) adaptsitself very well to the experimental datafrom par-
tial and total eclipses(and it can aso be applied to annular eclipses).
Figure 7 presents our measurements made during thetotal eclipse
of 2006 March 29, observed from the Libyan desert (unfortunately
the precise position of the observing site was not recorded so we
cannot compare our measured contact times to predicted times).

Similar developments and considerations apply to the function
V/(t), which provides the dependency of the distance between the
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Figure 6. Plot of four functions C(t) in one graph, with different value
ranges Y, . The value of the parameter Y, is a function of the position with
respect to the centre line location. For a partial eclipse, Y, =|R —Rg and
Y. >|R_-R4 on the edge of and outside the totality zone respectively. For a
total eclipse see Figure 7.
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Figure 7. Fitting of C(t) in the case of a total eclipse (R_ > Rg), observed
within the path of totality Y, < |R —-Rg. The measured data are for the
total eclipse of 2006 March 29, observed from the Libyan desert.
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vertices during the eclipse. Given space limitations, we shall not
develop the analysis of this function here. Rather, we assign this
to theinterested reader. Figure 4 showsthe resulting graph of V/(t)
and the experimental points.

Application of the method to
planetary transits

Table 2. Measured and predicted times for the transits of

Venus of 2004 and 2012

The predicted times are for the cities of Avezzano and L’ Aquila where the
telescopes were placed to observe the events for meteorological reasons.

Ephemeris= NASA prediction; measured, C(t)=0.

A similar analysis of the function C(t) is aso valid in the
case of planetary transits acrossthe Sun. Thus, Figures 8a,
8b and 9 show the C(t) graph adapted to the values of the
chords measured during the transits of Venus in 2004 and

2012. Our measured contact times (Table 2) show encour-

Contact | Contact |1 Contact 111 Contact 1V
Venus Transit 2004 June 8 (Avezzano) aging copsi stency with the times predicted by the NASA
Ephemeris 5h 20m 11s  5h 39m 555 11h 04m 33s 11h 23m 535  ePnemeris. . _ ,
C(1)=0 5h 20m 155 5h 39m 49s 11h 04m 32s 11h 23m 41s Unfortuqatelyltlsof courseavery long time until the next
Venus Transit 2012 June 6 (UAquila) Venus.tra.\nst. Weconsd_er that the same approach would be
Ephemeris _ _ 4h 37m 47s  4h 55m 26s very difficult for atransit of Mercury, because of the very
C(t)=0 _ _ 4h 37m 48s  4h 55m 32s small size of the planetary disk, and the black drop effect as

it enters onto the solar surface is very pronounced, which
3
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Figures 8a, 8b. Fitting of C(t) in the case of the Venus transit of 2004 June 8. The scatter in the experimental points is due to bad seeing as a result of

atmospheric turbulence

will make measurements extremely challenging if not impossible.
Nevertheless, the interested reader may like to attempt it during
the next transitsof 2016 May 9 or 2019 November 11.

Conclusion

Nowadays, the recording of eclipsesviatheubiquitousDSLR cam-
era has become routine. We have presented a method by which
contact times can be obtained by careful analysis of such images
(video cameraframes can of course be analysed in the sameway).
We suggest that eclipseimagers might liketo perform such analy-
ses on their images to obtain accurate values of the contact times
as seen from their locations. Thiswould add even moreinterest to
the observation of some of nature’s most compelling spectacles.
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Figure 9. Fitting between the theoretical function C(t) and 56 experimen-
tal points for the Venus transit of 2012 June 6.



