
Proceedings of the South Dakota Academy of Science, Vol. 85 (2006) 21

ECLIPSE OF THE INNER SATELLITE OF JUPITER

Perry H. Rahn 
Department of Geology & Geological Engineering

South Dakota School of Mines & Technology
Rapid City, SD 57701

Jeffrey T. Rahn
Infinera, Inc.

Sunnyvale, CA 94089

Keywords

Jupiter, Io, light

ABSTRACT

 The calculation of the velocity of light by Ole Roemer in 1675 was an amaz-
ing astronomical achievement. Roemer timed the period of revolution of Io 
about Jupiter and noticed the time was not the same when Earth was advancing 
towards Jupiter, as it was when Earth was receding from Jupiter. He correctly at-
tributed this to the fact that the transmission of light was not instantaneous, and 
made the first determination of the speed of light.
 We repeated Roemer’s experiment using a six-inch reflecting telescope. Five 
observations of the beginning of an Io eclipse were made during the winter of 
2004-05. The orbital period of revolution averaged 42h 28m 13.3s over an in-
terval of 18 orbits. During the summer of 2005 three observations were made 
of the ending of an Io eclipse. Over 13 orbits the period of revolution averaged 
42h 28m 47.6s.  During the winter Earth was advancing into the light emanat-
ing from Io and the orbital time was perceived to be 34.3 seconds shorter than 
the summer when Earth was retreating from Io. Using these data, and assum-
ing Earth’s orbital velocity relative to Io, the speed of light was calculated to be 
266,000 km/s. This is within 11% of the published speed of light.  

BACKGROUND

 During the Renaissance there was heated philosophical discussion concern-
ing the properties of light, e.g., the question whether light travels instantaneously 
or has some measurable speed. The invention of the telescope provided an answer 
to the question.
 Galileo (1564-1642) was the first to turn a telescope to the sky, and in 1610 
he saw the eclipses of the four inner satellites of Jupiter. The “inner satellite of 
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Jupiter” is now known as Io; it has an amazingly fast period of revolution about 
Jupiter, only 42h 28m 30s. 
 [Note: for clarification, an “eclipse” of Io refers to the obfuscation of light 
as Io falls into Jupiter’s shadow.  An “occultation” of Io means it is concealed, or 
hidden from view, as it passes in back of Jupiter as seen from Earth.  A “transit” 
means that, as viewed from Earth, Io goes in front of Jupiter; hence is no longer 
visible to the amateur astronomer.] 
 Galileo noted that the eclipses were reliable enough to be used as timepieces 
(Sobel, 1995). He recognized that the problem of locating a ship’s longitude 
depended on an accurate clock, and visualized that sailors would someday find 
their location using timetables from astronomical data. He pondered the ques-
tion of the speed of light and in 1638 devised an experiment to measure its speed. 
He proposed that two persons “…stand opposite each other at a distance of a 
few cubits and practice until they acquire such skill in uncovering and occulting 
their lights that the instant one sees the light of his companion he will uncover 
his own” (Cohen, 1944). The experiment did not work, but it demonstrates that 
Galileo felt that light was not transmitted instantaneously.
 During 1671 Ole Roemer (1644-1710) was an astronomer in Uraniborg, 
the name Tycho Brahe (1546-1601) gave to his observatory on the Danish island 
of Hveen. Roemer observed eclipses of Io, while Jean Picard (1620-1682) and 
later Cassini (1675-1712) made similar measurements in Paris. Cassini, Huygens 
and Descartes and other scientists were aware that eclipses were so reliable that 
they could provide an accurate timing device.
 From 1671 to 1677 Roemer carefully observed 70 eclipses and divided them 
into two groups.  Beginning in the spring of the year during 1671, he noted 
that Earth was generally receding from Jupiter (“K” in Figure 1). He called the 
start of these events an “emersion”, i.e. Io suddenly exited from Jupiter’s shadow. 
Then, during the nights when visibility permitted, he noted the time of another 
emersion and from this determined the average period of revolution. The second 
group of timed events started in the fall of the year 1671 when Earth was ap-
proaching Jupiter (“G” in Figure 1). Roemer used an “immersion” as the start of 
this timed event, i.e. the moment when Io became eclipsed. Roemer noticed a 
consistent difference in the times between his two groups. He found the orbital 
period was greater during emersion.
 In September, 1676, Roemer announced some of his findings to the mem-
bers of the Paris Academie des Sciences.  Roemer said the speed of light was of 
such magnitude that it would require about 22 minutes to traverse the distance 
of the diameter of the annual orbit of Earth.
 In 1676, no one knew the Earth’s orbital diameter. Today we know the Earth 
is approximately 93 million miles from the Sun, equivalent to 149.6 million km 
or 8.3 light-minutes. Using these data, the speed of light using Roemer’s data 
would be:
            v = d/t 
               = 299.2 X 109 m / 22 min
               = 299.2 X 109 m /1320 sec 
               = 2.3 X 108 m/s.

Since the true speed of light is 3.0 X 108 m/s, Roemer had only a 23% error.



Proceedings of the South Dakota Academy of Science, Vol. 85 (2006) 23

THEORY

 Figure 2 is a sketch of a portion of the solar system showing Earth’s obit 
about the Sun and a portion of Jupiter’s orbit. The interval of time between Io’s 
occultation when observed at E1 is slightly different than at E2. Earth is receding 
from Jupiter at E2, so the light traveling from Io has to catch up to the Earth. 
[Note: the reason for the difference in time is not simply because Earth is closer 
or farther to Jupiter.]
 Figure 1 (Roemer’s original sketch) more accurately depicts the technique 
employed. The timed event is an eclipse, whereby Io falls into Jupiter’s shadow. 
An immersion begins when Earth is at G and the light from Io becomes extin-
guished as it falls into Jupiter’s shadow at C. [Note: the website “Calsky” calls 
this “Io eclipse begin”.]  Io exits Jupiter’s shadow after approximately 2h 14m, 
but this emersion cannot be seen from Earth because it occurs behind Jupiter at 
D (Figure 1).  When Earth is at G only an immersion can be seen. Roughly six 
months later when Earth is at K an emersion can be seen, but not an immer-
sion.
 Noting Io’s orbital period as perceived at G, and roughly six months later at 
K, the difference can be used to calculate the speed of light.
 Interestingly, there are references relative to Roemer’s experiment that are 
misleading. For example, the Figure 2 sketch (by Sears and Zemansky, 1955) 

Figure 1. Roemer’s original sketch showing the Sun (A), Jupiter (B), and the Earth at different times 
of the year (G, H, L, K, and E) as Io begins to eclipse at C and emerge from Jupiter’s shadow at D. 
Counterclockwise revolution is illustrated. From Cohen (1944).
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shows an occultation rather than an eclipse. Roemer actually timed eclipses, not 
occultations. Sobel (1995) describes Roemer’s experiment as follows:

“The eclipses of all four Jovian satellites would occur ahead of schedule when 
the Earth came closest to Jupiter in its orbit around the sun. Similarly, the 
eclipses fell behind the predicted schedules by several minutes when the Earth 
moved farthest from Jupiter. Roemer concluded, correctly, that the explana-
tion lay in the velocity of light.”

 As described by Sorbel, the experiment would not be possible. At Earth’s 
closest approach to Jupiter, the eclipses are not visible as Jupiter is behind the 
Sun. This experiment also relies on measuring the absolute time of the eclipse 
and comparing to a periodic schedule, requiring an absolute time reference over 
a year-long time period. The experiment should involve measurements of Io’s 
period of revolution when Earth is advancing towards Jupiter and comparing 
these times to when Earth is receding from Jupiter. Sorbel’s explanation misses 
the point in that the time difference in an Earthling’s perception of the period 
of Io’s revolution is not because of Earth’s distance to Jupiter. The difference in 
time is due to Earth’s movement, i.e., the fact that Earth is advancing or receding 
from the light being transmitted by Io.

OUR OBSERVATIONS

     During 2004 and 2005 we used a six-inch reflecting telescope (Orion “Intel-
liscope”) and timed events concerning Io’s orbit. The senior author is fortunate 
to live in a relatively dark place in the Black Hills, seven miles northwest of Hill 
City, South Dakota. There is no interference of city lights and the sky is usually 
free of clouds.

Figure 2. Sketch showing Earth’s orbit and how Io’s orbit can be used to determine the velocity of 
light. Clockwise revolution is illustrated. From Sears and Zemansky (1955).
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     Io events can be accurately obtained from numerous sources. We used the 
website “Calsky” to get an advanced warning of when these events would occur.  
Figure 3 shows the intervals between events during December 5 to 7, 2004, and 
helps explain the terminology of the events.
       At first a transit, as Io passed in front of Jupiter, was used to time Io’s period 
of revolution. For example, from Figure 3, on December 6, 2004, a transit began 
at 3h 48.2m. But an amateur astronomer, peering through a telescope, cannot 
determine this time with much accuracy because Io seems to gradually merge 
with Jupiter over one or two minutes. The beginning or ending of an eclipse, on 
the other hand, seems to occur almost instantaneously, and this time could be 

Figure 3. Sketch of Io orbiting Jupiter during December 5-7, 2004, showing events listed in Calsky. 
Approximately to scale.
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determined to within a second or two. As explained above, an immersion would 
be observed during the winter and an emersion during the summer.
 NASA’s Voyager spacecraft show remarkable images of Io as a tiny reddish-
brown sphere suspended in front of Jupiter. Volcanoes can be seen erupting 
from Io’s surface.  Jupiter’s diameter (71,398 km) greatly exceeds Io’s diameter 
(3,632 km). Figure 3 is a sketch of Io revolving about Jupiter. Io’s sidereal period 
is 42h, 28m 30s, and it’s semi-major axis of orbit is 422,000 km (Menzel and 
Pasachoff, 1985). From these data it can be shown that it takes 2h 14m for an Io 
transit, occulation, or an eclipse. Figure 3 shows Io during December 5, 2004, 
to December 7, 2004. The sketch explains why “Io eclipse begin” (Roemer’s im-
mersion) is visible, but not “Io eclipse end” (Roemer’s emersion). 
 From December 21, 2004, to January 22, 2005, five observations were made 
of “Io eclipse begin” and hence four intervals whereby Io’s period of revolution 
could be determined:  

OBSERVATION DIFFERENCE FROM FIRST OBSERVATION

Date Time Revolutions of Io Time (s)

12/21/04 3:40:50 0 0
12/28/04 5:31:30 4 611440
1/6/05 1:54:55 9 1376045

1/20/05 5:39:57 17 2599147
1/22/05 00:08:50  18 2752080

The last two measurements were from one orbit, yielding a period of 42h 28m 
53s. For these winter measurements the orbital period averaged 42h 28m 13.3s 
over the entire interval of 18 orbits.  This is equivalent to 152,893.3s.
 Roughly 6 months later the senior author timed the eclipses again. But, 
as explained above, for these summer observations, an immersion (“Io eclipse 
begin”) could not be seen. Only an emersion (“Io eclipse end”) could be seen. 
It’s more difficult to pick the exact moment of the ending of an eclipse than the 
beginning of an eclipse. The summer observations are the times when Io was first 
seen as I was peering intensely through the telescope, knowing (from Calsky) 
that the emersion was about to happen. I was staring at Jupiter, concentrating on 
the blackness just to the right of Jupiter, about one-half Jupiter diameter away. 
The first glimmer of light is the time I recorded. [Note: these times are all about 1 
minute prior to the official Calsky time. Apparently Calsky calls “Io eclipse end” 
as the time when Io is completely illuminated.]  I couldn’t accurately tell when 
Io became fully illuminated; Io just got brighter and brighter until after a minute 
or two it looked about as bright as the other 3 moons of Jupiter. I feel the best 
time to use is the first glimmer of light, the moment when I was certain I could 
see Io. I think Roemer used this, too.
 Another problem with summer observations is that the nights are short and 
so the opportunity to see any astronomical event is reduced. As explained above, 
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there is the problem of determining the time of the first glimmer of light. At-
mospheric conditions vary due to turbulence related to temperature and winds 
aloft.  For example, on occasion Jupiter’s two dark rings would fade in and out, 
and the brightness of the four Jovian satellites varied. The time recorded for im-
mersions are probably only accurate to plus or minus 2 seconds; this is mainly 
due to my reaction time to get my eye from the telescope to my wrist watch. But 
during emersion, I estimate there could be a 10 or 20 second difference between 
my seeing the first glimmer due to variations in atmospheric conditions.
 Summer observations are also handicapped because of weather. June in the 
Black Hills is the rainy season, and it was cloudy on the few nights when an event 
was to occur. But eventually three good observations were made:

OBSERVATION DIFFERENCE FROM FIRST OBSERVATION

Date Time Revolutions of Io Time (s)

6/26/05 21:13:00 0 0
7/3/05 23:08:12 4 611712
7/19/05 21:27:19 13 1988059

From the timed events for the summer, the entire interval is 23d 0h 4m 19s 
for 13 revolutions. Thus the orbital period is 42h 28m 47.6s (equivalent to 
152,927.6s).

CALCULATION OF THE SPEED OF LIGHT

 During the winter of 2004-2005 the orbital period was perceived to be 42h 
28m 13.3s. During the summer of 2005 the orbital period was perceived to be 
42h 28m 47.6s. The orbital period in the winter was perceived to be 34.3 sec-
onds less than the summer. As a departure from the average orbital period, in the 
winter it took 17.15 seconds less time, and in the summer 17.15 seconds more 
time.
 For the purpose of this paper, it is assumed that, in the summer, Earth is 
receding directly away from Jupiter, and roughly six months later Earth is ad-
vancing directly towards Jupiter. This can be visualized as, in the winter, Earth 
is moving towards Jupiter and plunges headlong into the train of light crossing 
through space from Io. In the summer Earth is receding, and the light catches 
up with Earth.
 In keeping with Roemer’s original experiment, the orbits of the planets are 
assumed to be circular and lying in one plane. The Earth’s “semi-major axis” is 
149.6 million km (Menzel and Pasachoff, 1983).  Earth’s orbital speed equals its 
circumference divided by one year:
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           v = 2 (π) (149.6 X 109 m) / 365.24 d
              = 9.3997 X 109 m / 3.1557 X 107 s 
              = 29,786 m/s.

As a first approximation, in the summer, Earth retreats away from Jupiter at this 
rate. Hence, the distance traversed during the time of one Io revolution would 
be:

             d = v x t 
                = 29,786 m/s x 152,910.45 sec
                = 4.55 X 109 m.

 We can say that, as perceived from Earth, when Earth was receding from Io 
the light took 17.15 seconds longer than it should have if light was transmitted 
instantaneously. Thus the speed of light (c) is the distance Earth traversed during 
this additional time divided by 17.15 seconds:

            c = 4.55 X 109 m / 17.15 s 
               = 2.66 X 108 m/s
               = 266,000 km/s.

This value is reasonably close to the value Roemer obtained, and within 11% 
of the published value of the speed of light (300,000  km/s). [Note: Sears and 
Zemansky (1955) show c = 299,790 km/s.]      
 A major source of error in these calculations is that Earth is not traveling 
directly towards (or away from) Jupiter as assumed above. In other words, Earth’s 
velocity vector is not simply 29,786 m/s oriented exactly towards (or away from) 
Jupiter as assumed above. Further, Jupiter has moved during this time as it orbits 
the Sun. To be more accurate, one should determine the exact distances from 
Earth to Jupiter instead of using the distances as calculated from a tangential 
orbital velocity. A more accurate approach would entail Earth’s (and Jupiter’s) 
exact position on their elliptical traverses during the utilized interval of time. 
[The position of every planet in the solar system at any moment are published in 
“Sky and Telescope”. A program called “solar system live” calculates the distance 
to all planets at any time.]
 The orbital mechanics of Jupiter and its moons also vary the time between 
eclipses for Io. For example, the shadow of Jupiter advances slightly each time Io 
orbits, adding enough time to each orbit to total one period every Jovian year. 
This added time is not constant. The time between eclipses is longer at perihe-
lion.
 Realization of the immense distances in space (even within the solar system) 
is a humbling experience. The Sun is approximately 8.3 light-minutes from the 
Earth, while Jupiter is approximately 43 light-minutes away. This experiment 
utilizes the timing of the light emanating from Io to the nearest second. But that 
light arriving at Earth left Io 43 minutes ago. In the summer this light catches 
up to Earth as Earth orbits around the Sun. In the winter Earth collides head-on 
into the oncoming light. It’s a merry-go-round of time and space of staggering 
dimensions.  
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SUGGESTIONS TO OTHER AMATUER ASTRONOMERS

 Someone who wishes to determine the speed of light using Io’s period of 
revolution could follow the general procedure outlined in this paper. The follow-
ing suggestions are offered to assist in that endeavor:
 • Location: Anyone living in a big city today is aware of lights reflecting 
off a smoggy overcast sky. [I lived in Chicago for a year and never saw a star or 
planet.] The observations described in this paper were taken from the Black Hills 
of South Dakota, one of the darkest areas in the U.S. as evidenced by NASA 
nighttime satellite imagery. Consequently most Americans are not going to be 
able to pursue this experiment at all.  Ole Roemer, in Denmark in 1675 did not 
have to contend with city lights.
 • Weather: The spring of the year tends to be cloudy throughout much of 
North America; this precludes astronomical observations. Further, in the late 
spring of the year the nights become short and hence the likelihood of seeing an 
Io eclipse is not as great as those nights in the fall of the year. We were lucky to 
have made three observations during the spring of 2005. For example, on July 
19 a cloud was floating by; but fortunately at the precise moment of emersion 
the cloud had not yet obscured the view and I was able to see the termination of 
Io’s eclipse.
 • Time: One must have an accurate watch. (Roemer must have had an 
amazing pendulum clock, one that was good to within a second over the period 
of time of one Io revolution.) I used a radio-controlled wrist watch that was ac-
curate to the second. I double checked its accuracy against a Direct TV signal. 
The limiting factor for timing is that the time of an emersion is not completely 
evident; it’s a subjective call. Further, a few seconds may be lost between the time 
one looks through a telescope and sees the event and the time it takes to glance 
at one’s watch. Timing is best accomplished with a second person noting the 
time.
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