Seasons, Tides, and Phases of the Moon

J. C. Sprott, University of Wisconsin - Madison

Equipment needed:

· Video: A Private Universe (Annenberg/CPB Projects)

· VCR player and monitor

· 10” globe (a basketball can be used instead)

· Tennis ball or baseball (to simulate the moon)

· Bright light (to simulate the sun)

After showing the video and perhaps talking about the issue of scientific literacy, center the discussion on a number of provocative questions:

1. What causes the seasons?

2. How many times does the earth rotate about its axis in a year?

3. As seen from the North Pole, which direction does the earth rotate?

4. How do we know the earth is rotating?

5. How do we know the earth orbits the sun?

6. What causes the phases of the moon?

7. When you observe a crescent moon in the evening, do the tips point right or left?

8. Can a full moon rise at midnight?

9. How can you tell the moon is close and the sun is far?

10. On the scale of the earth as a 10” globe, how far is the moon, sun, etc.?

11. What causes an eclipse?

12. Why do we always see the same face of the moon?

13. What causes the tides?

14. Where is the center of mass of the earth + moon?

15. Where is the center of mass of the sun + earth?

16. What does the orbit of the moon around the sun look like?

Answers and Discussion

1. The axis of the earth is tipped at an angle of 23.5° relative to its axis of revolution about the sun.  Thus, the sun is 47° higher in the sky at noon at the summer solstice (about June 22) than it is at the winter solstice (about December 22).  This causes a larger solar flux (power per square meter) on the surface of the earth during the summer than during the winter (in the Northern Hemisphere).  Also because the sun is higher in the sky, it rises earlier and sets later, causing the day to be longer than the night, increasing the solar heating averaged over 24 hours.  Finally, when the sun is higher in the sky, less of its energy is lost through absorption by the atmosphere than when it is closer to the horizon.  The variation in the earth-sun distance over the course of a year is only about 3.4%, which is too small to have a noticeable effect on the seasons.  In fact, the earth is closest to the sun (perihelion) in early January and fartherest from the sun (aphelion) in early July.

2. The length of a year is 365.242 days.  The fraction 0.242 is the reason we have leap years every 4 years (0.25 days per year), which would give 365.25 days per year on average.  Since this scheme overcorrects by 0.008 days per year, leap years are omitted from the three out of four century years not evenly divisible by 400 (1700, 1800, 1900), which accounts for another 0.0075 days per year.  Note that the year 2000 is an exception to the exception to the exception and hence is a leap year.  This scheme was due to Pope Gregory XIII and produces an average error of less than 31 seconds per year or about 1 part in a million…not too shabby for 1582!  However, the revolution of the earth around the sun means that the earth has to rotate one additional time per year about its axis to give the right number of days in a year.  If the earth did not rotate at all, the day would last a year and the sun would move slowly backwards from West to East in the sky.  Thus, the earth rotates about its axis 366.242 times in a year.

3. The earth rotates in a counter-clockwise direction as seen looking down on its North Pole.  This is most easily seen by considering that the sun rises in the East and sets in the West.  Think of an inhabitant of Florida in relation to the position of the sun as the earth rotates.  For many years, the NBC nightly news featured a logo of a globe rotating backwards.  The revolution of earth around the sun is also counter-clockwise as seen from the North Celestial Pole, as do all the other planets of the Solar System.  This fact provides strong evidence that the Solar System formed by the condensation of a rotating cloud of gas.

4. The Foucault pendulum was first demonstrated to the public in 1851 and was widely acclaimed as proof of the earth’s rotation, a fact that had not been universally accepted even at that late date.  A horizontally moving projectile is deflected to the right in the Northern Hemisphere and to the left in the Southern Hemisphere by the Coriolis effect resulting from the earth’s rotation.  The same effect produces the prevailing surface wind patterns on the earth as well as the circulation around high and low pressure areas.

5. The sun’s annual motion among the constellations is not proof of the earth’s revolution around the sun.  One proof is the annual parallax of the stars.  Nearby stars are displaced slightly in the sky relative to more distant stars as they are viewed from two points on the earth’s orbit around the sun.  Because even the closest stars are so far away, the effect is very small and was not detected until 1837.  Now we measure the distance to stars in parsecs.  One parsec is the distance at which the parallax is one second of arc, or in more familiar units, 3.26 light-years.  Another proof is aberration of starlight discovered in 1727.  It is an annual periodic change in the apparent direction of stars resulting from the earth’s velocity of revolution (about 18 mi/s) similar to the apparent direction of raindrops that changes when the observer is in motion.

6.  As the moon revolves around the earth, it presents different faces to the sun.  When the moon is more or less between the earth and the sun, we see mainly its dark side (new moon) and when the earth is more or less between the sun and the moon (full moon) we see mainly its illuminated side.  At intermediate places on its orbit we see a crescent moon.  As a consequence, the length of the lunar day is about one month.  The crescent shape is not caused by a shadow except during an eclipse.

7. The tips point to the East because the illuminated face of the moon must point toward the West where the sun sets.  Since the moon is to the South in the Northern Hemisphere, East would be to the left as you face the moon.  A crescent moon seen in the morning would have its tips pointing to the West (to the right) so that it is illuminated by the rising sun.  These conditions could not occur on the same day, but would happen about two weeks apart.

8. A full moon cannot rise at midnight.  If it is full, it has to be on the side of the earth opposite the sun.  Hence, it must rise at about the same time the sun sets, set at about the time the sun rises, and must be approximately overhead at midnight.

9. The phases of the moon occur because the moon is much closer to us than the sun.  If the moon were large and far away and the sun were small and close, we would always see a full moon since the sun would illuminate the surface that faces the earth.

10. On the scale of the earth as a 10” globe (or a standard basketball), here’s the distance to some astronomical objects and their sizes:

Moon (239,000 mi)

25 feet

(2.7-inch diameter: tennis-ball sized)

Sun (93 million mi)

1.9 miles
(91-foot diameter)

Pluto (3.7 billion mi)

73 miles
(2.4-inch diameter)

Alpha Centauri (4 lt-yr)
500,000 miles – twice the distance to the moon

Space Shuttle (~200 mi)
0.25 inch – Is this really “outer space”?

The diameter of the earth is about 8000 miles, and its circumference is thus about 24,000 miles (8000π).  Since it takes 24 hours to rotate once about its axis, a person standing on the equator is moving about 1000 miles/hr!  Note that the diameter of the sun is about a hundred times the diameter of the earth, and so roughly a million earths would fit inside the sun (since volume is proportional to the cube of the diameter).  

11. There are two kinds of eclipses, eclipses of the moon and eclipses of the sun.  In an eclipse of the moon, the earth comes between the sun and the moon and casts a shadow on the moon.  Such an eclipse can be seen from everywhere on that half of the earth that is in darkness, assuming a clear sky.  This occurs at the time of full moon, but it does not occur at every full moon because the orbit of the moon is slightly inclined (about 5°) from the orbit of the earth.  Thus, the shadow of the earth misses the moon most months.  This is also why we do not observe an eclipse of the sun at every new moon and why lunar and solar eclipses often occur close in time.  Eclipses of the sun are even more rare, because the moon is considerably smaller than the earth (about 1/6 the diameter), and thus its shadow on the earth is much smaller.  That’s why you have to go to the right spot on the earth on the view an eclipse of the sun.  By coincidence, the angular size of the moon and the sun are almost identical (about half a degree).  Consequently, in a total eclipse of the sun, the disk of the moon just covers the disk of the sun, allowing one to see features of the solar atmosphere.  The moon is much larger relative to the earth than are any of the other satellites in the Solar System.  An alien with a less geocentric view of astronomy would probably consider the earth-moon system as a double planet.  Note that it is safe to view a lunar eclipse without special glasses because you are seeing sunlight reflected off the moon.  It is not safe to view a solar eclipse without eye protection because you are viewing direct sunlight, except when the eclipse is total.  The moon often appears reddish during a lunar eclipse because some of the sunlight that reaches it passes through the earth’s atmosphere where the blue light is preferentially scattered.  An astronaut on the moon would see a sunset over the horizon of the earth.

12. We always see the same face of the moon because the moon rotates on its axis at the same rate as it revolves around the earth (once a month, approximately).  This is almost certainly not a coincidence and is probably a result of tidal forces on the moon.  Other satellites and planets (Mercury, for example) share this feature.

13. The earth experiences a gravitational attraction to both the sun and the moon.  Normally it accelerates toward the sun and the moon in response to these forces and thus we don’t experience them, just as the Space Shuttle is accelerating toward the earth and thus the gravitational force on its occupants is not felt.  However, the gravitational attraction between two masses decreases inversely with the square of the distance between them.  Thus the attraction is stronger on the side of the earth that faces the sun and moon and weaker on the opposite side.  If the earth were rigid, these forces would balance out.  However, because water in the oceans is free to move, the water on the side facing the sun and moon are pulled more than the average causing the water level to rise.  The water on the opposite side is pulled less than the average causing the water level to also rise.  Thus, there are two high tides and two low tides each day.  The effect is strongest when the sun, earth, and moon are in line with one another (spring tide) and weakest when they are at 90° from one another (neap tide) and the moon is in either quarter phase.

14. Because the earth is about 81 times more massive than the moon, the center of mass of the earth-moon system actually lies within the earth, at a radius of about 0.75 times the radius of the earth.  When the moon revolves around the earth, the earth actually wobbles back and forth by this much since they both actually revolve around the center of mass.

15. Because the sun is 330,000 times more massive than the earth, the center of mass of the sun-earth system is at a radius only 0.0006 times the radius of the sun (about 260 miles from its center).  The wobble of the sun produced by the revolution of the earth is extremely small.  It would take a very advanced civilization to detect the presence of the earth by observing this wobble, as we have done in the discovery of large planets orbiting other stars.

16. Since the moon orbits the earth and the earth orbits the sun, you might expect the orbit of the moon to be a series of retrograde loops.  In fact, because the moon is so much closer to the earth than the earth is to the sun, the moon never has a retrograde motion.  Its orbit is very nearly circular with a radius of 93 million miles, only changing slightly (about a quarter of a million miles) during its monthly cycle.  Alternately, consider that the earth and moon revolve around the sun at a speed of about 18 miles/second, whereas the moon orbits the earth at a speed of only about 0.6 miles/second.  Hence, it never moves “backwards”.

An excellent source of lesson plans for K-12 physics and astronomy teachers is hosted by Rutgers University and can be found on the Web at:

http://www.physics.rutgers.edu/hex/visit/lesson/lesson_contents.html.
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