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            Preface

        

        To the Student

        “On the surface, islands may seem separate, but underneath they are all connected.”

        Earth science is not the study of isolated facts but rather the development of a deep understanding and appreciation of the interconnectedness of Earth phenomena, processes, and systems. In Earth science, the key to success is thorough understanding and the ability to demonstrate what you understand. This book is a concise text and review aid in which the author has tried to make Earth science as understandable as possible to you, the student, by incorporating the following features:

        
            	 Explanations of concepts and understandings are detailed, yet simply and clearly stated. They are designed to help you grasp the “how” and “why” of an idea, rather than just stating the idea. 

            	 Important terms are printed in boldface type where they are defined in the text.

            	 The illustrations are designed to make difficult ideas easier to understand. Many of the illustrations are similar to those used in Regents examination questions in order to familiarize you with the types of diagrams you will be asked to analyze and interpret. 

            	 Each chapter ends with a wide range of review questions from previous Regents examinations, including constructed response and extended constructed response questions.

            	 A glossary and a complete index make it easy for you to find the definition of a specific term and the pages in the book where a topic is covered.

            	 A full-length Regents examination provides you with the opportunity to assess your understanding and to test your Earth science knowledge and skills before taking the Regents examination.

        

        Earth science offers the challenge and excitement of new theories, new discoveries, and new problems to be solved. It is a science in which sweeping new theories are being tested and applied to puzzling new observations. It is a science in which revolutionary advances in human knowledge of Earth and the other planets of our solar system are being made almost daily. I hope that studying Earth science will fill you with wonder and delight at the complexities of our planet Earth.

        To the Teacher

        Let’s Review Regents: Earth Science—Physical Setting is a concise text and review aid for courses based on the New York State Physical Setting/Earth Science Core Curriculum, a comprehensive course of study in Earth science on the secondary level. However, the material in this book provides such comprehensive coverage of topics in Earth science that it can be used as a review text to supplement virtually any secondary course in Earth science taught in the United States, using any major textbook.

        This edition reflects the content of the New York State Physical Setting/Earth Science Core Curriculum. It is organized into three major topics: astronomy, geology, and meteorology. Each topic addresses a key idea of Standard 4: The Physical Setting/Earth Science, and is divided into units based upon the performance indicators for that key idea. Each unit is subdivided into chapters that deal with groups of related major understandings underlying the performance indicator. Specific skills identified in Standards 1, 2, 6, and 7 are introduced with the appropriate major understanding. Figures and text follow the updated 2011 edition of the Physical Setting/Earth Science Reference Tables.

        The review questions in this edition have been chosen from previous Regents examinations to reflect content consistent with the Physical Setting/Earth Science Core Curriculum and suitability for use with the reference tables. Constructed response and extended constructed response practice questions are included at the end of each chapter.

        I wish to thank my wife, Gerry, for her infinite patience and my children, Meredith, Abigail, and Benjamin, for their loving support during the preparation of this manuscript.

    
        
            CAUTION!

        

        Don’t Use This Book Until You Read This

        
            You are taking Earth science and want to get good grades on your exams. Well, before you even look at the Earth science subject matter in this book, let’s talk about how to use this book. Many students don’t really know how to read a textbook or a review book. Suppose you get a homework assignment such as “Read pages 73–82 in the text, and answer questions 1–5 on page 83.” What will you do? Typical students turn to page 73 and start reading, sentence by sentence, paragraph by paragraph. Once in a while they may stop to see how much more they have to read. When they finally reach the last sentence on page 82, they consider that they have “studied” the material and then turn to page 83 and try to answer the questions. This simple procedure doesn’t require a lot of time or effort. But just reading the text once is a really weak approach to studying. So what is a better way to study?

            Understand How the Text Is Organized

            First, it is important to realize that textbooks are not written like novels. Textbooks are not meant to be read straight through; instead, they are structured to guide in-depth study. If you understand how a textbook is arranged, you can organize your reading into small, useful blocks. 

            Let’s Review Regents is based upon the New York State Physical Setting/Earth Science Core Curriculum and is organized as follows: 

            
                
                    
                        
                            	ORGANIZATION
                        

                    
                    
                        
                            		Physical Setting/Earth Science Core Curriculum 	
                            			Let’s Review Regents: Earth Science—Physical Setting

                        

                        
                            		STANDARDS tell what you are expected to know and be able to do.
                            		
                        

                        
                            		KEY IDEAS tell you the really important ideas relating to the standard.
                            	
TOPICS are based upon the major disciplines in earth science—astronomy, geology, and meteorology—that are addressed in the key ideas of the standards.
                        

                        
                            		PERFORMANCE INDICATORS describe what you should be able to do in order to show that you understand the key ideas.
                            	
UNITS are based upon the elements of the performance indicators for each key idea. For example, Unit 2: Modern Astronomy addresses Performance Indicator 1.2—Describe current theories about the origin of the universe and solar system.
                        

                        
                            	
MAJOR UNDERSTANDINGS list what you need to know in order to do the things described in the performance indicators.
                            	
CHAPTERS address groups of related  major understandings underlying each  performance indicator. For example, Chapter 12: The Origin and History of Life on Earth addresses Major Understandings 1.2h–j. 

                                
                                    	
SECTIONS break chapters into manageable reading blocks to help you  better understand what you read. For  example, Chapter 18: Weathering and  Soil Formation has such sections as Physical Weathering, Chemical  Weathering, and The Products of Weathering.

                                

                            
                        

                    
                

            

            Know How to Spell Success: S-Q-3R

            Before you read, you need to realize that studying means not just reading, but also thinking deeply about what you have read. One good approach is to take notes while reading and then study your notes before a test. A better approach is to read each chapter subsection once, read it again and highlight the important points, and then study those points after you finish reading each chapter. 

            One of the best approaches to studying is called S-Q-3R, which stands for Survey, Question, Read, Recite, and Review. Here’s how it works:

            
                	You Survey the chapter by reading through the section and subsection headings to get a mental map of the material.

                	You ask Questions about the material by turning each heading into a question.

                	Then you Read the text, a subsection at a time, with the purpose of answering these questions.

                	Next, you Recite by jotting down brief notes about what you have read, making an outline or a graphic organizer, or writing a summary. (Note: In this case the word recite doesn’t mean to “speak publicly”; it means “to re-cite, or cite again.” To cite is to quote, or mention. Here, recite means to list or itemize important ideas you have read.)

                	Finally, you Review by rereading your notes and answering questions about the material. They may be questions that you pose to yourself or that have appeared on prior tests.

            

            This five-step approach will take more time than just reading through, but the reward for the extra time you spend will be better grades. Therefore, plan to have enough time to study before you sit down for a session with this book.

            Know What’s on the Test

            The key to success in preparing for any test is to know what will be expected of you so that you can review and practice beforehand. The New York State Physical Setting/Earth Science Regents Examination has four parts:

            Part A—Multiple-Choice. In a multiple-choice question you are given several choices from which to select the one that best answers the questions or completes the statement. Many practice questions of this type from previous Regents examinations are included at the end of each chapter of this book. Part A of the exam focuses on Earth science content from Standard 4.

            Part B—Multiple-Choice and Constructed Response. In a constructed response question there is no list of choices from which to select an answer; rather, you are required to provide the answer. Constructed response questions can test skills ranging from constructing graphs or topographic maps to formulating hypotheses, evaluating experimental designs, and drawing conclusions based upon data. Practice questions of this type are also included at the end of each chapter. In Part B you will be asked to demonstrate skills identified in Standards 1, 2, 6, and 7 in the context of Earth science.

            Part C—Extended Constructed Response. The constructed response questions require more time (5–10 minutes per item) and effort on your part to answer. Questions in Part C require you to apply your Earth science knowledge and skills to real-world problems and applications. You may be asked to produce short essays, design controlled experiments, predict outcomes, or analyze the risks and benefits of various solutions to a problem.

            Part D—Laboratory Performance Tasks. These tasks test your laboratory skills. You will take this part of the exam sometime during the 2 weeks before the written Regents. Laboratory performance tasks involve skills such as using instruments (e.g., rulers, external protractors, triple beam balances, graduated cylinders, stopwatches), observing properties of Earth materials, performing calculations, and collecting and analyzing data. 

            Note: The following description represents that information the State Education Department has stated may be shared with students before taking the performance part of the examination. You should be familiar with the skills being assessed because you have used them in laboratory activities throughout the year. However, you will not be allowed to practice the entire test or any of the individual stations before this performance component is administered.

            Station 1 . . . Mineral and Rock Identification

            The student determines the properties of a mineral and identifies that mineral using a flowchart. Then the student classifies two different rock samples and states a reason for each classification based on observed characteristics.

            Station 2 . . . Locating an Epicenter

            The student determines the location of an earthquake epicenter using various types of data that were recorded at three seismic stations.

            Station 3 . . . Constructing and Analyzing an Asteroid’s Elliptical Orbit

            The student constructs a model of an asteroid’s elliptical orbit and compares the eccentricity of the orbit with that of a given planet.

            Extensive analyses of questions of all types can be found in the companion volume to this book, Barron’s Regents Exams and Answers: Earth Science—Physical Setting. Together, these review books will help you prepare for the New York State Physical Setting/Earth Science Regents Examination by clearly explaining what you should know and be able to do in order to perform well on the exam and by providing you with practice questions from prior exams that are thoroughly explained.

        

    
    Topic One

    Astronomy

    Unit One

    From a Geocentric to a Heliocentric Universe


Chapter 1



Early Astronomy and the Geocentric Model


Key Ideas

People have observed the stars for thousands of years, using them to find direction, note the passage of time, and express human values and traditions. To an observer on Earth, it appears that Earth stands still and everything else moves around it. Thus, in trying to make sense of how the universe works, it was logical for early astronomers to start with those apparent truths. To comprehend our modern view of the universe, it is helpful to begin by understanding these first attempts to explain the universe in terms of what can be seen from our vantage point on Earth. As technology has progressed, so has our understanding of celestial objects and events.



KEY OBJECTIVES

Upon completion of this chapter, you will be able to:


	Explain the meaning of the term celestial object.

	Compare and contrast “apparent” and “real” motion.

	Explain how the celestial sphere model of the sky accounts for the motions of celestial objects.

	Explain how Earth’s rotation makes it appear that the Sun, the Moon, and the stars are moving around Earth once a day.

	Locate Polaris in the night sky.




        
            Observing the Sky

            If you kept a list of things observed in the sky, it might include birds, smoke, clouds, rainbows, halos, lightning, stars, the Moon, the Sun, and comets. One of the first ideas that might occur to you is that the sky has depth. Some things in it appear closer, and some appear farther away. Why? Perspective! From everyday experiences you know that closer objects block your view of more distant objects. For example, if you hold your hand in front of your eyes, you cannot see a more distant tree. Therefore, if a bird flying by blocks your view of a cloud, you logically conclude that the bird is closer to you than the cloud. Then you see a cloud move “in front of” the Sun, and you conclude that the cloud is closer to you than the Sun. Or perhaps you see a solar eclipse, and you conclude that the Moon is closer to you than the Sun. In this way, all of the objects on your list could be put in order of distance from an observer.

            
                [image: ]
                
                    Figure
                    1.1
                    Motion in the Sky. (a) Photograph showing the crescent Moon and Venus setting. Exposures were made every 8 minutes, showing the changes in position of these celestial objects over time. Note the motion of the Moon relative to Venus.
                    Source: Fuji Under Polaris by Victor Porof.
                

            

                
                    [image: ]
                
                    Figure
                    1.1
                    (b) A time exposure taken with a camera aimed at Polaris over Mt. Fuji, latitude 35° N. Note the circular star trails.
                    Source: Fuji Under Polaris by Victor Porof.
                

            

            Careful observation also leads you to realize that many of these closer objects or phenomena are associated with the atmosphere. You feel a wind and see it moving the clouds. You see a rainbow in the spray of a waterfall or in a distant rain shower and realize that it is caused by the interplay of sunlight and tiny droplets of water in the air. You see lightning flash between a cloud and the ground. In this way, you can classify the things seen in the sky into two groups: those that are part of, or occur in, the atmosphere, and those that are beyond the atmosphere.

            Celestial Objects

            Celestial objects are objects that can be seen in the sky that are not associated with Earth’s atmosphere. The most numerous of the celestial objects are the stars. To an observer on Earth, stars are simply points of light that vary in size, brightness, and color. The Sun, the Moon, the planets, and comets are also examples of celestial objects. Clouds, rainbows, halos, and other phenomena seen in the sky that are part of, or occur in, Earth’s atmosphere are not considered celestial objects.

            Celestial Motion

            If you observe celestial objects for even a short while, it is clear that they change position in the sky over time. You have probably noticed the Sun in different places in the sky at different times of the day. Thus, it seems that the Sun is “moving.” Similarly, if you observe the Moon and stars carefully, you find that they, too, are seen in different places in the sky at different times of the night. Try going out on a moonlit night and noting the Moon’s position at 7:00 P.M. If you go out again at 10:00 P.M., you’ll notice that the Moon has changed position in the sky. The same is true of stars. When you observe the sky, you find that every celestial object changes position over time, or is in motion. See Figure 1.1.

            
                [image: ]
                
                    Figure
                    1.2
                    The Apparent Motion of Celestial Objects to an Observer in New York State.

            

            
            

            If you keep track of this motion, you discover something curious. The motion of celestial objects is not random. They don’t all move in different directions at different speeds. Instead, with very few exceptions, every single one of these thousands of objects appears to move in the same general direction—from east to west. And if you measure the rates at which all of these celestial objects are moving, you discover something even more curious—with few exceptions (such as the Moon), they appear to move at the same rate!

            Careful records of this motion reveal that all celestial objects appear to move across the sky from east to west along a path that is an arc, or part of a circle. Since celestial objects appear to follow a circular path at a constant rate of 15 degrees per hour, or one complete circle every day (24 hr/day × 15°/hr = 360°/day), this motion is called apparent daily motion.

            
                [image: ]
                
                    Figure
                    1.3
                    Constellations Are Imaginary Patterns of Stars.
                

            

            In the Northern Hemisphere, all the circles formed by completing the arcs along which celestial objects move are centered very near the star Polaris. The apparent circular motion of celestial objects causes them to come into view from below the eastern horizon and to sink from view beneath the western horizon (that is, to rise in the east and set in the west). See Figure 1.2.

            
            

            Early observers noted that the positions of celestial objects change in a daily and yearly cyclic pattern. They discovered that understanding these patterns of motion was very useful. Since the positions of celestial objects change with time and location, such changes can be used to determine time and to find one’s position on Earth. Since the distribution of stars is random, these observers devised constellations, imaginary patterns of stars, to help them keep track of the changing positions of celestial objects. See Figure 1.3.

            
            

            “Apparent” Versus “Real” Motion

            So far, we have used the word apparent when referring to celestial motions because the motion of an object is always judged with respect to some other object or point. The idea of absolute motion or rest is misleading because there are several possible reasons why an object may appear to an observer to be moving. One possibility is that the observer is standing still and the object is moving. Another possibility is that the object is standing still and the observer is moving. A third possibility is that both the observer and the object are moving, but one is moving faster, or in a different direction, than the other. This is the case when you are in a car speeding down a highway; as you look out of the car window, trees along the side of the road seem to whiz by. Of course, your brain tells you that the trees are rooted to the ground and that they only seem to whiz by because you are riding in a car. But to your eyes alone, you are not moving; the image of the trees is moving from one side of your window to the other. Now think about driving past a person walking along the sidewalk. The person is moving, but also seems to whiz by your window. Now think of a person sitting next to you in your car. To you, would that person look as though he or she was moving?

            By now you should realize that the problem of determining which of the two is moving, the object or the observer, is not always easy to solve. If the signs that tell the body it is moving are removed, an observer may not realize that he or she is in motion. (Do you really feel as if you are moving at 400 miles per hour when watching a movie in an airplane cruising in level flight at that speed?) Without signs telling the observer’s body that he or she is moving, any object seen changing position will be interpreted as a moving object by the observer.

        

    
        
            The Celestial Sphere

            Early observers reasoned that when they looked at the sky they were standing still because their senses gave them no signs that they were moving. They felt as if they were standing still. Therefore, they interpreted the changing positions of celestial objects to mean that the celestial objects were moving. They visualized all celestial objects as revolving around a motionless Earth.

            One effect of apparent daily motion is that the sky appears to move as if it were a single object. Here’s a simple analogy. If a yellow bus with the words School Bus painted on its side drives past you, the words and letters don’t end up looking like this School Bus just because the bus is moving forward. Even though they are moving forward, all of the letters in the two words stay in a fixed pattern because they are part of a single object—the bus. In much the same way, the stars in the sky stay in a fixed pattern even as you observe them moving through the sky.

            It is not surprising, then, that early observers imagined that the sky was a single object—a huge dome. This “sky model” envisioned an observer as standing on a flat, circular disk representing Earth’s surface and imagined the sky as a dome arching over the observer’s head. The circumference of the flat disk was the horizon where an observer would see the sky meet Earth’s surface in all directions. Since the “dome” of the sky was in motion, and new parts would come into view as others dropped out of sight, these observers imagined that the dome extended beyond the horizon. As they followed through on this model, they realized that, if the dome were extended far enough, it would form a hollow ball, or sphere, surrounding Earth. They imagined a huge “sky ball,” or celestial sphere, slowly spinning around a motionless Earth. See Figure 1.4. To these observers the Sun, Moon, and stars were either holes in the celestial sphere or objects attached to it.

            
            

            The “celestial sphere” was a nice model because it accounted for many observations. It explained why objects appeared, arced across the sky, disappeared, and then reappeared the next day. Imagine it as a ball tied to a rope and swung in a circle around your head. First the ball arcs across your line of sight as you swing it in front of you, next it disappears as it swings around behind you, and then it reappears as it swings around in front of you again. This model explained why all of the celestial objects moved in the same direction at the same speed. It also explained why the stars remained in fixed positions relative to one another. This Earth-centered, or geocentric, model of the universe was used successfully for thousands of years to explain most observations of celestial objects.

            
                [image: ]
                
                    Figure
                    1.4
                    The Celestial Sphere, an Imaginary Sphere Surrounding Earth. The most you see at any one time is half of this sphere. Certain reference points on the celestial sphere are defined in relation to reference points on Earth. The celestial poles lie directly over Earth’s poles; the celestial equator lies over Earth’s equator midway between the celestial poles. Other points are defined by their positions in relation to the observer: the zenith is a point directly above the observer, the celestial meridian is the circle that runs through the celestial poles and the zenith. As Earth rotates from west to east, all objects in the sky appear to move from east to west, revolving around the north celestial pole. (a) View from a spot outside the celestial sphere. (b) Observer’s view. 
                

            

            

            Even though we now know that the motion of celestial objects is due to Earth’s rotation, it is still sometimes useful, when discussing objects in the sky, to think of them as part of a sphere surrounding Earth. The most that an observer would see at any one time would be half of this sphere; but we still refer to this imaginary half-sphere, or dome, visible over our heads as the celestial sphere. The circle formed by the intersection of the celestial sphere and the ground is called the horizon. The point on the celestial sphere that is right over an observer’s head at any given time is the zenith. The imaginary circle that passes through the north and south points on the horizon and through the zenith is the celestial meridian.

            A Simple Celestial Coordinate System

            A useful coordinate system for locating objects on the celestial sphere can be set up by projecting Earth’s Equator and poles onto the sky. As shown in Figure 1.5, Earth’s Equator, North Pole, and South Pole correspond to a “celestial equator” and “north and south celestial poles” on the celestial sphere. Celestial objects can be located in the sky by their positions in relation to these celestial reference points.

            
                
                    [image: ]
                    
                        Figure
                        1.5
                        Pro­jection of Earth’s Latitude-Longitude System onto the Celestial Sphere. 
                    

                

            

            

            The star Polaris is located very close to the north celestial pole, making it a convenient reference point for determining the north-south positions of celestial objects in the Northern Hemisphere. Polaris can be located by following the “pointer stars,” Dubhe and Merak, in the bowl of the Big Dipper in the constellation Ursa Major. See Figure 1.6.

            
                
                    [image: ]
                    
                        Figure
                        1.6
                        The “Pointer Stars,” Dubhe and Merak, in the Bowl of the Big Dipper. Use these two stars to find the North Star, Polaris, and also to judge angular distances; they are about 5° apart. 
                    

                

            

            

            A convenient reference point for determining the east-west positions of objects on the celestial sphere is the Sun. Objects to the west of the Sun on the celestial sphere will “rise” before the Sun and “set” before it. Likewise, objects to the east of the Sun trail behind it and will “rise” after the Sun and “set” after it. See Figure 1.7.

            
                
                    [image: ]
                    
                        Figure
                        1.7
                        The Sun’s Path on March 20 and September 22, the Vernal and Autumnal Equinoxes. The Sun follows the celestial equator. 
                    

                

            

            The Sun’s Path

            Each day, because of Earth’s rotation, the Sun moves along an imaginary path on the celestial sphere. Over the course of a year, however, it also follows an imaginary path on the celestial sphere. As you can see in Figure 1.8, the apparent position of the Sun with respect to the background stars change continuously as Earth orbits the Sun. The nighttime side of Earth is always opposite the Sun, so the background stars seen at night also change continuously as Earth orbits the Sun. When Earth has made one complete revolution in its orbit, the Sun will return to its starting point against the background stars. In other words, the Sun traces out a closed path on the celestial sphere once a year. The apparent path of the Sun through the stars on the celestial sphere over the course of the year is called the ecliptic. Since Earth’s axis of rotation is tilted 23½° to the plane of its orbit, the ecliptic is tilted 23½° with respect to the celestial equator.

            The ecliptic is important because the Sun, the Moon, and the planets are always found near it. As we will see later, this occurs because all of these objects in our solar system lie nearly in the same plane.

            
                
                    [image: ]
                    
                        Figure
                        1.8
                        During Earth’s Annual Journey Around the Sun, We View Stars from a Slightly Different Position from Day to Day. Thus, the Sun appears to travel around the celestial sphere during the course of a year along a path called the ecliptic. The part of the sky through which the Sun passes is known as the zodiac, and the Sun crosses the celestial equator at the vernal and autumnal equinoxes.

                

            

            The Problem of Planets

            There were, however, some problems with the geocentric model. Early astronomers also observed that certain points of light changed position with respect to the background of stars in the sky. They called these points of light planets, from the Greek word for “wanderer.”

            Astronomers working before the invention of the telescope and before anyone understood the present structure of the solar system counted seven such wanderers or planets: Mercury, Venus, Mars, Jupiter, Saturn, the Moon, and the Sun. This list differs from our modern list of planets in several ways:

            
                	Earth is missing, because no one realized that the points of light wandering in the sky and the Earth on which these observers stood were in any way alike.

                	The Sun and the Moon were classified as planets because they wandered on the celestial sphere, just like Mars and Jupiter and the other planets.

                	Uranus and Neptune are missing because they were not discovered until the telescope made them easily visible. Uranus, which is barely visible to the naked eye, was discovered in 1781. Neptune, which can’t be seen at all without a telescope, was discovered in 1846.

            

            Planets differ from stars in a number of ways. As already mentioned, the relative positions of stars on the celestial sphere are fixed, while planets move relative to the stars. Stars can be seen anywhere on the celestial sphere; planets are always found near the ecliptic (that imaginary yearly path of the Sun on the celestial sphere). Stars appear to “twinkle,” but the brighter planets do not. Even through a telescope, stars appear as points of light, while the larger and nearer planets appear as disks.

            These observed differences between planets and stars, particularly the “wandering” of planets on the celestial sphere, attracted a lot of attention from early astronomers. Their attempts to explain these differences ultimately led to the development of a new model of the universe.

        

    
        
           
            Multiple-Choice Questions

            
                
                	
                    In each case, write the number of the word or expression that best answers the question or completes the statement.

                

                	
                    
                    
                        Which of the following is not a celestial object?

                    

                    
                        	the Sun

                        	the Moon

                        	a rainbow

                        	a star

                    

                

                	
                    
                    
                        As viewed from Earth, most stars appear to move across the sky each night because

                    

                    
                        	Earth revolves around the Sun

                        	Earth rotates on its axis

                        	stars orbit around Earth

                        	stars revolve around the center of the galaxy

                    

                

                	
                    
                    
                        Which real motion causes the Sun to appear to rise in the east and set in the west?

                    

                    
                        	the Sun’s revolution

                        	the Sun’s rotation

                        	Earth’s revolution

                        	Earth’s rotation

                    

                

                	


                	
                    Base your answers to questions 4 and 5 on the time-exposure photograph shown below. The photograph was taken by aiming a camera at a portion of the night sky above a New York State location and leaving the camera’s shutter open for a period of time to record star trails.

                    
                        [image: ]
                    

                    
                

                	
                    
                    
                        Which celestial object is shown in the photograph near the center of the star trails? 

                    

                    
                        	the Sun

                        	the Moon

                        	Sirius

                        	Polaris

                    

                

                	
                    
                    
                        During the time exposure of the photograph, the stars appear to have moved through an arc of 120°. How many hours did this time exposure take?

                    

                    
                        	5 h

                        	8 h

                        	12 h

                        	15 h

                    






                	
                    
                    
                        How many degrees does the Sun appear to move across the sky in four hours?

                    

                    
                        	60°

                        	45°

                        	15°

                        	4°

                    

                

                	


                	
                    Base your answers to questions 7 through 11 on your knowledge of Earth science and on the diagram, which represents observations of the apparent paths of the Sun in New York State on the dates indicated.

                    
                        [image: ]
                    

                    
                

                	
                    
                    
                        On the basis of the diagram, which statement is true?

                    

                    
                        	The Sun passes through the zenith on December 21.

                        	The Sun rises due east and sets due west on December 21.

                        	The Sun passes through the zenith on June 21.

                        	The Sun rises north of east and sets north of west on June 21.

                    

                

                	
                    
                    
                        Which statement about the Sun’s path is true?

                    

                    
                        	The Sun’s path varies with the seasons.

                        	The midpoint of the Sun’s path is the zenith.

                        	The angle of the Sun’s path to the horizon is greatest on December 21.

                        	The Sun’s path on certain days of the year is shown by line SZN.

                    

                

                	
                    
                    
                        Which arc represents a part of the observer’s horizon?

                    

                    
                        	DAE

                        	FCG

                        	SBZN

                        	DSEG

                    

                

                	
                    
                    
                        On which date will the noon sun be nearest to position B?

                    

                    
                        	September 21

                        	November 21

                        	December 21

                        	January 21

                    

                

                	
                    
                    
                        Which arc represents part of the observer’s celestial meridian?

                    

                    
                        	SBZ

                        	DFN

                        	SDF

                        	GCF

                    






                	
                    
                    
                        An observer on Earth measures the angle of sight between Venus and the setting Sun

                        
                            [image: ]
                        

                    

                    
                        Which statement best describes and explains the apparent motion of Venus over the next few hours?

                    

                    
                        	Venus will set 1 hour after the Sun because Earth rotates at 45° per hour.

                        	Venus will set 2 hours after the Sun because Venus orbits Earth faster than the Sun orbits Earth.

                        	Venus will set 3 hours after the Sun because Earth rotates at 15° per hour.

                        	Venus will set 4 hours after the Sun because Venus orbits Earth slower than the Sun orbits Earth.

                    

                

                	
                    
                    
                        The constellation Pisces changes position during a night as shown in the diagram below.

                        
                            [image: ]
                        

                    

                    
                        Which motion is mainly responsible for this change in position?

                    

                    
                        	revolution of Earth around the Sun

                        	rotation of Earth on its axis

                        	revolution of Pisces around the Sun

                        	revolution of Pisces on its axis

                    

                

                	
                    
                    
                        The diagram below represents a portion of the constellation Ursa Minor. The star Polaris is identified.

                        
                            [image: ]
                        

                    

                    
                        		Ursa Minor can be seen by an observer in New York State during all four seasons because Ursa Minor is located almost directly

                    

                    
                        	above Earth’s equator

                        	above Earth’s North Pole

                        	overhead in New York State

                        	between Earth and the center of the Milky Way

                    

                

                	


                	
                    Base your answers to questions 15 and 16 on the map of the night sky below, which represents the apparent locations of some of the constellations that are visible to an observer at approximately 40° N latitude at 9 P.M. in April. The point directly above the observer is labeled zenith.

                    
                        [image: ]
                    

                    
                

                	
                    
                    
                        Which map best illustrates the apparent path of Virgo during the next 4 hours?

                    

                    
                        	
                            
                                [image: ]
                            

                        

                        	
                            
                                [image: ]
                            

                        

                        	
                            
                                [image: ]
                            

                        

                        	
                            
                                [image: ]
                            

                        

                    

                

                	
                    
                    
                        Which motion causes the constellation Leo to no longer be visible to an observer at 40° N in October? 

                    

                    
                        	spin of the constellation on its axis

                        	revolution of the constellation around the Sun 

                        	spin of Earth on its axis

                        	revolution of Earth around the Sun

                    






                	
                    
                    
                        At a location in the Northern Hemisphere, a camera was placed outside at night with the lens pointing straight up. The shutter was left open for four hours, resulting in the star trails shown below.

                        
                            [image: ]
                        

                    

                    
                        At which latitude were these star trails observed?

                    

                    
                        	1° N

                        	30° N

                        	60° N

                        	90° N

                    

                

            

            Constructed Response Questions

            
            	


                	
                    Base your answers to questions 18 through 20 on the diagram below and on your knowledge of Earth science. The diagram represents a time-exposure photograph taken by aiming a camera at Polaris in the night sky and leaving the shutter open for a period of time to record star trails. The angular arcs (star trails) show the apparent motions of some stars.

                    
                        [image: ]
                    

                    
                

                	
                    
                    
                         Identify the motion of Earth that causes these stars to appear to move in a circular path.  [1]

                    

                    
                    

                    
                

                	
                    
                    
                        Determine the number of hours it took to record the star trails labeled on the diagram.  [1]

                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        The diagram above represents Earth as viewed from space. The dashed line indicates Earth’s axis. Some latitudes are labeled. On the diagram, draw an arrow that points from the North Pole toward Polaris.  [1]

                    

                    
                    




                	
                    
                    
                        Base your answer to question 21 on the diagram below, which shows the Sun’s apparent path as viewed by an observer in New York State on March 21.

                        
                            [image: ]
                        

                    

                    
                        At approximately what hour of the day would the Sun be in the position shown in the diagram? [1]

                    

                    
                

                	


                	
                    Base your answers to questions 22 through 24 on diagram 1 and on diagram 2, which show some constellations in the night sky viewed by a group of students. Diagram 1 below shows the positions of the constellations at 9:00 P.M. Diagram 2 shows their positions two hours later.

                    
                        [image: ]
                    

                    
                        [image: ]
                    

                    
                

                	
                    
                    
                        Circle Polaris on diagram 2. [1]

                    

                

                	
                    
                    
                        In which compass direction were the students facing? [1]

                    

                    
                

                	
                    
                    
                        Describe the apparent direction of movement of the constellations Hercules and Perseus during the two hours between student observations. [1]

                    

                    
                    




            

            Extended Constructed Response Questions

            
            	


                	
                    Base your answers to questions 25 and 26 on the sky model below and on your knowledge of Earth science. The model shows the Sun’s apparent path through the sky as seen by an observer in the Northern Hemisphere on June 21.

                    
                        [image: ]
                    

                    
                

                	
                    
                    
                        Describe the evidence, shown in the sky model, which indicates that the observer is not located at the North Pole.  [1]

                    

                    
                

                	
                    
                    
                        Identify the cause of the apparent daily motion of the Sun through the sky.  [1]

                    

                    
                    




                	


                	
                    Base your answers to questions 27 through 29 on the diagram below and on your knowledge of Earth science. The diagram is a model of the sky (celestial sphere) for an observer at 50° N latitude. The Sun’s apparent path on June 21 is shown. Point A is a position along the Sun’s apparent path. Angular distances above the horizon are indicated.

                    
                        [image: ]
                    

                    
                

                	
                    
                    
                        On the celestial sphere diagram, place an X on the Sun’s apparent path on June 21 to show the Sun’s position when the observer’s shadow would be the longest. [1]

                    

                    
                

                	
                    
                    
                        The Sun travels 45° in its apparent path between the noon position and point A. Identify the time when the Sun is at point A. Include a.m. or p.m. with your answer. [1]

                    

                    
                

                	
                    
                    
                        Describe the general relationship between the length of the Sun’s apparent path and the duration of daylight. [1]

                    

                    
                    




            

        

    
        
        
            
            
                Answers to Review Questions

                Multiple-Choice Questions

                
                    	3

                    	2

                    	4

                    	4

                    	2

                    	1

                    	4

                    	1

                    	4

                    	1

                    	1

                    	3

                    	2

                    	2

                    	3

                    	4

                    	4

                

                    Constructed Response Questions

                
                    	
                    
                    
                    
                    
                        Acceptable responses include but are not limited to: rotation; spinning/turning on its axis.

                    

                

	
                    
                    
                    
                        4 h

                    

                

	
                    
                    
                    
                        An arrow must be within or touching the zone shown that points away from the North Pole and is generally aligned with Earth’s axis.

                        
                            [image: ]
                        

                    

                    

	
                    
                    
                    
                    
                        3:00 P.M.

                    

                

	
                    
                        [image: ]
                    

                    
                

	
                    
                    
                    
                        North

                    

                

	
                    
                    
                    
                        Hercules: down and to the left (west) and Perseus: up and to the right (east)

                    

                    



                Extended Constructed Response Questions

                
                    	
                    
                    
                    
                        Acceptable responses include but are not limited to: Polaris is not overhead; at the North Pole; the altitude of Polaris is 90°; all compass directions are shown, the Sun’s path is tilted.

                    

                

	
                    
                    
                    
                        Acceptable responses include but are not limited to: the rotation of Earth; Earth is spinning on its axis.

                    

                    

	
                    
                    
                    
                        One credit is allowed if the center of an X is within either clear box shown below.

                        
                            [image: ]
                        

                    

                

	
                    
                    
                    
                        One credit is allowed for 3 P.M. or 3:00 P.M.

                    

                

	
                    
                    
                    
                        Acceptable responses include, but are not limited to: The longer the Sun’s path, the longer the duration of daylight; The shorter the Sun’s path, the shorter the daylight will be; direct relationship

                    

                    







Chapter 2



The development of the Heliocentric model


Key Ideas

Modern astronomy traces its beginning to the publication in May 1543 by Nicolaus Copernicus of a new heliocentric, or Sun-centered, model of the universe. Although Aristarchus of Samos had proposed a Sun-centered model almost 1,800 years earlier, the idea that Earth is moving at great speed had been dismissed as obvious nonsense since no one could feel any motion. Copernicus discarded the idea of a stationary Earth and argued that Earth and the planets circle the Sun. His logical and mathematical arguments paved the way for further investigations. The shift from an Earth-centered to a Sun-centered model was revolutionary and has evolved into our current concept of the universe.


KEY OBJECTIVES

Upon completion of this chapter, you will be able to:


	Compare and contrast the geocentric and heliocentric models of the universe.

	Describe the investigations that led scientists to understand that most of the observed motions of celestial objects are the result of Earth’s motion around the Sun.

	Explain how gravity influences the motions of celestial objects.

	Determine the gravitational force between two objects, given their masses and the distance between their centers.

	Analyze the relationships among a planet’s distance from the Sun, gravitational force, period of revolution, and speed of revolution.






        Early Models: Aristotle and Ptolemy

        Ancient Greek thinkers, particularly Aristotle, set a pattern of belief that persisted for 2,000 years—the universe had a large, stationary Earth at its center; and the Sun, the Moon, and the stars were arranged around Earth in a perfect sphere, with all of these bodies orbiting Earth in perfect circles at constant speeds. The Egyptian astronomer Ptolemy refined this concept into an elegant mathematical model of circular motions that enabled astronomers to predict the positions of celestial objects fairly accurately and could account for many of the “problem” observations that plagued Aristotle’s model.

        Aristotle’s Geocentric Universe

        Aristotle, a Greek philosopher who lived from 384 b.c. to 322 b.c., wrote about and taught many subjects, including history, philosophy, drama, poetry, and ethics. His wide-ranging knowledge and insight earned him a prominent place among the great thinkers of antiquity.

        Aristotle’s was a common sense view of the universe. He understood the celestial sphere model and its ability to explain most casual observations, such as the apparent movements of celestial bodies. As records of careful measurements were kept over time, however, some problems arose. The Sun doesn’t follow the same path through the sky all year long. The Moon changes position relative to the stars from night to night. Five (actually, nine) “stars,” out of the thousands seen in the sky, don’t stay in fixed positions relative to the others, but “wander” around in the sky. These moving objects, as explained in Chapter 1, came to be called planets, from planetes, the Greek word for “wanderer.” Aristotle realized that a one-sphere model couldn’t explain these “problem” observations, so he revised the model.

        Spheres Within Spheres

        Aristotle reasoned that, if some objects move differently, they must be on different celestial spheres! Aristotle explained the “problem” observations by proposing a universe consisting of eight crystalline (i.e., transparent) spheres nesting one inside the other like a set of Russian dolls, with Earth at the very center. The Sun, Moon, stars, and planets were fixed to the surface of separate spheres, which rotated around the unmoving Earth. All motions of the spheres were perfect circles. By having the spheres spinning at slightly different rates and at slightly different angles in relation to one another, most of the “problem” observations could be accounted for. Either the spheres moved because they were self-propelled, or, as was thought more likely, their motion was initiated by a supernatural being. See Figure 2.1.

        
        Common Sense 

        In Aristotle’s model, Earth too was a sphere, the perfect shape, as could be seen when its shadow was visible against the Moon during an eclipse. Common sense indicated that Earth wasn’t moving because no motion could be felt, but Aristotle believed there was other evidence as well. If Earth moved, objects falling in a straight line should fall to the side of points directly beneath them. 

        According to Aristotle, the natural state of things on Earth was to be at rest. Natural motion on Earth was toward its center. Unlike the perfect circular motion of the spheres, the motion of objects on Earth was imperfect straight-line motion. The spheres were perfectly clear and were composed of ether, a substance that could not be changed or destroyed. 

        Since Aristotle’s universe has Earth at its center, it is called a geocentric, or Earth-centered, model of the universe.

        
            
                [image: ]
                
                    Figure
                    2.1
                    Aristotle’s Model of the Universe. Crystalline spheres were nested one inside the other, with Earth at the center. The spheres and their attached stars and planets rotated around Earth.

            

        

        Ptolemy’s Geocentric Model

        There were some obvious problems with Aristotle’s view of the universe. The most obvious was visible to the naked eye. There were times when the planets changed course in the sky; for example, at times Mars would stop and then move backward, a phenomenon called retrograde motion. Since the crystal spheres of the Aristotelian universe could not stop or change direction, this observation could not be explained until the second century a.d., when Claudius Ptolemaeus, usually referred to as Ptolemy, proposed an ingenious theory.

        Ptolemy, an Egyptian, lived and worked in the Greek settlement at Alexandria in about a.d. 140. There he studied mathematics and astronomy and developed a model of the universe based upon Aristotle’s teachings. The details of his model are carefully spelled out in his great book, Almagest.

        Explaining Retrograde Motion

        Ptolemy’s view was that each planet was fixed to a small sphere that was in turn fixed to a larger sphere. The smaller sphere and its attached planet turned at the same time that the larger sphere turned. As a result there could be times when, to an observer on Earth, the planet appeared to be moving backward. Ptolemy called the circular motions of the larger spheres deferents and the motions of the smaller spheres epicycles. He placed Earth’s sphere off the center of its deferent. See Figure 2.2.

        
            
                [image: ]
                
                    Figure
                    2.2
                    Ptolemy’s Universe. Ptolemy added epicycles to Aristotle’s model to explain retrograde motion and changes in apparent diameter.
                

            

        

        With Ptolemy’s ingenious modifications, Aristotle’s universe could explain all casual, naked-eye observations of the universe. For 1,000 years astronomers studied and preserved Ptolemy’s work, making no changes in his basic theory. It became part of the accepted thinking of the time. See Figure 2.3.
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                    Figure
                    2.3
                    Ptolemy’s Geocentric Model of the Universe. This model was accepted for well over 1,000 years.
                

            

        

        Problems with Predictions

        At first, the Ptolemaic system was able to predict the motions of celestial objects with a fair degree of accuracy. However, as the centuries passed, the differences between what the Ptolemaic system predicted and what was actually observed grew so large they could not be ignored. At first, earlier astronomers blamed these discrepancies on poor instruments or inaccurate observations. Arabian and, later, European astronomers corrected the system, recalculated constants, and even added new epicycles. King Alfonso X of Castile paid for the last great correction of the Ptolemaic model. Ten years of observations and calculations were then published as the Alfonsine Tables. By the 1500s, however, the Alfonsine Tables were also inaccurate, often being off by as much as 2°, which is four times the angular diameter of the moon—a significant error.

    
        The Heliocentric Model

        Copernicus

        At about the same time that astronomers were struggling with the inaccurate Alfonsine Tables, there was a serious need for calendar reform. By the beginning of the 1500s, the Julian calendar was off by about 11 days. Easter, a major church holiday, was particularly hard to determine. Both the Hebrew calendar, which was based upon the Moon, and the Julian calendar, which was based upon the Sun, had to be used to calculate the phase of the moon, upon which the date of Easter depended. A secretary of Pope Sixtus IV asked Nicolaus Copernicus, a priest-mathematician from Poland (see Figure 2.4), to examine the problem of calendar reform.
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                    Figure
                    2.4
                    Nicolaus Copernicus.

            

        

        Copernicus recognized that any calendar reform would have to resolve the relationship between the Sun and the Moon. After much study of the problem, Copernicus proposed a mathematically elegant solution in which he suggested a heliocentric, or Sun-centered, universe with a moving Earth.

        In 1514, he distributed a brief manuscript outlining his ideas, but was discreet because he recognized the potential dangers of questioning church dogma. Not until his death in 1543 was his full argument in favor of a Sun-centered system published. Even then, he avoided heresy charges by crediting classical Greek sources with the idea, thus implying that the concept did not originate with him.

        In Copernicus’ model of a heliocentric universe, the center of the universe was a point near the Sun. Earth orbited the Sun and spun once a day on its axis. See Figure 2.5.
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                    Figure
                    2.5
                    The Copernican Heliocentric Universe. Copernicus proposed a Sun-centered model in which all planets and stars moved in perfect circles around the Sun.
                

            

        

        Copernicus reasoned that retrograde motion occurs because Earth moves faster in its orbit than do planets farther from the Sun. Earth and the other planets all move continuously in their orbits around the Sun, but Earth moves toward an outer planet in one part of its orbit and then passes it and moves away from it. However, planets moving in perfect circles around the Sun could not explain all of the observed details of their motions, and in the end Copernicus, too, resorted to epicycles and did no better at predicting the positions of celestial objects than Ptolemy.

        While Copernicus’ system was also erroneous, his idea that the universe was heliocentric, or Sun-centered, was correct and gradually gained acceptance. Probably the most important reasons why his theory was eventually accepted were the revolutionary mood of the world in his lifetime and the simple, forthright way in which his model explained retrograde motion. See Figure 2.6.
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                    Figure
                    2.6
                    Copernicus’ Simple, Forthright Explanation of Retrograde Motion. Both Earth and Mars move in a continuous path, but the inner planet (Earth) covers more of its orbit in the same time period, changing its point of view toward the outer planet (Mars).
                

            

        

        Contributions of Tycho Brahe and Johannes Kepler

        Tycho Brahe: Precision Observer

        Shortly after Copernicus died, a Danish nobleman named Tycho Brahe  became interested in astronomy. After observing that the Alfonsine Tables were nearly a month off in predicting a conjunction of Jupiter and Saturn, and observing a “new star” produced by a supernova, that is, the explosion of a very large star, Tycho questioned the Ptolemaic system of a perfect, unchanging heaven in a small book he wrote. His book was widely read, and the King of Denmark gave him funds to build a world-class astronomical observatory. Telescopes had not yet been invented, so Tycho devised many ingenious devices for measuring celestial motions precisely. When the King of Denmark died, Tycho fell out of favor and accepted a position as court astronomer to the Holy Roman Emperor in Prague, taking with him all of the data from the observatory in Denmark. In Prague, the emperor commissioned him to publish a revision of the Alfonsine Tables. Tycho hired several young mathematicians to help him with his task.

        Johannes Kepler: Orbits Are Ellipses, Not Circles

        One of Tycho’s young assistants was Johannes Kepler. Shortly after beginning the project commissioned by the emperor, Tycho died unexpectedly. Before he died, however, he recommended Kepler to take over his position. As court astronomer, Kepler spent six years trying to work out the orbit of the planet Mars, using Ptolemy’s system of the planet moving in a small circle that moved in a larger circle around the Sun. But no matter how hard he tried, he could not get the theoretical orbit to match the observed orbit. Finally Kepler realized that the orbit of Mars was elliptical, or oval, and that Mars moved at a speed that varied with its distance from the Sun.

        Kepler’s Laws of Planetary Motion

        After years of studying observations of celestial objects, Kepler made three important discoveries about the motions of planets as they revolve around the Sun.

        
            	
Each planet revolves around the Sun in an elliptical orbit with the Sun at one focus.

                

            
                  An ellipse has a major axis and a minor axis that are lines connecting the two points farthest apart and the two points closest together on the ellipse. It also contains two special points along the major axis, each called a focus (plural, foci). The distance from one focus to any point on the ellipse and back to the other focus is always the same.

                  As a result it is very easy to draw an ellipse using two tacks and a loop of string. Press the tacks into a board, loop the string around them, and place a pencil in the loop. Keep the string taut; then, as you move the pencil, it will trace out the shape of an ellipse. See Figure 2.7.

                
                    
                        [image: ]
                        
                            Figure
                            2.7
                            (a) The way to draw an ellipse (b) The main parts of an ellipse
                        

                    

                

                The closer together the foci, the more nearly circular the ellipse. The farther apart the foci, the flatter the ellipse. The flatness of an ellipse is called its eccentricity. Eccentricity is expressed as the ratio between the distance between the foci and the length of the major axis:

                A perfect circle would have an eccentricity of 0; a straight line has an eccentricity of 1.

                
                    
                        
                    

                

                Since the orbit of each planet is an ellipse, the distance from each planet to the Sun varies during its orbit. See Figure 2.8. For example, Earth’s distance to the Sun varies from 147 × 106 kilometers on January 3 at its closest (perihelion) to 152 × 106 kilometers on July 6 at its farthest (aphelion). The difference between these distances, 5 × 106 kilometers, is the distance between the foci of Earth’s elliptical orbit. This measurement is very small compared to the length of the major axis, 299 × 106 kilometers, so the eccentricity of Earth’s orbit is very small (0.17), indicating that the orbit is very nearly a circle. Although many illustrations show Earth’s orbit around the Sun in a perspective view that exaggerates its eccentricity, if viewed from directly overhead the orbit would appear very nearly circular. (In this connection, it is interesting to note that Ptolemy’s system of circular orbits almost worked because Earth’s orbit is almost a circle. However, that slight difference from a perfect circle was enough to throw Ptolemy’s system into question over time.)

                
                

                As the distance between Earth and the Sun changes, the apparent diameter of the Sun changes in a cyclic manner. When Earth is closest to the Sun on January 4, the Sun has its greatest apparent diameter. On July 4, when the Sun is farthest away, it has its smallest apparent diameter.

                
                    [image: ]
                    
                        Figure
                        2.8
                        View of Earth’s Elliptical Orbit with the Sun at One Focus. Earth is closest to the Sun at perihelion and farthest away at aphelion. Distances are approximate.

                

            

        

        
            	
The planets do not move at a constant velocity.

                

            
                In Figure 2.9, the elliptical shape of a planet’s orbit is exaggerated to show variation in velocity more clearly. The times the planet takes to move from 1 to 2, from 3 to 4, and from 8 to 9 are all equal. However, if you look at the diagram carefully, you can see that the distance from 1 to 2 is less than the distance from 8 to 9 even though the distances were covered in the same time. This means that the planet is moving fastest when it is closest to the Sun and slowest when it is farthest from the Sun.

                
                

                  Kepler did not know why this was so; he only determined that the variation did occur. We now know that this cyclic changing velocity of the planets as they move around the Sun is due to changes in the gravitational force between a planet and the Sun as distance changes. As a planet approaches the Sun (distance decreases), gravitational force increases and, since it is acting in the same direction in which the planet is moving, causes the planet to move faster. As a planet moves away from the Sun (distance increases), gravitational force decreases and, since it is now acting opposite to the direction in which the planet is moving, causes the planet to slow down.

                
                    [image: ]
                    
                        Figure
                        2.9
                        Kepler’s Law of Equal Areas. A planet sweeps out equal areas of its elliptical orbit in equal periods of time. Since the planet travels less distance in the 26 days it takes to move from 1 to 2 on the ellipse above, it is traveling slower than when it moves from 8 to 9.

                

            

        

        
            	
There is a mathematical relationship between the time a planet takes to complete one revolution around the Sun and its average distance from the Sun.

                

            
                  The time required for a planet to make one revolution is called its period of revolution. It was already known that the farther a planet is from the Sun, the longer its period of revolution. Kepler’s careful analysis showed that there is a mathematical relationship between the two factors. See the table accompanying Figure 2.10. A planet’s period of revolution squared is proportional to its distance from the Sun cubed:

                
                    
                        
                    

                

                If we measure the period of revolution in units of Earth-years, and let Earth’s average distance from the Sun equal 1 unit of distance, called an astronomical unit (AU), the relationship simplifies. Then T2 becomes (1)2, R3 becomes (1)3, and, since (1)2 = 1 and (1)3 = 1:

                
                    
                        
                    

                

                This relationship for the planets in our solar system can be plotted as a curve on a graph. See Figure 2.10.
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                            Figure
                            2.10
                            Relationship between Period of Revolution and Distance from the Sun

                    

                

            

        

        Galileo and Newton: Improving the Heliocentric Model

        Galileo: Observations That Challenged Aristotle’s Geocentric Universe

        Shortly after Kepler’s works were published, Galileo Galilei, an Italian astronomer and physicist, turned his telescope on the heavens and made several discoveries that further undermined the Ptolemaic system. His discovery of imperfections on the Moon’s surface, spots on the surface of the Sun, and moons circling Jupiter challenged Aristotle’s view of the heavens as perfect and unchanging. He saw Venus go through a full set of phases, which was not possible according to the Ptolemaic system of epicycles. Galileo also studied motion and solved Copernicus’ falling-object problem. He argued that, if Earth is in motion, so are all objects on it. Therefore, an object that is dropped moves sideways at the same speed as Earth and falls on a spot directly beneath its point of release. Galileo became an outspoken champion of the heliocentric model.

        Newton: Explaining Motion

        Eleven months after Galileo died in 1642, Isaac Newton was born in England. Newton brought the discoveries of Copernicus, Galileo, and Kepler together. Using a few key concepts (mass, momentum, acceleration, and force), three laws of motion (inertia, the dependence of acceleration on force and mass, and action and reaction), and the law of universal gravitation, Newton was able to explain both the motions of objects on Earth and the distant motions of celestial objects.

        Newton’s laws of motion made it possible to predict how an object would move if the forces acting on it were known. Newton thought about the forces that would be needed to keep a satellite moving in orbit around another object. In considering the Moon, Newton realized that the Moon would circle Earth only if some force pulled the Moon toward Earth’s center; otherwise it would continue moving in a straight line off into space. Newton’s genius was to realize that the force that keeps the Moon in orbit around Earth is the same force that causes objects close to Earth (e.g., apples on a tree) to fall to the ground: gravity. He realized that the force of gravity is universal, that all objects are attracted to one another with a force that depends on the masses of the objects and their distance from each other. Newton expressed this relationship in a simple mathematical formula. See Figure 2.11.
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                    Figure
                    2.11
                    Newton’s Law of Gravity.
                    In this equation, F is the force of gravity acting between two masses, G is the gravitational constant, m1 and m2 are the masses, and d is the distance between them.
                

            

        

        Gravity and Orbital Motion

        How does gravity keep satellites moving in a curved orbit? Imagine that a cannonball is shot out of a cannon aimed horizontally. If there were no gravity, inertia would cause the cannonball to fly off horizontally until some force stopped it. However, with gravity pulling the cannonball downward toward Earth’s center, as the cannonball is flying horizontally its path curves downward and eventually the cannonball strikes Earth’s surface. If a more powerful charge is used in the cannon, the cannonball will travel farther horizontally before it strikes Earth. With a sufficiently powerful charge, the cannonball would travel far enough horizontally that, as its path curved downward because of gravity, Earth’s surface would curve away because of its spherical shape, and the cannonball would never strike Earth’s surface. Instead, gravity would cause the cannonball to fall downward at the same rate that Earth’s surface curves away from it, and it would fall unendingly in a circular path around Earth—it would be in orbit. See Figure 2.12.
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                    Figure
                    2.12
                    Orbital Velocity. As a fired cannonball travels through the air, it is drawn downward by gravity in a curved path until it strikes Earth’s surface. If it is fired with more energy, it will travel farther in a curved path before crashing into Earth’s surface. If it is fired with enough energy, its path will curve downward at the same rate that Earth curves away from its path, and it will go into orbit.

            

        

        Similarly, as Newton explained, it is a combination of two forces that keeps the planets moving in their curved paths around the Sun. The combination of a planet’s forward motion and its motion toward the Sun due to gravity results in circular motion—the planet’s orbit around the Sun. See Figure 2.13.

        
            
                [image: ]
                
                    Figure
                    2.13
                    The Two Motions That Explain Why a Planet Travels in Orbit.
                

            

        

        

        Now let’s return to our cannonball analogy. For an orbit just above Earth’s surface, the cannonball would have to be shot out of the cannon at 7.9 × 103 meters per second, or about 18,000 miles per hour. If the cannonball was propelled at a higher speed, it would travel farther outward before being pulled back by gravity, and the orbit would be elliptical instead of circular. If the cannonball was shot out at a velocity equal to or greater than 11.2 × 103 meters per second, or about 25,000 miles per hour, it would be able to escape Earth’s gravity and fly out of orbit. See Figure 2.14.
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                    Figure
                    2.14
                    Circular Orbit, Elliptical Orbit, and Escape Velocity. 
                

            

        

        

        With Newton’s explanation of the causes of motion, the heliocentric theory began to firmly displace the geocentric theory as the generally accepted model of the universe. Our modern view of planetary motions in the solar system is based upon the heliocentric model.

    
        
            
                
                
                
                
                
                
                
                
                
                
                
                
                
            

            Multiple-Choice Questions

            
                
                	
                    
                    
                        For each case, write the number of the word or expression that best answers the question or completes the statement.

                    

                    
                        The diagram below represents a simple geocentric model. Which object is represented by the letter X?

                        
                            
                                [image: ]
                            

                        

                    

                    
                        	Earth

                        	Sun

                        	Moon

                        	Polaris

                    

                

                	
                    
                    
                        Which object orbits Earth in both the Earth-centered (geocentric) and Sun-centered (heliocentric) models of our solar system?

                    

                    
                        	the Moon

                        	Venus

                        	the Sun

                        	Polaris

                    

                

                	
                    
                    
                        Which diagram best represents the motions of celestial objects in a heliocentric model?

                        
                            [image: ]
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                        The modern heliocentric model of planetary motion states that the planets travel around

                    

                    
                        	the Sun in slightly elliptical orbits

                        	the Sun in circular orbits

                        	Earth in slightly elliptical orbits

                        	Earth in circular orbits

                    

                

                	
                    
                    
                        Which characteristic of the planets in our solar system increases as the distance from the sun increases?

                    

                    
                        	equatorial diameter

                        	eccentricity of orbit

                        	period of rotation

                        	period of revolution

                    

                

                	
                    
                    
                        The symbols below represent two planets.
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                        Which combination of planet masses and distances produces the greatest gravitational force between the planets?
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                         The diagram shows Earth (E) in orbit about the Sun. If the gravitational force between Earth and the Sun were suddenly eliminated, toward which position would Earth then move?
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                        	1

                        	2

                        	3

                        	4

                    

                

                	
                    
                    
                        The diagram below represents planets A and B, of equal mass, revolving around a star.
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                        Compared to planet A, planet B has a

                    

                    
                        	weaker gravitational attraction to the star and a shorter period of revolution 

                        	weaker gravitational attraction to the star and a longer period of revolution

                        	stronger gravitational attraction to the star and a shorter period of revolution 

                        	stronger gravitational attraction to the star and a longer period of revolution

                    

                

                	


                	
                    Base your answers to questions 9 through 13 on your knowledge of Earth science, the Earth Science Reference Tables, and the diagrams, tables, and information below. Diagram I represents the orbit of an Earth satellite, and diagram II shows how to construct an elliptical orbit using two pins and a loop of string. The table shows the eccentricities of the orbits of the planets in the solar system.
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                        At which position represented in diagram I would the gravitational attraction between the Earth and the satellite be greatest?

                    

                    
                        	1

                        	7

                        	3

                        	11

                    

                

                	
                    
                    
                        According to the table, the orbit of which planet would most closely resemble a circle?

                    

                    
                        	Mercury

                        	Venus

                        	Saturn

                        	Mars

                    

                

                	
                    
                    
                        What is the approximate eccentricity of the satellite’s orbit?

                    

                    
                        	0.31

                        	0.40

                        	0.70

                        	2.5

                    

                

                	
                    
                    
                        The Earth satellite takes 24 hours to move between each numbered position on the orbit. How does the orbital speed of the satellite in section A of its orbit (between positions 1 and 2) compare to its orbital speed in section B (between positions 8 and 9)?

                    

                    
                        	It is moving faster in section A than in section B.

                        	It is moving slower in section A than in section B.

                        	Its speed in section A is equal to its speed in section B.

                        	It is speeding up in section A and slowing down in section B.

                    

                

                                	
                                
                    
                    
    Note that question 13 has only three choices.



                    
                        If the pins in diagram II were placed closer together, the eccentricity of the ellipse being constructed would

                    

                    
                        	decrease

                        	increase

                        	remain the same

                    

                    




                	


                	
                    Base your answers to questions 14 and 15 on the diagram below, which represents the current locations of two planets, A and B, orbiting a star. Letter X indicates a position in the orbit of planet A. Numbers 1 through 4 indicate positions in the orbit of planet B.
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                        As planet A moves in orbit from its current location to position X, planet B most likely moves in orbit from its current location to position

                    

                    
                        	1

                        	2

                        	3

                        	4

                    

                

                	
                    
                    
                        If the diagram represents our solar system and planet B is Venus, which planet is represented by planet A? 

                    

                    
                        	Mercury

                        	Jupiter

                        	Earth

                        	Mars

                    

                    




                	
                    
                    
                        ­The graph below shows the varying amount of gravitational attraction between the Sun and an asteroid in our solar system. Letters A, B, C, and D indicate four positions in the asteroid’s orbit.
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                        Which diagram best represents the positions of the asteroid in its orbit around the Sun? [Note: The diagrams are not drawn to scale.]
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            Constructed Response Questions

            
                	
                    
                    
                        Listed below are statements of several theories and observations, some of which may have served as partial bases for Newton’s Law of Universal Gravitation. For each statement, (a)–(e), write the number preceding the name of the scientist, chosen from the list below, who first made the observation or proposed the theory.

                        
                            	 Brahe, 

                            	 Newton, 

                            	 Copernicus, 

                            	 Ptolemy, 

                            	 Galileo, 

                            	 Aristotle, 

                            	 Kepler

                        

                    

                    
                        	The Sun is the center of our solar system. [1]

                        	Retrograde motions by planets can be explained by the use of epicycles. [1]
               
                        	The true orbits of planets are ellipses. [1]

                        	There is always gravitational force between two masses. [1]

                        	Falling bodies accelerate at a rate independent of their masses. [1]

                    

                    
                

                	


                	
                    Base your answers to questions 18 through 21 on the diagram below, which shows the heliocentric model of a part of our solar system. The planets closest to the Sun are shown. Point B is a location on Earth’s equator.
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                        State the name of planet A.

                    

                    
                

                	
                    
                    
                        ­Explain why location B experiences both day and night in a 24-hour period.

                    

                    
                

                	
                    
                    
                        On the graph to the right, draw a line to show the general relationship between a planet’s distance from the Sun and the planet’s period of revolution.
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                        ­Identify one feature of the geocentric model of our solar system that differs from the heliocentric model shown.

                    

                    
                    




                	


                	
                    Base your answers to questions 22 through 24 on the diagram below, which represents a model of Earth’s orbit. Earth is closest to the Sun at one point in its orbit (perihelion) and farthest from the Sun at another point in its orbit (aphelion). The Sun and point B represent the foci of this orbit.
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                        Explain why Earth’s orbit is considered to be elliptical.

                    

                    
                

                	
                    
                    
                        Describe the change that takes place in the gravitational attraction between Earth and the Sun as Earth moves from perihelion to aphelion and back to perihelion during one year. 

                    

                    
                

                	
                    
                    
                         Describe how the shape of Earth’s orbit would differ if the Sun and focus B were farther apart.

                    

                    
                    




                	


                	
                    Base your answers to questions 25 and 26 on the diagram of the ellipse below.
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                        ­Calculate the eccentricity of the ellipse to the nearest thousandth. [1]

                    

                    
                

                	
                    
                    
                        ­State how the eccentricity of the given ellipse compares to the eccentricity of the orbit of Mars. [1]

                    

                    
                    




                	Extended Constructed Response Questions


                	


            	
                Base your answers to questions 27 and 28 on the data table below, which lists the apparent diameter of the Sun, measured in minutes and seconds of a degree, as it appears to an observer in New York State. (Apparent diameter is how large an object appears to an observer.)

                
                    
                        [image: ]
                    

                

                
            

            	
                    
                    
                         On the grid below, graph the data shown on the table by marking with a dot the apparent diameter of the Sun for each date listed and connecting the dots with a smooth, curved line. [2]
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                        Explain why the apparent diameter of the Sun changes throughout the year as Earth revolves around the Sun. [1]

                    

                    
                    




                	


                	
                    Base your answers to questions 29 and 30 on the diagram below, which shows Earth’s orbit and the orbit of a comet within our solar system.
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                        Explain how this comet’s orbit illustrates the heliocentric model of our solar system.

                    

                    
                

                	
                    
                    
                        Explain why the time required for one revolution of the comet is more than the time required for one revolution of Earth.

                    

                    
                    




                	


                	
                    Base your answers to questions 31 and 32 on the diagram below, which represents an asteroid’s elliptical orbit around the Sun. The dashed line is the major axis of the ellipse.

                    
                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        Place a circle, O, on the orbital path where the velocity of the asteroid would be the least.

                    

                    
                

                	
                    
                    
                        The Sun is located at one focal point of the orbit. Place an X on the diagram at the location of the second focal point.

                    

                    




            

        

    
        
            
                Answers to Review Questions

                Multiple-Choice Questions

                
                    	1

                    	1

                    	4

                    	1

                    	4

                    	3

                    	3

                    	2

                    	1

                    	2

                    	2

                    	1

                    	1

                    	1

                    	1

                    	1

                

                Constructed Response Questions

                
                    	
                    
                    
                    
                    
                        3

                    

                    
                    
                        4

                    

                    
                    
                        7

                    

                    
                    
                        2

                    

                    
                    
                        5

                    

                

	
                    
                    
                    
                        Jupiter

                    

                

	
                    
                    
                    
                        Earth’s rotation causes day and night.

                    

                

	
                    
                    
                    
                        The line graph shows a direct relationship.
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                        The geocentric model has Earth in the center. In a geocentric model, Earth does not rotate. Instead, planets revolve around Earth instead of the Sun.

                    

                    

	
                    
                    
                    
                        The distance from Earth to the Sun varies. There are two foci instead of one center. Earth’s orbit is an oval shape; Earth’s eccentricity of orbit is 0.017.

                    

                

	
                    
                    
                    
                        The force of gravity decreases and then increases.

                    

                

	
                    
                    
                    
                        Earth’s orbit would become more eccentric, i.e., more elliptical.

                    

                    

	
                    
                    
                    
                        0.333

                    

                

	
                    
                    
                    
                        The given ellipse has a higher eccentricity than the orbit of Mars.

                    

                    

                

                Extended Constructed Response Questions
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                        Earth has an elliptical orbit; therefore, the distance between the Sun and Earth varies in a cyclic manner.

                    

                    

	
                    
                    
                    
                        The comet orbits the Sun; the comet doesn’t orbit Earth.

                    

                

	
                    
                    
                    
                        The comet’s average distance from the Sun is greater. Therefore, the comet has a larger orbit. During most of its orbit, the comet is moving  slower than Earth.

                    

                    

	
                    
                    
                    
                        
                            
                                [image: ]
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Chapter 3



Heliocentric Earth Motions and Their Effects


Key Ideas

The shift from a geocentric to a heliocentric model of the universe changed the way most people saw themselves in relation to the physical universe. The heliocentric model required the apparently immobile Earth to spin completely around on its axis once a day and the universe to be far larger than anyone had imagined; worst of all, Earth lost its position at the center of the universe and became just one of nine planets that orbit the Sun, a typical star in a vast and ancient universe.

However, the heliocentric model has greatly improved human understanding of complex phenomena, such as variations in day length, seasons, ocean tides, eclipses, phases of the Moon, the apparent motion of planets, and the annual traverse of the constellations.



KEY OBJECTIVES

Upon completion of this chapter, you will be able to:


	Explain how the Foucault pendulum and the Coriolis effect provide evidence of Earth’s rotation.

	Describe Earth’s rate of rotation, the orientation of Earth’s axis of rotation with respect to the plane of its orbit, and the effects of Earth’s changing position with regard to the Sun.

	Explain how seasonal changes in the apparent positions of constellations provide evidence of Earth’s revolution.

	Interpret diagrams of Earth’s orbit to determine how the Sun’s apparent path through the sky and the relative position of the noon Sun vary with the seasons, and how the length of daylight varies throughout the year at different locations.

	Explain how the changing relative positions of Earth, the Moon, and the Sun account for the phases of the Moon, tides, and eclipses.




        Earth Motions

        Rotation

        In the modern heliocentric model, Earth rotates at a rate of 15° per hour, or one complete rotation every 24 hours. Rotation is a motion in which every part of an object is moving in a circular path around a central line called the axis of rotation, like an ice skater spinning around a line through his or her body. Earth’s axis of rotation is a line passing through the North Pole, Earth’s center, and the South Pole. Earth’s axis of rotation is almost directly aligned with the star Polaris and is tilted at an angle of 23
            from a perpendicular to the plane passing through the centers of Earth and the Sun. See Figure 3.1.
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                    Figure
                    3.1
                    Rotation. Earth rotates from west to east once every 24 hours around an axis that runs through the poles.
                    

            

        

        Evidence of Rotation

        The heliocentric theory requires Earth to rotate on its axis once every 24 hours. It is one thing to be able to successfully explain away a problem such as the lack of deflection of a falling object; it is quite another to actually prove Earth’s rotation. The arguments in favor of rotation may be quite reasonable, but reasonableness is not scientific proof. A French physicist, Jean Foucault, and a French mathematician, Gaspard Coriolis, provided this proof.

        The Foucault Pendulum

        Jean Foucault used an ingeniously simple method to prove Earth’s rotation. Foucault knew that gravity pulls a pendulum only toward Earth’s center. It does not act laterally to change the plane of the pendulum’s swing. Therefore, if set freely swinging in the absence of any lateral forces, a pendulum should swing in a fixed plane. Foucault further reasoned that the heavier he made the weight of the pendulum, the more force would be required to push it out of its plane of motion, making it unlikely that small breezes would deflect the pendulum. Finally, he realized that, if he made the pendulum really long, it would have a long period and would swing for many hours without needing a push to get it going again (which would introduce a possibility of exerting a lateral force). Foucault argued that, if Earth were motionless, such a pendulum would swing in a plane whose direction would not change. However, if Earth rotated, it would rotate beneath the pendulum and would change position relative to the swinging pendulum. The result would be a pendulum whose plane of swing would appear to rotate relative to the ground in a direction opposite to that of Earth’s rotation.

        Foucault’s idea is easiest to understand if you visualize a pendulum swinging over the North Pole. As the pendulum swings, Earth moves be­neath it. In 24 hours the plane of the swinging pendulum will appear to make one rotation. At the Equa­tor, however, the plane of the pendulum will not appear to change. In between, the period of rotation of swinging pendulums will vary from 24 hours at the poles to infinity at the Equator. At 40° N, a pendulum takes 37 hours to make one rotation. See Figure 3.2.
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                    Figure
                    3.2
                    The Foucault Pendulum.
                    

            

        

        In 1851, Foucault suspended a freely swinging pendulum from the inside of the dome of the Pantheon building in Paris. The high dome allowed the use of a very long (60-meter) pendulum. Foucault fastened the pendulum’s heavy weight to one side of the room with a thin cord and sealed all entrances to eliminate possible drafts that could exert a lateral force on the pendulum. He then burned the cord to set the pendulum swinging smoothly in a fixed plane. Through windows, observers were able to watch the pendulum rotate slowly in a direction opposite to that of Earth’s rotation, thus proving that Earth rotates.

        The Coriolis Effect

        Gaspard Coriolis first described the behavior of objects moving in a rotating frame of reference. His work successfully predicted the behavior of objects moving near the rotating Earth. In a stationary system, fluids such as the atmosphere or the oceans move directly in a straight line from regions of high pressure to regions of low pressure. However, that behavior does not occur on Earth. Large-scale movements of both the atmosphere and the oceans follow curved paths.

        Study the following diagrams in the Reference Tables for Physical Setting/Earth Science (Appendix): Surface Ocean Currents and Planetary Wind and Moisture Belts in the Troposphere . Note that ocean currents form large circular patterns, called gyres, that flow clockwise in the Northern Hemisphere and counterclockwise in the Southern Hemisphere. Note, too, that planetary winds follow paths that curve to the right in the Northern Hemisphere and to the left in the Southern Hemisphere. Such motions should not occur if Earth is stationary, but are precisely what would be expected if Earth is rotating. For a full description of why this occurs, refer to the section on the Coriolis effect in Chapter 22. Since the curving paths of ocean currents and weather systems would not occur on a stationary Earth, their existence is considered proof of Earth’s rotation.

        Revolution

        As Earth rotates, it revolves around the Sun once every
            
            days. Revolution is the motion of one body around another body in a path called an orbit. The revolving body is termed a satellite of the body it orbits. The body that a satellite orbits is its primary. Thus, Earth is a satellite of the Sun, its primary. The plane of Earth’s orbit is called the ecliptic because eclipses occur when Earth, the Moon, and the Sun align in this plane.

        Evidence of Revolution

        Parallelism of Earth’s Axis of Rotation

        As stated previously, Earth’s axis of rotation is tilted 23
            from a perpendicular to the plane of its orbit. Spinning like a top, Earth holds its axis fixed in space as it moves around the Sun. Another way to describe this is to say that Earth’s axis of rotation at any point in Earth’s orbit is parallel to its axis at any other point. As a result, the Northern Hemisphere is tipped toward the Sun in June and away from the Sun in December.

        Annual Traverse of the Constellations

        As Earth revolves around the Sun, the side of Earth facing the Sun experiences day and the side facing away experiences night. Since the stars are visible only at night, the portion of the universe whose stars are visible to an observer on Earth varies cyclically as Earth revolves around the Sun. See Figure 3.3.
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                    Figure
                    3.3
                    Revolution. (a) The constant orientation of Earth’s axis as the planet orbits the Sun.
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                    (b) Earth revolves around the Sun once every 365.25 days. During each season, different parts of the universe are visible at night. 
                

            

        

        Precession

        Precession is the very slow change in the direction of Earth’s axis of rotation. Earth’s axis sweeps around in a cone-shaped path like the wobbling of a spinning top. Almost 26,000 years are required for each sweep, causing Earth’s North Pole to move slowly with respect to Polaris. Precession is caused by the gravitational pulls of the Sun and Moon. See Figure 3.4.
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                    Figure
                    3.4
                    Precession. Precession causes Earth’s axis to wobble like a top. (a) The force of gravity (A) on the spinning top tries to tip it over. The result is precession. If the top were not spinning, it would simply topple over. (b) The net force of the Moon (B) on Earth’s tidal bulge tries to pull the planet’s equatorial plane into the ecliptic plane. Again, the result is precession. Like the top, if Earth were not rotating, its equator would correspond to the ecliptic.
                

            

        

        

        Since Earth’s precession takes place over such a long period of time, it has little effect during a human lifetime. During your lifetime, Earth’s axis will point slightly closer to Polaris. It will point closest to Polaris around the year a.d. 2100 and will then begin to move away from Polaris. In 13,000 years, Earth’s axis will point at the star Vega instead of Polaris.

    
        Effects of Earth’s Motions

        The value of any model lies in its ability to explain past and current observations and to predict future observations. A revolving and rotating planet with its spin axis tilted at
            
            to a line perpendicular to its orbital plane fits all terrestrial and celestial observations.

        The Sun’s Path

        The Sun’s apparent path through the sky from sunrise to sunset is an arc, like the paths of all other celestial objects, and is the result of Earth’s rotating on its axis. As Earth (and any observer on Earth’s surface) rotates from west to east, the Sun appears to move from east to west. See Figure 3.5.
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                    Figure
                    3.5
                    (a) Direction in which a Single Observer Will See the Sun at Three Different Times of the Day. As Earth rotates from west to east, an observer on Earth’s surface rotates along with Earth and the direction in which that observer sees the Sun changes. At sunrise (6 A.M.), the observer sees the Sun toward the east; at noon, toward the south; and at sunset (6 P.M.), that same observer will have rotated to yet another position and see the Sun toward the west. (b) To the Rotating Observer, the Sun Appears to Move Through the Sky from East to West.
                

            

        

        At 6 A.M., an observer at sunrise would see the Sun to the east and low in the sky, at the horizon. At 9 A.M., Earth has rotated 45° from west to east and an observer would see the Sun to the southeast and higher up, above the horizon. At 12 noon, Earth has rotated another 45° from west to east and an observer would see the Sun to the south and at its highest point above the horizon, its noon position. At 3 P.M., Earth has rotated a further 45° and an observer would see the Sun to the southwest and lower above the horizon than at noon. At 6 P.M., Earth has rotated another 45° and an observer would see the Sun set to the west, low in the sky and at the horizon.

        Note that, as Earth rotated through 180° from west to east, an observer saw the Sun move from east to southeast to south to southwest to west. The Sun’s path through the sky began at sunrise at the eastern horizon at 6 A.M., arced upward, reaching a high point at noon, and then arced downward, ending at sunset at the western horizon at 6 P.M. What the observer saw as Earth rotated is summarized by path B in Figure 3.6.
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                    Figure
                    3.6
                    The Sun’s Apparent Path. An observer at 42° N latitude would see the Sun move along different paths across the sky on different dates.
                

            

        

        Changes in the Sun’s Path

        The length and the position of the Sun’s path vary with the seasons and latitude. Sunlight that reaches Earth’s surface is called insolation, short for incoming solar radiation. The length of the Sun’s path determines the length of time that insolation reaches Earth’s surface, or the duration of insolation. The longer the Sun’s path, the greater the duration of insolation, that is, the more hours of daylight. The position of the Sun’s path determines the angle at which sunlight strikes Earth’s surface, or angle of insolation. The closer to perpendicular the angle of insolation, the greater the intensity of the insolation, that is, the more it warms Earth’s surface. The position of the Sun’s path also determines the altitude of the Sun at noon. See Figure 3.6.

        Changes with the Seasons

        On different days of the year, an observer will see the Sun follow different paths through the sky. This is so because the Sun’s position relative to an observer changes as Earth orbits the Sun. The points of sunrise and sunset vary, as does the altitude of the Sun at noon. See Figure 3.7.
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                    Figure
                    3.7
                    Altitude of the Sun at Noon on Two Different Dates. Note that on June 21 the Sun is seen closer to the zenith; that is, it is closer to being directly overhead.
                    

            

        

        In December, the position of sunrise to an observer in the United States is south of east and the position of sunset is south of west. The length of the Sun’s path is shortest, so the daylight period is shortest. Because of Earth’s tilted axis of rotation, the noon Sun is at its lowest altitude of the year. The combination of a short daylight period and a low angle of insolation causes low temperatures.

        In June, the Sun rises north of east, sets north of west, and rises to a higher altitude. The Sun’s path is at its longest, so the daylight period is longest. The high altitude of the Sun results in a more direct angle of insolation. The combination of a long daylight period and a more direct angle of insolation results in high temperatures.

        At the equinoxes in March and September, the Sun rises due east and sets due west. The length of the Sun’s path results in exactly equal periods of daylight and darkness. The Sun’s altitude at noon is halfway between its highest and lowest points. The length of day and the angle of insolation are intermediate between the two extremes; therefore, the temperatures are moderate.

        From December to June, the Sun’s path gets longer each day and the altitude of the Sun at noon increases. On June 21, the altitude of the Sun at noon stops increasing. Therefore, this date is called the summer solstice, meaning summer “Sun stop.” From June to December, the Sun’s path gets shorter each day and the altitude of the Sun at noon decreases. On December 21, the altitude of the Sun at noon stops decreasing. Therefore, this date is called the winter solstice, meaning winter “Sun stop.” March 21 and September 21, when the daylight and darkness periods are equal, are called, respectively, the spring equinox and the fall equinox, meaning spring and fall “equal night.” This cyclic pattern of change repeats in an annual cycle.

        Changes with Latitude

        Now consider what two observers at different latitudes will see on a given day as Earth rotates. As you can see in Figure 3.8, the observer near the Equator will see the Sun at a higher altitude at noon than the observer in New York State on the same day.

        
        

        The altitude of the noon Sun at any location can be determined quite easily if you know the latitude of that location and the latitude at which the Sun is directly overhead on that day. To find the altitude of the Sun at noon, find the difference be­tween the latitude of the location and the latitude at which the Sun is directly overhead. Then subtract this number of degrees from 90°.
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                Figure
                3.8
                Altitude of the Sun at Different Latitudes. Observers at different latitudes will see the noon Sun at different altitudes on the same date.
                

        

        
            
                
                    	   Example:

                        On March 21, the Sun is directly overhead at the Equator, 0° latitude. On that day, what is the altitude of the Sun at noon in New York City?
                

                
                    	Latitude of NYC
                    	–
                    	latitude where Sun is directly overhead
                    	=
                    	difference in latitude
                

                
                    	41° N
                    	–
                    	0°
                    	=
                    	41°
                

                
                    	90°
                    	–
                    	difference in latitude
                    	=
                    	altitude of Sun at noon in NYC
                

                
                    	90°
                    	–
                    	41°
                    	=
                    	49°
                

                
                    	The altitude of the Sun in New York City on March 21 is 49°.
                

            
        

        Since the farthest Earth tips toward the Sun is 23, the Sun is never directly overhead north of 23
            N (Tropic of Cancer) or south of 23
            S (Tropic of Capricorn). There is always a difference between the latitude of a location in the continental United States and the latitude at which the Sun is directly overhead, and therefore the altitude of the Sun at noon is always less than 90° in the United States.

        Because of New York’s latitude, an observer in that State sees the noon Sun at its highest altitude on June 21, at about 73° above the horizon, and at its lowest altitude on December 21, at only about 23° above the horizon.

        The Earth-Moon-Sun System

        Few of the events that can be observed in the sky are as striking as those involving the Earth-Moon-Sun system. Phases of the Moon are probably the most familiar phenomena, but others involving this system include tides and eclipses of the Sun and Moon.

        As Earth revolves around the Sun, the Moon circles Earth in an elliptical orbit with a period of 27.32 days. The Moon’s orbit is tilted at an angle of about 5° from the plane of Earth’s orbit around the Sun. The Moon moves rapidly in its orbit, covering 13° every day. As a result, each day its position against the backdrop of stars changes by 13°, or about 26 times its apparent diameter. The Moon also rotates on its axis once every 27.32 days. Thus, the same side of the Moon always faces Earth. See Figure 3.9.

        
            
                [image: ]
                
                    Figure
                    3.9
                    Revolution and Rotation of the Moon. The Moon completes one rotation in the same time it makes one revolution. Therefore, the same side of the Moon is always facing Earth.
                    

            

        

        Phases of the Moon

        The Moon does not produce visible light of its own; the Moon is visible only because light from the Sun is reflected from its surface. An observer on Earth is able to see only that portion of the Moon that is illuminated by the Sun. As the Moon moves around Earth, different portions of the side of the Moon facing Earth are illuminated by sunlight, and the Moon passes through a cycle of phases. See Figure 3.10.
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                    Figure
                    3.10
                    The Phases of the Moon.
                    

            

        

        Although the Moon makes one revolution in 27.32 days, it takes 29.5 days to go through a complete cycle of phases. Why the extra two days? Let’s start at new Moon, when the Moon is between Earth and the Sun. At the same time that the Moon revolves around Earth, Earth is revolving around the Sun at a rate of about 1° per day. Thus, by the time the Moon has completed one revolution, the Earth’s position in relation to the Sun is not the same as it was when the Moon started its revolution. In 27 days the Earth has moved 27° in its orbit. Moving at about 13° per day, the Moon takes about 2 days to catch up to Earth and align with it and the Sun in a new Moon phase. The word month has its origin in “Moon-th,” which referred to this 29.5-day cycle of phases.

        Eclipses of the Sun and Moon

        A solar eclipse occurs when the Moon passes directly between Earth and the Sun, casting a shadow on Earth and blocking our view of the Sun. Both the Moon and the Earth are illuminated by the Sun and cast shadows in space. As seen in Figure 3.11, the shadows cast by Earth and the Moon are extremely long and narrow.
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                    Figure
                    3.11
                    The Moon’s Shadow. The 5½°
                        
                        tilt of the Moon’s orbit and the small size of the Moon’s shadow makes it easy for the shadow to miss Earth and not cause an eclipse.
                    

            

        

        Whether an observer sees a total eclipse or a partial eclipse depends on which part of the Moon’s shadow passes over the observer. The Moon’s shadow consists of two parts, an umbra and a penumbra. The umbra is a region of shadow in which all of the light has been blocked. In the penumbra only part of the light is blocked, so the light is dimmed but not totally absent. An observer in the Moon’s umbra would see a total solar eclipse. The path of the Moon’s umbra over Earth’s surface is therefore called the path of totality. An observer in the penumbra would see a partial solar eclipse. An observer outside the Moon’s shadow would see no eclipse. See Figure 3.12.
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                    Figure
                    3.12
                    A Solar Eclipse. Observers in the umbra experience a total eclipse, while those in the penumbra experience a partial eclipse.
                    

            

        

        The umbra (i.e., the dark, inner part) of the Moon’s shadow barely reaches Earth, and the small, circular shadow that the Moon casts on Earth’s surface is never more than 269 kilometers in diameter. The 5° tilt of the Moon’s orbit, together with the small size of the shadow that can reach Earth, makes it easy for the shadow to miss Earth at full and new Moon. Thus, total eclipses of the Sun are rare. For an eclipse to occur, the plane of the Moon’s orbit must intersect the shadows being cast by both Earth and the Moon. See Figure 3.13.
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                    Figure
                    3.13
                    Eclipses of the Sun and Moon. Solar and lunar eclipses can occur when the Moon intersects the ecliptic in new-moon or full-moon position. If the Moon is above or below the ecliptic during these phases, no eclipse occurs. 
                

            

        

        

        Since the Moon’s orbit is elliptical, the Moon’s distance from Earth varies. If the Moon lines up directly with the Sun at a point in its orbit when the Moon is farthest away from Earth, the umbra of the Moon’s shadow does not reach Earth’s surface. If the umbra does not reach the surface, there is no total solar eclipse. However, a type of partial eclipse called an annular eclipse occurs under these conditions. In an annular eclipse the Moon is too far from Earth to completely block our view of the Sun. During the eclipse a narrow ring, or annulus, of light is visible around the edges of the Moon. See Figure 3.14.
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                    Figure
                    3.14
                    An Annular Eclipse and the Way It Appears When Viewed from Space and from Earth.
                    

            

        

        A lunar eclipse occurs when the full Moon moves through Earth’s shadow. If the Moon moves into Earth’s umbra, a total lunar eclipse is seen. If the Moon moves into Earth’s penumbra, a partial lunar eclipse is seen. When the Moon is totally in Earth’s umbra, it does not completely disappear from view. While no direct sunlight reaches the Moon, some light that is bent as it passes through Earth’s atmosphere reaches the Moon. Since only the long waves of red light are bent far enough to reach the Moon, the Moon glows with a dull red color during a total lunar eclipse. During a partial lunar eclipse, however, the Moon is only partially dimmed as some of the Sun’s light is blocked by Earth. Partial lunar eclipses are not very impressive. See Figure 3.15.

        
            
                [image: ]
                
                    Figure
                    3.15
                    A Lunar Eclipse. If the moon passes only through the Earth’s penumbra, a partial eclipse of the Moon is observed. If the Moon passes through Earth’s umbra, a total eclipse of the Moon is observed.
                    

            

        

        Tides

        Every day you feel the mutual attraction of gravity between Earth and your body pulling you downward with a force called your weight. But Earth’s gravity is not the only gravity acting on you. While the Moon is farther away from you than Earth’s center and has less mass than Earth, it still exerts a measurable force on you and everything else on Earth.

        The part of Earth’s surface that faces the Moon is about 6,000 kilometers closer to the Moon than is Earth’s center. Therefore, the force of gravity the Moon exerts on this surface is stronger than the gravity exerted on Earth’s center. Although Earth’s surface is solid, it is not absolutely rigid. The Moon’s gravity causes Earth’s surface to flex outward, forming a bulge several inches high. As the Moon moves around Earth, the bulge moves across the surface as it remains beneath the Moon.

        An inches-high bulge in the bedrock spread over half of Earth’s surface is barely noticeable. Water is a fluid, however, and can move much more readily than rock in response to the Moon’s gravity. Water in the oceans attracted by the Moon’s gravity flows into a bulge of water on the side of Earth facing the Moon. A bulge of water also forms on Earth’s far side. The Moon pulls on Earth’s center more strongly than on Earth’s far side, thus attracting Earth away from the oceans on the far side. The water flows into this space, creating a bulge. The water from the area between these bulges flows into them, creating a deep region and a shallow region in the ocean waters, or tides.

        As Earth rotates on its axis, the positions of the tidal bulges remain fixed in line with the Moon. As the rotating Earth carries a location into a tidal bulge, the water deepens and the tide rises on the beach. As the location rotates out of the tidal bulge, the water becomes shallower and the tide falls. Since there are two bulges on opposite sides of Earth, the tide rises and falls twice a day.

        The Sun also produces tidal bulges in Earth’s surface and oceans. At new Moon and full Moon, the Sun’s tidal bulges and the Moon’s tidal bulges align with one another and combine. The result is very high and very low tides, called spring tides because they “spring so high,” not because they happen during the spring season. See Figure 3.16a. Spring tides occur at every new and full Moon whatever the season. During the first- and third-quarter phases of the Moon, the tidal bulges of the Sun and Moon are at right angles to one another and very nearly cancel each other. The result is neap tides, in which there is very little difference between high and low tides. See Figure 3.16b.
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                    Figure
                    3.16
                    Spring and Neap Tides. (a) When the Sun and Moon pull in the same direction, their tidal forces combine and tidal bulges on Earth are larger. Spring tides occur at new Moon or full Moon. (b) When the Sun and Moon pull at right angles, their tidal forces do not combine and tidal bulges are much smaller. Neap tides occur at first- and third-quarter Moon.
                

            

        

    
        
           
            Multiple-Choice Questions

            
                
               
                    
                    	
                        In each case, write the number of the word or expression that best answers the question or completes the statement.

                    

                    	
                    
                        Which observation provides the best evidence that Earth rotates?

                    

                    
                        	The position of the planets among the stars changes during the year.

                        	­The location of the constellations in relationship to Polaris changes from month to month.

                        	­The length of the shadow cast by a flagpole at noontime changes from season to season.

                        	­­The direction of swing of a freely swinging pendulum changes during the day.

                    

                

                
                	
                    
                    
                        The diagram below represents a globe that is spinning to represent  Earth rotating. The globe is spinning in the direction indicated by the arrow. Points A, B, C, D, X, and Y are locations on the globe.

                        
                            
                                [image: ]
                            

                        

                    

                    
                        A student attempted to draw a straight line from point X to point Y on the spinning globe. Due to the Coriolis effect, the student’s drawn line most likely passed through point

                    

                    
                        	A

                        	B

                        	C

                        	D

                    

                

                	
                    
                    
                        The Foucault pendulum and the Coriolis effect both provide evidence of Earth’s

                    

                    
                        	revolution 

                        	rotation 

                        	tilted axis

                        	elliptical orbit

                    

                

                	
                    
                    
                        As Earth travels in its orbit, Earth’s axis

                    

                    
                        	remains parallel to itself at all Earth positions

                        	remains aligned with the Sun’s axis

                        	is perpendicular to the Moon’s axis

                        	is pointing toward the center of the Milky Way

                    

                

                	
                    
                    
                        Which motion causes some constellations to be visible in New York State only during winter nights and other constellations to be visible only during summer nights?

                    

                    
                        	Stars in constellations revolve around Earth. 

                        	Stars in constellations revolve around the Sun. 

                        	Earth revolves around the Sun.

                        	Earth rotates on its axis.

                    

                

                	
                    
                    
                        The diagram below represents some constellations and one position of Earth in its orbit around the Sun. These constellations are visible to an observer on Earth at different times of the year.

                        
                            
                                [image: ]
                            

                        

                    

                    
                        When Earth is located in the orbital position shown, two constellations that are both visible to an observer on Earth at midnight are

                    

                    
                        	Libra and Virgo	

                        	Gemini and Taurus

                        	Aquarius and Capricorn

                        	Cancer and Sagittarius

                    

                

                	


                	
                    Base your answers to questions 7 through 9 on the diagram below and on your knowledge of Earth science. The diagram represents four apparent paths of the Sun, labeled A, B, C, and D, observed in Jamestown, New York. The June 21 and December 21 sunrise and sunset positions are indicated. Letter S identifies the Sun’s position on path C at a specific time of day. Compass directions are indicated along the horizon.

                    
                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        The greatest duration of insolation in Jamestown occurs when the Sun appears to travel along path

                    

                    
                        	A

                        	B

                        	C

                        	D

                    

                

                	
                    
                    
                        At what time of day is the Sun at position S?

                    

                    
                        	6 A.M.


                        	9 A.M.


                        	3 P.M.


                        	6 P.M.


                    

                

                	
                    
                    
                        When the Sun appears to travel along path D at Jamestown, which latitude on Earth receives the most direct rays from the Sun?

                    

                    
                        			42° N

                        			23.5° N

                        	0°  

                        	23.5° S

                    

                    




                	
                    
                    
                        A cycle of Moon phases can be seen from Earth because the

                    

                    
                        	Moon’s distance from Earth changes at a predictable rate

                        	Moon’s axis is tilted

                        	Moon spins on its axis

                        	Moon revolves around Earth

                    

                

                	


                	
                    Base your answers to questions 11 through 13 on the diagram below, which shows Earth in orbit around the Sun and the Moon in orbit around Earth. M1, M2, M3, and M4 indicate positions of the Moon in its orbit. Letter A indicates a location on Earth’s surface.

                    
                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        An observer at location A on Earth views the Moon when it is at position M3. Which phase of the Moon will the observer see?

                    

                    
                        	
                            
                                
                                    [image: ]
                                

                            

                        

                        	
                            
                                
                                    [image: ]
                                

                            

                        

                        	
                            
                                
                                    [image: ]
                                

                            

                        

                        	
                            
                                
                                    [image: ]
                                

                            

                        

                    

                

                	
                    
                    
                        At which Moon position could a solar eclipse be seen from Earth?

                    

                    
                        	M1


                        	M2


                        	M3


                        	M4


                    

                

                	
                    
                    
                        ­An observer at location A noticed that the apparent size of the Moon varied slightly from month to month when the Moon was at position M4 in its orbit. Which statement best explains this variation in the apparent size of the Moon?

                    

                    
                        	The Moon expands in summer and contracts in winter.

                        	The Moon shows complete cycles of phases throughout the year.

                        	The Moon’s period of rotation is equal to its period of revolution.

                        	The Moon’s distance from Earth varies in a cyclic manner.

                    

                    




                	
                    
                    
                        ­The diagram below shows the relative positions of the Sun, the Moon, and Earth when an eclipse was observed from Earth. Positions A and B are locations on Earth’s surface.
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                        Which statement correctly describes the type of eclipse that was occurring and the position on Earth where this eclipse was observed?

                    

                    
                        	A lunar eclipse was observed from position A.

                        	A lunar eclipse was observed from position B.

                        	A solar eclipse was observed from position A.

                        	A solar eclipse was observed from position B.

                    

                

                	


                	
                    Base your answers to questions 15 through 18 on the diagram below and on your knowledge of Earth science. The diagram represents the Moon at four positions, labeled A, B, C, and D, in its orbit around Earth. The position of the full-Moon phase is labeled.

                    
                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        Approximately how many days (d) does it take for the Moon to move from the phase shown at position A to the full-Moon phase?

                    

                    
                        	7.4 d

                        	14.7 d

                        	27.3 d

                        	29.5 d

                    

                

                	
                    
                    
                        Which phase of the Moon could be observed from New York State when the Moon is at position C?

                    

                    
                        	
                            
                                
                                    [image: ]
                                

                            

                        

                        	
                            
                                
                                    [image: ]
                                

                            

                        

                        	
                            
                                
                                    [image: ]
                                

                            

                        

                        	
                            
                                
                                    [image: ]
                                

                            

                        

                    

                

                	
                    
                    
                        The same side of the Moon always faces Earth because the Moon’s period of revolution

                    

                    
                        	is longer than the Moon’s period of rotation

                        	equals the Moon’s period of rotation

                        	is longer than Earth’s period of rotation

                        	equals Earth’s period of rotation

                    

                

                	
                    
                    
                        Solar and lunar eclipses rarely happen during a cycle of phases because the

                    

                    
                        	Moon’s orbit is circular and Earth’s orbit is elliptical

                        	Moon’s orbit is elliptical and Earth’s orbit is elliptical

                        	plane of the Moon’s orbit is different from the plane of Earth’s orbit

                        	plane of the Moon’s orbit is the same as the plane of Earth’s orbit

                    

                    




                	


                	
                    Base your answers to questions 19 through 21 on the graph below and on your knowledge of Earth science. The graph shows the tidal range (the difference between the highest tide and the lowest tide) recorded in Minas Basin, Nova Scotia, during November 2007. The phase of the Moon on selected days is shown above the graph. The dates that the Moon was farthest from Earth (apogee) and closest to Earth (perigee) are indicated under the graph.
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                        The tidal range on November 8 was approximately

                    

                    
                        	11 m

                        	2 m

                        	13 m

                        	15 m

                    

                

                	
                    
                    
                        The highest high tides and the lowest low tides occurred when the Moon was near

                    

                    
                        	apogee and a new-Moon phase 

                        	apogee and a full-Moon phase 

                        	perigee and a new-Moon phase

                        	perigee and a full-Moon phase

                    

                

                	
                    
                    
                        The next first-quarter Moon after November 17 occurred closest to

                    

                    
                        	December 9 	

                        	December 14

                        	December 17

                        	December 24

                    

                    




                	
                    Constructed Response Questions

                

                	


                	
                    Base your answers to questions 22 and 23 on the diagram below, which represents the sky above an observer in Elmira, New York. Angular distances above the horizon are indicated. The Sun’s apparent path for December 21 is shown.
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                        On March 21, the altitude of the noon Sun in Elmira is 48°. On the diagram, draw the Sun’s apparent path for March 21 as it would appear to the observer. Be sure your path begins and ends at the correct positions on the horizon and indicates the correct altitude of the Sun at noon. [1]

                    

                    
                    
                        	
                            
                            
                                On what date of the year does the maximum duration of insolation usually occur at Elmira? [1]

                            

                            
                        

                    

                    




                	


                	
                    Base your answers to questions 24 and 25 on the diagram below, which shows the locations of high and low tides on Earth at a particular time.
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                        Identify the force that causes ocean tides on Earth. [1]

                    

                    
                

                	
                    
                    
                        Approximately how many hours will pass between high tide and the following low tide? [1]

                    

                    
                    




                	


                	
                    Base your answers to questions 26 through 29 on the data table below. The data table shows the latitude of several cities in the Northern Hemisphere and the duration of daylight on a particular day.
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                        ­On the grid, plot with an X the duration of daylight for each city shown in the data table. Connect your Xs with a smooth, curved line. [1]
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                        ­Based on the data table, state the relationship between latitude and the duration of daylight. [1]

                    

                    
                

                	
                    
                    
                        ­Use your graph to determine the latitude at which the Sun sets 7 hours after it rises. [1]

                    

                    
                

                	
                    
                    
                        ­The data were recorded for the first day of a certain season in the Northern Hemisphere. State the name of this season. [1]

                    

                    
                    




                	


                	
                    Base your answers to questions 30 through 32 on the diagram below, which shows Earth as viewed from space on December 21. Some latitudes are labeled.  
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                        On the diagram, place an X at a location on Earth’s surface where the Sun was directly overhead at some time on December 21. [1]

                    

                    
                

                	
                    
                    
                        State one factor, other than the tilt of Earth’s axis, that causes seasons to change on Earth. [1]

                    

                    
                

                	
                    
                    
                        At which latitude is Polaris observed at an altitude of 66.5°? [1]

                    

                    
                    




                	
                    Extended Constructed Response Questions

                

                	


                	
                    Base your answers to questions 33 through 37 on the diagram below. The diagram shows Earth revolving around the Sun. Letters A, B, C, and D represent Earth’s location in its orbit on the first day of the four seasons. Aphelion (farthest distance from the Sun) and perihelion (closest distance to the Sun) are labeled to show the approximate times when they occur in Earth’s orbit.
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                        On the diagram, draw a line through Earth at location A to represent Earth’s tilted axis on the first day of summer in the Northern Hemisphere. Label the North Pole end of the axis. [1]

                    

                    
                

                	
                    
                    
                        On the diagram, draw an arrow on Earth at location D to show the direction of Earth’s rotation. Extend the arrow from one side of Earth to the other side of Earth. [1]

                    

                    
                

                	
                    
                    
                        Approximately how many days does it take Earth to travel from location B to location C? [1]

                    

                    
                

                	
                    
                    
                        Explain why the gravitational attraction between the Sun and Earth decreases as Earth travels from location D to location A. [1]

                    

                    
                

                	
                    
                    
                        Explain why an observer in New York State sees some different constellations in the night sky when Earth is at location A compared to when Earth is at location C. [1]

                    

                    
                    




                	


                	
                    Base your answers to questions 38 through 42 on the diagram below, which represents eight positions of the Moon in its orbit around Earth.
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                        On the diagram, circle the position of the Moon where a solar eclipse is possible. [1]

                    

                    
                

                	
                    
                    
                        On the diagram below, shade the portion of the Moon that is in darkness to show the phase of the Moon at position 3, as viewed from New York State. [1]
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                        Using the terms rotation and revolution, explain why the same side of the Moon always faces Earth. [1]

                    

                    
                

                	
                    
                    
                        Explain why the Moon’s gravity has a greater effect on Earth’s ocean tides than the Sun’s gravity. [1]

                    

                    
                

                	
                    
                    
                        The table below shows times of ocean tides on March 4 for a city on the Atlantic coast of the United States.
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                        Determine the time when the next low tide occurred. Include A.M. or P.M. in your answer, if needed. [1]

                    

                    
                    




                	


                	
                    Base your answers to questions 43 and 44 on the diagram below, which represents an exaggerated model of the shape of Earth’s orbit, and on your knowledge of Earth science. The positions of Earth in its orbit on December 21 and June 21 are indicated. The positions of perihelion (when Earth is closest to the Sun) and aphelion (when Earth is farthest from the Sun) are also indicated. Both perihelion and aphelion occur approximately two weeks after the dates shown.
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                        How many months after Earth’s perihelion position does Earth’s aphelion position occur? [1]

                    

                    
                

                	
                    
                    
                        Explain why warm summer temperatures occur in New York State when Earth is at aphelion. [1]

                    

                    
                    




                	


                	
                    Base your answers to questions 45 through 47 on the diagram below and on your knowledge of Earth science. The diagram represents the Sun’s apparent path on the equinoxes and the longest and shortest days of the year for a location in New York State. Points X, Y, and Z represent the solar noon positions along daily Sun paths X, Y, and Z.

                    
                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        On the diagram above, draw one arrow in each box on path Z to indicate the Sun’s apparent direction of movement along path Z. [1]

                    

                    
                

                	
                    
                    
                        State one possible date of the year represented by each apparent path of the Sun. [1]

                    

                    
                

                	
                    
                    
                        State the rate, in degrees per hour, that the Sun appears to travel along path X from sunrise to sunset. [1]

                    

                    
                    




            

        

    
        
            
                Answers to Review Questions

                Multiple-Choice Questions

                
                    	4

                    	2

                    	2

                    	1

                    	3

                    	2

                    	1

                    	2

                    	4

                    	4

                    	3

                    	1

                    	4

                    	3

                    	1

                    	2

                    	2

                    	3

                    	1

                    	4

                    	3

                

                Constructed Response Questions
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                                Any date from June 19 to June 23

                            

                        

	
                    
                    
                    
                        Acceptable responses include: gravitational attraction; gravity; pull of the Moon/Sun.

                    

                

	
                    
                    
                    
                        Any value from 6 h to 6.25 h
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                        As latitude increases, the duration of daylight decreases.

                    

                

	
                    
                    
                    
                        56° ± 1° N

                    

                

	
                    
                    
                    
                        winter

                    

                    

	
                    
                    
                    
                        The X may be located anywhere along the line representing the Tropic of Capricorn (23.5° S).

                    

                

	
                    
                    
                    
                        Acceptable responses include: parallelism of Earth’s axis; the North Pole always points toward Polaris; revolution of Earth; location of the Sun’s vertical ray; duration/intensity of insolation; angle of insolation.

                    

                

	
                    
                    
                    
                        66.5° N or 66
                            N or 66° 30′ N or at the Arctic Circle

                    

                    

                    
                

                Extended Constructed Response Questions

                
                    	
                    
                    
                    
                        The axis line should be drawn through Earth at location A within the stippled areas shown below and with the North Pole correctly labeled.

                    

                

	
                    
                    
                    
                        The arrow at location D should show a general west to east rotation as shown below.

                        Example of a 2-credit response for questions 33 and 34:
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                        Any value from 88 d to 94 d

                    

                

	
                    
                    
                    
                        Earth’s distance to the Sun is increasing.

                    

                

	
                    
                    
                    
                        The nighttime side of Earth at location A faces a different region of space than at location C.

                    

                    

	
                    
                    
                    
                        Position 6 should be circled.

                    

                

	
                    
                    
                    
                        Shading should show a gibbous Moon, shaded generally on the right side of the diagram. The shaded area must be less than half of the circle as shown below.
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                        The Moon’s period of rotation equals its period of revolution.

                    

                

	
                    
                    
                    
                        The Moon is closer to Earth, so the Moon’s gravity has a greater effect on the ocean tides.

                    

                

	
                    
                    
                    
                        Any time from 6:33 P.M. to 6:45 P.M. or any military time from 18:33 to 18:45

                    

                    

	
                    
                    
                    
                        6 months or six months

                    

                

	
                    
                    
                    
                        Acceptable responses include: New York State is receiving higher angles of insolation; the Northern Hemisphere is experiencing a longer duration of insolation; the North Pole axis or Northern Hemisphere is tilted toward the Sun; the Sun appears higher in the sky.
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                        Path X: Dec. 20 or Dec. 21 or Dec. 22, winter solstice, first day of winter; Path Y: March 20 or March 21 or March 22, Sept. 21 or Sept. 22 or Sept. 23, autumnal equinox or fall equinox, vernal equinox or spring equinox, an equinox, first day of spring or first day of fall; Path Z: June 20 or June 21 or June 22, summer solstice, first day of summer
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Chapter 4



Earth’s coordinate system and mapping


Key Ideas

Very early on, a variety of evidence led astronomers to conclude that Earth is a sphere. However, if only the shape of Earth is known, celestial observation can be used only to determine relative position—for example, 60° south of the North Pole. But how far is that from other locations: 1,000 kilometers? 10,000 kilometers? To determine actual distances between places on Earth’s surface, the planet’s size must also be determined. Only then can true-to-scale maps be constructed.

The size and shape of Earth can be readily determined by combining Earth-based measurements with simple observations of the sky. Observations show that Earth is a very slightly oblate sphere with an equatorial diameter of 12,757 kilometers.

The ability to locate and map positions on Earth’s surface is essential to a wide variety of human activities ranging from engineering to urban planning to national defense. Topographic maps represent the three-dimensional shape of Earth’s surface on a two-dimensional surface. A field is a region of space with a measurable quantity at every point. Field maps can be drawn to represent any quantity that varies in a region of space.



KEY OBJECTIVES

Upon completion of this chapter, you will be able to:


	Describe Earth’s shape and explain how it can be determined by simple observations.

	Explain how Earth’s size can be calculated using Earth-based measurements and simple observations of the sky.

	Use the latitude and longitude coordinate system to locate points on Earth’s surface.

	Construct field maps and calculate gradient within a field.

	Read and interpret a topographic map.




        
            The Nature of Earth’s Shape and Surface

            In order to map Earth’s surface, its size and shape must be known. As stated above, Earth’s size and shape can be readily determined by combining Earth-based measurements with simple observations of the sky. Let’s begin by considering what we currently know about Earth’s shape, and then examine how we arrived at this knowledge.

            Earth’s Shape

            Earth’s shape is very nearly a perfect sphere. A perfect sphere has exactly the same diameter when measured in any direction. Actual measurements of Earth’s dimensions deviate slightly from this ideal. The polar diameter, or diameter measured from the North Pole through the center of Earth to the South Pole, is 12,714 kilometers. The equatorial diameter, or diameter measured from a point at the Equator through the center of Earth to the Equator, is 12,756 kilometers. Thus, Earth’s spherical shape “bulges” very slightly at the Equator and is very slightly “flattened” at the poles; this shape is called an oblate (flattened) spheroid.

            Roundness

            Earth’s actual shape, however, is so close to being a perfect sphere that the eye cannot detect its oblateness. When viewed from space, Earth appears perfectly round. Any cross section of Earth looks like a perfect circle. To gain an idea of how close Earth is to being perfectly round, let’s suppose that we made a scale model of Earth—a globe. If we used a scale of 1 centimeter = 1,000 kilometers, the globe would have a polar diameter of 12.714 centimeters and an equatorial diameter of 12.756 centimeters—a little bigger than a softball. The difference in diameters would be 0.042 centimeter, or less than half a millimeter! We would need a micrometer to measure this difference in diameters.

            Look carefully at the circle in Figure 4.1. Its polar diameter is 4.238 centimeters, and its equatorial diameter is 4.252 centimeters. It was drawn exactly one-third the size of the globe described above so that it would fit on this page. Can you tell that it is not perfectly round?
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                        Figure
                        4.1
                        Schematic Diagram of Earth Showing Polar and Equatorial Diameters.
                    

                

            

            Earth’s oblateness is the result of forces produced by Earth’s rotation on its axis. Just as a loose skirt will swirl outward if the wearer spins around, planet Earth “swirls” outward when it rotates. However, since Earth is much stiffer than a skirt, the distance it moves outward is much less.

            Smoothness

            In addition to being almost perfectly round, Earth is also very smooth. Compared with its diameter, the irregularities on Earth’s surface (mountains and ocean basins) are relatively small. Mount Everest rises 8,848 meters, or about 8.8 kilometers, above sea level. That is about 7/10,000 of Earth’s diameter (8.8 km/12,756 km). If you were to draw Mount Everest to scale on the circle in Figure 4.1, it would protrude from the surface less than 1/20 of a millimeter. Mark off a millimeter on a blank piece of paper, and then try to make dots small enough so that 20 will fit between the lines. If you put one of those dots on the outside of the circle, it would stick out of the circle as much as Mount Everest protrudes from Earth. As you can see, the dot barely affects the smoothness of the circle.

            When you consider that most of the protrusions and indentations on the Earth’s surface are much smaller than Mount Everest, you can see why Earth appears smooth. The only reason that Earth’s mountains and valleys seem so large to us is that, compared to Earth, we are tiny. If you were to draw humans to scale on the model globe described in the preceding section, you would need a microscope to see them.

            Evidence of Earth’s Shape

            Earth’s true shape is a question that has captured the minds and imaginations of humans for thousands of years. Contrary to the popular belief that Columbus was among the first to believe that Earth is a sphere, Aristotle reached this conclusion in the third century b.c.

            Ships and Eclipses

            Aristotle based his conclusion upon simple observations of the sky and Earth-based measurements. This use of observation to support his ideas, rather than merely stating them as theories, places Aristotle among the earliest scientific thinkers. First, Aristotle observed that Earth’s shadow during a lunar eclipse is definitely round. Although this could also happen if Earth was a cone or a cylinder, there was additional evidence supporting a spherical shape. Travelers reported that, as they went farther north or south, some stars appeared lower and lower in the sky. Furthermore, Aristotle noted that ships disappeared bow-first over the horizon, no matter in which direction they sailed. These observations could occur only if the ships were constantly moving along a curved surface that changed the angle at which they were viewed by an observer.

            Today, a number of observations provide additional evidence of Earth’s shape.

            Photographs Taken from Space

            The most direct evidence of Earth’s shape consists of photographs taken from space. These photographs show that Earth is indeed spherical. When very precise photographs are taken, they can be analyzed and precise measurements of Earth’s image in the photographs can be made. These measurements indicate that the Earth’s polar and equatorial diameters are indeed slightly different, confirming that its shape is an oblate spheroid.

            Observations of the Altitude of Polaris (the North Star)

            Observations of Polaris provide us with information that can be interpreted, using simple geometry, to provide evidence of Earth’s spherical shape and its oblateness. Polaris is a distant star that is located almost exactly over Earth’s North Pole and is almost in line with its axis of rotation. Polaris is very far away from Earth, literally trillions of Earth-diameters distant. If it were observed from two points farthest apart on Earth’s surface, the directions in which it was seen would vary by only a minute fraction of a degree. See Figure 4.2.
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                        Figure
                        4.2
                        Direction to Polaris.
                        
                    

                

            

            The altitude of Polaris is the angle between the star and the horizon with the observer at the vertex, as shown in Figure 4.3a. The latitude of an observer is the angle of the observer north or south of the Equator; see Figure 4.3b.
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                        Figure
                        4.3
                        (a) Altitude of Polaris (b) Latitude of an Observer.
                        
                    

                

            

            If Earth were a flat disk, the altitude of Polaris would be almost exactly the same at all locations and at all times. See Figure 4.4a.
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                        Figure
                        4.4
                        The Altitude of Polaris on a Flat and on a Spherical Earth. (a) If Earth were a flat disk, the altitude of Polaris would always be almost exactly the same at any location and at all times. (b) To a fixed observer on a spherical Earth, the altitude of Polaris does not appear to change as Earth rotates. (c) However, if the observer travels north or south, the altitude does change, a result that would be expected if Earth is spherical.
                        
                    

                

            

            It is true that, to a fixed observer, as Earth rotates, the altitude of Polaris does not appear to change, as shown in Figure 4.4b. However, if the observer travels north or south of the original location, the altitude does change, a result that would be expected if Earth is spherical. See Figure 4.4c.

            If Earth were a perfect sphere, the altitude of Polaris would be the same as an observer’s latitude and the distance traveled to change the altitude of Polaris by 1° would always be the same. See Figure 4.5.
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                        Figure
                        4.5
                        Relationship of the Altitude of Polaris to the Latitude of an Observer. By simple geometry it can be shown that the altitude of Polaris is the same as an observer’s latitude. The sum of the angles of a triangle is equal to 180°. Similarly, since a straight line has a measure of 180°, ∠A + ∠B + 90° = 180°. Also, ∠A = ∠A′ because they are alternate interior angles. Therefore, ∠B (latitude) = ∠B′ (altitude of Polaris).
                        
                    

                

            

            Determining Earth’s Size

            Modern measuring instruments based upon lasers allow us to measure Earth with great precision. However, Earth’s size was estimated quite accurately more than 2,000 years ago. The principle is simple: if Earth is a sphere, then its circumference is a circle and all of the mathematical relationships between the various parts of a circle hold true for Earth.

            These mathematical relationships make it possible to determine Earth’s circumference without having to measure the entire circumference directly. If it is a circle, then it consists of 360° and a 1° angle will intersect 1/360 of Earth’s circumference. Therefore, if observers at two locations on a north-south line simultaneously determine the altitude of Polaris to differ by 1°, Earth’s circumference must be 360 times the distance between those locations.

            Once Earth’s circumference is known, many other dimensions of Earth can be calculated using the formulas given below, where

            C = circumference, d = diameter, r = radius, A = surface area, V = volume, and π (pi) = 3.1462:

            
        

    
        
            Mapping Earth’s Surface

            Maps

            A map is a model of Earth’s surface. Although models are different from the real thing, they are tools for learning about the situations or objects they represent. A map is meant to communicate a sense of place, of where one point is in relation to another. A map can be anything from a quick sketch showing a friend how to get to the park from school to an elaborate scale model of Earth complete with mountain ranges and ocean basins. The nature of a map depends on the purpose for which it was created.

            Coordinate Systems

            A coordinate system is a method of locating points by labeling them with numbers called coordinates. Coordinates are numbers measured with respect to a system of lines or some other fixed reference. The most commonly used coordinate system is the Cartesian system, in which two lines on a flat surface intersect at right angles. Each line is called an axis, and the point where they intersect is the origin. The horizontal axis is usually referred to as the x-axis, and the vertical axis as the y-axis. Two coordinates describe any point on the flat surface, each defining one of the intersecting lines. For example, a fixed point can be located on a graph by describing the two lines x = 4 and y = 3. As shown in Figure 4.6a, these two lines intersect at a single point. By convention, coordinates in this system are written with the x value first and the y value second—(x, y), so the coordinates of the point shown are (4, 3). The coordinate axes, in terms of which position is specified, form the frame of reference of a coordinate system.

            
            

            Many coordinate systems can be devised to locate points on a surface. Another common example is the polar coordinate system, in which the frame of reference consists of a line and a point. Each point has coordinates (r, θ), which refer to a line called the axis and a point on that line called the pole. The r coordinate is the distance from the pole to the point. The θ coordinate is the angle between the axis and the line formed by joining the point and the pole measured counterclockwise. Thus, the coordinates of point P1 are (4, 30) and those of point P2 are (3, 240). See Figure 4.6b.
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                    Figure
                    4.6
                    Two Common Coordinate Systems. (a) The Cartesian coordinate system (b) The polar coordinate system
                    
                

            

            The Latitude-Longitude Coordinate System

            In order to describe the position of any point on Earth’s spherical surface, a coordinate system has been set up that uses two coordinates known as latitude and longitude. The latitude-longitude system consists of two sets of lines that cross each other at right angles. Latitude lines (called parallels) run in an east-west direction, and longitude lines (called meridians) run in a north-south direction. This type of system and the words latitude and longitude were already being used to describe such lines at the time of the Egyptian astronomer Claudius Ptolemy in a.d. 150.

            Parallels

            Since Earth is a sphere, east-west lines on its surface, such as the Equator, actually form circles. The circles formed by lines of latitude are called parallels because, if you drew a series of east-west lines, the circles formed would all be parallel to one another. See Figure 4.7a. Parallels lie in planes that are at right angles to Earth’s axis of rotation. See Figure 4.7b.

            
            

            To create a coordinate system on a globe or map, it is necessary to have a frame of reference, or fixed reference lines. The fixed reference line for latitude in this system is the Equator, an east-west line midway between the North and South Poles. Parallels are described by their angular distances north or south of the Equator as measured from the center of Earth. See Figure 4.7c.
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                    Figure
                    4.7
                    (a) Parallels are east-west lines on Earth’s surface. (b) The Equator and all parallels lie in planes that are at right angles to the axis of rotation. (c) Latitude is a measure of the angle between the plane of the Equator and a line joining the center of Earth with a point on its surface.
                    
                

            

            Latitude is defined as positive for locations north of the Equator and negative for locations south of the Equator. Of course, latitude may also be given as North (N) or South (S) latitude. Thus, latitude is 0° at the Equator, and may be written as +90°, or 90° N, at the North Pole and –90°, or 90° S, at the South Pole. The latitude of New York City is about +41°30´ or 41°30´ N. Notice that the farther a location is from the Equator, the smaller the circle and the shorter its length. The east-west line at 60° N is only half as long as the Equator.

            Great Circles and Meridians

            Earth’s axis and poles also provide the reference points for lines of longitude. To understand longitude, you must first grasp the concept of a great circle. A great circle is a line drawn around a sphere to form a circle whose plane passes through the center of the sphere. If the plane of a circle doesn’t pass through the center of the sphere, a small circle is formed. See Figure 4.8. An infinite number of great circles can be drawn on a sphere. The Equator, however, is the only great circle whose plane is at right angles to Earth’s axis.
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                        Figure
                        4.8
                        A Great Circle and a Small Circle.
                        
                    

                

            

            One interesting property of great circles is that they all cut a sphere exactly in half (e.g., the Equator divides Earth into the Northern and Southern hemispheres). Another is that the arc of a great circle connecting any two points on a sphere’s surface is the shortest distance between those points! This is why airliners travel along “great circle routes.”

            On Earth, any great circle that passes through both the North and the South poles is called a meridian. Earth’s axis of rotation lies in the plane of every meridian. See Figure 4.9. Meridians of longitude go only halfway around Earth, from pole to pole. Although a meridian of longitude is actually only half of a meridian, it is often referred to simply as a meridian.
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                        Figure
                        4.9
                        (a) Meridians are great circles that pass through both poles. (b) The plane of a meridian passes through Earth’s axis.
                        
                    

                

            

            The longitude of a point is the angular distance between two meridians: a fixed reference meridian and the meridian passing though the point. It is measured from the center of Earth east or west along the Equator between the fixed reference meridian of longitude and the meridian of longitude passing through the point. See Figure 4.10.
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                        Figure
                        4.10
                        (a) Longitude can be thought of as the angle between the planes of two meridians. (b) Longitude is measured from the center of Earth as an angle east or west of the Prime Meridian.
                        
                    

                

            

            Unlike the Equator, which is the only line halfway between the poles, the reference meridian, or Prime Meridian, is an arbitrarily chosen line and could be almost anywhere. Over the years, on different maps, it has been located in different places. Mapmakers usually began numbering the lines of longitude at whichever meridian passed through the site of their national observatory. As recently as 1881, 14 different prime meridians were being used on topographic survey maps. In 1884 the United States hosted an international conference in Washington whose purpose was to agree upon a single prime meridian to be used by mapmakers worldwide. This conference agreed that the Prime Meridian would be the meridian of longitude that runs through the Royal Observatory in Greenwich, England. Longitude would be measured in degrees east or west of this reference line up to 180°. East longitude would be positive, and west longitude would be negative. This choice was made mainly because the Prime’s twin, the 180° meridian, runs through the Pacific and touches almost no habitable land. Thus, the 180° meridian is a good choice for an international date line, that is, a line marking the transition from one date to the next.

            Any meridian will cross the Equator and all other parallels at right angles. Therefore, once reference lines are chosen, a system of meridians and parallels forms a grid of lines that intersect at right angles—a neat coordinate system! See Figure 4.11.
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                        Figure
                        4.11
                        The geographic grid of parallels and meridians that allows any point on Earth’s surface to be located with a set of coordinates. Point P has a latitude of 50° N and a longitude of 75° W.
                        
                    

                

            

            Determining Latitude and Longitude

            Both the latitude and the long­itude of a location can be de­termined by making simple observations.

            Determining Latitude

            As described earlier and shown in Figure 4.5, observers in the Northern Hemisphere can determine their latitudes by measuring the altitude of Polaris. Observers in the Southern Hemisphere use the positions of other stars and make corrections for their deviation from Earth’s axis of rotation.

            Determining Longitude

            The longitude of a particular location is determined by observing the time and the position of the Sun. Local noon is the time at which the Sun is at its highest altitude of the day. At that moment, a line drawn from the Sun to the center of Earth will pass through that location’s meridian. A few moments later, Earth will have rotated from east to west and another meridian will align with the Sun and experience local noon. Thus, different longitudes will experience local noon at different times.

            Since Earth makes one complete 360° rotation every 24 hours, the relationship between time and degrees rotated can be calculated. For example, in 1 hour Earth will rotate 360°/24, or 15°. Now, suppose you were at a location and the time was exactly local noon. One hour later, Earth would have rotated 15° and a location 15° of longitude away would be experiencing local noon. Two hours later, Earth would have rotated 30° and a location 30° of longitude away would experience local noon. By comparing the difference in time between local noons at any two locations, you can easily calculate their difference in longitude. Every hour of difference equals 15° of longitude, but this doesn’t tell you a location’s actual longitude, only its longitude relative to another point.

            Suppose, however, that one of the times you knew was the time at which local noon occurred in Greenwich! Then you would know the difference in longitude at your location from zero longitude, and that would be your actual longitude. Therefore, in order to measure longitude at a particular location you need to know two times—local noon and the time of local noon in Greenwich. Each hour of difference between local time and Greenwich time equals 15° of longitude. Since Earth rotates from west to east, locations east of Greenwich will experience local noon earlier than Greenwich, while those west of Greenwich will experience local noon later than Greenwich. For example, if Old Forge, New York, experiences local noon about 5 hours later than Greenwich, England, its longitude is 5 × 15°, or 75°. Since local noon in Old Forge occurs after local noon in Greenwich, it is west longitude.

            To measure longitude, then, you need a radio broadcast or a chronometer (a watch set to Greenwich time) to tell you what time it is in Greenwich when you experience local noon. You can then look up the time of local noon in Greenwich on that day in an astronomical table and, using the difference in times, calculate longitude. The need for such clocks drove the development of ever more precise timekeeping devices, culminating with today’s atomic clocks.

            Field Maps

            A field is a region of space that has a measurable quantity at every point. Some examples of field quantities are temperature, pressure, magnetism, gravity, and elevation. Field maps can be used to represent any quantity that varies in a region of space.

            Isolines

            One way to represent field quantities on a two-dimensional field map is to use isolines. Isolines connect points of equal field values. For example, a temperature field map shows lines connecting points of equal temperature, or isotherms. See Figure 4.12.
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                        Figure
                        4.12
                        Temperature Field Map.
                        
                    

                

            

            Gradient

            Within a field, field values change as you move from place to place. The rate at which a field value changes is called its gradient. Gradient can be calculated as follows:

            
                
                    
                

            

            

            Example:

            Figure 4.13 shows pollutant levels measured in Lake Meredith. Isolines connect points of equal pollutant concentration, measured in parts per billion (ppb). Abby’s Island and Ben’s Island are 2 kilometers apart, and the pollutant concentration between them changes from 30 to 50 parts per billion. The rate of change, or gradient, is:

            
            

            
                
                    
                

            

            The gradient is 10 parts per billion per kilometer.

            

            Fields seldom remain unchanged over time. A field map shows a field at a particular point in time, the time at which its field values were measured. For example, the temperature field over the United States changes drastically from July to December. Also, Earth’s magnetic field has changed position many times since Earth formed. Therefore, field maps need to be updated periodically in order to represent current field conditions. On weather maps, which represent rapidly changing fields, values are updated as often as once an hour.
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                    Figure
                    4.13
                    Meredith Lake Containing Abby’s Island and Ben’s Island.
                    
                

            

            Topographic Maps: Elevation Field Maps

            Topographic maps are scale models of a part of Earth’s surface that show its three-dimensional shape in two dimensions. A topographic map is actually a type of field in which the field value is elevation above sea level of points on Earth’s surface.

            Contour Lines

            Isolines that connect points of equal elevation are called contour lines because they represent the shapes, or contours, of Earth’s surface. A contour line shows the shape that would be formed if the land surface were sliced by a horizontal plane at a particular elevation above sea level. An unvarying vertical distance called the contour interval separates successive contour lines. See Figure 4.14.
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                        Figure
                        4.14
                        Three-Dimensional Moun­tain Sliced by Horizontal Plane, Showing Contour Line.
                        
                    

                

            

            Contour lines around an enclosed depression have hachure marks pointing into the depression in order to distinguish them from small hills. See Figure 4.15.
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                        Figure
                        4.15
                        Depression Contours Versus Regular Contours.
                        
                    

                

            

            Map Symbols

            Topographic maps provide a view of the ground as seen from vertically above. Surface features are represented by map symbols. An extensive list of these symbols is shown in Figure 4.16. Symbols are blue for bodies of water, black and red for human-made structures, and brown for contour lines and other relief symbols.
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                        Figure
                        4.16
                        Selected Topographic Map Symbols.
                    

                

            

            Map Scale

            A map scale is the ratio between the distance shown on a map and the actual distance on the ground. For example, if the map scale is expressed as 1:100,000, then 1 unit of length on the map is equal to 100,000 of the same units on the ground. Both numbers in the ratio have the same units, but those units can be anything. For example, the map scale indicates that 1 centimeter on the map equals 100,000 centimeters on the ground. But it also means that 1 inch on the map equals 100,000 inches on the ground. On most topographic maps, a graphic scale such as the one shown in Figure 4.17 is used to represent the map scale. The graphic scale can be used as a ruler to measure distances on the map.
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                        Figure
                        4.17
                        A Graphic Map Scale. The ratio 1:62,500 means that 1 unit of distance on the map equals 62,500 units of distance on the ground. Thus, 1 inch on the map is 62,500 inches on the ground, which is slightly less than 1 mile (1 mi = 63,360 in.). One centimeter on the map equals 62,500 centimeters on the ground (0.625 kilometer). The graphic scale is printed so that each unit is precisely the correct size for the distance indicated. (In this case 1 mile on the scale measures 1 inch in length.) The first unit on the graphic scale is subdivided so that it can be used to make more precise measurements.
                        
                    

                

            

            Map Direction

            The convention used in most topographic maps is that the top of the map is north. However, since north is determined with a compass, and geographic north differs from magnetic north, most topographic maps include an arrow showing each. The map in Figure 4.18 shows magnetic north with an arrow labeled “mn” and geographic North with an arrow labeled “gn.”
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                        Figure
                        4.18
                        Topographic Map.
                        Source: Exploring Earth Science, Walter A. Thurber and Robert E. Kilburn, Allyn and Bacon, 1965.
                    

                

            

            Map Profiles

            It is often useful to construct a profile from a topographic map. A map profile shows what a cross section of land looks like between two points. Figure 4.19 shows how a profile can be constructed.

            
                	The two points between which the profile is to be drawn are chosen, and a line is drawn to connect them.

                	The edge of a piece of paper is placed along the line, and the edge of the paper is marked wherever it intersects a contour line.

                	The paper is moved to a piece of graph paper on which a vertical scale has been marked to match the contour lines intersected. At each point where a contour line crosses the edge of the paper, a line of the appropriate height is drawn on the graph paper.

                	The endpoints of the lines are connected in a smooth line to form the finished profile.
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                        Figure
                        4.19
                        Steps in Constructing a Map Profile.
                        Source: Exploring Earth Science, Walter A. Thurber and Robert E. Kilburn, Allyn and Bacon, 1965.
                    

                

            

            Conventions Used in Topographic Maps

            When topographic maps are drawn or read, the following conventions apply:

            
                	All points on a contour line have the same elevation.

                	
Index contours are wide (bold). Elevation values are printed in several places along these lines to help the user determine elevations.

                	All contour lines are closed, but they may run off the map.

                	Two contour lines of different elevations may not cross each other.

                	Contour lines may merge at a cliff or waterfall.

                	The spacing of contour lines indicates the nature of the slope. The closer the contour lines are spaced, the steeper the slope. Even spacing indicates a uniform slope.

                	Where contour lines cross a stream, they always form a V whose apex points up the valley.

                	Where contour lines cross a ridge between valleys, they often form a V whose apex points down the valleys.

            

        

    
        
            
            Multiple-Choice Questions

            
                
                	
                    In each case, write the number of the word or expression that best answers the question or completes the statement.

                

                	
                    
                    
                        Which diagram most accurately shows the cross-sectional shape of Earth?
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                        	The diagrams below represent photographs of a large sailboat taken through telescopes over time as the boat sailed away from shore out to sea. The number above each diagram shows the magnification of the telescope lens.
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                        Which statement best explains the apparent sinking of this sailboat?

                    

                    
                        	The sailboat is moving around the curved surface of Earth.

                        	The sailboat appears smaller as it moves farther away.

                        	The change in density of the atmosphere is causing refraction of light rays.

                        	The tide is causing an increase in the depth of the ocean.

                    

                

                	
                    
                    
                        	At sea level, which location would be farthest from the center of Earth?

                    

                    
                        	the North Pole

                        	
                            
                        

                        	45° N

                        	the Equator

                    

                

                	
                    
                    
                        	The best evidence of Earth’s nearly spherical shape is obtained through

                    

                    
                        	telescopic observations of other planets

                        	photographs of Earth from an orbiting satellite

                        	observations of the Sun’s altitude made during the day

                        	observations of the Moon made during lunar eclipses

                    

                

                	
                    
                    
                        New York State’s highest peak, Mt. Marcy, is located at approximately

                    

                    
                        	 	44°10′ N 74°05′ W

                        	 	44°05′ N 73°55′ W

                        	 	73°55′ N 44°10′ W

                        	 	74°05′ N 44°05′ W

                    

                

                	
                    
                    
                        	Since Denver’s longitude is 105° W and Utica’s longitude is 75° W, sunrise in Denver occurs

                    

                    
                        	 	2 hours earlier

                        	 	2 hours later

                        	 	3 hours earlier

                        	 	3 hours later

                    

                

                	
                    
                    
                        Which New York State location has surface bedrock that has been subjected to very intense regional metamorphism?

                    

                    
                        	 41°00′ N 72°15′ W

                        	 42°30′ N 75°00′ W

                        	 44°00′ N 76°00′ W 

                        	 44°30′ N 74°00′ W

                    

                

                	
                    
                    
                        Which New York State city is located at 42°39′ N, 73°45′ W?

                    

                    
                        	 	Buffalo

                        	 	Albany

                        	 Ithaca

                        	 Plattsburgh

                    

                

                	
                    
                    
                        	Polaris is used as a celestial reference point for Earth’s latitude system because Polaris

                    

                    
                        	always rises at sunset and sets at sunrise

                        	is located over Earth’s axis of rotation

                        	can be seen from any place on Earth

                        	is a very bright star

                    

                

                	
                    
                    
                        From Utica, New York, Polaris is observed at an altitude of approximately

                    

                    
                        	43°

                        	47°

                        	75°

                        	90°

                    

                

                	


                	
                    The diagrams below illustrate systems that can be used to determine position on a sphere. Refer to them to answer questions 11 and 12.

                    
                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        Systems of line like those illustrated above are called

                    

                    
                        	latitude systems

                        	coordinate systems

                        	great circle systems

                        	axis systems

                    

                

                	
                    
                    
                        	Which of the systems illustrated is most like the latitude-longitude system used on Earth?

                    

                    
                        	A

                        	B

                        	C

                        	D

                    

                    




                	


                	
                    Base your answers to questions 13 through 15 on the passage and map below. The map shows sections of the Atlantic Ocean, the Caribbean Sea, and the Gulf of Mexico.

                    Shipwreck

                    In 1641, the crew of the ship Concepcion used the Sun and stars for navigation. The crew thought that the ship was just north of Puerto Rico, but ocean currents had carried them off course. The ship hit a coral reef and sank off the coast of the Dominican Republic. The X on the map marks the location of the sunken ship.

                    
                        
                            [image: ]
                        

                    

                    
                

                	
                    
                    
                        The Concepcion was carried off course to the northwest by an ocean current flowing from the

                    

                    
                        	 	Florida Current

                        	 	Gulf Stream Current

                        	 North Atlantic Current

                        	 North Equatorial Current

                    

                

                	
                    
                    
                        What is the approximate latitude and longitude of the sunken ship?

                    

                    
                        	 20.5° N 70° E

                        	 20.5° N 70° W

                        	20.5° S 70° E 

                        	20.5° S 70° W

                    

                

                	
                    
                    
                        At which map location does Polaris appear the highest in the nighttime sky?

                    

                    
                        	 Miami, Florida

                        	 Kingston, Jamaica

                        	 Havana, Cuba

                        	 San Juan, Puerto Rico
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Eccentricity

The satellite was at position 1 precisely at midnight on
the first day. It arrived at position 2 the next midnight,
at 3 the next, and so on.

Planet of Orbit
Mercury 0.206
Venus 0.007
Earth 0.017
Mars 0.093
Jupiter 0.048
Saturn 0.056
Uranus 0.047
Neptune 0.008
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