Solar Heating
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California Science Standards for the Earth-Sun Relationship:
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Students know changes in weather occur .. across seasons ….

1st Grade
Students know the sun warms the land, air, and water.

3 rd Grade
Students know the position of the Sun in the sky changes during the course of the day and from season to season.

5 th Grade
Students know uneven heating of the Earth causes air movements.

6 th Grade
Students know the Sun is the major source of energy for phenomena on Earth’s surface.

Key concepts related to this lesson:

•
Different materials on the Earth’s surface absorb solar radiation differently.

•
Water heats up more slowly and to a lower temperature than other Earth materials.

•
Sunlight that strikes the Earth at a high angle is more intense (delivers more heat energy per square meter) because it is concentrated into a small area.

• Sunlight that strikes the Earth at a low angle is less intense (delivers less heat energy per square meter) because it is spread out over a bigger area.

• The angle of sunlight changes with latitude: it gets lower as it moves from the equator toward the poles.

•
The changing angle of sunlight causes warmer climates (more intense sunlight) in the tropics and cooler climates (less intense sunlight) toward the poles.

• The angle of sunlight (and, thus, its intensity) in a given location changes over the course of a day (sunrise to sunset) and over the course of a year (from season to season).

•
Seasonal changes in temperature are primarily caused by the Earth’s tilt which affects the angle of sunlight during the different seasons.

Overview:
In five separate activities, students in small groups (4 to 5 students per group) investigate how different Earth materials heat up, how the angle of sunlight affects the intensity of light, how the angle of sunlight changes with latitude and time of day, and what causes the seasons.

Background Knowledge:
The uneven heating of the Earth drives much of its weather and climate conditions.  The Earth is heated unevenly primarily due to: the material that covers the Earth’s surface, the time of day, the latitude, and the season of the year.

Earth Material

Different materials absorb different amounts of solar radiation.  For example, dark surfaces absorb more heat than light surfaces.  Temperature differences are most dramatic when comparing land to water.  Water is a very special Earth material -> it takes a great deal more energy to raise the temperature of water than it does to raise the temperature of other materials. Thus, temperature variations are greater over land than they are over water.  This is due to water’s unusually high heat capacity (the amount of heat energy required to raise the temperature of a substance by one degree centigrade).

Temperature is a measure of the energy of motion of individual atoms and molecules in a substance –> the more energetic the movement, the higher the temperature.  Water molecules like to stick to each other, so it takes a lot of energy to get them unstuck from each other so that they can vibrate faster.  The atoms in other Earth materials (gravel or sand, for example) are not “sticky” so the energy put into them can make them vibrate right away producing a quick rise in temperature.

So, if you have the ocean right next to the land, then the land will heat up more rapidly and to a much higher temperature than the water.  Conversely, the land will cool down more rapidly to a much lower temperature than the ocean will.  
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Water’s unusually high heat capacity is related to how water is put together.   Each water molecule (H2O) consists of one oxygen atom that is bonded to two hydrogen atoms as shown to the left.  Water is a polar molecule.  That means that one side of the hydrogen molecule is more positive, the other more negative.

Thus, the positive side of one water molecule is attracted to the negative side of another water molecule and they “stick” together (this is called a hydrogen bond).

This polar attraction between water molecules means that a large amount of energy must be used just to get the molecules unstuck from each other before they can move around faster (to raise the temperature).  Thus, water can absorb a substantial amount of heat energy while its temperature only rises slightly.  By contrast, rocks, soil, sand, and vegetation have no hydrogen bonds to break and so they can begin to vibrate more quickly than water (they heat up more quickly and also cool down more quickly than does water).

Time of Day and Latitude

[image: image4..pict]The Earth is hotter at noon than it is at sunset, and is hotter in the tropics than it is at the poles.  Both temperature differences have to do with the spherical nature of the earth which changes the angle of sunlight.  The Earth curves away from the sun. This causes the sun’s rays to hit at a low angle at sunrise and sunset and at a high angle (more directly) at noon, as shown below.

The lower the angle, the more diffuse the sunlight because it becomes spread over a larger and larger area.  The higher the angle, the more intense the sunlight, the greater its heating power.  Direct sunlight is very intense because the high angle causes it to be concentrated into a small area.  Thus, the sun is more intense (more concentrated) at noon and less intense (more spread out) at sunrise and sunset.

The spherical nature of the Earth also causes the sun’s rays to hit at a high angle in the tropics (more intense, concentrated sunlight) and at a low angle near the poles (more diffuse, spread out sunlight) as shown below.
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Season of the Year

Before doing the seasons activity ask the class what the weather is like during each season and what they think causes the seasons.  The Earth passes through the four different seasons as it completes one full revolution around the sun.  The intensity of the sunlight hitting the Earth changes in any one location because the Earth’s axis of rotation is tilted relative to its orbital plane.  The orientation of the Earth’s tilt is fixed in space (tilted toward the North Star in this activity).  Thus, as the Earth rotates around the Sun, different parts of the Earth receive direct sunlight as shown below.

Many people belive that summer occurs because as the Earth tilts toward the sun, the mid-latitude areas of the hemisphere experiencing summer are brought closer to the Sun.  However, that small decrease in distance is negligible compared to the 93 million miles of distance between the Earth and Sun.  If you were standing 50 feet from a bonfire, you would not feel any warmer if you were to move half an inch closer.  The angle of sunlight’s effect on the Sun’s heating power is much more important than the distance from the Sun.  If the Earth was not tilted, the amount of solar radiation received by any given part of the Earth would be the same year round.  You would have to travel toward the equator to experience summer and you would have to travel toward the poles to experience winter.

Extensions:

Solar Heating of Different Earth Materials


•
Have the students make a histogram graph of the temperature differences between the Earth materials.


•
Have the students measure the temperature every 5 minutes and then graph their results.


•
Once the lamp is turned off, measure the temperature of each Earth material after 10 or 20 minutes to see which materials cool off the fastest.


•
Measure the temperature of various surfaces around the schoolyard (blacktop, sandbox, gravel in play area, grass of playing fields).

Time of Day / Latitude

•
Examine changes in shadow length with changing times of day and seasons.


•
Use the lamp and a tilted rotating globe to show changing daylight lengths from season to season.


• Use the flashlight to observe daylight variations at the poles during summer and winter (and how the sun never rises high in the sky at the poles).

The Seasons


•
At each position have them discover where the sun is brightest (most direct): the equator for Fall and Spring, the Tropic of Cancer for northern hemisphere Summer, and the Tropic of Capricorn for northern hemisphere Winter.


•
Explore the summer and winter solstices and spring and fall equinoxes.


•
Discuss how the changing length of the day also affects the seasons (but is less important than the angle of sunlight).

Solar Heating of Different Earth Materials Instructions

Set up this experiment up to run while you work on other activities.   Each group will shine a lamp on a different material (grass, gravel, sand, soil, water) for 25 minutes.  You will record how the temperature of your group’s material changes near the surface and also 2 inches below the surface over the 25 minute period.

Make a Prediction: 

1.
Which will heat up more: the surface of your material or 2 inches below your material?

2. Will all of the Earth materials (grass, gravel, sand, soil, water) heat up by the same amount?

If not:
Which one do you think will heat up the most?

Which one do you think will heat up the least?

Procedure:

3.
Assign duties to your group members.  You will need:

Recorder


Lamp Operator


Measurer

 
Thermometer Readers

4.
Measure the starting (no lamp) temperatures of your earth material near the surface and two inches below.  Find your group’s earth material in the Earth Materials Data Table below and record your data in the “no lamp” columns.







EARTH MATERIALS DATA TABLE





	
	Near the Surface
	2” Below the Surface

	
	no lamp
	25 min
	Net Temp. difference
	no lamp
	25 min
	Net Temp. difference

	Grass
	
	
	
	
	
	

	Gravel
	
	
	
	
	
	

	Sand
	
	
	
	
	
	

	Soil
	
	
	
	
	
	

	Water
	
	
	
	
	
	


5.
Set up the lamp so that it is 3 inches directly above the top of your material.   DO NOT TURN THE LAMP ON UNTIL ALL THE GROUPS ARE SET UP.

6.
When everyone is ready (timer is set to 25 minutes); turn the lamp on and start the timer, as you wait for the 25 minutes to pass work on the Angle of Sunlight and Sunlight on the Earth activities.

7.
After 25 minutes turn off the lamp; read the temperature at the surface and 2” below; record in the “25 min” columns of the data table for your material.

8.
Calculate the net temperature difference (the amount of temperature that your material was raised over the 25 minute period):  subtract the starting temperature (no lamp) from the 25 min temperature; record this in the table.

9.
Record your group’s data in the class table on the board.

10.
Copy the rest of the earth material data from the class table into your table.

11.
Answer the following questions:

a.
Do all earth materials heat up at the same rate (do they all heat up to the same temperature in the same amount of time)? 
Yes   or   No
b.
Which material heated up the most? _____________________________


c.
Which material heated up the least? _____________________________

d.
Both the sand on a beach and the ocean water at that beach are heated by the same amount of sunshine.  Will the beach sand and the water be equally hot?  How do you know?

e.
You are in your yard in your bare feet in the middle of summer -  your yard is experiencing the same amount of sunshine everywhere.  Would you rather walk on the grass in your yard, on the concrete sidewalk through your yard, or on the asphalt (black top) driveway in your yard?  Explain your answer.

Angle of Sunlight Instructions

Assign tasks to your group members (you will all be observers).  You will need a:


Recorder 

Penlight Operator





Light spot tracer







Ruler and angle measurer



Square counter
In this activity, the light from a penlight represents a packet of sunlight.  Imagine you could just grab a light ray from the sun about an inch across and see how that ray hits the Earth.  Please note: If you do not have a penlight, then you can focus a flashlight beam by rolling a tube of paper around the end of a regular flashlight and taping it in place.  When you shine the penlight, or modified flashlight, directly onto the tabletop, it should make a nice round spot of light.
Procedure

1.
Place your graph paper on the tabletop and hold the penlight perpendicular to it (90° angle) so that the end of your penlight is 2 centimeters above the paper.  This orientation of the light is like when the sun is directly overhead (high in the sky).

3.
Trace the outline of the area that is lit up (your “light spot”).

4.
Count the approximate number of squares within the light spot, and determine in general how intense the light in the spot is (for example: bright, not so bright, dim).  Put your observations in the Angle of Sunlight Data Table.

5.
Use your protractor to orient the penlight at a 45° angle to the graph paper so that the end of the penlight is still 2 centimeters directly above the paper.  Repeat steps 3 and 4 for this orientation.

6.
Use your protractor to orient the penlight at a 20° angle to the graph paper so that the end of the penlight is still 2 centimeters directly above the paper.  Repeat steps 3 and 4 for this orientation.

Angle of Sunlight Data Table

	Light Angle
	Penlight distance above graph paper
	Light Spot Shape
	Squares in the light spot
	Brightness of light spot

	90°
	
	
	
	

	45°
	
	
	
	

	20°
	
	
	
	


7.
Answer the following questions:


a.
How does the area covered by a ray of light change as the angle of sunlight gets smaller?  Does it:   get bigger,   get smaller,   or   stay the same size (circle one)? 


b.
How does the intensity of a ray of light change as the angle of sunlight gets smaller? Does it:  get brighter,  get dimmer,  or  stay the same (circle one)?


c.
The amount of light given out by the flashlight (or ray of sunlight) is the same no matter how you orient the flashlight yet the intensity of that light on the paper (or on the Earth’s surface) changes as the angle of the light changes.  Why does the intensity of light change with the angle of the light?

d.
Describe a situation where the sun is high in the sky sending light rays perpendicular to the Earth’s surface.


e.
Describe a situation where the sun is low in the sky and hits the Earth at a slant (or low angle).

Sunlight on the Earth – Changes in Latitude Instructions

Now apply what you found out about the angle of sunlight to the Earth.  The inflatable globe will be the Earth and the penlight will represent one ray of sunlight.  You can assume that all of the sun’s light rays are parallel to each other as they stream toward the Earth because the Sun is so very far away (about 93 million miles away).  Therefore, when you shine the penlight onto the globe, be sure to hold that penlight parallel to the floor (don’t tilt it up or down).

Assign tasks to your group members (you will all be observers).  You will need a:


• Recorder 



• Globe rotator/ taper 

• Parallel Monitor 


• Angle measurer 

• Penlight operator


  (for flashlight & strings)

Procedure

1.
Find the approximate location of Sacramento on the globe.  Cut out a small piece of the adhesive end of a post-it and mark Sacramento with it on the globe

2.
Set up your inflatable globe on its stand so Sacramento is tilted directly toward the Sun (toward the penlight operator).  This is how the Earth is oriented relative to the Sun at noon in Sacramento during the northern hemisphere summer.  The tilt of the Earth’s axis should be about 23.5° from vertical. You can eyeball the tilt by comparing it to the classroom globe that is already tilted.

3.
Tape one end of each string near the marks

that you made at:

• the Equator

• the Tropic of Cancer

• Sacramento

• 70° North.

4.
Pull each string out so that it is perfectly parallel to the table top (as shown above).  When pulled parallel to the table top, these strings represent beams of sunlight hitting the earth during the northern hemisphere summer.


Which one of these locations has the most perpendicular sunbeam?


Which one of these locations hits the earth at the lowest angle?

5.
Your instructor will provide you with the angle of sunlight for each location (or you could measure it yourself using the globe protractor).  Record each angle in the Summer Data Table below. 

NORTHERN HEMIPSHERE SuMMER Data Table

	
	Angle of Sunlight
	Relative Light Spot Size
	Relative Light Spot Intensity

	70° North
	
	
	

	Sacramento

(~40°N)
	
	
	

	Tropic of Cancer

(23.5°N)
	
	
	

	Equator (0°)
	
	
	


6.
Remove all but the Sacramento string from the globe.

7.
Shine the penlight less than 1 inch from the globe starting at the equator due south of Sacramento and moving slowly north.  Keep the distance from the globe small so that you get a nice tight light spot on the globe.  Be sure to keep the flashlight parallel to the tabletop as you move the flashlight.  Pause and observe the light spot formed at the Equator, the Tropic of Cancer, Sacramento, and 70°N.  Record the relative size and brightness (intensity) of the light spot that occurs at each location in the Northern Hemisphere Summer Data Table.

8.
Answer the following questions:

a. During the northern hemisphere summer, at what latitude is the sun most intense?  Explain why the sun is so intense there.


b. In the northern hemisphere, where is the sun least intense?  Explain why the sun is not very intense there.

9.
Keep Sacramento facing the Sun, but tilt the globe 23.5° away from the sun. This is how the Earth is oriented relative to the Sun at noon in Sacramento during the northern hemisphere winter.

10.
Extend the Sacramento string keeping it parallel to the tabletop and measure the angle of sunlight in Sacramento for the winter.  Is it bigger or smaller than the summer angle of sunlight?

11.
Shine the penlight less than 1 inch from the globe at Sacramento keeping the penlight parallel to the tabletop.  Record the relative size and brightness (intensity) of the light spot in the winter data table.

NORTHERN HEMISPHERE WINTER Data Table

	
	Angle of Sunlight
	Light Spot Size relative to summer
	Light Spot Intensity relative to summer

	Sacramento
	
	
	


12. Compare the summer & winter Sacramento data; answer the following questions:

a. Is the Sun more or  less intense in Sacramento during our winter (circle one)?
b. Explain why the intensity changes in the winter.

c.
When is the sun higher in the sky (more perpendicular) – during  winter  or  summer (circle one)?

13.
Keep the globe in the winter orientation and the horizontal penlight beam less than 1” from the globe moving north and/or south of Sacramento until you find the latitude where the Sun is most intense on the globe (keep the flashlight parallel to the table).  Answer the following:
a. Where on the globe is the sunlight most intense during our winter?

Sunlight on the Earth – Changes in Time of Day Instructions

The angle of sunlight also will change with time of day.  It takes the Earth 24 hours to make one complete rotation around its north-south axis.  As the Earth rotates, areas of the Earth facing the sun will experience day and areas of the Earth facing away from the Sun will experience night.

Procedure

1.
Place your globe upright on its stand so that the north-south axis is vertical.  In reality the Earth’s axis is tilted, however, the vertical position will allow you to easily rotate the globe to observe the changes in sunlight during the course of a day.  You will use the lamp as the Sun in this activity.

2.
Set up the lamp so that it is shining directly onto your globe, illuminating the half of the globe (daylight).  Turn out the room lights.  As the Earth rotates around its axis (in a counterclockwise direction), the time of day changes from sunrise (the far left hand side of the Earth that faces the Sun), to noon (directly facing the Sun) to sunset (the far right hand side of the Earth facing the Sun), to midnight (the backside of the Earth directly opposite from the Sun), and then back again to sunrise.  Practice rotating the globe through a 24-hour period watching how the day changes for Sacramento.

3.
Rotate the globe so that Sacramento is directly facing the Sun (lamp). What time of day is it when Sacramento is facing the sun directly? ___________

4.
Pause as you rotate the globe so that you can use the Sacramento string to observe the relative angle of sunlight for Sacramento at sunrise, noon and sunset (as shown below); record this angle in the Daylight Hours Data Table.


5.
Turn out the lamp.  Return Sacramento to its noon position.   Now hold the penlight about one inch from the globe and shine it on Sacramento keeping the flashlight parallel to the floor.  Record the size, and intensity of the noon light spot in your data table.

6.
Rotate Sacramento to its sunset and sunrise positions and use the penlight to record the shape, size, and intensity of the noon light spot in your data table.  Be sure to keep the flashlight about an inch from the globe, parallel to the table top and coming in as shown in the figure under step 4.

DAYLIGHT HOURS Data Table

	
	Angle of Sunlight (low or high?)
	Relative Light Spot Size
	Relative Light Spot Intensity

	Sunrise
	
	
	

	Noon
	
	
	

	Sunset
	
	
	


7.
Answer the following questions:

a.
How does the angle of sunlight change as the Earth rotates from sunrise through noon to sunset?

b.
When is the sun higher in the sky (more perpendicular) – at  sunrise/sunset  or  noon (circle one)?

c. Why is it warmer at noon than it is at sunset?

The Seasons Instructions
As the Earth rotates on its axis every 24 hours, it also orbits around the Sun (called a revolution).  It takes the Earth one year to make a complete revolution.  Over the course of a year, any given location on the Earth will experience different intensities of sunlight due to the tilt in the Earth’s north-south axis.  This changing sunlight intensity is what causes the seasons.

Procedure

1.
Find the North Star Marker placed on the wall in your room. The North Star is a fixed position in our sky; the Earth’s North Pole is always tilted toward the North Star.  One person should stand with their back to the North Star facing the penlight operator; this is Position 1.  The remaining group members should take up other positions facing the penlight operator as shown in the diagram below.   The penlight operator represents the Sun and should always keep the penlight parallel to the floor and about 1” from the globe.  The people around the Sun represent different positions of the Earth over the course of a year.


2.
The position 1 person should hold the globe so that the North Pole is tilted about 23.5° toward the North Star but Sacramento is facing the sun (noon).  

3.
The penlight operator (the Sun) and the person holding the globe in position 1 should face each other.  Shine the penlight on Sacramento (about 1 inch away from the globe) keeping the penlight parallel to the floor.


Is the sun high or low in the sky in this position (circle one)?


Is the light relatively bright or dim in this position (circle one)?

4.
Move the globe to position 2; rotate the Earth so that Sacramento is facing the Sun (remember to keep the north pole tilted toward the North Star). The Sun and the position 2 person should face each other.  Shine the penlight 1” from Sacramento keeping the penlight parallel to the floor.



Is the sun higher or lower in the sky than it was at position 1 (circle one)?

5.
Move the globe to position 3; rotate the Earth so that Sacramento is facing the Sun (remember to keep the north pole tilted toward the North Star).  The Sun and the position 3 person should face each other.  Shine the penlight 1” from Sacramento keeping the penlight parallel to the floor.



Is the sun high or low in the sky in this position (circle one)?

Is the light relatively bright or dim in this position (circle one)?

6.
Move the globe to position 4; rotate the Earth so that Sacramento is facing the Sun (remember to keep the north pole tilted toward the North Star).  The Sun and the position 4 person should face each other.  Shine the penlight 1” from Sacramento keeping the penlight parallel to the floor.



Is the sun higher or lower in the sky than it was at position 3 (circle one)?

7.
Answer the following questions:


a.
At which position would Sacramento be the hottest (most intense sunlight)?




1


2


3

 or
  
  4 

(circle one)



Why is the sun so intense at this position?



Would this be  summer  or  winter  in Sacramento (circle one)?

b.
At which position would Sacramento be the coolest (least intense sunlight)?




1


2


3

 or
  
  4 

(circle one)



Why is the sun so much less intense at this position?



Would this be  summer  or  winter  in Sacramento (circle one)?

c.
Label  Summer,  Fall,  Winter, and  Spring  on the diagram below.



d.
Why is it warmer in Sacramento in July than it is in December?

e.
Find South Africa on the globe.  Would it be colder or warmer in South Africa in July (circle one)?  Explain your answer. 

noon





sunrise





sunset





string





23.5°





Equator





Tropic of Cancer





Our spring – direct sunlight at the equator (0°)





Our fall – direct sunlight at the equator (0°)





Our winter – direct sunlight at the Tropic of Capricorn (23.5°S)





Our summer – direct sunlight at the Tropic of Cancer (23.5°N)





noon





sunset





sunrise





sunlight streaming toward Earth





sunlight streaming toward Earth





90°





That same sunbeam is less intense at sunrise and sunset because it is low in the sky and thus spread out over more area.





At noon the sun is directly overhead; a sunbeam is intense because it is concentrated in a small area.





North Pole





In the tropics the sun is directly overhead; a sunbeam is intense because it is concentrated in a small area.





A sunbeam is less intense at poles because it is low in the sky and thus spread out over more area.





Sacramento (~40°N)





70°N





90°





Notice that the sun’s light is spread over a much greater area at the North Pole than an equivalent ray hitting the equator.





North Pole





equator





Materials


Each group should have the following:


Solar Heating of Different Materials


container for earth material


lamp (clamp lamp on a ring stand  or architect lamp on a swing arm work well)


earth material:	grass, gravel, sand, soil, or water


ruler


2 thermometers


timer (1 for the whole class)


Angle of Sunlight


flashlight


paper for flashlight tube (optional)


tape


protractor


ruler


graph paper 


Sunlight on the Earth


blow up globe


paper ring to hold the globe


post-its and scissors


four 12” strings


tape


protractor


flashlight


The Seasons


north star marker


inflatable globe


flashlight





Getting Ready 


Package materials into group sets.  Tape North Star marker up on one wall.





EARTH





North Pole





Flashlight Operator





North Star





Position 1





Position 2





Position 3





Position 4





1





2





3





4





sun





North Star





oxygen





hydrogen





hydrogen
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- -





104.5°
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