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As you come in:
• If you are new, come say hi to me!
• Choose a table to sit at
• Put your name on a name tent
• Introduce yourself to your neighbors
• Start chatting!

Week 1: Why do did I always ride my bike into the wind?
Week 2: Why do clouds stay up in the air?
Week 3: If you can’t predict the weather, how can you 

predict the climate?
Week 4: Why are there rainforests on the equator?
Week 5: How could aliens know there is life on Earth?
Week 6: How does the earth keep warm, and why is it 

getting warmer?
Week 7: What can we do about climate change?

Tentative Schedule

Today’s Questions
•Why did I always ride my bike into the wind?

• If hot air rises, why is it cold in the mountains?

•Why is it colder on clear nights than cloudy?

Physics 
Principles

Buoyancy

Energy

Thermal Radiation

But First:

Miso Soup

Observations
As the soup cools, what 

do you notice?
Does stirring / blowing 
on the soup change the 

effect?

But First:

Cartesian Diver

Observations
Give the bottle a 

squeeze.
Now, explore and 

explain: What is going 
on here???

Physics Topic #1: Buoyancy
Why does a helium (or hot air balloon) float?

Pressure

The air at the earth’s surface supports the weight of all the air 
above it: That’s the source of atmospheric pressure.

We define the pressure at sea level as 1 atmosphere.



Pressure vs. Height

As you go higher in the 
atmosphere, the pressure is 

lower.

Sea Level:
1.0 atmosphere

Fort Collins
0.83 atmosphere

South Crestone Lake:
0.64 atmosphere

Lower pressure on top

Higher pressure underneath

Buoyancy

Net upward force

Buoyancy

Buoyancy

The buoyant force is 
equal to the weight of 

fluid displaced.

Submerged in Air

My volume: 70 liters
Mass of air displaced: 70 grams
Buoyant force: 70 grams (2½ oz)



Submerged in 
Water

My mass: 70 kilograms
My volume: 70 liters
Mass of water displaced: 70 kilograms
Buoyant force equals weight force! Balloon volume: 12 liters

Mass of air displaced: 12 grams
Mass of balloon: 1 g
Mass of helium in balloon: 2 grams
Total lift: 9 grams (⅓ oz)

Sinking and floating depends on density.

ρf > ρo :  floaty
ρo > ρf :  sinky

If an object is more dense than the fluid it is submerged in, it sinks.
If an object is less dense than the fluid it is submerged in, it floats.

Physics Topic #2: Energy
The universal currency for making things happen.

Energy comes in many different forms.
Mechanical energy:

Ug UsK

Thermal 
energy:

Eth

Other forms include:

Echem Enuclear

Forms of Energy

Kinetic energy Energy of motion. If something is moving, it has kinetic energy. Moving 
faster means more kinetic energy.

Gravitational potential energy If something is up high, it has a lot; if something is down low, it doesn’t.

Radiant energy The energy of light and other waves, like microwaves.

Thermal energy When something is hot, it has a lot; when it is cold, it has a little.
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10.5 Thermal Energy
We noted earlier that thermal energy is related to the microscopic motion of the 
atoms of an object. As FIGURE 10.17 shows, the atoms in a hot object jiggle around 
their average positions more than the atoms in a cold object. This has two conse-
quences. First, each atom is on average moving faster in the hot object. This means 
that each atom has a higher kinetic energy. Second, each atom in the hot object tends 
to stray farther from its equilibrium position, leading to a greater stretching or com-
pressing of the spring-like molecular bonds. This means that each atom has on aver-
age a higher potential energy. The potential energy stored in any one bond and the 
kinetic energy of any one atom are both exceedingly small, but there are incredibly 
many bonds and atoms. The sum of all these microscopic potential and kinetic ener-
gies is what we call thermal energy Eth. Increasing an object’s thermal energy cor-
responds to increasing its temperature.

Hot object: Fast-moving atoms have lots of 
kinetic and elastic potential energy.

Cold object: Slow-moving atoms have little 
kinetic and elastic potential energy.

FIGURE 10.17 An atomic view of thermal energy.

Trail along which
box was dragged

FIGURE 10.18 A thermograph of a box 
that’s been dragged across the floor.

FIGURE 10.18 shows a thermograph of a heavy box and the floor across which it 
has just been dragged. In this image, cool areas appear in shades of blue and green, 
warm areas in shades of red. You can clearly see that the patch of floor that the box 
has been dragged across is much warmer than the box or the rest of the floor. Drag-
ging the box across the floor caused the thermal energy of the system to increase.

This increase in thermal energy is a general feature of any system in which there 
is friction between sliding objects. An atomic-level explanation is illustrated in 
FIGURE 10.19. The interaction between the surfaces that leads to the force of friction 
also leads to increased thermal energy of the sliding surfaces.

We can find a quantitative expression for the change in thermal energy by consid-
ering the case of the box pulled by a rope at a constant speed. Let’s consider the sys-
tem to be the box + floor. As the box is pulled across the floor, the rope exerts a 
constant forward force F

u
 on the box, while the friction force f

u

k exerts a constant 
force on the box that is directed backward. Because the box moves at a constant 
speed, the magnitudes of these two forces are equal: F = fk. As the box moves 
through a displacement d = �x, the rope does work W = F�x = fk�x on the box. 
This work represents energy transferred into the system, so the system’s energy must 
increase. The box’s kinetic energy and gravitational potential energy don’t change, so 
the increased energy must be in the form of thermal energy Eth. Because all of the 
work into the system shows up as increased thermal energy, we can say that

 �Eth =  fk�x (10.17)

The increased thermal energy is distributed between the two surfaces, the box and 
the floor, the two elements of the system. Although we arrived at Equation 10.17 by 
considering energy transferred into the system via work done by an external force, 
the equation is equally valid for the transformation of energy into thermal energy 
when, for instance, an object slides to a halt on a rough surface.

vu

Atoms at the interface push 
and pull on each other as the 
upper object slides past.

The spring-like molecular bonds 
stretch and store elastic potential 
energy.

When the bonds break, the elastic 
potential energy is converted into 
kinetic and potential energy of the 
atoms—that is, into thermal energy.

FIGURE 10.19 How friction causes an 
increase in thermal energy.

 

Video Figure 10.19
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Thermal Energy Energy Toys

Explain the operation in terms of energy transformation.



Kinetic to Thermal.
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11.3 Temperature, Thermal Energy, and Heat
What do you mean when you say something is “hot”? Do you mean that it has a high 
temperature? Or do you mean that it has a lot of thermal energy? Or maybe that the 
object in some way contains “heat”? Are all of these definitions the same? Let’s give 
some thought to the meanings of temperature, thermal energy, and heat, and the rela-
tionship between them.

Relating Thermal Energy and Temperature
As we saw in ��  SECTION 10.5, the thermal energy of an object is the sum of the 
kinetic and elastic potential energies of the object’s atoms. When we add thermal 
energy, the atoms move more quickly and the bonds between atoms stretch. This 
change in thermal energy also leads to a higher temperature.

When a race car driver hits the brakes, the kinetic energy of the moving vehicle is 
transformed into thermal energy of the brake disks. This increases the temperature 
of the brake disks, as the photo in FIGURE 11.8 shows; the disks are at a high enough 
temperature to glow like the burner on an electric stove. The thermal energy of the 
disks must increase as the car comes to rest, but it’s useful to limit the resulting 
change in temperature. In practice, race car designers can do this by making one 
simple change: using more massive brake disks. How does increasing the disks’ 
mass keep them at a lower temperature? At this point, we’ll need to carefully con-
sider the meanings of thermal energy and temperature. We’ll do this by considering 
a gas, but the results are general and apply to all phases of matter.

FIGURE 11.9 shows two samples of gas, one at a low temperature and one at a high 
temperature. You know what this means: The atoms in the high-temperature gas 
move at a higher speed than the atoms in the low-temperature gas. You can also see 
that the gas sample on the right has a higher thermal energy than the gas sample on 
the left. The two samples have the same number of atoms, but the atoms in the sam-
ple on the right have higher kinetic energy.

Now let’s do a thought experiment: Add more and more atoms to the sample on 
the left, with each new atom having the same speed as the atoms already there. This 
clearly increases the thermal energy of the system—it increases the total energy of 
the atoms—but it won’t increase the temperature.

The temperature of a system does not depend on the size of the system. If you 
mix together two glasses of water, each at a temperature of 20°C, you will have a 
larger volume of water at the same temperature of 20°C. The combined volume has 
more atoms, and therefore more total thermal energy, but each atom is moving just 
about as it was before, and so the average kinetic energy per atom is unchanged. It is 
this average kinetic energy of the atoms that is related to the temperature. The tem-
perature of an object is a measure of the average energy of the atoms that make 
up the object.

Thermal energy is the total energy of the atoms; temperature is the average 
energy. This is an important distinction.

FIGURE 11.8 The brake disks on a race car 
can reach very high temperatures during 
rapid braking.

High
temperature

Low
temperature

FIGURE 11.9 Atoms of a gas at low tem-
perature and high temperature.

A race car driver notices that during periods of aggressive driv-
ing, the brake disks on her car reach temperatures that are too 
high. She switches to new disks that are made of the same mate-
rial but have twice the mass, and the temperature of the disks 
now stays in a reasonable range. How did increasing the mass of 
the disks solve the problem?

REASON During braking, kinetic energy of the car is trans-
ferred to thermal energy in the brake disks. If the mass of the 

disks is increased, this energy is shared over a larger number 
of atoms, so the average energy of each atom increases by less. 
The addition of thermal energy therefore causes a smaller tem-
perature rise.

ASSESS This explanation makes sense. You know, from experi-
ence, that it takes more energy to raise the temperature of larger 
objects, so a given energy input will cause a smaller temperature 
change in a larger object.

CONCEPTUAL EXAMPLE 11.9 How does increased mass lead to decreased temperature?
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Thermal Energy and Gases
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Molecular Speeds and Temperature
The atomic model of an ideal gas is based on random motion, so it’s no surprise that 
the individual atoms in a gas are moving at different speeds. FIGURE 12.4 shows data 
from an experiment to measure the molecular speeds in nitrogen gas at 20°C. The 
results are presented as a histogram, a bar chart in which the height of the bar indi-
cates what percentage of the molecules have a speed in the range of speeds shown 
below the bar. For example, 16% of the molecules have speeds in the range from 
600 m/s to 700 m/s. The most probable speed, as judged from the tallest bar, is 
�500 m/s . This is quite fast: �1200 mph!

Because temperature is proportional to the average kinetic energy of the atoms, it 
will be useful to calculate the average kinetic energy for this distribution. An indi-
vidual atom of mass m and velocity v has kinetic energy K = 1

2mv2. Recall that the 
average of a series of measurements is found by adding all the values and then divid-
ing the total by the number of data points. Thus, we can find the average kinetic 
energy by adding up all the kinetic energies of all the atoms and then dividing the 
total by the number of atoms:

 Kavg =
g  12 mv2

N
=

1
2

 m 
gv2

N
=

1
2

 m1v22avg (12.7)

The quantity gv2/N is the sum of the values of v2 for all the atoms divided by the 
number of atoms. By definition, this is the average of the squares of all the individ-
ual speeds, which we’ve written 1v22avg.

The square root of this average is about how fast a typical atom in the gas is mov-
ing. Because we’ll be taking the square root of the average, or mean, of the square of 
the speeds, we define the root-mean-square speed as

 vrms = 21v22avg = speed of a typical atom (12.8)

The root-mean-square speed is often referred to as the rms speed. The rms speed 
isn’t the average speed of atoms in the gas; it’s the speed of an atom with the average 
kinetic energy. But the average speed and the rms speed are very nearly equal, so 
we’ll interpret an rms speed as telling us the speed of a typical atom in the gas.

Rewriting Equation 12.7 in terms of vrms gives the average kinetic energy per atom:

 Kavg =
1
2

  mv2
rms (12.9)

EXAMPLE 12.2 

A large bedroom contains about 1 * 1027 molecules of air. If we model the air as an ideal 
gas, how much energy is required to raise the temperature of the air in the room by 5°C.

STRATEGIZE We can use Equation 12.6 to determine the change in thermal energy 
corresponding to the noted change in temperature.

PREPARE The actual temperature of the gas doesn’t matter—only the change. The 
temperature increase is given as 5°C, implying a change in the absolute temperature by 
the same amount: �T = 5 K.

SOLVE We can use Equation 12.6 to calculate the amount by which the room’s thermal 
energy must be increased:

�Eth =
3
2

 NkB �T =
3
2

 11 * 1027211.38 * 10-23 J/K215 K2 = 1 * 105 J = 100 kJ

This is the energy we would have to supply—probably in the form of heat from a fur-
nace—to raise the temperature.

ASSESS 100 kJ isn’t that much energy. Table 11.2 showed it to be less than the food 
energy in a carrot! This seems reasonable because you know that your furnace can 
quickly warm up the air in a room. Heating up the walls and furnishings is another story.

Finding the energy needed to warm up a room

Is it cold in space? The International 
Space Station orbits in the upper thermo-
sphere, about 400 km above the surface of the 
earth. There is still a trace of atmosphere left 
at this altitude, and it has quite a high tem-
perature—over 1000�C. Although the average 
speed of the air molecules here is high, there 
are so few air molecules present that the ther-
mal energy is extremely low.

N2 molecules
at 20°C

The rms speed 
is 510 m/s.

Percentage 
of molecules

Speed range (m/s)
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The height of a bar represents the 
percentage of molecules with speeds
in the range on the horizontal axis.

FIGURE 12.4 The distribution of molecular 
speeds in nitrogen gas at 20�C.
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Speedy! When the temperature goes up, 
when thermal energy increases, 
the atoms move faster and spread 
out, so the density goes down.
So: Hot air rises.

Warming and 
Cooling Air I

Observations & 
Explanations

• Compress the syringe, and watch 
the temperature change. 
(Position the thermal camera’s 
cursor on a spot on the syringe.)

• Where does the energy come 
from to warm up the air in the 
syringe?

• Now, let the air expand. What 
happens to the temperature?

• Where did the energy go?

Warming and 
Cooling Air II

Observations & 
Explanations

• Pump air into the ball until it is 
pretty firm. As you pump, watch 
how the temperature changes 
using the thermal camera.

• Where does the energy come 
from to warm up the air in the 
ball?

Trading Heat 
for Height

Question
• As air rises, it expands and cools. 
Explain this in terms of 
energy transformations.

• As air falls, it compresses and 
warms. Explain this in terms 
of energy 
transformations.

• Finally: If hot air rises, why 
is it cold in the mountains?

Lapse Rate

For dry air, rising air will cool 
by 5.5 °F per 1000 ft.



Wish Paper
Observations & 

Explanations
• What happens to the lit paper?
• Explain why the paper rises in 
terms of buoyancy.

• Explain why the paper rises in 
terms of energy 
transformations.

• Why, at some point, does the 
paper stop rising?

Thermal Radiation

The atoms in your body are always 
moving around, because you are warm. 

This means that they emit 
electromagnetic waves.

Thermal Radiation

You are emitting about 800 W of thermal radiation.
You are absorbing about 700 W of thermal radiation 

from the environment.

Thermal Radiation

The main determinant of how warm or cold you 
feel isn’t the temperature of the air in the room.

It’s the temperature of the walls.

Thermal Cameras

Use the thermal camera to look around the room.
You are seeing the radiation that people 

are emitting.

Thermal 
Radiation

Observations
• Can the thermal camera 

“see through” glass?
• Can the thermal camera 

“see through” a balloon?

Thermal 
Radiation

Explanations
• Glass absorbs 

thermal radiation.
• Glass passes 

visible light.

Greenhouses

Questions
• What sort of 

radiation shines on 
the greenhouse to 
warm it up?

• What sort of 
radiation do surfaces 
in the greenhouse 
emit to cool off?



Greenhouses

Explanations
• Why does the 

greenhouse get 
warmer than the 
outside air?

Greenhouses

Explanations
• The glass actually 

absorbs and re-emits 
thermal radiation.

• Outside temp: 72°F
• Glass temp: 81°F

Visible 
Light

Thermal 
Radiation

Absorbed 
and 

emitted.
Transmitted.

No atmosphere: 0°F
With atmosphere: 59°F

The Greenhouse Effect

Tools
The “Thermal 

Radiation Sensor”

High temperature 
means lots of 

emission

Thermal Radiation from the Sky

Observations
• In this sky, which emits 

more radiation: Clear 
blue sky or clouds?

• Which emits more, the 
earth or the sky?

The surface of the earth receives more 
radiated thermal energy from the atmosphere 

than it does radiant energy from the sun.

Question:
Why does it get colder on clear nights than cloudy?



The atmosphere warms from the bottom…

…and cools from the top.

Today’s key fact.

This is the thing that makes 
weather happen.

Stable 
Atmosphere

In the morning, the air 
tends to be cooler 
near the surface.

Remember
For dry air, rising air will cool 

by 5.5 °F per 1000 ft.

4000 feet 58 °F

3000 feet 56 °F

2000 feet 54 °F

1000 feet 52 °F

0 feet 50 °F

Unstable 
Atmosphere

The atmosphere warms 
from the bottom.

When the air warms near 
the surface, the atmosphere 

can become unstable.

Remember
For dry air, rising air will cool 

by 5.5 °F per 1000 ft.

4000 feet 58 °F

3000 feet 56 °F

2000 feet 54 °F

1000 feet 52 °F

0 feet 60 °F

Unstable 
Atmosphere

Early in the morning, it tends 
to be still. As the earth 

warms up, air starts to move, 
and the wind starts to blow.

Remember
For dry air, rising air will cool 

by 5.5 °F per 1000 ft.

4000 feet 58 °F

3000 feet 56 °F

2000 feet 54 °F

1000 feet 52 °F

0 feet 60 °F

Afternoons are windier.
You fly hot air balloons in the morning, kites in the afternoon.

The vertical motion of air in the 
atmosphere is responsible for wind, 
rain, snow, hail…. Basically, it’s what 

makes the weather!

Remember:

Miso Soup

Explanations
You can see the soup 

rising and falling.
What causes this 

motion?

The same 
motions 

happen in the 
atmosphere.

Explanations
Clouds mean rising air,

Clear sky means falling air.



• When the sun rises, 
the foothills to the 
west of town will 
warm first. Air will 
start to rise here.

• As the air rises, 
cooler air will move in 
to take its place.

• Question: Which 
way does the wind 
blow?

• When the sun rises, 
the foothills to the 
west of town will 
warm first. Air will 
start to rise here.

• As the air rises, it 
cools. Clouds 
often form over 
the foothills 
first.

• When the sun sets, 
the foothills to the 
west of town will 
cool first. Air will 
start to sink here.

• As the air sinks, it 
will move to replace 
rising air over still-
warm areas.

• Question: Which 
way does the wind 
blow?


