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As you come in:
• 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: How does the earth keep warm, and why is it 

getting warmer? 
Week 4: What can we do about climate change? 
Week 5: If you can’t predict the weather, how can you 

predict the climate?
Week 6: Why are there rainforests on the equator?
Week 7: What is weather like on other planets?

Tentative Schedule

Remember:

When water 
evaporates, it takes 

heat in—and cools its 
surroundings.

When air contains a lot 
of moisture, the energy 

in the water vapor 
makes it rise faster and 
farther, making clouds 

as it goes.

Plants Give a 
Lot of Water to 
the Atmosphere

An acre of vegetation 
might put 4x as much 
moisture in the air as 

an acre of open 
water.

Plants Give a 
Lot of Water to 
the Atmosphere

Plants keep the days 
cooler (because of the 
evaporation) and keep 
the nights warmer (by 

making them 
cloudier.)

After the first 
frost….

We get a period of cool 
nights, warm days, and 

cloudless skies.

Question:
Why is this?

A Warm Planet
in a

Cold Universe

How the Earth stays warm
and why it’s getting warmer

Today’s Questions
•How does the earth keep warm, and why is it 

getting warmer?

•Why are some gases “greenhouse gases”?

•The climate is changing…. What happens next?



Physics 
Principles

Electromagnetic waves

Interaction of 
electromagnetic waves 

with matter

The electromagnetic wave.

An oscillating charge will emit an electromagnetic wave.
It’s a wave of electric and magnetic fields.

The Electric Fields Exert Forces 
on Electric Charges.
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20.7 Forces and Torques in Electric Fields
The electric field was defined in terms of the force on a charge. In practice, we often 
want to turn the definition around to find the force exerted on a charge in a known 
electric field. If a charge q is placed at a point in space where the electric field is E

u
, 

then according to Equation 20.3 the charge experiences an electric force

If q is positive, the force on charge q is in the direction of E
u
. The force on a nega-

tive charge is opposite the direction of E
u
.

Whether or not this force is important depends on the situation. When we looked 
at forces between charges, we saw that the electric force was small for ordinary 
objects, large for small objects that had been deliberately charged, and completely 
dominant at the atomic scale. We’ll find a similar situation here.

Charge (C)

Electric
field (N/C)

Force on
charge q (N)

(20.8)

The force on a positive charge
is in the direction of E.
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Earlier in the chapter, we saw that tumbling sand and dust grains 
can develop an electric charge. Typically, smaller grains develop a 
negative charge, while larger grains develop a positive charge. The 
smaller grains tend to be lofted higher by the wind, as we’d expect, 
so when a strong, steady wind blows across a sandy landscape, a 
charge separation develops. This produces an electric field near the 
ground, which can reach values as high as 150,000 N/C. At this 
field strength, how does the magnitude of the electric force com-
pare to the weight force for a typical dust particle of mass 
1.8 * 10-12 kg and charge 1.2 * 10-16 C?

SOLVE The magnitude of the electric force on the dust particle is

F =  qE = 11.2 3 10216 C21150,000 NYC2 = 1.8 3 10211 N

Magnitude of the charge Magnitude of the electric field

We’ll compare this to the magnitude of the weight force. We 
haven’t used this terminology before, but we can think of g as the 
magnitude of the gravitational field of the earth, which makes 

Comparing electric and gravitational forcesEXAMPLE 20.13 

clear the similarity between the electric force and the gravitational 
force. The magnitude of the weight force is given by w = mg; g 
has units of m/s2, but we can also write this as N/kg. The formula 
for the gravitational force, the weight force, then has exactly the 
same form as the formula for the electric force: It’s a quantity that 
the field acts on (charge for the electric field, mass for the gravita-
tional field) multiplied by the magnitude of the field:

w =  mg = 11.8 3 10212 kg2 19.8 NYkg2 = 1.8 3 10211 N

Magnitude of the mass Magnitude of the gravitational field

For this situation, we see that the two forces have the same 
magnitude.

ASSESS The final result makes sense in terms of our earlier discus-
sion. We noted that, in a sandstorm, the charges and fields can become 
large enough that the electric field could help lift particles from the 
ground, which intensifies the storm. For this to be true, the electric 
force needs to be of comparable magnitude to the weight force.

For dust particles, the forces were of comparable magnitude; for electrons and pro-
tons, the situation is very different; the electric force completely dominates the scene.

Under normal circumstances, the earth’s electric field outdoors 
near ground level is uniform, about 100 N/C, directed down. 
What is the electric force on a free electron in the atmosphere? 
What acceleration does this force cause?

PREPARE The electric field is uniform, as shown in the field 
diagram of FIGURE 20.43. Whatever the position of the electron, 
it experiences the same field. Because the electron has a negative 
charge, the force on it is opposite the field—upward.

Finding the force on an electron in the atmosphereEXAMPLE 20.14 

Continued

F

E

The electric 
field is uniform.

The force is in the 
direction opposite 
the field.

u

u

FIGURE 20.43 An electron in the earth’s electric field.
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The Radio Shack

Question:
Explain what is happening.

Frequency and Wavelength

Wavelength

Frequency and Wavelength

Frequency is how many waves per second hit one point.

1 cycle per second = 1 hertz (1 Hz)

Shorter wavelength means higher frequency.
The rainbow of visible light

Long wavelength
Low frequency

Short wavelength
High frequency



The Electromagnetic Spectrum

Wave Wavelength (cm) Frequency (GHz)

FM Radio 300 0.1

Microwave 12 2.45

Thermal Radiation 0.001 30,000

Near Infrared 0.0001 300,000

Red 0.00007 400,000

Blue 0.00004 700,000

Ultraviolet 0.00003 1,000,000

Electromagnetic Waves Interact With Matter

Question:
What are some ways in which this photo illustrates the 

interaction of electromagnetic waves with matter?

Microwave Oven

High intensity electromagnetic waves, 
with large electric fields

Microwave Oven

Rotates water molecules, heating up the water.
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Radio waves are detected by antennas as well. The electric field of the radio wave 
drives a current up and down a conductor, producing a potential difference that can 
be amplified. For best reception, the antenna length should be about 1

4 of a wave-
length. A typical cell phone works at 1.9 GHz, with wavelength l = c/f = 16 cm. 
Thus a cell phone antenna should be about 4 cm long, or about 1 12 inches; it is gen-
erally hidden inside the phone itself.
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The oscillating dipole causes an 
electromagnetic wave to move away 
from the antenna at speed vem  =  c.

An oscillating voltage causes
the dipole to oscillate.

Antenna
wire

FIGURE 25.35 An antenna generates a 
self-sustaining electromagnetic wave.

CONCEPTUAL EXAMPLE 25.10 Wildlife tracking 

The elk shown in the left photo wears a radio 
collar with a vertical broadcast antenna. A 
wildlife biologist can search for the signal 
from the elk’s collar by using a receiving 
antenna. How should the receiving antenna 
be oriented?

REASON We have seen that an antenna 
generates a wave that is polarized in the 
same direction as the antenna itself. As the 
photo on the right shows, the receiving antenna should be oriented in the direction of 
the wave’s polarization—here, vertically—so that the wave’s electric field can drive 
charges up and down the antenna, creating a measurable potential difference. If the 
receiving antenna were horizontal, charges would be driven only along the tiny diam-
eter of the antenna wire, creating no potential difference along its length.

ASSESS In reality, tracked animals are always moving, and their antennas may change 
orientation. To obtain the largest signal, the biologist must adjust the receiving antenna 
to match.

In materials with no free charges, the electric fields of radio waves and micro-
waves can still interact with matter by exerting a torque on molecules, such as water, 
that have a permanent electric dipole moment, as shown in FIGURE 25.36. The mole-
cules acquire kinetic energy from the wave, then their collisions with other  molecules 
transform that energy into thermal energy, increasing the temperature.

This is how a microwave oven heats food. Water molecules, with their large 
dipole moment, rotate in response to the electric field of the microwaves, then trans-
fer this energy to the food via molecular collisions.

Infrared, Visible Light, and Ultraviolet
Radio waves can be produced by oscillating charges in an antenna. At the higher 
frequencies of infrared, visible light, and ultraviolet, the “antennas” are individual 
atoms. This portion of the electromagnetic spectrum is atomic radiation.

Nearly all the atomic radiation in our environment is thermal radiation due to the 
thermal motion of the atoms in an object. As we saw in Chapter 12, thermal 
 radiation—a form of heat transfer—is described by Stefan’s law: If heat energy Q is 
radiated in a time interval ∆t by an object with surface area A and absolute tempera-
ture T, the rate of heat transfer Q/∆t ( joules per second) is

 
Q
∆t

= esAT 4 (25.23)

The constant e in this equation is the object’s emissivity, a measure of its effective-
ness at emitting electromagnetic waves, and s is the Stefan-Boltzmann constant, 
s = 5.67 * 10-8 W/(m2 # K4).

In Chapter 12 we considered the amount of energy radiated and its dependence 
on temperature. The filament of an incandescent bulb glows simply because it is hot. 
If you increase the current through a lightbulb filament, the filament temperature 
increases and so does the total energy emitted by the bulb, in accordance with 
 Stefan’s law. The three pictures in FIGURE 25.37 show a glowing lightbulb with the 
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The dipole moment
of the water molecule
rotates to line up with
the electric field of
the electromagnetic
wave c

cbut the direction
of the electric field
changes, so the
water molecule will
keep rotating.

FIGURE 25.36 A radio wave interacts with 
matter.

 Video Microwaves

Increasing filament temperature

At lower filament
temperatures, the bulb
is dim and the light is
noticeably reddish.

When the filament
is hotter, the bulb
is brighter and the
light is whiter.

FIGURE 25.37 The brightness of the 
bulb varies with the temperature of the 
filament.
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The strength of the interaction depends on frequency.

Liquid water: microwave absorption versus frequency
Illustrative room-temperature, single-Debye model; not a measured dataset.
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B. Dielectric-loss factor (different from absorption coefficient)
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2.45 GHz oven

Power inside water follows I(z) = I(0) exp(-alpha z); surface reflection excluded.
Model: static permittivity 78.3, high-frequency permittivity 4.9, relaxation frequency 19.5 GHz.
Approximate parameters chosen for illustration; neglects conductivity and additional relaxations.
Context: Vijay, Jain & Sharma, Dielectric Properties of Water at Microwave Frequencies (IJERT).

Absorption

Frequency (GHz)               

Frequency of 
microwave oven

Peak of absorption

Question
Why would you choose this particular frequency for a microwave oven?

Incandescent lamps glow because the 
filament in them is warm.

Observation:
As the filament gets warmer, how does the 

emitted light change?

Warm objects emit electromagnetic waves.
As things get warmer, the wavelength of emitted 

radiation gets shorter.
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Radio waves are detected by antennas as well. The electric field of the radio wave 
drives a current up and down a conductor, producing a potential difference that can 
be amplified. For best reception, the antenna length should be about 1

4 of a wave-
length. A typical cell phone works at 1.9 GHz, with wavelength l = c/f = 16 cm. 
Thus a cell phone antenna should be about 4 cm long, or about 1 12 inches; it is gen-
erally hidden inside the phone itself.
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FIGURE 25.35 An antenna generates a 
self-sustaining electromagnetic wave.

CONCEPTUAL EXAMPLE 25.10 Wildlife tracking 

The elk shown in the left photo wears a radio 
collar with a vertical broadcast antenna. A 
wildlife biologist can search for the signal 
from the elk’s collar by using a receiving 
antenna. How should the receiving antenna 
be oriented?

REASON We have seen that an antenna 
generates a wave that is polarized in the 
same direction as the antenna itself. As the 
photo on the right shows, the receiving antenna should be oriented in the direction of 
the wave’s polarization—here, vertically—so that the wave’s electric field can drive 
charges up and down the antenna, creating a measurable potential difference. If the 
receiving antenna were horizontal, charges would be driven only along the tiny diam-
eter of the antenna wire, creating no potential difference along its length.

ASSESS In reality, tracked animals are always moving, and their antennas may change 
orientation. To obtain the largest signal, the biologist must adjust the receiving antenna 
to match.

In materials with no free charges, the electric fields of radio waves and micro-
waves can still interact with matter by exerting a torque on molecules, such as water, 
that have a permanent electric dipole moment, as shown in FIGURE 25.36. The mole-
cules acquire kinetic energy from the wave, then their collisions with other  molecules 
transform that energy into thermal energy, increasing the temperature.

This is how a microwave oven heats food. Water molecules, with their large 
dipole moment, rotate in response to the electric field of the microwaves, then trans-
fer this energy to the food via molecular collisions.

Infrared, Visible Light, and Ultraviolet
Radio waves can be produced by oscillating charges in an antenna. At the higher 
frequencies of infrared, visible light, and ultraviolet, the “antennas” are individual 
atoms. This portion of the electromagnetic spectrum is atomic radiation.

Nearly all the atomic radiation in our environment is thermal radiation due to the 
thermal motion of the atoms in an object. As we saw in Chapter 12, thermal 
 radiation—a form of heat transfer—is described by Stefan’s law: If heat energy Q is 
radiated in a time interval ∆t by an object with surface area A and absolute tempera-
ture T, the rate of heat transfer Q/∆t ( joules per second) is

 
Q
∆t

= esAT 4 (25.23)

The constant e in this equation is the object’s emissivity, a measure of its effective-
ness at emitting electromagnetic waves, and s is the Stefan-Boltzmann constant, 
s = 5.67 * 10-8 W/(m2 # K4).

In Chapter 12 we considered the amount of energy radiated and its dependence 
on temperature. The filament of an incandescent bulb glows simply because it is hot. 
If you increase the current through a lightbulb filament, the filament temperature 
increases and so does the total energy emitted by the bulb, in accordance with 
 Stefan’s law. The three pictures in FIGURE 25.37 show a glowing lightbulb with the 
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The dipole moment
of the water molecule
rotates to line up with
the electric field of
the electromagnetic
wave c

cbut the direction
of the electric field
changes, so the
water molecule will
keep rotating.

FIGURE 25.36 A radio wave interacts with 
matter.

 Video Microwaves

Increasing filament temperature

At lower filament
temperatures, the bulb
is dim and the light is
noticeably reddish.

When the filament
is hotter, the bulb
is brighter and the
light is whiter.

FIGURE 25.37 The brightness of the 
bulb varies with the temperature of the 
filament.
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The hotter the object, the shorter 
the wavelength emitted.



The Electromagnetic Spectrum

Wave Wavelength (cm) Frequency (GHz) Temp (°F)

FM Radio 300 0.1 -

Microwave 12 2.45 -

Thermal Radiation 0.001 30,000 60

Near Infrared 0.0001 300,000 4,800

Red 0.00007 400,000 6,500

Blue 0.00004 700,000 12,000

Ultraviolet 0.00003 1,000,000 17,000

100 Watt Bulb?
A 100 W incandescent light bulb emits 100 W of electromagnetic waves. But 
most of the electromagnetic waves emitted isn’t visible light.

100 Watt Bulb?
At the filament temperature of a typical incandescent bulb, most of the light 
emitted is in the infrared region of the spectrum. Only 4% of the light from a 
100 W bulb is visible to the eye—the bulb is only 4% efficient.

4 W light, 96 W heater
96% of the electromagnetic waves emitted by the bulb can’t be seen. They 
simply warm the room up—they don’t illuminate it.

Incandescent bulbs are only 4% efficient.
LED bulbs are much better (up to 40% efficient), especially if you get daylight 
bulbs.

Go ahead and leave 
the light on.
If I turn on the primary 
lights in our dining room at 
the usual brightness, the 
total power used is only 
about 12 W.

Absorption vs. Transmission / Reflection

The interaction of waves with 
matter depends on frequency.

If there is a strong interaction, the 
wave is strongly absorbed—it heats 
up the matter.

If there is a weak interaction, the 
wave is weakly absorbed—it is 
transmitted, reflected, or scattered. 
Not much heating happens.

Visible light 
absorbed

Visible light 
scattered

Observation:
What things look bright in 

the near infrared?
What things look dark?

WARNING:
30% of radiation from the sun is 

near infrared.
DO NOT LOOK AT THE SUN!



Emissivity
Some things emit 

really well.
Some things 

don’t.

Observation
Which emits 

more, the water 
or the metal can?

Absorption = Emission
The physics is the same.

Water is an 
excellent 

greenhouse gas.

Water molecules 
strongly absorb 

and strongly emit 
thermal radiation.

Which is 
hotter, the sun 
or the earth?

What does this 
mean about the 

relative 
wavelength of 

electromagnetic 
waves emitted by 

the sun and 
emitted by the 

earth?

Peak wavelength of sun:
0.00005 cm

(visible)

Peak wavelength of earth 
is 20x longer:

0.001 cm
(thermal)

The earth 
warms by 
absorbing 
visible light 

from the sun.

The earth 
cools by 

emitting thermal 
radiation into 

space.



Over the 
course of a 
year, the 
average 

temperature 
of the Earth is 
approximately 

constant.

What does this 
tell you about the 
magnitude of the 
energy absorbed 
and emitted by 

the earth?

The Earth is 
shining as 
brightly as 

the sun.

If you compute the 
temperature necessary to 
balance the incoming and 

outgoing radiation, the 
Earth should be….

T= 0 °F

The extra energy comes from the sky.

Measuring radiation from the sky. Measuring radiation from the sky.

At -20 °F, there is 
50% as much 

thermal radiation as 
at 70 °F.

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

than it does radiant energy from the sun.

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

The Greenhouse Effect



Not all gases emit (and 
absorb) thermal 

radiation.

Look at charge sharing.
Red=positive

Green=negative
Blue=neutral

Nitrogen/Oxygen:
Nope.

Carbon Dioxide:
Yes.

Water Vapor:
Oh Yeah.Unequal sharing of 

charges means oscillation 
leads to emission of EM 

waves.

Radiation
Check out the 

plume from the 
candle.

Resonant frequencies 
of greenhouse gases 
mean they absorb 

(and emit!) thermal 
radiation, but not 

visible light.

If you sit next to my fire 
pit, most of the warmth 
you feel comes from the 
rising gases, not the sides 

of the stove.
Explain.

Visible 
Light

Thermal 
Radiation

Absorbed 
and 

emitted.
Transmitted.

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

Cloudshine
It doesn’t snow because it’s cold.

It’s cold because it snowed.
Question:

Explain this observation.



More greenhouse gases = more radiation

More carbon dioxide in the 
atmosphere means more energy 
shining down on the earth, 24/7.

Carbon dioxide is good.
But you can have too much of a good thing.

Carbon dioxide in the 
atmosphere is 

increasing.

The increase in carbon dioxide is 
due to human activities.

Burning 1 gallon of gas (6 pounds) 
produces 20 pounds of carbon 

dioxide.

From the air

From the fuel

12 1616

Five-Year Average Global Temperature Anomalies from 1881 to 2009The earth is getting warmer.

Carbon dioxide humans have added to 
the atmosphere, and continue to add, 

is changing the climate.



Model results, 2000 - 2098 Model results, 2000 - 2098

Drought potential:

Global Weirding.

This is a pretty big deal.

Next Week:
What can be done?

Reasons for Hope

US emissions are decreasing. Carbon-free 
energy is 
cheaper.



Share of electricity production from renewables
Renewables include solar, wind, hydropower, bioenergy, geothermal, wave, and 8dal sources.
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Data source: Ember (2025); Energy Ins8tute - Sta8s8cal Review of World Energy (2025) OurWorldinData.org/energy  | CC BY

More and 
more energy 
comes from 
renewables.

Albania, Bhutan, Costa Rica, 
Ethiopia, Iceland, Kenya 
Nepal, New Zealand, 

Norway, Paraguay and the 
Democratic Republic of 

Congo generate more than 
98% of their electricity 
needs from geothermal, 

hydro-electricity, solar or 
wind power.


