3 A laboratory experiment from the
Calculatlng a Little Shop of Physics at

Planet’s Tempera- Colorado State University
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Reach for the sky.

Teacher Key

Incoming
Learning Objective: “solar” .
radiation Outgoing
The rate at which energy leaves the planet depends “carth”

on 1ts’ temperature. A stable temperature of a radiation

planet is a result of balancing the energy. The
lemperature of the Earth depends on the balance
between energy coming in and energy leaving the Earth’s atmosphere
atmosphere to space. 1If the incoming heat in the
atmosphere is increased, the planet’s temperature
will increase until it emits enough outgoing radia-
tion to balance the incoming radiation. \ 4

If Energy In = Energy Out, energy is balanced and temperature will remain constant.
If Energy In > Energy Out, temperature will increase until energy out is equal to energy

.

If Energy In < Energy Out, temperature will decrease until energy out is equal to energy
in.

Questions:

1. The average temperature of the Earth has been relatively stable for the last 10,000 years. What factors
do you think influence our planet’s temperature?

Answers may include: Energy from the sun, composition of our atmosphere, distance from the
sun, heat capacity of the earth and amount of water vs. land.

2. What are some of the underlying forces that could cause a planet’s average temperature to change (in-
cluding both cooling and heating effects)?

Answers may include: Cooling factors - increased albedo, low reflective clouds, volcanic erup-
tions that produce ash and particulates into the air. Warming factors - decreased albedo, high clouds, in-

creased GHGs.



Activity: Calculate planetary temperature using energy balance

Step 1 - Gaining and losing energy

A. Energy IN:

On average, the rate at which radiation reaches the earth’s surface is 364 J/s/m2.
Joules are units of energy.

Watts (W) are units that describe the flow of energy in joules per second (J/s). W=]/s

Energy flows into and out of the earth as W/m2 - the flow of energy coming in or going out of each
square meter on earth.

Therefore, we can say Energy INecarm = 364 J/s/m2, or 364 W/m2

B. Energy OUT:

The rate at which the planet radiates energy back to space depends on the Stefan-Boltzmann constant

(using the Greek symbol sigma) multiplied by the avg. temperature of the planet in Kelvins to the fourth
power.

Therefore, Energy OUT =6 T4

= (Stefan-Boltzmann constant) (avg Tempplanet in Kelvins to the fourth power)
= (5.67 X 108]/s/m?/K* T4

To calculate Energy OUT, we need to know the average temperature of the planet. Let’s start with an
average T of the earth’s surface, which is 283K.

1. Calculate the rate at which the energy leaves the earth.
Energy OUT = 6 T*
=(5.67 X 108]/s/m?/K*) (283K)*
= 363.8J/s/m?or, 363.8 W/m?

A. B.
Incoming radiation Outgoing radiation
(W/m2) (W/m?2)
364 W/m?2 (given) 363.8 W/m?2 (calculated)

2. Is there an energy imbalance? Circle the correct symbol.

Energy IN >, <, = Energy OUT



C. Will the planet warm or cool to adjust?
Incoming - Outgoing = Net radiation
Circle the correct statement:
Net Radiation is positive, Temp will increase
Net radiation is negative, Temp will decrease

Net Radiation is balanced, Temp will be stable

D. Calculating the temperature change due to energy imbalance

The change in temperature depends on the balance between the rate of incoming radiation and the rate
of outgoing radiation. It also depends on the heat capacity of the planet which is how quickly it heats up

(wood heats up slower than metal due to different heat capacities).

The heat capacity of the earth = 4 X 102 J/K/m? (Translation: it takes 4 X 108 Joules to raise
the temperature of 1 m? by 1 K)

[Note: To keep track of units, if W =]/s; J = Ws]

1. Calculate the temperature change
TEMP Change (in Kelvins) = (IN - OUT) x TIME (seconds in a year) / HEAT CAPACITY
= (364 W/m2 - 363.8 W/m2) (31,557,600s) / 4 X 108 J/K/m?
O =0.024 K

E. Calculating the new global temperature

1. Calculate the new global temperature at the end of one year:

NEW TEMP = OLD TEMP + TEMP CHANGE
=283 K+ 0.024 K
=283.024 K

Step 2 - We have completed the first row together. Now, continue, but with a new
scenario - this will teach you how scientists can predict temperature change and
how climate change really works.



Scenario: Incoming radiation increases by 5%. Record the new value in Column A,
“Incoming Radiation” for Year 1. (Instead of using a 5% increase, students may
want to research the literature for an estimated value of incoming radiation in-

crease based on a predictions for a doubling of CO2 in the atmosphere.)

A. Record the new rate of “Incoming Radiation” in Column A - this will be the same value for
each year starting at Year 1.

B. Calculate “Outgoing Radiation.” In this calculation, always use the previously calculated
“Temp of Planet” from Column E (refer to Step 1: B)

C. Calculate Net Radiation - difference between IN - OUT (refer to Step 1: C)

D. Calculate the “Change in Temp” (refer to Step 1: D)

E. Add the new temp to the old temp for the “Temp of Planet” - Column E (refer to Step 1: E)

F Convert from Kelvin to Celsius - Column F

Time A. B. C. D. E. E

{years) Inco.mi.ng Outgoing Nettia:ldia- Change in | New Temp [ New Temp
Radiation | Radiation . Temp of Planet | of Planet

(W/m2) (W/m?2) Ig‘iﬁgﬁlgg- (K) (K) °C)

Radiation

0 (present) 364 363.69 0.31 0.024 283.02 10.02

1 382.2 363.81 18.39 1.46 284.48 11.48

2 382.2 371.33 10.87 0.86 285.33 12.33

3 382.2 375.83 6.37 0.51 285.84 12.84

4 382.2 378.48 3.72 0.30 286.13 13.13

5 382.2 380.04 2.16 0.17 286.30 13.30

6 382.2 380.95 1.25 0.10 286.40 13.40

7 382.2 381.47 0.73 0.60 286.46 13.46

8 382.2 381.78 0.42 0.30 286.49 13.49

9 382.2 381.96 0.24 -0.09 286.51 13.51

10 382.2 382.06 0.14 -0.06 286.52 13.52




The “Net Radiation” of Column C is an important indicator of energy balance. When
radiation IN - OUT begin to oscillate at zero, you have created at a new equilibrium energy bal-
ance - at a new stable temperature for the planet!

Step 3 - Input your data into a graphing software such as Excel. Make three graphs.

A. Incoming and Outgoing Radiation (W/m2) vs. Time

What is the new temperature balance
when incoming radiation increases by 5%?
385

4 ‘/‘rvvvvvv
380

@=0==|ncoming Radiation (W/m~2)

«{J=0Outgoing Radiation (W/m~2) cTA4

/ Temp Earth (°C)

365 d

Radiation (W/m2)
w w
N N
o v

360

Years

B. Incoming - Outgoing Radiation vs. Time
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C. Temp (C) vs. Time
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Step 4 - Questions:

« What was the starting temperature (in degrees C)? 10.02

« What was the final temperature (degrees C)? 13.52

« How long (in years) did it take for the energy to balance? about 10 years

» The outgoing radiation increased each year, but why did the increases get smaller
each successive year? The planet warms at a faster rate when the energy imbal-
ance is greatest. As the energy in begins to balance with energy out each succes-
sive year, the temperature will continue to increase, but at a slower rate because

the difference is not as great.



