
Equilibrium and balance



NASA’s Ozone 
Monitoring 
Instrument on Aura

Ozone today from space

Ozone is a naturally occurring gas that absorbs sunlight. 
There is a natural creationof ozone that balances 

natural destructionof ozone.  
(An economist would say supply equals demand!)



Ozone hole

Chlorine (“CFCs” in particular) can increase the destruction of ozone. This turns out to be 
concentrated in Antarctica.

Destruction exceeds creation so loss of ozone giving “ozone hole”
(thus harmful UV radiation can damage biota!)



Global mean ozone

Natural system perturbed by humans producing CFCs.

CFC production mostly stopped
Montreal Protocol banned production beyond 2000
ό¦ǎŜŘ ƛƴ ǎǇǊŀȅ ŎŀƴǎΣ ǊŜŦǊƛƎŜǊŀǘƻǊǎΣ ŀƛǊ ŎƻƴŘƛǘƛƻƴŜǊǎΣΧύ

2050?

What happens 
next depends 
on feedbacks!

???
Nimbus 7 satellite



equilibrium

equilibrium

So must be a 
negative feedback

Feedbacks?



Perturbations by volcanoes

1991 Pinatubo
1983 El Chichon 
1962 Agung
1951 Ambryn &

Lamington
1902 Santa Maria

Krakauer and Randerson 2003

Volcanoes make ash cloud which 
partially blocks the sun, causing 
cooling.

equilibrium

equilibrium

Tree ring width. “Biota”

Atmosphere

perturbation

perturbation



Stable and unstable equilibrium

UNSTABLE

Positive feedback
(Temperature changes continually)

Imagine a ball 
on the top of a hill

STABLE

Negative feedback
(Temperature returns to equilibrium)

Imagine a ball 
in a valley



Simple forcing
(with a negative feedback)

I always push (or force) the ball up hill

What determines height?

Å 1) How hard I push (i.e., strength of forcing)
Å 2) How hard the ball pushes back 

(i.e., strength of feedback)

Example: Temperature change with CO2 forcing
Å Humans put CO2 in the atmosphere by burning oil and coal. 
Å This increase the temperature of the planet
Å How much warming is determined by BOTH

- how much CO2 we put in
- the strength on the feedbacks within the climate system

forcing

feedback



Warm  equilibrium

Cold  equilibrium (ice ages) 

warm cold



Today (CO2 = 385 ppm)

Expected 2100 (? ppm)

Vostok

8C warming????

Perhaps more if 
strong positive 
feedbacks

Perhaps less if 
strong negative 
feedbacks



Warm
(like modern 
climate)

Cold

(ice age/glacial 
climate)

Really warm??

(possible future?)

Is there a negative 
feedback down here? Or 
will we keep warming 
forever?



Equilibrium
ÅIf a system is in equilibrium, is must have a 

negative feed back (or be VERY lucky)

ÅStable equilibria are governed by dominant 
negative feedback, which tend to remove any 
perturbations

ÅUnstable equilibria are surrounded by positive 
feedbacks waiting to exploit any type of 
perturbation

The is a HUGE negative feedback on earth that keeps the planet pretty close to 
ƘŀōƛǘŀōƭŜ ǘŜƳǇŜǊŀǘǳǊŜǎΧ ōǳǘ ǘƘŜ ǎŀƳŜ ǿŀǎ ǎŀƛŘ ŦƻǊ ±Ŝƴǳǎƛŀƴǎ ōŜŦƻǊŜ ǘƘŜƛǊ 
άǊǳƴŀǿŀȅ ƎǊŜŜƴƘƻǳǎŜ ŜŦŦŜŎǘέ ǘƻƻƪ ƘƻƭŘΦ



Speed of light

Å The speed of light is 300000000 m/s
Einstein tells us this is constant!

Å Around the world in 0.14 seconds!
Consider an email going to the other side of the 
world –0.07 seconds!

Å Compared to transmission from earth to a 
communication satellite (about 64 thousand km 
above the ground), bounced to another satellite, 
and back down. Time = 0.5 seconds! 

Å This is why the internet (and phone calls) do not 
use satellites any more!



Different frequency of radio stations

Could ask what is the wavelength of each radio station?

KBCO is 97.3 megahertz. 
i.e., frequency is u=97.3 million waves per second
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= 3.1 meters! 
Get an antenna this size 
for best reception!



Difference in solar energy flux with latitude

ÅSolar energy flux at the is 1363 W/m2 

equator

North pole

South pole

1370 W/m2

1370 W/m2

1370 W/m2

1 m

685 W/m2





Since earth is a sphere, we would expect less 
solar flux near the poles, and more near the 

equator.

Why is the measured 
absorption not uniform with 
latitude?

a) Clouds reflect sunlight well

b) Land reflects light differently 
from ocean

c) Plants absorb light to grow

d) All of the above

e) None of the above



Solar radiation in the atmosphere 

ÅAbsorption by atmosphere

ÅAbsorption by surface (ocean or land)

cloud

transmission reflection scattering absorption

Reminder from ATOC 1050



Albedo

Low albedo
(absorbs radiation)

albedo = 0

High albedo
(reflects radiation)

albedo = 1
albedo ~ 0.5

absobed
absobed

Albedo is the fraction of the radiation which is 
reflected.



Since earth is a sphere, we would expect less 
solar flux near the poles, and more near the 

equator.
Why is the measured 
absorption not uniform with 
latitude?

a) Clouds reflect sunlight well

b) Land reflects light differently 
from ocean

c) Plants absorb light to grow

d) All of the above

e) None of the above

Final answer



What is the equilibrium temperature of 
a “dark” (low albedo) planet relative to 
a “light” (high albedo) planet

a) Both have the same equilibrium, since the solar constant is 
the same

b) Only the dark planet has an equilibrium

c) Only the light planet has an equilibrium

d) Dark planet has a higher equilibrium temperature

e) Light planet has a higher equilibrium planet



Let’s test

Scientific method

ÅHypothesis

ÅExperiment

ÅObservation

ïRevise hypothesis

ïConclusion

ÅLAW



ÅAlbedo plate demo!



What is the equilibrium temperature of 
a “dark” (low albedo) planet relative to 
a “light” (high albedo) planet

a) Both have the same equilibrium, since the solar constant is 
the same

b) Only the dark planet has an equilibrium

c) Only the light planet has an equilibrium

d) Dark planet has a higher equilibrium temperature

e) Light planet has a higher equilibrium planet

Final answer



Energy balance on the plates

Is there a feedback in the system?

ÅNo

ÅYes, positive

ÅYes, negative

ÅDon’t know

ÅUndecided

Final answer



Simple forcing (with a negative feedback)

Important point 1:An equilibrium was reached (both cases). 
So…
INCOMMING ENERGY (from light) = ENERGY LOSS!

(we should look at this loss more carefully…)

Important point 2: There must be a negative feedback
(negative feedbacks are needed for equilibrium)

Case 1) White plate
Input energy, but negative feedback allows there to be an 

equilibrium temperature. Plate warms until strength of 
cooling (i.e., the feedback) balances against (fixed) 
heating

Case 2) Black plate plate
More input energy, but negative feedback allows there to be 

an equilibrium temperature. Plate warms until strength 
of cooling (i.e., the feedback) balances against (fixed) 
heating… as before. BUT, more warming occurs before 
equilibrium is reached.

Forcing
(heating by 
lamp)

The negative 
feedback
(energy loss)

Stronger forcing 
(heating by lamp)

Negative feedback
(energy loss)

temperature

temperature



Who on earthis doing the emitting?

Atmosphere

Hydrosphere
(ocean, etc)

Solid earth

Biota

Must be something emitting radiation to allow the ōŀƭŀƴŎŜΧ



Summary
Incoming solar flux depends on albedo (reflectivity)

More energy in, the warmer the planet

Higher albedo planets will be colder
Such as cloudy planet, or planets covered in ice. 
(This is what Winnie the Pooh was talking about –the “ice 
albedofeedback”!)

We know there is an equilibrium

So the Earth must emit energy

This emission must balance the incoming radiation.

How this emission occurs, depends on the strength of 
the greenhouse effect!



Å Late last year, James (Jim) Hansen and his wife Anniek wrote a letter 
to Barack and Michelle Obama, offering their suggestions on how 
the new administration might consider developing climate change 
and energy policies. This was delivered shortly after inauguration. 

ÅWho is this Hansen guy? Why is he telling the President what to do 
about climate change? What are his suggestions?

Å Due 1 week from NOW! Hand in at the END OF CLASS next 
Thursday (in boxes at the back).

ό²Ƙŀǘ ƛǎ 5ŀǾƛŘΩǎ ǇƻƭƛŎȅ ƻƴ ƭŀǘŜ ƘƻƳŜǿƻǊƪΚύ

Homework assigned today


