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Key  Concepts  we  will  Cover	
• Conserved quantities: Energy and Momentum
• Forces and Newton’s laws of Motion
• Forms of Energy
o
o
o
o
o
o
o

Potential Energy – Gravity or electrical
Kinetic energy
Thermal energy - Heat Capacity
Chemical - combustion, photosynthesis
Physical energy of state
Quantum energy, wave energy
Dissipation through friction

o
o
o
o

Conduction – through a medium
Convection – through fluid motion
Evaporation – latent heat
Radiation – into space

• Heat Transfer through different mechanisms

•

Planetary Radiation Balance, the Greenhouse Effect

Energy,  Momentum	
• Conserved quantities: why are they important?
o Fundamental principles make it possible to describe physical
processes, and provide an intuitive understanding of what
can or cannot occur
o The total values for a system, meaning the sum for all the
components of the system, doesn’t change
o A system can gain energy, which has to come from outside
the system, and it can lose energy, which needs to go
somewhere else
o In case of energy, the absolute zero value isn’t important –
just need to keep track of changes and transitions from one
form to another
o In the case of energy or momentum, the “reference frame”
of the observer – who may be moving with the system or
standing still - doesn’t matter
• Principle of Galilean relativity

Momentum	
• The “inertia” in motion of massive bodies like planets,
billiard balls, gas molecules

P  =  m  *  V

V is velocity, a vector quantity, with

magnitude (the speed, in m/sec) and
direction

m is the body’s mass (in kg, like

Before:	
P1	

weight, but independent of gravity)
recall: 1 kg = 2.2 lb
P1	
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P ’	
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P1  +  P2    =  P1’  +  P2’	

Newton’s  Laws  of  Motion  (1687)	
• 1st law: An object at rest stays at rest, and an object in
motion remains in motion with constant velocity (unless
acted upon by a force)
• Conservation of momentum, inertia of massive bodies

• 2nd law:

Force = Mass * Acceleration

F = m*A

Acceleration is the rate of change of velocity with time t	
ü Unit of acceleration: m/sec/sec = m/sec2
ü Unit of force: 1 Newton = 1 kg-m/sec2

ΔV Δ(m * V) ΔP
F = m*
=
=
Δt
Δt
Δt

Once again, if no force, no change in momentum
• 3rd law: When one object exerts a force on another, the
other exerts the equal and opposite force on the first

Calculus  –  not  required  but  useful!	
• Invented by Newton and others for solving this sort of
problem. Not as difficult as you might think
• Instead of :

ΔV
F = m*A = m*
Δt

one could instead write:

dV
F = m * A(t) = m *
dt
or the opposite approach:

1 t
V (t) = ∫ dV = ∫ F(t)dt
0
m 0
t

Derivative
w.r.t. time
Integral
over time

• Differential and integral calculus allows us to consider
the force and acceleration as continuously changing
with time

The  Force  of  Gravity	
• Gravity is a field that pulls two bodies together
proportional to their masses, with a mutual force:

G * m1 * m2
F=
2
r

• The gravitational strength G is a constant of nature
(which means God-given, by random chance, or
perhaps coming from some other principle)
• On the earth surface, m1  =  me  and r  =  re  so it simplifies:

F = mobject * g

g  =  9.8  m/sec2  (on  earth)	

•
• where g is the gravitational acceleration, pulling an
object downwards.
• The “Weight” of an object is its downward force
from gravity, proportional to its mass

Angular  Momentum	

• Inertia inherent in the spinning or revolving motion of an
object (e.g. bicycle wheel, a planet, or an electron)
• Case of a spinning rigid body like the earth:

L=I*ω

I is the moment of inertia about
the axis, analogous to the mass

ω (omega) is angular velocity,

in radians/sec, analogous to velocity;
[360° rotation is 2πradians]
For our planet earth:
f = 1 rotation/day ~ 10-5/sec
ω = 2*3.14*f  =  6  x  10-‐‑5  /sec
Ι = (2/5) Me  Re2  =  8.0×1037  kg·∙m2	
(for a sphere)
Le(rot)  =  8x1033  kg  m2/sec	

A  bit  complex,  and  more  than  we  
need  to  know  in  our  daily  lives	
• With conservation of angular momentum, the moon
and planets keep rotating and revolving
• Angular momentum transfer from
one mode to another (and
between earth and moon)
causes slow precession of the
rotation, in a 26,000 year cycle –
one of the causes of the ice ages
"ʺEarth  precession"ʺ  by  NASA,  Mysid  -‐‑  
Vectorized  by  Mysid  in  Inkscape  after  a  NASA  
Earth  Observatory  image  in  Milutin  
Milankovitch  Precession..  Licensed  under  
Public  domain  via  Wikimedia  Commons  -‐‑	

Energy  Conservation	
• We all know what energy is, and that it might be a
good idea to conserve it
o Referring to energy as a resource, from which we heat our
house, get from place to place, etc.

• In physical sense, energy is always conserved,
o Referring to natural forms of energy, like heat, potential,
kinetic, chemical, etc.

• Einstein said that energy is equivalent to mass, how
does this apply?
o His formula E = m c2 relevant to nuclear energy, stellar
processes and the big bang, but not climate science

Conservation  of  Energy	
• A principle known as the “1st law of Thermodynamics”:
energy can be transformed from one form to another,
but cannot be created or destroyed.
• Another way of stating it: to change the internal
energy of a system:
o Can add heat to it (or subtract from it)
o The system can do work on its surroundings)

ΔE = Q − W
• “work” is the technical term for moving something
through a distance against a force:

W = F * Δh
such as lifting an object against the force of gravity

Many  Forms  of  Energy	

• Potential – energy stored in a field, like gravitational
or electrical potential
• Kinetic – the energy of motion of a body
• Thermal – internal kinetic energy in motions of
atoms and molecules
• Physical – potential energy of a physical state (gas
vs liquid vs solid)
• Chemical – potential energy stored in molecules
where the atoms could be rearranged
• Quantum – potential energy in atoms or molecules
that are in excited states
• Wave energy – EM, water, acoustical wave motion
• Heat is a transfer of thermal energy
o Cold is something you catch, not an energy quantity

Energy  Units  -‐‑  numerous	
•
•
•
•

Joules:
1 J = 1 Newton-m = 1 kg * m2/sec2
Kilojoule:
1 kJ = 1000 J = 0.95 BTU
Calories :
1 cal = 4.19 Joules
1 food calorie = 1 kCal = 1000 heat calories

• Power is the rate of energy supplied or consumed:
Watts:
1 Watt = 1 Joule/sec
Horsepower:
1HP = 1.3 kW (kilowatts)
Energy = Power * time:
1 kW-hr (kilowatt-hour) is the amount of energy
of 1kW for 1 hr (or 100W bulb for 10 hours)

Potential  Energy  of  Gravity	
• The potential energy is the work done to move
that apple’s weight the distance (the height h):

PE = mobject * g * h
For an apple with a mass
of 200g (5 oz) at 2m
height (6ft)

h	

PE≅  0.2  kg  *  10m/s2  *  2m	
≅  4  Joules  or  1  cal	

Kinetic  energy	
• When the apple falls, that potential energy is
converted to the kinetic energy of motion.

1
KE = * mobject *V 2
2
From which we can figure out the
speed when it hits the ground:
2
4
joules
m
V2 =
= 40 2
1
sec
* mapple
2
2

m
V = 40 2 ~ 6m / sec
sec

Friction  –  dissipative  force	
• All objects should fall at the same rate, a
leaf as fast as an apple, but for the effect
of air friction
• With friction, energy is still conserved, but
dissipated into heat
Falling objects give some thermal energy to the
air (or whatever medium causes the friction)

• The frictional force depends strongly on
object shape, smoothness, and is difficult
to calculate from first principles
• Best solution may be to ignore friction if it
is small enough not to affect the problem
at hand

Thermal  Energy	

• The internal kinetic energy due to motion of particles
(vibrations in a solid, free motion in a fluid)
• Any substance with temperature above absolute zero
(0°K in Kelvin scale) has thermal energy
1
3
• For a gas:
2

TE = ∑ ( mmolecule *V ) = N * k *T
2
N 2

Where N is # molecules, T is temperature, and k is the
Boltzman constant: k = 1.4  ×  10-‐‑23  Joules/°K

Heat  Capacity	
• The specific heat or heat capacity (C) of a material is
the amount of heat added to raise the temperature
of one unit of mass by one degree:

ΔE = Q = C *M * ΔT
• Conveniently: Some units we use are defined for water:

o Volume unit: 1L (liter) = 1000 mL = 1000 cm3
o Density: ρ(H2O) = 1 gram/cm3 =1 kg/liter = 1 metric ton/m3
o Heat capacity: C(H2O) = 1 cal/gram/°C = 1 kcal/kg/°C  

• So. to heat a liter of water from room temperature
(25°C) to the boiling point (100°C), the energy
required to heat it is:

ΔE = (1kCal / kg /°C)*(1kg)*(75°C) = 75kCal = 314kJ
If your stove supplied 1kilowatt, it would take you
314 seconds to get the water to the boiling point

Physical  Energy  of  State	
• A substance also has internal energy due to attractive
forces between molecules
• Example: a unit of liquid water at a given temperature
has less energy than the same amount of water vapor
• To make the liquid->vapor phase change, the energy
required per unit mass is the (Latent) Heat of
Vaporization or evaporation (ΔHvap)
• Water:

ΔHvap(H2O)= 2260 kJ/kg

Which is quite high! It takes 7 times more energy to
boil a liter than to heat it to the boiling point
• This latent heat is important in cloud formation (which
releases that heat when vapor turns to liquid droplets),
and also in cooling you down when you sweat

Chemical  Energy	
• The potential energy in the inter-atomic bonds of
molecules
• Atoms which can share electrons bond together to
reach a lower energy state
• Rearranging the atoms through an exothermic
chemical reaction such as combustion can release
energy:
Hydrogen  +  Oxygen:      2  H2  +  O2  -‐‑>    2  H2O  +  energy	

Generating  Chemical  Energy  	
• An endothermic chemical reaction can convert
external energy into chemical energy
• Photosynthesis in plants uses solar energy to build
complex organic molecules from water and
carbon-dioxide

• A reverse reaction occurs when organic matter
decays in presence of oxygen and micro-organisms
• But organic matter buried and heated in anaerobic
environment for eons, can end up with vast stores of
chemical energy in fossil fuels

Other  forms  of  energy	
• Electrical energy: potential energy of electrical
charges moving in an electric potential field
(analogous to massive objects in a gravitational field)
o Can be produced by a mechanical generator (e.g. driven by
wind or fossil fuel combustion) or photovoltaic cell (solar PV)
o Storable as chemical energy in batteries

• Energy in wave action (different from kinetic energy
of objects)
o Electromagnetic: solar radiation, radio waves, x-rays carry
energy and momentum, and can propagate through the
vacuum of space – more on this in a moment
o Fluids: familiar water waves (driven by wind or tides); also less
familiar atmospheric waves which influence the weather
o Acoustic: longitudinal pressure waves transmit sound in air

Two  more  forms  of  energy	
• Mass energy
o Can be released by nuclear processes – radioactivity,
fission or fusion. Otherwise mass is conserved

• “Quantum energy”
o Internal energy absorbed and emitted by atoms and
molecules, which are small enough to be governed by
quantum mechanics
o Atoms and molecules can absorb photons (EM waves) at
particular energies to reach excited states, which are then
emitted when they decay back to the ground state
o These states can involve electronic transitions, or
excitations of vibrational or rotation modes of motion
o Vibrational excitations are of particular relevance to
climate science, as it is is how the atmospheric gasses can
absorb infra-red photons

Heat  Transfer	
• How your cup of coffee cools
down:
o Conduction – through a
medium in contact
o Convection – through fluid
motion
o Evaporation – latent heat
put into vaporization
o Radiation – emitted into
space

Heat  Transfer  by  Conduction	
• Takes place within a material (solid, liquid, gas), or
between two objects in direct contact with each other
• Transfer of heat through collisions of particles in a
medium, driven by a temperature gradient
• Simplest case is that of a uniform material with different
temperature on each end:
Area  A	

T1	
T2	

z1	

ΔT
T
−
T
2
1
Δz	
 Gradient  :	
ΓT =
=
Δz z2 − z1
z2	

(Q / sec)
HeatFlux =
= −K * Γ T
A
K  is the thermal conductivity in Wans/Meter/°C	

Thermal  conductivity	
(Values  from  Wikipedia)	
Material	

Conductivity  K  (Wa6s/M/degC)	

Vacuum	

0	

Air	

0.024	

Water	

0.58	

Porcelain	

1.5	

Rock,  solid	

2-‐‑7	

Carbon  Steel	

43	

Aluminum	

205	

Copper	

401	

• Electrical conductors have high thermal conductivity
• Thermal insulators have a very low value of K
• Vacuum filled cavity in your travel mug is ideal

Ocean  and  Geothermal  Heat	
Ocean thermocline layer:
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Heat  ﬂow	

Depth  (meters)	

Temperature  (Celcius)	
Warm  water	

ΓT =

ΔT 15°C
=
= 0.025°C / M
Δz 600M

Cold  water	

Heat  ﬂux  =  -‐‑  (0.58  W/m/°C)  *  (0.025°C/m)  =  -‐‑  0.01  W  per  m2	
Geothermal heat transfer (typical):
Recall:Continent  Crust:  20-‐‑70km	
	
over  mantle:  800°K	

ΓT =

ΔT −500°C
=
= −0.01°C / m
Δz 50000m

Heat  ﬂux  =  -‐‑  (5W/m/°C)  *  (-‐‑0.01°C/m)  =  +  0.05W  per  m2	

Heat  Transfer  by  Convection	
• Convection uses fluid motion to transfer heat
through the fluid medium
• Hot air rises, bringing its thermal energy with it, since
it is less dense (more buoyant) than cold air
• These thermal currents are of special importance in
atmospheric heat transport – since the earth is
heated at the bottom of the atmosphere
Convective  heat  ﬂux  (W/m2):	
T2,  Fluid	

Q
≈ hc * ΔT
A

hc  is convection coefficient
for the fluid medium 	
T1,  Solid	

Convection  Process	
• Coefficient  hc  depends on the type of gas or liquid, the
flow properties such as velocity, viscosity and temperature
and the solid/liquid boundary
• Because the air can’t rise everywhere, it is a turbulent,
chaotic process

"ʺConvection-‐‑snapshot"ʺ  by  Original  uploader  was  Harroschmeling  at  
de.wikipedia	

Heat  Transfer  by  Evaporation	
• This is how our bodies cool down through sweat, it is
also one of the key mechanisms for cooling the ocean
and land surface
• Recall that it takes substantial quantity of energy – the
heat of vaporization – to turn liquid water to steam
• This energy needs to come from somewhere, so the
remaining water or object
• Amount of heat transfer depends on the evaporation
rate (depends on relative humidity and temperature)
• Recall: Water: ΔHvap(H2O)= 2260 kJ/kg
-> Each kilogram of water vaporized transfers
2,260 kJ of energy from the surface

Evaporation  +  Convection	

A thunderstorm on a hot summer day: surface cools by
evaporation, convection transports the water and heat
to altitude, and rain cools the surface further

Wikipedia:  "ʺThunderstorm  formation"ʺ  by  Tstorm-‐‑tcu-‐‑stage.jpg:  NOAATstorm-‐‑
mature-‐‑stage.jpg:  NOAATstorm-‐‑dissipating-‐‑stage.jpg:  NOAAderivative  work	

Heat  Transfer  by  Radiation	
• Think about the red color of your burner on high,
that is transferring heat by radiation
• Conduction, convection and evaporative cooling
all transfer heat directly to a surrounding object or
medium
• Radiative cooling of a warm body transfers heat
through electromagnetic waves, which can
propagate without a medium, such as In the
vacuum of space
• Hence radiative cooling is the ultimate mechanism
for the planet cooling, and the earth’s temperature
is set by the balance between the incoming solar
energy and outgoing radiative cooling

Electromagnetic  radiation	
• Electromagnetic radiation can be described as waves
or particles (photons), because they have the properties
of both. We’ll use the wave description for now
• Light waves and other EM radiation travels at the
speed of light:
c  =  3  x  108  m/sec	
> which according to Einstein’s theory of relativity is the
fastest anything can travel
• Wavelength (λ. meters) and frequency (f, hertz or cycles
per second) related by speed of light:

c
λ=
f

Electromagnetic  Spectrum	
• Electric and magnetic parts of an EM wave interact
with charged particles within atoms, molecules, etc
• Different wavelengths of EM waves are in some sense
the same, but interact with different objects
• X-rays and gamma rays with atoms and nuclei
• UV, Visible and IR with molecules
• Radio waves with electrons in antennas

Black  Body  Radiation	
• An object (Black Body) radiates EM wave power
proportional to the 4th power of temperature (in
absolute Kelvin scale):
4
2
F = σ ∗T
Energy Flux (W/m ):

Sun:  ~6000°K	
64MW/m2	
Earth:  288°K  (ave)	
390W/m2	

Deduced  in  1879  by  Stefan  from  
measurements  by  Tyndall	

Power  per  square  meter	

Stefan Boltzman constant:

2

−8

σ = 5.67 *10 W / m / K
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Energy  balance	
• The planet reaches a constant temperature when the
solar energy absorbed = the energy radiated away
from the top of the atmosphere

• Incident energy is the solar constant (S0=1370W/m2)
times the cross section area of the sphere (A= πRe2)
Energy  
ﬂux  S0	

Re	

Energy  Balance  –  step  2	
Total energy absorbed is fraction of the incident
energy which is not reflected by the planet:
2
e

Eabs = S0 * π R *(1− α p )
• αp,  the planetary albedo, is the fraction of light

reflected by ice, clouds, sand, etc and averages
about 30%

• The energy absorbed per unit area is calculated
by dividing the total energy by the surface area of
the sphere (Asphere = 4πRe2):
Eabs
Asphere

2  
2
About  240  W/m
S0 *π Re *(1−α p ) S
=
= 0 * (1− α p ) average  over  day  and  
4
night	
4π Re2

But  that  would  be  too  cold	
• Assuming energy balance, the outgoing radiation
flux is F = 240 W/m2
4
F
=
σ
∗T
• Using the Stefan Boltzman equation:
• Solving for the average temperature T, the average
surface temperature of the earth would be 255°K, or
-18°C, and all the water would be frozen. Luckily, it’s
not, thanks to the greenhouse effect
• It turns out that -18°C is the temperature of the top of
the troposphere, and the greenhouse gasses keep
the surface temperature on average more like 20°C
• In the next lecture we’ll see how this works

Discussion  questions	
• On Energy and Power:
o When you go to the gym, and the workout machine tells
you how many calories you burn, do they mean heat
calories or food calories (kCal)?
o Suppose: if you work out vigorously, you could burn 500
calories/hour. How many Watts can you generate? What
could you power?
• Recall there are 4.19Joules/cal or 4.19 kJ/kCal and a
Watt is the same as 1 Joule/second
• Power = 500 kCal/hour = 2095 kJ/3600 sec
• Which amounts to about 0.6 kJ/sec = 0.6 kW or 600 Watts
• The amount of power you actually generate depends on
the efficiency of the generator, which may be about 40%
• The power generated would then be 600W*40% = 230W
which is about what a healthy adult can sustain for an
hour (according to Wikipedia)

