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People are suffering. People are dying. Entire
ecosystems are collapsing. We are in the beginning
of a mass extinction, and all you can talk about is
money and fairy tales of eternal economic growth.

Greta Thunberg, Person of the Year 2019 Greta Thunberg, Person of the Year 2019 Greta Thunberg, UN speech, September 23, 2019
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Donald Trump, January 6, 2021

Emperor Palpatine, Star Wars

People are suffering. People are dying. Entire
ecosystems are collapsing. We are in the beginning
of a mass extinction, and all you can talk about is
money and fairy tales of eternal economic growth.
Greta Thunberg, Person of the Year 2019 Greta Thunberg, UN speech, September 23, 2019 Rey, Star Wars Rey, Episode IX — The Rise of Skywalker
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I haven’t come to lead the Sith. I've come to end
them.
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Floods

America’s summer of floods: climate
crisis fueling barrage, scientists say
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Global Mean Temperature
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Droughts

Hoover Dam, USA
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Europe’s Key Rivers Fall to Critical Levels, Aggravating
Energy Crunch
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Heat Waves
London

Phoenix

forecast/index. htmluaves-us-europe-prove-
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What Determines Earth's Surface
Temperature?

"Energy Balance"
Conservation of Energy

temperature change ~ energy in — energy out

N

short wave energy long wave energy
from the Sun from the planet

Everything else is detail.
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Stefan-Boltzmann Law

4
__— F=0T
\
power flux (W/m?) / temperature (K)
Stefan-Boltzmann constant
o ~5.67x10° Wim'K*

Reasonable approximation:
Every body in the solar system radiates energy
according to this law.
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Insolation
(Incoming solar Radiation)

Solar flux at a distance r from the sun:

7 2 2
p 283304 6y (ﬁj Wi
4xr r
rg=6.96x108 m
r=15x10"m

Power intercepted by the Earth: F ><;rr52 w

Earth’s surface area: 4zr; m’

Fxmry _F
Average surface flux: 4X ”ff == =342 W/m®
&

4
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F =1368 W/m*|<— solar flux at Earth’s orbit

The Climate Emergency

Insolation

Global Average Insolation
intercepted flux: F=1368 W/m?2
Earth cross-section: 72
surface area: 4mr?
average flux: 1368/4 =342 W/m2=Q

Simple Model
Assume that Earth is a perfectly thermally conducting black body.

O=oT"
T=(0/0)" = (342/5.67x10*)"

=|279K =6°C =43"F|

Dynamics

ar .
R —0-0T
" Q-

heat capacity
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Stefan-Boltzmann Law

_— F=0T 4\
power flux (W/m?) / temperature (K)

Stefan-Boltzmann constant
o ~5.67x10" W/m’K*
Example
surface temperature of the Sun: 5780K
power flux: 5.67x10° x (5780)* = 6.33x107 W/m?
total solar power output: 6.33x107x 47((r)?,
where rg = radius of the sun = 6.96x108 m
total solar output: 3.85x10% W
230 nanoseconds = time it takes for the Sun to produce the
equivalent of the annual global electricity production.
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Insolation

Solar flux at a distance r from the sun:
_6.33x10" 4717

F =6.33x10 [ﬁj W/m?
B

4
re=6.96x108 m
r=15x10"m

F =1368 W/m*

Power intercepted by the Earth:
Fxar; W, 1, = radius of Earth =6.37x10°m
F=1.74x10" W
Biologically Stored Energy
total coal reserves: 10%° kg

energy content: 3x107 J/kg
total energy in coal reserves: 3x10%22 )

=2 days of insolation
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Albedo

Not all the insolation reaches the surface. Some is
reflected back into space.
The proportion reflected is called the albedo, denoted « .
For Earth, a=0.3.

Simple Model
Assume that Earth is a perfectly thermally conducting black body,
but only 70% of the insolation is absorbed.

7=(0.7-F/o)" =(0.7-342/5.67x10*)"

=__255K=—18’C F

Dynamics

dr N
RE:Q(]ia)io—T stable equilibrium
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Albedo Why isn’t the Earth a Snowball?

Not all the insolation reaches the surface. Some is
reflected back into space.
The proportion reflected is called the albedo, denoted « .

The Greenhouse Effect

Greenhouse gases (CO,, H,0, CH,) are transparent to visible light,
For Earth, a=0.3 . but opaque to infrared light. The energy from the sun passes through
the atmosphere and heats the surface. The surface radiates energy at

Simple Model a lower temperature (infrared), which is absorbed by the atmosphere.

Assume that Earth is a perfectly thermally conducting black body,
but only 70% of the insolation is absorbed.

T=(0.7-F/o)" =(0.7-342/5.67x10")"
=[2s5K =—18"C=0°F
Dynamics

dr .
RE=0(1-a)-oT
@ O(-a)-o

Who discovered the greenhouse effect?

stable equilibrium

Why isn’t the Earth a Snowball?
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Why isn’t the Earth a Snowball? Why isn’t the Earth a Snowball?

The Greenhouse Effect

!
Greenhouse gases (CO,, H,O, CH,) are transparent to visible light, The Greenhouse Effect!

but opaque to infrared light. The energy from the sun passes through
the atmosphere and heats the surface. The surface radiates energy at
a lower temperature (infrared), which is absorbed by the atmosphere.
Joseph Fourier, Mémoires de I'"Académie des

Who discovered the greenhouse effect? Sciences de I'Institut de France, t. vii. 1827.

A mathematician!

Svante Arrhenius, "On the Influence of

Joseph Fourier (1827), Mémaire sur les Carbonic Acid in the Air upon the Temperature of

Températures du Globe Terrestre et des Espaces s " . . .
Planétaires, Mémoires de I'Académie Royale des \ the Ground, Ph’IOSORh’Ca’ Magaz’”e and
Sciences, t. vii., p. 569. \ Journal of Science (Fifth Series) 41, pp. 237-
276, 1896.
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The Greenhouse Effect

Earth's Heat Balance

GREENHOUSE EFFECT
Aprerequisite for ife on earth, the greenhouse effect occurs: fraredradiation (heat) Is retalned within the atmosphere.

andreradiato
heatinalldirections,
inclu

ATMOSPHERE,

Historical Overview of Climate Change Science, IPCC AR4, p.96
http://ipcc-wgl.ucar.edu/wgl/Report/AR4WGL Print CHO1.pdf
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Can we measure greenhouse gasses?

Mauna Loa Observatory

https:// h Portals/l

c()2 Concentration (ppm)

The Climate Emergency
Can we measure greenhouse gasses?

Keeling Curve

August 28, 2021
Carbon dioxide
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at Mauna Loa Observatory
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Full Record ending August 31, 2021
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https://keelingcurve.ucsd.edu/
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Can we measure greenhouse gasses?

Lake Vostok

The Climate Emergency

Can we measure greenhouse gasses?

Core Samples
Photographs copyright Reto Stockli, NASA GSFC
a
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Can we measure greenhouse gasses?

Atmospheric CO, (Vostok data)
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Petit, et al, Nature 399 (June 3 1999), pp.429-436
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Can we e heat imbalance?

Arogo

part of the integrated global observtion strategy

T
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Aroo

part of the integrated global observaton strategy
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https://www.nodc.noaa.gov/0C5/3M HEAT CONTENT/
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Some energy comparisons:

1 megaton hydrogen bomb: 1960 1970 1980 1990 2000 2010 2020
15 25 25
4x10% Joules 02000 m Global Ocean Heat Content
1 day of an average hurricane: 2 Monihavwago rough Aprn 2018 2

5x10% Joules

annual global electricity
generation:

15 ] — Yearyaverage hrough 2018
—— Peniach average through 20142018

9x10° Joules H
S o o

Energy absorbed by the oceans 2
since 1990: ® NOMNESOISHCDG Ocn i ety [~
25x102 Joules o Uptatedfon Levts. 202 o

1960 1970 1980 1990 2000 2010 2020
Year

=60,000,000 H-bombs
=5000 hurricane-days
= 2800 years of global electricity
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1960 1970 1980 1990 2000 2010 2020
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25x1022 Joules added since 1990
Some energy comparisons: te0 1570 tesm  fss0 a0 200 2020

0-2000 m Global Ocean Heat Content
1 megaton hydrogen bomb:

15 —— 3onihaverago hugh Ape-un 2019
4x10% Joules 15] — Yearly averago tirough 2016

= Pentadal average through 2014-2018
1 day of an average hurricane:

5x10% Joules

Heat Cantert (1022 Joules)

Energy absorbed by the oceans
since 1990: s
25x1022 Joules

Updated o Levius o al 2012

NORANESDISNODC Ocsan Climae Laboratry

1960 1970 1980 1990 2000 2010
Year

= 5,000 hurricane-days
= 60,000,000 H-bombs
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Some energy comparisons:

1960 1870 1980  1s80 2000 2010

2020

Energy absorbed by the oceans
since 1990:
25x1022 Joules
*Energy required to raise sea level
by 1 meter: 15x102? Joules
25x1022] 4> +5.5 feet

*Warm the atmosphere by 1°C:

0.26x10%22 Joules 5
25x1022 ) ¢ +96°C = +173°F

0-2000 m Global Ocean Heat Content

—— 3forih average thiough Apr-4un 2019
15 — Yeatl averego rrough 2018
—— Pentadal average trough 20142018

022 Joules)

Updated o Levius e al 2012

NORANESDISNODC Ocsan Climae Laboratry

1960 1970 1980 1990 2000 2010
Year

Moral: A lot of energy has been absorbed by the ocean.

*Hansen, et al, Science 308 (2005), p.1431
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Heat Imbalance

coP24 KATOWICE
POLAND 2018

Bt TOA Radiation or
ary Heat Uptake (Wm2)

Until you start focusing on what needs to be done rather than what is politically possible,
there is no hope. We can’t solve a crisis without treating it as a crisis. We need to keep the
fossil fuels in the ground, and we need to focus on equity. And if solutions within the

system are so impossible to find, maybe we should change the system itself.

Plane

5 2007 2009 2011 2013 2015 2017 2019

Year

Greta Thunberg, COP24 Speech, December, 2018

https://www.nasa.gov/sites/default/files/thumbnails/image/figure_1_v2 https://www.youtube.com/watch?v=VFkQSGyeCWg
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Coming Attraction

An Introduction to Energy Balance Models

Bl e b imagery sy MASA

Sateliite 10:16 AM EDT,
10:167AM EOT

Emperor Palpatine, Star Wars

I haven’t come to lead the Sith. I've come to end
them.

Rey, Star Wars Rey, Episode IX — The Rise of Skywalker
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