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Earth's Heat Imbalance

Is the climate changing?
Floods
Droughts

Fires
Heat
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Earth's Heat Imbalance
Climate Emergency?
THE WALL STREET JOURNAL.

The Flooding in Vermont Is ‘Historic and
Catastrophie, Governor Says

https://www.cnn.con/2023/07/11/us/nor! sto Loodis
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Is the climate changing?
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Earth's Heat Imbalance floods
Climate Emergency?

More than 300,000 in emergency shelters after
Bangladesh floods X

Aljazeera August 25, 2024
Relentless monsoon rains and flooding have submerged vast areas in Bangladesh,
damaging homes and infrastructure.

Earth's Heat Imbalance droughts
Climate Emergency?

Hoover Dam, USA

THEWALLSTREET JOURNAL
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Climate Emergency?

Earth's Heat Imbalance
Climate Emergency?

fires

The New Nork Times f
Phoenix’s Month in Hell: A 31-Day |
Streak of Record Heat Ends

of days rea 110 degrees
has filled emergency rooms. On Monday, the city hit 108 degrees,
breaking the run, but setting a new, brutal record.

Canada

nttps://;

1562782

. nytines. con/2023/08/04 /podeasts/canada-
wildfires-clinate-change.htnl

New York City
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Land data prepared by Berkeley Earth and combined
with ocean data adapted from the UK Hadley Centre
Global temperature anomalies relative to 1850-1900 average | -0-2
Vertical lines indicate 95% confidence intervals
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The last nine years (2015 - 2023) are the
hottest nine years on record.
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Daily Sea Surface Temperature, World (60°560°N, 0-360°T) Polar Asymmetry

Temperature (°C)

2021 — 2024 - 19822011 mean - plos 20 ~ - minus 20

hi //yaleclimateconnections /2021/04/resear S world-apart- heets-
influence-ea
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Climate crisis or climate
Is the climate changing?

emergency?
FIOOdS The two elements that distinguish crisis from
emergency are immediacy and the need for decisive
DrOUghtS change. An emergency is acute — the undesirable
. outcome is here, right now. Immediate action is
Fires required. A crisis may also call for action, but the
purpose of the action is to prevent a possible
Heat outcome.
Is it a crisis or an emergency? google.con
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What determines the Earth's surface temperature? " What determines the Earth's surface temperature?

Conservation of Energy
Heat is a form of energy.
Temperature measures heat.

temperature change ~ energy in — energy out

short wave energy long wave energy
from the Sun from the Earth

temperature change ~ energy in — energy out

en ) p
ergy in from the s,
short wave energy long wave energy un

from the Sun from the Earth

Everything else is detail.

energy out from the Earth
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Black-Body Radiation

object called a perfect black body.

human

cational-
hermal-imaging

ackgrounde

Mathematics of Climate

Every object emits electromagnetic radiation according to its temperature.
The intensity of the radiation (power flux) is approximated by a theoretical

Earth's Heat Imbalance

Black-Body Radiation

Stefan-Boltzmann Law

kelvin

o F=oT!

power flux (W/m?) temperature (K)

watts per square meter

Stefan-Boltzmann constant
o ~5.67x10"° W/m*K*

watt = joule per second
= "power"

Reasonable approximation:
Every body in the solar system radiates energy
according to this law.

Lets try the Sun.

Mathematics of Climate

0K=-273°C

= "absolute zero"

Earth's Heat Imbalance

Insolation
(Incoming solar Radiation)

How much energy from the Sun is hitting the Earth?

Solar flux at a distance r from the sun:

_ 6.33x10" 477}

F =6.33x107 (ij W/m?
r

4z’
rg=6.96x108 m
r=15x10"m

F =1368 W/m®

solar flux at Earth’s orbit

Fxary _F
4

Average surface flux:

Richard McGehee, University of Minnesota
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Black-Body Radiation

Stefan-Boltzmann Law

kelvin
watts per square meter 4

. —~F=oT. /
power flux (W/m?) / temperature (K)

Stefan-Boltzmann constant
0 ~5.67x10° W/m’K*

watt = joule per second

0K=-273°C
="absolute zero"
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Stefan-Boltzmann Law

_ 4
F—O'T\

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 4n(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.

Mathematics of Climate Se

The Climate Emergency

Insolation
(Incoming solar Radiation)

Solar flux at a distance r from the sun:

6.33x10" 47r;
F=2m s

>
=633x107 [Lé] W/m?
4rr r
rg=6.96x108 m
r=15x10"m

Power intercepted by the Earth: F x;rré W

Earth’s surface area: 4zr; m*

Fxarp _F
Average surface flux: : ”:b = X =[342 W/m®
Ty

Mathematics of

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

Solar flux at a distance r from the sun:

7
Fe 6.33><1024
4xr

=6.33x10 (LS] W/m®
r

rg=6.96x108 m

r=15x10"*m

F =1368 W/m’

Power intercepted by the Earth:
Fxar; W, r, = radius of Earth =6.37x10°m i
Power intercepted: 1.74x10" W L
Biologically Stored Energy

total coal reserves: 10%° kg
energy content: 3x107 J/kg
total energy in coal reserves: 3x10%2 )

=2 days of insolation

Earth's Heat Imbalance
Insolation

Global Average Insolation
intercepted flux: F=1368 W/m?
Earth cross-section: mrg?
surface area: 4w
average flux: 1368/4=342W/m?=Q

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

Q=oT"
T=(0/0)" = (342/5.67x10%)"

Dynamics

/,Rd—T =0-oT*
dt stable equilibrium

heat capacity

Earth's Heat Imbalance
Insolation

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

Simple Model
Assume that Earth is a perfectly thermally conducting black body.
Q=oT'

T=(0/o)" = (342/5.67x10*)"

=[279K =6 3'F

Dynamics

/Rdl =0-oT*
dt /‘ stable equilibrium

heat capacity

heat imbalance
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What determines the Earth's surface temperature?

Conservation of Energy
Heat is a form of energy.
Temperature measures heat. / heat imbalance

temperature change ~ energy in — energy out

short wave energy long wave energy
from the Sun from the Earth

Can we measure heat imbalance?
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What determines the Earth's surface temperature?

Conservation of Energy
Heat is a form of energy.
Temperature measures heat. / heat imbalance

temperature change ~ energy in — ener:

\

short wave energy long wave energy
from the Sun from the Earth

Earth's Heat Imbalance

Earth's Heat Imbalance
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s Heat Imbalance

—— NetT t CE 3)
Planetary Heat Uptake (In Situ)

T
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Year
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2020 Heat Imbalance

1Wm?

Surface area of Earth:
500,000,000 km? = 5x10%* m?

Insolation over Earth's surface:
5x10% W = 500,000 GW

How much is that?

Earth's heat imbalance:
500,000 nuclear power plants

Power_plant

Prairie Island Nuclear Power Plant
capacity: 1IGW

https://en.wikipedia.org/wiki/Prairie_Island Nuclear_

Earth's Heat Imbalance

2020 Yearly Heat Imbalance

Insolation over Earth's surface:
5x10% W = 5x10 Joules/second

seconds in a year:
30 million = 3x107

Yearly Heat Imbalance
15x10% Joules = 15 zJ (zettajoules)

Recall:

Biologically Stored Energy
total coal reserves: 10 kg
energy content: 3x107 J/kg

total energy in coal reserves: 3x102J

=30z
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2020 Heat Imbalance
1Wm?
Surface area of Earth:

500,000,000 km? = 5x10% m?

Insolation over Earth's surface:
5x10% W = 500,000 GW

How much is that?
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2020 Yearly Heat Imbalance

Insolation over Earth's surface:
5x10% W = 5x10 Joules/second

seconds in a year:
30 million = 3x107

Yearly Heat Imbalance
15x10% Joules = 15 zJ (zettajoules)

/

How much is that?
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Where is the extra heat going?
Mostly into the ocean.
How do we know?

Argo

nar 9/3/2024
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Ocean Heat Content

Aroo

part of the integrated global observation strategy

Tomperature
orded during ascent
3

Britapprox. &

Earth's Heat Imbalance
Ocean Heat Content
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What's causing the heat imbalance?

The Greenhouse Effect

Greenhouse gases (CO,, H,0, CH,) are transparent to visible light,
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.
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Ocean Heat Content

Aroo

part of the integrated global observaton strategy

http://www.argo.ucsd.edu/
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Ocean Heat Content

1960 1970 1980 1990 2000 2010 2020

35
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What's causing the heat imbalance?

The Greenhouse Effect

Greenhouse gases (CO,, H,0, CH,) are transparent to visible light,
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.

Who discovered the greenhouse effect?

@ Mathematics of
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What's causing the heat imbalance?

The Greenhouse Effect

Greenhouse gases (CO,, H,0, CH,) are transparent to visible light,
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.

Who discovered the greenhouse effect?
A mathematician!

Joseph Fourier (1827), Mémoire sur les
Températures du Globe Terrestre et des Espaces
Planétaires, Mémoires de I'’Académie Royale des

Sciences, t. vii., p. 569.

Mathematics of Climate Semis
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The Greenhouse Effect

GREENHOUSE EFFECT
Aprerequisite o life on earth, the greenhause effect occurs whennfrared adiation (heat] I retalned within the atmosphere.

Earth's Heat Imbalance

Can we measure greenhouse gasses?

Mauna Loa Observatory

https://: h Portals/
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Can we measure greenhouse gasses?

Keeling Curve

August 28, 2021
Carbon dioxide
T T T

at Mauna Loa Observatory
T T T T T

Full Record ending August 31, 2021
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Mauna Loa Data

€02 [ppm]

300
Date

Data downloaded from
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1955 1965 1975 1085 1995 2008 2015 2025

https://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record.html

Mathematics of Clim:

Earth's Heat Imbalance

Global Temperature Anomaly

anomaly

05
1955 1965 1975 1985 1995 2005 2015
date

Data downloaded from
https://berkeleyearth.org/data/
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CO2 and Temperature Anomaly Temperature Anomaly vs. CO2
15
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Coming Attraction

Next Week:
Budyko's equation
Thanks for listening!

What determines the Earth's surface temperature?

temperature change ~ energy in — energy out

R(Z—Y;=Qs(y)(l—a)—(A+BT)+C(7_"—T)
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