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Central Texas, July 2025
Is the climate changing? :
Floods
Droughts

Fires
Heat
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Climate Emergency?s Climate Emergency?
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Hurricane Helene’s Devastation Shows No
Region Is Safe from Climate-Fueled Disaster
Hurricane Helene fueled catastrophic flooding from Florida to Appalachia,
leaving millions without power

The swath of devastation, which cut hundreds of miles inland from Florida's cent ry/opinion/op-
hands/2021,

shortage-2023-impact-arizona/5183361001/

Gulf Coast into southern Appalachia, is a stark reminder of the worsening
impacts of climate change. Rising temperatures are fueling stronger, deadlier
hurricanes with impacts that can ripple across the country.

It’s also an indicator that no regions are immune to the dangers of climate- 7 ~i i : )
. . . 3 B St Loire River, France
fueled disasters. Asheville, North Carolina — which experienced some of the Europe’s Key Rivers Fall to Critical Levels, Aggravating
Energy Crunch

worst hurricane-related flooding in the nation — has previously been

described as a “climate haven." . ws

levels-aggravating-energy-crunch-11660216554
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fires
Climate Emergency?

The LA county wildfires could be the
costliest in US history, early estimates
say anuary 11
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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
Vertical lines indicate 95% confidence intervals
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http://berkeleyearth.org/global-temperature-report-for-2024/
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" Global Average Temperature 1850 - 2024 [
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Every year after 2014 is warmer
than every year before 2015.

The last ten years (2015 -
2024) are the hottest ten
years on record.
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Land data prepared by Berkeley Earth and combined
with acean data adapted from the UK Hadley Centre
Global temperature anomalies relative to 1850-1900 average
Vertical lines indicate 95% confidence intervals
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heat

Ehe New HlorkEimes |
Phoenix’s Month in Hell: A 31-Day i
Streak of Record Heat Ends
b
Acontinuous stretch of days reaching or exceeding 110 de;

s, On Monday, the city hit 108¢
w, brutal record.
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Land data prepared by Berkeley Earth and combined

with acean data adapted from the UK Hadley Centre

Global temperature anomalies relative to 1850-1900 average
Vertical lines indicate 95% confidence intervals
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Daily Surface Air Temperature, World (90°S-80°N, 0-360°E) = Export Chart

el ECAIWS Resnalyss 5 (ERAS) Soweicade g0 Crodt Cimat Lo, Ursversdy ofMao

Temperature (°C)

Jan Fob  Mar At May Jun Jul Aug Sep  Oct MNov Dec

https://climatereanalyzer.org/
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Polar Asymmetry

Daily Sea Surface Temperature, World (60°S-80°N, 0-380°E) = Export Chart

ANTARCTIC ARCTIC

2024

Temperature (°C)

https://climatereanalyzer.org/
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Climate crisis or climate
. i
Is the climate changing: emergency?
Floods 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. com
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What determines the Earth's surface temperature?

What determines the Earth's surface temperature?
Conservation of Energy

temperature change ~ energy in — energy out
Heat is a form of energy. AN
Temperature measures heat.

long wave energy
from the Earth

short wave energy
from the Sun

temperature change ~ energy in — energy out =

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

Everything else is detail.

energy out from the Earth

DS Mathematics of Climate Seminar 9/9/2025 DS Mathematics of Climate Seminar 9/9/2025
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Black-Body Radiation Black-Body Radiation

Every object emits electromagnetic radiation according to its temperature. Stefan-Boltzmann Law
The intensity of the radiation (power flux) is approximated by a theoretical
object called a perfect black body. kelvin

watts per square meter 0K=-273°C

4
/ F= O'T\ / = "absolute zero"

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

human

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

watt = joule per second

/letstalkscience.ca/educational-
backgrounders/thermal-imaging

T——
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Stefan-Boltzmann Law

Black-Body Radiation .
- F =0T
Stefan-Boltzmann Law / —
power flux (W/m2) / temperature (K)

kelvin

watts per square meter 0K=-273°C

4
/7 F= O-T\ / = "absolute zero"

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

Stefan-Boltzmann constant
0 ~5.67x10"° Wm’K*
Example

Stefan-Boltzmann constant surface temperature of the Sun: 5780K

watt = joule per second o ~5.67x10° W/m?K*

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

Let’s try the Sun.

@ Mathematics of Climate Seminar 9/9/2025
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Insolation
(Incoming solar Radiation)

How much energy from the Sun is hitting the Earth?

Solar flux at a distance r from the sun:

14,2 2
p=83A0ATE a0 (5) Wi
4zr® r
rg=6.96x10° m
r=1.5x10""m
F =1368 W/m®
solar flux at Earth’s orbit
F : F
Average surface flux: X”,VE =—=|342 W,
4y 4

@ Mathematics of Climate Sel 9/9/20:
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power flux: 5.67x10% x (5780)* = 6.33x107 W/m?

total solar power output: 6.33x107x 4m(rg)?,
where r = radius of the sun = 6.96x10® m

total solar output: 3.85x10%6 W

230 nanoseconds = time it takes for the Sun to produce the
equivalent of the annual global electricity production.
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Insolation
(Incoming solar Radiation)

Solar flux at a distance r from the sun:

2.2 2
p 283204 an 7 [LA] Wi
4rre r

rg=6.96x108 m
r=1.5x101m

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

Power intercepted by the Earth: F x/rrsl A

Earth’s surface area: 4zr; m’®

2
Fxnr

Average surface flux:

dnry
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Insolation Insolation

Global Average Insolation
Solar flux at a distance r from the sun: intercepted flux: F= 1368 W/m?

6.33x10" 4zr (Y ) Earth cross-section: w2
= 471? +=633x10 (,73) Wim surface area: 4mrg”
r¢=6.96x108 m average flux: 1368/4 =342 W/m2=Q
r=1.5x101m
N Simple Model
[ =1368 Wim Assume that Earth is a perfectly thermally conducting black body.
Power intercepted by the Earth: Q=oT*
Fxzr; W, 1, = radius of Earth =6.37x10°m i T:(Q/a')]/4:(342/5_67><10 x)‘/‘

Power intercepted: 1.74x10"7 W _mok

Biologically Stored Energy

total coal reserves: 10 kg Dynamics
energy content: 3x107 J/kg /Rﬂ =Q-oT*
total energy in coal reserves: 3x1022 ) heat capacity dt stable equilibrium

= 2 days of insolation

@ Mathematics of Climate Seminar 9/9/2025 @ Mathematics of Climate Seminar 9/9/20.
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Energy Balance Energy Balance

Insolation

Global Average Insolation W ;
intercepted flux: F = 1368 W/m? What determines the Earth's surface temperature?
Earth cross-section: mr?
surface area: 4mrg?
average flux: 1368/4 =342 W/m?=Q

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

Assume that Earth is a perfectly thermally conducting black body. ; | \
O=oT"* temperature change ~ energy in — energy out

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

=|279K =6"C =43"F] short wave energy long wave energy

Dynamics from the Sun from the Earth

T 4
/RL =Q-oT*
heat capacity dt stable equilibrium

Mathematics of Climate Seminar 9/9/2025 = Mathematics of Climate Seminar 9/9/2025

heat imbalance

Energy Balance P b Energy Balance

Earth's Heat Im

What determines the Earth's surface temperature?

Conservation of Energy

Heat is a form of energy. _ E
Temperature measures heat. heat imbalance g =
/ s$
T2
r : ! g =)
temperature change ~ energy in — energy out f:-’( §
(e}
ras)
/ﬁ!—‘
short wave energy long wave energy & ion (CERES)
from the Sun from the Earth e | thab;e (In é\lu)

2007 2 0 2015 2017 2019

Can we measure heat imbalance?

Mathematics of Climate Seminar 9/9/2025 Mathematics of Climate Seminar 9/9/2025
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Earth's Heat Imbalance

TOA Radia
Planetary Heat Uptak
o

\

etary Heai Uplal;e (In é\lu)

M
2015 2017 2019

Mathematics of Climate Seminar 9/9/2025

Energy Balance

2020 Heat Imbalance

1Wm?2
Surface area of Earth: Prairie Island Nuclear Power Plant
500,000,000 km? = 5x10%* m2 capacity: 1GW

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

How much is that?

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

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

@ Mathemas ate Seminar 9,
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2020 Yearly Heat Imbalance

Imbalance over Earth's surface:
5x1014 W = 5x10% Joules/second

seconds in a year:
30 million = 3x107

Yearly Heat Imbalance
15x102! Joules = 15 zJ (zettajoules)

Recall:
Biologically Stored Energy

total coal reserves: 10%5 kg
energy content: 3x107 J/kg
total energy in coal reserves: 3x1022 )

=302z

" '..‘.4 Mathematics of Climate Seminar 9/9/20!
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2020 Heat Imbalance

1Wm?

Surface area of Earth:
500,000,000 km? = 5x101 m?

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

How much is that?

" ,'.«4 Mathematics of Climate Seminar 9/9/2025
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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?

Mathematics of Climate Seminar 9/9/2025
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Where is the extra heat going?
Mostly into the ocean.
How do we know?

Argo

" '..‘.4 Mathematics of Climate Seminar 9/9/2025
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Ocean Heat Content

Aroo

part of the integrated global observation strategy

Energy Balance
Ocean Heat Content
1960 1970 1980 1990 2000 2010 2020
L L f f . f i
- 0-2000 m Global Ocean Heat Content
254 3-Month average through Jan-Mar 2024 3
—— Yearly average through 2023
g 20 — Pentada average through 2019-2023 3
3«43 . :
8 15 4 ——__ Vertical scale: L
S 102
= 10 4 o
g
g 5 4
S e e 1
-5 NOAANESDIS/INGE! Ocean Cimale Laboratory
Updated from Levitus et al. 2012
-10 T T T T T T T
1960 1970 1980 1990 2000 2010 2020
Year
https://www.ncei.noaa.g /global /
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What's causing the heat imbalance?

The Greenhouse Effect

the atmosphere and heats the surface. The surface radiates energ

Mathematics of Clim

41
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Greenhouse gases (CO,, H,0, CH,) are transparent to visible light,
but opaque to infrared light. The energy from the sun passes through

y at

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

eminar 9/9/2025
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Aroo

part of the integrated global abservation stzategy

Energy Balance

Ocean Heat Content

SAUNTY
e me  mr s s wa
TEMPERATURE (1
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http://www.argo.ucsd.edu/
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Ocean Heat Content
1960 1970 1980 1980 2000 2010 2020
35 A ! A A ’ A f 35
0-2000 m Global Ocean Heat Content
Energy added 1990 - 2034: 30 P 30
3102 o5 ] 3-Month average through Jan-Mar 2024 b oos
—— Yearly average through 2023
coal reserves: ) Pentadal average through 2019-2023 F 20
30z é
15 F 15
cat 5 hurricane: %
0.0001 zJ E 10 P10
megaton bomb: S ®] P e
0.000005z) § 0 N 0
-5 NOAANESDISINCEI Ocean Clmate Laboratory | —5
10 Updated from Levitus er af. 2012 10

What's causing the
heat imbalance?

g T T v T T T
1960 1970 1980 1990 2000 2010 2020
Year
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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?

Energy Balance

Mathematics of Climate Seminar 9/9/2025
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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.
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The Greenhouse Effect
GREENHOUSE EFFECT

Aprerequisite for lfe on earth, the greenhouse effect occurs whenInfraredradlation (heat) Is recalned within the atmasphere.

eradiatethe
Inalldirections,

FE R A | =)
Gary Stix, Scientific American September 2006, pp.46-49
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Can we measure greenhouse gasses?

Mauna Loa Observatory

https:// gov/Portals/

45
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Mauna Loa Data

C02 [ppm]

0
1955 1965 1975 1985 1995 2005 2015 2025

Date

Data downloaded from
https://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record.html
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Can we measure greenhouse gasses?

Mauna Loa Observatory, Hawaii*
Monthly Average Carbon Dioxide Concentration
Guiaeom Seiops GO: Proyam Lt stes Dscombor 2024

TrrTeT T
*Maunakea data in blue

T T

&

Keeling Curve

370|

CO; Concentration (ppm)

@
g

https://keelingcurve.ucsd.edu/

ekt honbsbeabeaichihedos kb kiakiad bk
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Global Temperature Anomaly

anomaly
o
o

-05
1955 1965 1475 1985 1995 2005 2015
date

Data downloaded from
https://berkeleyearth.org/data/
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CO2 and Temperature Anomaly Temperature Anomaly vs. CO2
450 1125 15
= CO2 == Temperature Anomaly r F @ = 982E-03%+-317

400
350
-05
300 ' -0.25
1955 1965 1975 1985 1995 2005 2015 2025 8 30 s 100 a9
CO2 [ppm]

Date
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Why do we think that the Keeling curve has anything to do

with human activity? It could just be an unknown natural - o
02 emissions =
source of carbon. COMTATFE SIS ae the runing sum o CO emission producefom fossi fuels and industy since 1750

Land use change is notincluded

440 Carbon dioxide concentration at Mauna Loa Observatory*
16iliont
:gg Full record ending August 14, 2023 1.4 trillion t The lati
AL cumulative

410F *Mauna Kea data in blue : 12uilont

. carbon
400 LAfY .
poos A 1 iont emission are
80 oy sositont going up. This
370 A — graph
360 A resembles the
50 ‘ 400 billon t Keeling curve.
340 200 billon t
330 UcsanDieso | @ SRRty ot =

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 Source: Our Workd i

4q

CO; Concentration (ppm)
8

ce-1900/

https://keelingcurve.ucsd.edu/ https:/
9/9/2025
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Looks like the cumulative emissions curve! - . L
Cumulative CO2 emissions
Cumulative emissions are the running sum of CO: emissions produced from fossil fuels and industry since 1750,
Land use change is not included
440 Carbon dioxide concentration at Mauna Loa Observatory* World
1.6 trllion t
4
T 422 Full record ending August 14, 2023 1.4 trillion t
2 410 *Mauna Kea data in blue Siien
c 400
5 1 trilion t
= 390
£ 380 800 billon
5 370 600 billion t
2 360
S 350 400 billion t
(5]
S 340 200 billion t
330
o UCSanDi scare
320 ““ °' 70 7800 850 1500 1650 2020
310560 706519701975 1980 1995 1950 1995 2000 2005 2010 2015 2020 Source: Our World in Data based on th OunoridinData.org/co2-and-ofher-greenhouse-gas-emissions - G BY
https://keelingcurve.ucsd.edu/
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i o oot Dt
Cumulative CO2 emissions e
Cumlative smissions are the running sum of CO: emissions produced from fossll fue

Land use change Is not included.

1.2 trillion t . .
- Coincidence?

800 billion t

600 billion t

200 billion t

B
8
#
400 billion t o
5
i

SENHANNENENND

ot
1750 1800 1850 1900 1950 2020

Source: Our World in Data based on the Global Carbon Projec OurWorldinData.org/co2-and-other-gresnhouse-gas-emissions! - CC BY
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At heric CO2 and C ive
400
415
350
395 300
250
£ 375 %)
g 200 &
355 150
100
335
50
315 0
1955 1965 1975 1985 1995 2005 2015 2025
GtC
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Conclusions
Earth’s surface temperature is warming.
The increase in atmospheric CO, is the cause.

We are causing the increase by burning fossil fuels.

WE HAYVE MET
THE ENEMY
ANP HE IS US.
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Cumulative Emissions

1955 1965 1975 1985 1995 2005 2015 2025
year

data source: https://globalcarbonbudgetdata.org/latest-data.html
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Atmospheric CO2 vs Cummulative Emissions

GtC

Mathematics of Climate Seminar 9/9/2025
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Coming Attraction

In Two Weeks:
Budyko's equation

What determines the Earth's surface temperature?

temperature change ~ energy in — energy out

R%—Z;=Qs(y)(l—a)—(A+BT)+C(1_"—T)

Mathematics of Climate Sem 9/9/2025
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