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The furnaces of the world are now
burning about 2,000,000,000 tons of
coal a year. When this is. burned,
uniting with oxygen, it adds about
7,000,000,000 tons of carbon dioxide
to the atmosphere yearly. This tends
to make the air a more effective blan-
ket for the ecarth and to raise its
temperature. The effect may be con-
siderable in a few centuries.

XXXI1. On the Influence of' Carbonic Acid in the Air upon
the Temperature of the Ground. By Prof. Svante
ARRHENIUS *,

[. Introduction : Observations of L:mglcy on
Atmospherical Absorption.

GREAT deal has been written on the influence of

the absorption of the atmosphere upon the climate.
Tyndail t in particalar has pointed out the enormous im-
portance of this question.  To him it was chiefly the diurnal
and annual variations of the temperature that were lessened by
this circumstance.  Another side of the question, that has long
attracted the attention of physicists, is this: Is the mean
temperature of the ground in any way influenced by the
presence of heat-absorbing gases inthe atmosphere ?  Fouriert
maintained that the atmosphere acts like the glass of a hot-
house, because it lets through the light rays of the sun but
retains the dark rays from the ground. This idea was
elaborated by Pouillet § ; and Langley was by some of his
researches led to the view, that * the temperature of the
earth under direct sunshine, even though our atmosphere
were present as now, would probably fall to —200° C., if
that atmosphere did not possess the quality of selective

\

" Extract from a paper presented to the Royal Swedish Academy of
Sciences, 11th Dacember, 1895, Communicated by the Author.

t ¢ Heat a Mode of Motion," 2nd ed. p. 405 (Load., 1865).

} Mém. del'Ae. R. d. Sci. de I'Inst. de France, t. vii, 1827,

§ Comptes rendus, t. vii. p. 41 (1838).

Lhil. Mag. 8. 5. Vol. 41. No. 251. April 1896. S

THE RODNEY AND OTAMATEA TIMES AND WAITEMATA AND KAIPARA GAZETTE
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Basic climate science

*Disclaimer: | am not a climate or physical Gi Georgia Institute
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| CLIMATE

An extremely simplified (but also useful
and fun) intro to climate change

This is a ball.

It is the shape of Earth, our home.
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An extremely simplified (but also useful
and fun) intro to climate change

Carbon Dioxide
Water
H20 @) e @
Methane
Oxygen CH4
) :
2 ( W) This small
i sliver
> contains the
GHGs we're
worried
about!
Nitrogen
@
Our home is wrapped in a blanket The atmosphere is made of
called the atmosphere. a special mixture of gases.
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famae  An extremely simplified (but also useful
| and fun) intro to climate change

it CHANGE

It protects the Earth from
the cold of outer space by trapping just the right amount of heat.
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An extremely simplified (but also useful
and fun) intro to climate change

CLIMATE

q

Earth’s blanket is just right thanks to
trees, animals, and oceans. They help keep the atmosphere in balance.
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An extremely simplified (but also useful
and fun) intro to climate change

The planet Venus has a much The planet Mars has a thin
thicker blanket and is too hot. blanket and is too cold.

Georgia Institute
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fcomae  An extremely simplified (but also useful
° e and fun) intro to climate change

ge for

Fur Chris Ferrie and Katherina Petrou

But... Uh-oh! People on Earth Industry, heating, coal power,
are changing the blanket! transportation, livestock, and fertilizers...

WAL/ 1P
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An extremely simplified (but also useful
and fun) intro to climate change

Dioxide
‘ Nitrogen Oxide Carbon .

Methane

all send greenhouse gases into the atmosphere.
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E.mae  An extremely simplified (but also useful

¥ CHANG

A and fun) intro to climate change

& babie. N

Se%  Chris Ferrie and Katherina Petrou
7777

This is making the blanket A thicker blanket traps heat,
heavier and thicker. making Earth feel unwell.
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An extremely simplified (but also useful
and fun) intro to climate change

Stronger
hurricanes

Flooding Island loss

Warmer temperatures cause

the sea level to rise and cause more extreme weather events.
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An extremely simplified (but also useful
and fun) intro to climate change

We must help our Earth before it’s too late! But what can be done?
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An extremely simplified (but also useful
and fun) intro to climate change

Fewer cars and factories mean less We can replace coal and oil with
greenhouse gases in the atmosphere. solar and wind power.
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E.mae  An extremely simplified (but also useful

¥ CHANG

A and fun) intro to climate change

& babie. N

Se%  Chris Ferrie and Katherina Petrou
7777

Trees capture and store carbon. We can | If we all do our part, the Earth
protect our forests and plant new ones. “will start to feel better.

Georgia Institute
of Technology



Slightly more advanced climate science
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THE GREENHOUSE EFFECT

Some of the infrared radiation
passes through the atmosphere.
Some is absorbed by greenhouse
gases and re-emitted in all directions
, by the atmosphere. The effect of
Atmosphere this is to warm Earth’s

surface and the

lower atmosphere.

Some solar radiation
iIs reflected by
Earth and the /

atmosphere .

\

Earth's Surface

Some radiation
is absorbed
by Earth's

surface and
warms it e o

| ',lhfrared radiation
IS emitted by
Earth’s surface

GHGs in the atmosphere act
as a “blanket” keeping the
earth warmer than it
otherwise would be.

> GHGs are invisible—letting

solar radiation in, without
letting infrared radiation out.

Without GHGs, global mean
surface temperatures on

Earth would be unlivable (-
18°C or O°F).

Gr Georgia Institute
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The carbon cycle

. Carbon-based molecules are the
building blocks of life.

. Over millions of years, as plants
and animals died and sank to the
bottom of oceans and swamps, this
organic matter was compressed
into fossil fuels (i.e., coal, oil,
natural gas).

Carbon Cycle

‘ Carbon
~ ’ dioxide
Sunlight (co))

s
<

Photosynthesis Auto and
1 factory
\ Animal emissions
\ respiration Plant
" respiration .

T |
—~

Organic
\carbon @
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CO2 atmospheric
concentrations

« Over the past 800,000 years,
atmospheric CO2 concentrations
never exceed 300 parts-per
million.

« On August 19, 2025, daily average
CO2 concentrations were 429.1

ppm

https://gml.noaa.gov/ccgg/trends/monthly.html

« Reaching ~550ppm would reflect a
doubling of pre-industrial CO2
concentrations

CARBON DIOXIDE OVER 800,000 YEARS
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Global atmospheric carbon dioxide concentrations (CO,) in parts per million (ppm) for the past 800,000 years.

The peaks and valleys track ice ages (low CO,) and warmer interglacials (higher CO,). During these cycles, CO,

was never higher than 300 ppm. On the geologic time scale, the increase (orange dashed line) looks virtually
instantaneous. Graph by NOAA Climate.gov based on data from Liithi, et al., 2008, via NOAA NCEI
Paleoclimatology Program. [Update August 20, 2020. An eatrlier version of this image had an error in the scaling on
the X axis. This affected the apparent duration and timing of the most recent ice ages, but did not affect the modern or

paleoclimate carbon dioxide values.]


https://gml.noaa.gov/ccgg/trends/monthly.html
https://gml.noaa.gov/ccgg/trends/monthly.html
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— Reeling et al. 2001
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Emissions vs. concentrations

« GHG emissions are what’s being put into the atmosphere
at any given moment.
» This is called a “flow pollutant”
» Think of water coming out of the faucet.

« Time lag: it can take 10-50 years for CO2 emissions to
increase CO2 concentrations in the atmosphere.
» This is called a “stock pollutant”
> Think of the bathtub filling up.

o CO2 concentrations dissipate slowly from the

atmosphere.

» 70% of one ton of CO2 emitted today will still be around 100 years
from now.

> The bathtub drains much more slowly than it fills up.

« Methane is more potent than CO2 — it's warming
potential has a shorter time lag, but higher dissipation

rate.

Source: Pindyck (2021)

Hypothetical scenario for net zero emissions by 2100

COz Emissions, 1960-2100

(Gtof GOy)
NN

Emissions

o " . ! . L .
1960 1980 2000 2020 2040 20860 2080 2100
Time (in years)

Figure 2.2: Optimistic Scenario: Rough calculation of total COz emissions from 1960 through
2060. Total emissions are given by the sum of the areas of triangles A and C and rectangles
B and D, which comes to 2,480 Gt. Multiplying by 0.128, this implies an increase in the
atmospheric CO2 concentration of 317 ppm.

L I . . L
1980 2000 2020 2040 2060 2080
Time (in years) )

io. By 2070 the concen-

Figure 2.3: Atmospheric CO, concentration under optimisti
e because dissipation of

tration reaches a peak (of about 500 ppm) and then star
the stock of CO; outweighs additions to the stock from new emissions.

Temperature Change

Temperature

|
2000 2020 2040 2060 2080 2100
Time (in years)

Figure 2.4: Change in temperature resulting from the change in the atmospheric CO; con-
centration under optimistic scenario. The temperature increases reaches 2°C by about 2040,

and reaches about 2.7°C by the end of the century

CO2
Emissions

CO2
Concentrations

Global
temperature
change
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The Intergovernmental Panel on Climate Change (IPCC) is an
intergovernmental body established to provide objective
scientific information relevant to understanding anthropogenic
climate change.

The IPCC has produced six assessment reports starting in
1990.

The sixth report (“AR6”) was released August 2021.

Gr Georgia Institute
of Technology



Scientific consensus on climate change

Table 2
Statements of the Intergovernmental Panel on Climate Change (IPCC) on
Detection and Attribution of Global Climate Change

First Assessment Report (1990) “Unequivocal detection of the enhanced greenhouse effect from
observations is not likely for a decade or more.”

Second Assessment Report (1995)  “The balance of evidence suggests a discernible human influence on
global climate.”

Third Assessment Report (2001)  "Most of the observed warming over the last 50 years is likely* 1o have
been due to the increase in greenhouse gas concentration.”

Fourth Assessment Report (2007)  “Most of the observed increase in global average temperatures since
the mid-20th century is very likely due to the observed increase in
anthropogenic greenhouse gas concentrations.”

Fifth Assessment Report (2013) “It is extremely likely that human influence has been the dominant
cause of the observed warming since the mid-20th century.”

Source: The IPCC Assessment Reports can be found at hups://www.ipce.ch/publications_and_data/
publications_and_data_reports.shtml.

#* The uncertainty language used by the IPCC is precisely defined: likely refers to an assessed
probability of at least 66 percent, very likely implies at least 90 percent, and extremely likely means at least
95 percent.

Source: Hsiang & Kopp, 2018

e Scientific consensus on

anthropogenic GHG
emissions and climate
change.

From Sixth Assessment
Report (Aug 2021):

“It is unequivocal that human
influence has warmed the
atmosphere, ocean and land.
Widespread and rapid changes
in the atmosphere, ocean,
cryosphere and biosphere have
occurred.”

Gr Georgia Institute
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Human influence has warmed the climate at a rate that is unprecedented
in at least the last 2000 years

Changes in global surface temperature relative to 1850-1900

a) Change in global surface temperature (decadal average) b) Change in global surface temperature (annual average) as observed and
as reconstructed (1-2000) and observed (1850-2020) simulated using human & natural and only natural factors (both 1850-2020)
DE ul'.—.
2.0 2.0

Warming is unprecedented
in more than 2000 years

1.5 1.5
Warmest multi-century observed
period in more than imulated
simulate
1.0 1o 100000 years human &
observed natural
0.5 .'
0.2 simulated
A natural only
0.0 (solar &
volcanic)
reconstructed
-0.5 -0.5
Source:
IPCC AR6
(2021) 1 . | '
1 500 1000 1500 1850 2020 1850 1900 1950 2000 2020



What would unmitigated climate change look like?

Figure 4

Average Temperatures for Lower 48 US States Observed during 1981-2010 and
e PA summers Projected for 2080-2099 in a High Emission (RCP 8.5) Scenario.

would feel like

A: States (USA)
GA summers.

2080—2099

o GA summers high emission

WOUId be (RCF 8.5) scenario
hotter than
any current
US climate.

Y

°C R
SC oK

LDE Mo AL ms TX
~NC @ q LA
TH
i
65 TH 85 F
1 1 1

| |

0 S0 C

June—July-August average temperature

Source: Hsiang & Kopp 2018



A few more (somewhat concerning)
tidbits from the IPCC’s AR6...

“Human-induced climate change is already affecting many  suuedcnge s 15+ sobstwaming
weather and climate extremes in every region across the AT
globe. Evidence of observed changes in extremes such as NG vy
heatwaves, heavy precipitation, droughts, and tropical
cyclones, and, in particular, their attribution to human

Simulated change at 2 °C global warming Simulated change at 4 °C global warming

influence, has strengthened since AR5.” ——
0 05 1 152 25 3 35 4 45 5 55 6 65 7
Change{c) Warmer i
“Global surface temperature will continue to - - - .
. o ° ¢) Annual mean precipitation change (%) Precipitation is projected to increase over high latitudes, the equatorial
increase until at least the mid-century under all  reitive to 1850-1900 Pacific and parts ofth monsoon rgions, but dcresseaver prts ofthe
em i SSion S sce na rio S ConSi d ered . G | O ba I Simulated change at 1.5 °C global warming Simulated change at 2 °C global warming Simulated change at 4 °C global warming

warming of 1.5°C and 2°C will be exceeded
during the 21st century unless deep reductions
in CO2 and other greenhouse gas emissions
occur in the coming decades.”

Relatively small absolute changes — -

may appear as large %lchangesoi‘n . -40 30 -20 -10 0 10 20 30 40 )

regions with dry baseline conditions — Change (%) — _
Many changes due to past and o
future greenhouse gas emissions
are |rreyer5|ble for centuries to From a physical science perspective, limiting human-induced
millennia, especially changes in global warming to a specific level requires limiting cumulative
the ocean, ice sheets and global CO2 emissions, reaching at least net zero CO2 emissions, along

I | . . . . . Gr Georgia Institute
S€a level. with strong reductions in other greenhouse gas emissions. of Technology



Climate sensitivity

. Climate sensitivity is the long-term, equilibrium temperature change in
response to a doubling of atmospheric CO2 concentrations.

> In other words, if we double CO2 concentrations, how much will global surface mean
temperatures change?

> This is important to understand the warming potential of anthropogenic GHG emissions.

. IPCC ARG6: “...very likely range of equilibrium climate sensitivity is between 2°C
(high confidence) and 5°C (medium confidence).”

Gr Georgia Institute
of Technology



Climate sensitivity

a) Evolution of equilibrium climate sensitivity assessments from Charney to AR6
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Equilibrium climate sensitivity (°C)
w
1
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FAR
SAR
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Primarily model evidence

p < 10%
*

- Very likely: 2-5 °C

AR5

Likely: 2.5-4 °C

0/
’

ARG

66

Best estimate: 3 °C

Likely: p >

ARG combines evidence from:
+ Process understanding
- « Instrumental record
- - Paleoclimates
p < 5% - Emergent constraints

Also considers instrumental record and paleoclimates
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Source: IPCC AR6



Ocean life suffers widespread losses in kelp

What d Oes CI i m ate and seagrass meadows and the upper ocean.
e z0 o
sensitivity mean?
° especially staple crops like wheat and corn.

The food supply suffers sustained
disruptions worldwide as farmland is lost.

Risk scenarios

Climate scientists’ best estimate is that our climate sensitivity is somewhere
between 1.5 and 4.5° C. But what do those numbers mean for us? Here are some
effects of climate change that the Intergovernmental Panel on Climate Change
reports we will be at “high risk” of experiencing at different levels of warming.

Ocean life losses become widespread in all
ocean environments.

Wildfire risks are more severe, affect 100
million more people, and may be irreversible.

All warm-water coral reefs shrink
significantly, resulting in local extinctions.

Sources: The IPCC Special Report on Climate Change and Land, and the IPCC
Special Report on the Ocean and Cryosphere in a Changing Climate.

Permafrost thaw degrades land quality in
arctic regions.

Source: https://climate.mit.edu/explainers/climate-sensitivity

The food supply becomes more unstable,
with periodic food shocks across regions.

Wildfires become much more widespread
as fire weather season grows longer.

Desertification results in shortages of water
in dry regions of the world.

Gr Georgia Institute
of Technology



Climate vs. weather

« Climate is the statistical average and variability of
temperature, wind, humidity, cloudiness,
precipitation, and other quantities over a period of
time ranging from months to thousands of years.

o Weather is the realization of a climatic process for a
short period of time.

> | find it helpful to think of climate as a probability distribution
(like a bell curve) and weather as a draw from that distribution.

« Climate change changes the shape, and shifts the
distribution, of weather.

Nordaus (2003)

Probability of occurrence Probability of occurrence

Probability of occurrence

—_—

Increase in mean Source: IPCC 2001

()

More
Previous
climate weather
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Less reco r;:ihhot
i New weather
weather climate J

I
Cold Average Hot
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More
more
Id b weather
rgﬂc(g?d weather /7 More
cold ( INeW record hot
weEllher climate weather
]

Cold Average Hot

Increase in mean and variance

Much more

(C) Previous

climate weather
) More
Less record hot
Change Wea‘her
for
C New
weather climate

|
Cold Average Hot



The climate is
changing

e The 10 most recent years 2015-
2025 are the warmest on record,

ever.

e 2024 was the warmest year ever
recorded (since 1880).

o Overall, Earth was about 2.65°F
(1.47°C) warmer in 2024 than in
the late 19th-century (1850-1900)
preindustrial average.

e Visual:
https://climate.nasa.gov/vital-

signs/global-temperature/

Temperature Anomaly (C)

Global Land-Ocean Temperature Index
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Tuble 1

Historical and Top 15 Current Emissions of Carbon Dioxide from Fossil Fuel
Combustion and Cement Production

...but who is to blame? — — —

1751-2014 2014 ciafrita (fonmes
Couniry (migatonnes CO50 % of Global  (migatonnes CO5) % of Global  CO5), 2014
China 174.7 12% 103 0% 7.5
United States 375.9 26% 3.3 15%; 16.2
India 41.7 3% 2.2 7% 1.7
Russia /7 USSR 151.3 11% 1.7 5% 11.9
Japan 53.5 4% 1.2 45, a6
Germany B6.5 6% 0.7 2% B
i . Iran 14.8 1% 0.6 2% 8.5
i | IAnmIJaI 092 En:usslolns bg,lt WOr!d Reglon . | Saudi Arabia 19.0 1% 0.6 o 195
South Korea 14.0 1% (.6 2% 1.7
sl . Othar Canada 20.5 2%, 0.5 2%, 15.1
Braxil 12.9 1% 0.5 2% 26
_- Ching South Africa 18.4 1% 0.5 1% 9.1
30 Mexico 17.5 1% 0.5 1% 5.5
[ Asia texcl. china) Indonesia 11.0 1% 0.5 1% 1.8
25 L United Kingdom 5.2 5% 0.4 1% 6.5
. India
Waorld 1,434.0 100% 3.1 L00% 4.7

Africa
- Source: Boden, Marland, and Andres (2017},
-Mlddle East Source: Hsiang & Kopp (2018)

CO2 Emissions (Gt)
& 8

Americas (excl. US)

. United States
- Europe

10 -

0
1800 1910 19820 1930 1940 1950 1960 1970 1980 1990 2000 2010 2018
Year

Figure 1.2: CO, Emissions by Region, in billions of metric tons (gigatonnes). Since 1995,
emissions from North America and Europe have declined somewhat, but emissions from
Asia have been rising rapidly. Source: Global Carbon Project, Supplemental Data, Global

Carbon Budget, 2021. Gr Georgia Institute

Source: Pindvck (2021) of Technology



Climate change will change more than temperature

is climate change causing|
is climate change causing - Gooagle Search

is climate change causing more natural disasters

Climate change will lead to:

o Hotter temperatures

« Heavier and more frequent precipitation/flooding
« More frequent and severe droughts

e More intense tropical cyclones

e More (and more severe) wildfires

e Sea-level rise

o Ocean acidification (as oceans absorb more CO2)
« Many other things (including some “unknown unknowns”)

is climate change causing more hurricanes
is climate change causing forest fires

is climate change causing natural disasters
is climate change causing wildfires

is climate change causing heat waves

is climate change causing droughts

is climate change causing canada wildfires

Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q

is climate change causing the canadian wildfires

Gr Georgia Institute
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Key takeaways about anthropogenic climate change

1. Climate change is caused primarily by burning fossil fuels (and releasing very
old carbon into the atmosphere)

2. CO2 sticks around for 300+ years. So, emitting CO2 today affects many
generations (including the current one).

3. Our climate is changing, and this affects weather and natural disasters (like
forest fires, droughts, floods, and hurricanes) we are seeing today.

4. We know a lot about climate change from the physical sciences, although
uncertainties about feedbacks and tipping points remain. Many additional
uncertainties come from the social science side (e.g., long-run changes in
population and economic growth).

Georgia Institute
of Technology



Turning our focus back to
economics....



Economists and the Environment
Fullerton & Stavins, Nature, 1998

Myth of the universal market
» Market failures are environmental economists’ bread and butter

Myth of the market solutions
> Market solutions can be the most cost-effective solution, but might not always work

Myth of market prices

> Environmental economists care a lot about goods and services that are not bought/sold in
markets

Myth of efficiency

» Equity and distribution matters too.

Gr Georgia Institute
of Technology



For next week...

www.caseyjwichman.com/econ4210#week?2

« Have a great weekend!

Gr Georgia Institute
of Technology
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