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The journey towards a high 
CO2 future has begun.













How do we know it’s us?



1) Accounting. We know how much we put out, so we 
know how much should end up in the atmosphere.
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2) Chemistry. The CO2 in the atmosphere is has the 
chemical “fingerprint” of fossil fuels (very old, made 

from dead trees and algae).



Why should 
I care?



Joseph Fourier
1820s: First to 
propose the 

existence of the 
‘greenhouse 

effect’ 

CO2 heats things up and we have 
known that for a long time because 
Physics



Source: Steve Archer, University of Chicago 

‘Vibrations in a gas molecule are like 
vibrations of a piano string in that they are 
fussy about frequency.  This is because, like 

a piano string, a gas molecule will only 
vibrate at its “ringing” frequency’ 



The spectrum of energy
(Electromagnetic spectrum)



CO2 
vibrates 
with the 
infrared



Atmosphere

T = 0˚F
T = 58˚F
T > 70˚F
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It’s RealCarroll Glacier, Alaska. 1906

2004.



High tide in Miami Beach, FL

It’s Real



Extreme drought in California, 2015

It’s Real



Photo: EU Humanitarian Aid and Civil Protection

Where are we headed? What 
should we 
expect?



Trying to understand climate change by observing just 
the last few decades is like trying to understand the 

rules of the game by watching just a few plays



Paleoclimate archives
Tree Rings

Corals

Sediments
Stalagmites

Ice Cores
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Current GHG concentrations have no 
analog in the last 800,000 years





R/V Joides Resolution 
“Moon Pool”





Core  
Sampling



Stuff you can measure in mud
Microfossils

Chemical 
properties

230Th
xs Physical 

properties

Pollen

Dinoflagellates

Foraminifera

Coccoliths

Molecular fossils
isotopes



Foraminifera
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Ice Core
Boron Isotopes

The last time CO2 was this high 
was 2.5 million years ago.

Chemical measurements in foraminifera tell us…

Foraminifera

From the collection of Gavin Foster et al., 2017



Welcome to the Pliocene
7˚F warmer in the 
higher latitudes

3˚F warmer 
in the mid-
latitudes

-5             -3             -1              1               3              5

Climate model simulation by Ran Feng



Today Pliocene
(Almost no) Greenland Ice Sheet

Figure from Dan Lunt et al., 2009



We had 
not 
evolved 
yet.

Lucy, the Australopithecus



(We are an ice age species)
Homo sapiens evolved 200,000 years ago
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Last time CO2 
was 400 ppm

Antarctic ice 
sheet forms

Chemical measurements in foraminifera tell us…

Today’s temperature
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“Greenhouse” climates



What are “greenhouse 
climates” like?

LETTERS

Giant boid snake from the Palaeocene neotropics
reveals hotter past equatorial temperatures
Jason J. Head1, Jonathan I. Bloch2, Alexander K. Hastings2, Jason R. Bourque2, Edwin A. Cadena2,3,
Fabiany A. Herrera2,3, P. David Polly4 & Carlos A. Jaramillo3

The largest extant snakes live in the tropics of South America and
southeast Asia1–3 where high temperatures facilitate the evolution of
large body sizes among air-breathing animals whose body tempera-
tures are dependant on ambient environmental temperatures (poi-
kilothermy)4,5. Very little is known about ancient tropical terrestrial
ecosystems, limiting our understanding of the evolution of giant
snakes and their relationship to climate in the past. Here we describe
a boid snake from the oldest known neotropical rainforest fauna
from the Cerrejón Formation (58–60 Myr ago) in northeastern
Colombia. We estimate a body length of 13 m and a mass of
1,135 kg, making it the largest known snake6–9. The maximum size
of poikilothermic animals at a given temperature is limited by meta-
bolic rate4, and a snake of this size would require a minimum mean
annual temperature of 30–34 6C to survive. This estimate is consis-
tent with hypotheses of hot Palaeocene neotropics with high con-
centrations of atmospheric CO2 based on climate models10.
Comparison of palaeotemperature estimates from the equator to
those from South American mid-latitudes indicates a relatively
steep temperature gradient during the early Palaeogene greenhouse,
similar to that of today. Depositional environments and faunal
composition of the Cerrejón Formation indicate an anaconda-like

ecology for the giant snake, and an earliest Cenozoic origin of neo-
tropical vertebrate faunas.

Serpentes Linnaeus 1758
Boidae Gray 1825
Boinae Gray 1825

Titanoboa cerrejonensis gen. et sp. nov.

Etymology. The generic name combines ‘Titan’ (Greek, giant) with
‘Boa’, type genus for Boinae. The specific name refers to the Cerrejón
region, Guajira Department, Colombia. The full translation is ‘titanic
boa from Cerrejón’.
Holotype. UF/IGM 1, a single precloacal vertebra (Fig. 1a–d).
Locality. La Puente Pit, Cerrejón Coal Mine, Guajira Peninsula,
Colombia (palaeolatitude 5.5uN; Supplementary Fig. 1).
Horizon. Single claystone layer, middle segment of the Cerrejón
Formation (Supplementary Fig. 2); middle–late Palaeocene epoch
(58–60 Myr ago), palynological zone Cu-02 (ref. 11).
Referred material. UF/IGM 2 (paratype), nearly complete precloacal
vertebra (Fig. 1g, h). UF/IGM 3–UF/IGM 28, 184 additional precloa-
cal vertebrae and ribs representing 28 individuals (Supplementary
Table 1).

1Department of Biology, University of Toronto, Mississauga, Ontario L5L 1C6, Canada. 2Florida Museum of Natural History, University of Florida, Gainesville, Florida 32611-7800, USA.
3Smithsonian Tropical Research Institute, Box 0843-03092, Balboa, Ancon Republic of Panama. 4Department of Geological Sciences, Indiana University, Bloomington, Indiana
47405-1405, USA.
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Figure 1 | Titanoboa cerrejonensis precloacal vertebrae. a, Type specimen
(UF/IGM 1) in anterior view compared to scale with a precloacal vertebra
from approximately 65% along the precloacal column of a 3.4 m Boa
constrictor. Type specimen (UF/IGM 1) shown in posterior view (b), left
lateral view (c) and dorsal view (d). Seven articulated precloacal vertebrae

(UF/IGM 3) in dorsal view (e). Articulated precloacal vertebra and rib (UF/
IGM 4) in anterior view (f). Precloacal vertebra (paratype specimen UF/
IGM 2) in anterior view (g) and ventral view (h). Precloacal vertebra (UF/
IGM 5) in anterior view (i) and posterior view (j). All specimens are to scale.

Vol 457 | 5 February 2009 | doi:10.1038/nature07671

715
 Macmillan Publishers Limited. All rights reserved©2009

Titanoboa vertebra

Boa constrictor vertebra



Welcome to the Eocene

56-34 million years ago. CO2 near 1000 ppm. No polar ice. 
The climate was steamy…





Crocs lived in 
the Arctic!

After Markwick, 1998 85˚F70˚F 100˚F

Preferred 
temperature 
range for crocs



Palms and 
baobab grew in 
Antarctica
Palm 

Baobab

Pross et al., 2012



-80 -60 -40 -20 0 20 40 60 80

Latitude

30

40

50

60

70

80

90

100

A more “equable” climate…

Today’s ocean 
temperatures

Eocene ocean 
temperatures 
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But not a stable climate…
“The Paleocene-Eocene 
Thermal Maximum”

Global Temperature (˚F)
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An ancient global warming event.





The PETM: evidence in sediments

This is a deep sea sediment core taken from the South Atlantic…

Before 
PETM: 
sediments 
rich in 
carbonate

Sharp boundary = PETM. 
Ocean acidifies, seafloor 
carbonate dissolves

10,000s yrs later: 
Red clay is 
deposited…no 
carbonate, ocean is 
still acidic.

100,000s yrs later: 
Calcareous 
sediments return = 
ocean recovers

Time



Where did the CO2 come from??
Sudden methane clathrate release?

Did volcanism start it off?

Maybe melting permafrost?



The PETM tells us about how the Earth handles a 
rapid rise in CO2. Except, the CO2 rise happening 

now is way faster than the PETM.

July 2011, ScientificAmerican.com 59
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Graphic by Jen Christiansen

of that gas would have persisted, strongly amplifying the green-
house effect and the resulting temperature rise. 

A cascade of other positive feedbacks probably ensued at the 
same time as the peak of the hydrate-induced warming, releas-
ing yet more carbon from reservoirs on land. The drying, baking 
or burning of any material that is (or once was) living emits 
greenhouse gases. Droughts that would have resulted in many 
parts of the planet, including the western U.S. and western Eu-
rope, most likely exposed forests and peat lands to desiccation 
and, in some cases, widespread wildfires, releasing even more 
CO2 to the atmosphere. Fires smoldering in peat and coal seams, 
which have been known to last for centuries in modern times, 
could have kept the discharge going strong.

Thawing permafrost in polar regions probably exacerbated 
the situation as well. Permanently frozen ground that locks 
away dead plants for millions of years, permafrost is like frozen 
hamburger in the freezer. Put that meat on the kitchen counter, 
and it rots. Likewise, when permafrost defrosts, microbes con-
sume the thawing remains, burping up lots of methane. Scien-
tists worry that methane belches from the thawing Arctic could 
greatly augment today’s fossil-fuel-induced warming. The po-
tential contribution of thawing permafrost during the PETM 
was even more dramatic. The planet was warmer then, so even 
before the PETM, Antarctica lacked the ice sheets that cover the 
frozen land today. But that continent would still have had per-
mafrost—all essentially “left on the counter” to thaw.

When the gas releases began, the oceans absorbed much of 
the CO2 (and the methane later converted to CO2). This natural 
carbon sequestration helped to offset warming at first. Eventual-
ly, though, so much of the gas seeped into the deep ocean that it 
created a surplus of carbonic acid, a process known as acidifica-
tion. Moreover, as the deep sea warmed, its oxygen content dwin-
dled (warmer water cannot hold as much of this life-sustaining 
gas as cold water can). These changes spelled disaster for certain 
microscopic organisms called foraminifera, which lived on the 
seafloor and within its sediments. The fossil record reveals their 
inability to cope: 30 to 50 percent of those species went extinct.

CORE KNOWLEDGE
THAT A SPECTACULAR RELEASE  of greenhouse gases fueled the PETM 
has been clear since 1990, when a pair of California-based re-

searchers first identified the event in a multimillion-year climate 
record from a sediment core drilled out of the seabed near Ant-
arctica. Less apparent were the details, including exactly how 
much gas was released, which gas predominated, how long the 
spewing lasted and what prompted it.

In the years following that discovery, myriad scientists ana-
lyzed hundreds of other deep-sea sediment cores to look for an-
swers. As sediments are laid down slowly, layer by layer, they trap 
minerals—including the skeletal remains of sea life—that retain 
signatures of the composition of the surrounding oceans or atmo-
sphere as well as life-forms present at the time of deposition. The 
mix of different forms, or isotopes, of oxygen atoms in the skeletal 
remains revealed the temperature of the water, for instance.

When well preserved, such cores offer a beautiful record of cli-
mate history. But many of those that included the PETM were not 
in good shape. Parts were missing, and those left behind had been 
degraded by the passage of time. Seafloor sediment is typically 
rich in the mineral calcium carbonate, the same chemical com-
pound in antacid tablets. During the PETM, ocean acidification 
dissolved away much of the carbonate in the sediments in exactly 
the layers where the most extreme conditions of the PETM era 
should have been represented.

It is for this reason that my colleagues and I met up in Spits-
bergen in 2007 with a group of researchers from England, Nor-
way and the Netherlands, under the auspices of the Worldwide 
Universities Network. We had reason to believe that rocks from 
this part of the Arctic, composed almost entirely of mud and clay, 
could provide a more complete record—and finally resolve some 
of the unanswered questions about that ancient warming event. 
Actually we intended to pluck our samples from an eroded pla-
teau, not from underneath the sea. The sediments we sought 
were settled into an ancient ocean basin, and tectonic forces at 
play since the PETM had thrust that region up above sea level, 
where ice age glaciers later sculpted it into Spitsbergen’s spectac-
ular range of steep mountains and wide valleys.

After that first scouting trip from Longyearbyen, while devis-
ing plans for fieldwork and rock sampling, we made a discovery 
that saved much heavy lifting. We learned from a forward-think-
ing local geologist that a Norwegian mining company he worked 
for had cored through sediment layers covering the PETM era 
years earlier. He had taken it on himself to preserve kilometers 

S U R P R I S I N G  F I N D I N G 

Now and Then
How fast the world warms depends on 

how fast greenhouse gases build in the 

atmosphere. Projections anticipate a 

warm-up of about eight degrees Celsius 

by 2400 if fossil-fuel burning and carbon  

sequestration go unaltered. The projected 

carbon release, about 5,000 petagrams,  

is similar in volume to what fueled the  

Paleocene-Eocene Thermal Maximum,  

or PETM, but the past rate, once thought 

to be rapid, was slower than today’s. 

10,000 20,000
Duration (years)

Te
m

pe
ra

tu
re

 R
ise

(d
eg

re
es

 C
els

ius
)

0

4

8

Greenhouse gas release begins

Where we 
are today

Global temperature is rising much more quickly today than it did during the PETM 

PETM: Slow but steady emissions  
(up to 1.7 petagrams of carbon a year) 
resulted in a more gradual heating of  
the planet some 56 million years ago

Modern: Fueled by high emission rates  
(up to 25 petagrams of carbon a year),  
global temperature is rising quickly and  

ill le el off only hen emissions cease 
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Graph by Lee Kump, 2011, Scientific American
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It’s Real. 
It’s Us. 

It’s Bad. 
There’s Hope.



Where we end up depends on 
how much we emit

“Pliocene” 
situation

“Eocene” 
situation
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Projected change in temperature

“Pliocene” 
situation

“Eocene” 
situation
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Projected change in ocean acidity

Corals, etc. still OK

Massive acidification

“Pliocene” 
situation

“Eocene” 
situation

Graph from IPCC 
AR5 Report

Ocean pH

aggressive mitigation

“business as usual”



‘What’s the use of having 
developed a science well 

enough to make predictions 
if, in the end, all we’re willing 

to do is stand around and 
wait for them to come true?’ 

F. Sherwood Rowland 
Nobel Prize, Chemistry



Thank You.

@leafwax
http://www.geo.arizona.edu/~jesst

http://www.geo.arizona.edu/~tierney


The worst global 
warming of all time…



Photo by Jonathan Blair, National Geographic

Dinogorgon 
Late Permian predator



The Late Permian: 250 million year ago



Illustration by Masato Hattori



Mass Extinction

Volcanic ash bed

Meishan, China Type Section 
“Bed 25”

Low Oxygen

TriassicPermian


