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Rates of change

Proxies that tell us of climate records
Ocean Acidification

Climate Modeling
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Beerling and Royer, Nature 2011
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50 million years ago (50 MYA) Earth was ice-free.

Atmospheric CO, amount was of the order of 1000 ppm 50 MYA.

Atmospheric CO, imbalance due to plate tectonics ~ 10 ppm per year.
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When CO, levels get below ~400-600 ppm Orbital parameters

become more important than CO,



CH, (p.p.b.v.) CO, (p.p.m.v.)

Insolation J 65°N

3.300

280
260
240
220
200

700
600

500

400

3.200

3.000

Depth (m)
2,750 2,500 2.000 1.500 1.000 500 )]

= L B

T [ ) ] 1 I

|

i 1 1

1

g-a- % g

1

1

1 l 1

|

I | | I . |

400,000

350,000

300,000

250,000 200,000 150,000 100,000
Age (yr BP)

C02=

377ppm

in 2004
400ppm i

2015
CH:=

1755ppb
in 2004

Temperature (°C)

http://www.antarcticglaciers.org/climate-change


http://www.antarcticglaciers.org/climate-change/

Milankovitch Cycles  Precession

100,000 years * &
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http://cnx.org/content/m38572/1.5/

Conversion of CO2 to dissolved HCO3- by Volcanic
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50 million years ago (50 MYA) Earth was ice-free.

Atmospheric CO, amount was of the order of 1000 ppm 50 MYA.

Atmospheric CO, imbalance due to plate tectonics ~ 10 ppm per year.
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Precipitation (sink):
CO, + CaSi0; - CaCo; + SIO,
GUESS WHAT:

AS CONTINENTS DRIFT TO HIGH LATITUDES AND HIGHER ELEVATIONS
AND BECOME GLACIATED IT LEADS TO:

1. GREATER MECHANICAL WEATHERING OF SILICATES:
* increasing sequestration of CO, in sediments
 decreasing the amount in the atmosphere

ADDITIONALLY in the Cenozoic:

7

| 2. MID-OCEAN SPREADING RATES SLOW DOWN
*Less CO, into the atmosphere for volcanoes

CO, DRAW DOWN THROUGH TIME!
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Figure 2: Relations between CO rise rates and mean global temperature rise rates during warmin
periods, including the Paleocene-Eocene Thermal Maximum, Oligocene, Miocene, glacial
terminations, Dansgaard-Oeschger cycles and the post-1750 period.
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It took a long time to recover






The Arctic Sea 50 million years ago
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ACEX Azolla core

« >8 meter ACEX core with 90% Azolla
* Azolla occurs as laminated layers

« indicates Azolla deposited in situ

« bottom-water anoxia at ACEX site

Bujak, pers. Comm.
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° Click To Start Animation
http://www.bloomberg.com/news/features/20
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http://www.bloomberg.com/news/features/2016-04-19/earth-s-temperature-just-shattered-the-thermometer
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| High water mark elevations are approximate.
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SOME OF THE EARLIEST PROXY DATA
WAS FROM TERRESTRIAL DEPOSITS

e Strandlines/shorelines

e Moraines



IT’S THE INTERPRETATION THAT’S NOT
ALWAYS CORRECT

Darwin observed ancient Alpine shorelines:
interpreted as ocean shoreline




Louis Agassiz

Jean Louis R.
Agassiz

“Father” of

Glaciology
180/-1873
Louis Agassiz :
Born May 28, 1807 Paleontologist
Haut-Vully, Switzerland
Died December 14, 1873 (aged 66)

Cambridge, Massachusetts

Fields Paleontology, Glaciology, Geology, Natural History

| Alma mater University of Erlangen-Nuremberg




Photographic proxy data/evidence




PROXY DATA:

TREE RINGS

1780 1783 1790 1800



Pollen & Lake core data




PROXY DATA:
POLLEN DATA




PROXY DATA:
LEAVES




Tree rings, corals, ice cores




PROXY DATA:
ICE CORES



TERRESTRIAL DATA

North American: European:
Wisconsin Wurm

Ri




LATER EVIDENCE CAME FROM
THE MARINE RECORD

NOT WITHOUT IT’S PROBLEMS,




Cesare
Emilani:

Paleontologist,
Chemist

Cesare Emiliani in the early 1950s when he Gyl
was doing his pioneering research at the
University of Chicago (Photo from the Archives of
the Rosenstiel School of Marine and Atmospheric
Science, University of Miami).



Other Paleoceanographers

Wally Broecker
Thermal-haline
“conveyor” belt of circulation
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Other Paleoceanographers

Bill Ruddiman 'T:"\.i-i"-*.?.,-




Other Paleoceanographers

John |mbrie. CLIMAP: The Last Glacial Maximum

CLIMAP

ICE AGES

SOLVING THE MYSTERY
John Imbrie and
. o e —— - 1>
Temperature Difference ( C) Katherine Palmer Imbrie
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PROXY DATA:
CORE DATA




PROXY DATA




PROXY DATA:
PLANKTONIC
FORAMS




Deep Sea Coring







Atmospheric Carbon Dioxide
Measured at Mauna Loa, Hawaii

Annual Cycle

Jan Apr Jul Oct Jan




What about Methane?

. Methane
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SOURCE OF METHANE

Manure

Management
10%

Natural Gas and
Petroleum
Systems
29%

Coal Mining
10%

ENL{E
18%

Enteric
Fermentation
26%



Oxygen used by burning

Alert, Canada

1998 1999 2000 2001 2002 2003 2004 2008 2006 2007
{ | L T 1 1 T

2008 2009 2010 2011 2012 2013
T T i T T U

ALT (32N, 63W)

1989 1990 1991 1992 1993 1994 1995 1996 1997
1 1 T L T !

T ¥ ! ! 1

P
2
S5
£
E
<

CO, [ppm]

Leododed

1 ' b I}
2011 2012 2013

| | | 4 A I J | | "

2000 2000 2002 2003 2004 2005 2006 2007 2008 2009 2010

344 " L ! Il | 4 I A " |

1959 1990 199] 1992 1993 1994 1995 1996 1997 1998 1999

From Aschas Dusod @2«Feb=2013 140228

| phonde pi

http://scrippso2.ucsd.edu



http://scrippso2.ucsd.edu/




.

'I. i

3 ".'.'_J;a_.m:.rl- Larbom TRet r...u.r.l..h.l.] JJJ‘..":.
3 — 4 (sl

[ e LTS A1

F W LTLATT T
_|_,.||.-_'r\._

LU R L TR AT |

O ECOmpoEiLion |

LLHATE

Soil carbon

Dheep oocan
(58 00l

Rock
{70 GOW) el

Fossal pol Hessthive sedimenis
|:|:| |:F:-F:|:| (KA

http://www.pmel.noaa.gov/co2/story/Ocean+
Carbon+Uptake



https://youtu.be/W1TZ8g8JYVU from
http://www.skepticalscience.com/ocean-
acidification-global-warming.htm



https://youtu.be/W1TZ8g8JYVU
http://www.skepticalscience.com/ocean-acidification-global-warming.htm

o This in turn reduces CO5 2 ions

oreducing CO; > makes it more difficult

for organisms to make their shell —
especially aragonitic ones

http://www.skepticalscience.com/ocean-acidification-global-
warming.htm

CO,+H,0 =>HCO, +(H")




CO,+H,0 =>HCO, + ()

00.1 decrease in pH = 26% CO; 2 ions

oreducing CO; > makes it more difficult
for organisms to make their shell —
especially aragonitic ones




UQx DENIAL101x 5.3.3.1 Ocean acidification

(atm CO,)y=1811x- 32524
R?=0.95, sterr =0.028

LEGEND

=e~ Mauna Loa atmospheric CO; (ppmv)
=e= Aloha seawater pCO, (patm)
-e- Aloha seawater pH
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|

witeitll

(pCO,)y = 1.90x — 3453.96
R?=0.3431,sterr=0.20
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http://www.skepticalscience.com/ocean-acidification-global-
warming.htm



Global Distribution of Atmospheric Carbon Dioxide
NOAA ESRL Carbon Cycle
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Three-dimensional represantation of the latitudinal distribution of atmospheric carbon diaxide in the marine boundary layer. Danl-ommCUbonoﬁh

cooperative air sampling network were used. The surface represents data smoothed in time and latitude. Contact: Dr. Pieter Tans and Dr. Ed Diugokencky,
NOAA ESRL Carbon Cycle, Boulder, Colorado, (303) 497-6678, pleter.tans@noaa.gov, hitp://www,esi.noaa.govigmdicogg/.
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http://ocean.si.edu/ocean-acidification?gclid=CjOKEQjw-

b2wBRDcrKerwe-S5c4BEIQABprW-CHiUm54 8IcDb8ns9yN_ W-
S5pYHfqqSf7QUb6MFohssaAmCM8P8HAQ
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Ocean acidification

oH,CO; Is carbonic acid - a relatively wea
naturally occuring acid that forms by the
reaction between water and carbon dioxide:
H,O + CO, = H,CO, [2]

O



Unprecedented rates o dange
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Figure 2: Relations between CO rise rates and mean global temperature rise rates during warmin
periods, including the Paleocene-Eocene Thermal Maximum, Oligocene, Miocene, glacial
terminations, Dansgaard-Oeschger cycles and the post-1750 period.




Present Diverse seabirds & | Past (50 Mﬂ)
Strong trade winds &

: marine mammals
Southemn Ocean winds

\_,/ Marrow shelves
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Bacterioplankton

Weak trade winds
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Coastal
upwelling

Coastal Future Weak trade
upwelling . Wlnﬂs,r

Acidification & Strati

s o

blatoms " Bacterioplankto

Fig. 1. Comparison of present, past, and future ocean ecosystem states.
In the geologic past (middle panel), a warmer, less oxygenated ocean sup-
ported longer food chains based in phytoplankton smaller than present-day
phytoplankton (left panel). The relatively low energy transfer between trophic
levels in the past made it hard to support diverse and abundant top pred-
ators dominated by marine mammals and seabirds, and also reduced deep-
sea organic matter burial. Equilibration of weathering with high atmospheric
pCO:; allowed carbonates to accumulate in parts of the deep sea. Reef con-
struction was limited by high temperatures and coastal runoff even as high

sea level created wide, shallow coastal oceans. In the future (right panel),
warming will eventually reproduce many features of the past warm world but
will also add ransient impacts such as addification and stratification of the
surface ocean. Addification will eventually be buffered by dissolving carbon-
ates in the deep ocean, which create carbonate-poor “red clay.” Stratification
and the disappearance of multiyear sea ice will gradually eliminate parts of
the polar ecosystems that have evolved in the past 34 million years and will
restrict the abundance of short—food chain food webs that support marine
vertebrates in the polar seas.

R. Norriset al.,
Science, 2013
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...and a SEGWAY to Modeling
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http://www.skepticalscience.com/denial101x-videos-and-references.html
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leisure:

https://www.youtube.com/watch?v=PZo1TYpsy2U&feature=youtu.be

NOAA’s Science On a Sphere (SOS)

http://sos.noaa.gov/What is SOS/index.html ; used at DMINS where
I’'ve been co-developing a climate change playlist, soon to be released.
In the meantime see
http://spaceodyssey.dmns.org/exhibitsprograms/interactives-
exhibits/sos.aspx



https://www.youtube.com/watch?v=mYU2uawYPlE&feature=youtu.be
https://www.youtube.com/watch?v=PZo1TYpsy2U&feature=youtu.be
http://sos.noaa.gov/What_is_SOS/index.html
http://spaceodyssey.dmns.org/exhibitsprograms/interactives-exhibits/sos.aspx

and-references.html



http://www.skepticalscience.com/denial101x-videos-and-references.html

10 Indicators of a
Human Fingerprint on Climate Change

‘ﬁ Less heat escaping to space
B

Shrinking thermosphere ;
Cooling stratosphere

Rising tropopause

Less oxygen in the air | | More fossil fuel carbon in the air

30 billion tonnes of CO2 per year

* More heat returning to Earth

Nights warming faster than days

More fossil fuel carbon in coral
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* Especially headlines for policy makers and chapters 5
(paleoclimate), 6 (Carbon) and 9 (models) that can be found at
http://denverclimatestudygroup.com/?page id=63

2. WG II: Impacts, Adaptations and Vulnerability; Part A:
Global and Sectoral Aspects

3. WG llI: Mitigation of Climate change —in coming weeks

* Synthesis report — my other PowerPoint based on
http://www.ipcc.ch/report/ar5/syr/



http://www.ipcc.ch/report/ar5/
http://denverclimatestudygroup.com/?page_id=63
http://www.ipcc.ch/report/ar5/syr/

Society 20-point summary: 20-point Climate-Change

Summary (pdf) — summarized in the following 3 slides



http://www.denverclimatestudygroup.com/NAS-NRC/NASclimate-change2014SUMMARY.pdf

Ll\l\l

)[ {\(

this slide

v L J VYV

THE

ROYAL
wnonercwor SOCIETY

CF MOENCE



CLIMATE CHANGE
EVIDENCE & C/

|5 the climate WaNmING? ..o sesrsss s sssssssssss sssssssssssensssensesssenas
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sz SOCIETY

2 How do scientists know that recent climate change is largely caused by human activities? .............

3 €O, is already in the atmosphere naturally, so why are emissions from
human activity SIZNIACANT?Y ... st s s e s

What role has the Sun played in climate change in recent decades? ......ovvvvvicverrsssnsssessssnsssenes

5 What do changes in the vertical structure of atmospheric temperature—from the
surface up to the stratosphere—tell us about the causes of recent climate change? ....................

6 Climate is always changing. Why is climate change of concern now? ...,
Is the current level of atmospheric CO_ concentration unprecedented in Earth’s history? ...............

2 Is there a point at which adding more CO_will not cause further warming? ..o 1

9 Does the rate of warming vary from one decade to another? ...

10 Does the recent slowdown of warming mean that climate change is no longer happening? ...........



CLIMATE CHANGE
EVIDENCE & CAUSES

11 If the world is warming, why are some winters and summers still very cold?

12 Why is Arctic sea ice decreasing while Antarctic sea ice is not? ......cccoeceveneen.

13 How does climate change affect the strength and frequency

of floods, droughts, hurricanes, and tOrMAAOES? ... s e s s s

14 How fastis sea level lsing? ... s e nes e e

15 What is ocean acidification and why does it Matter? ... s s

16 How confident are scientists that Earth will warm further over the coming century? ...........

17 Are climate changes of a few degrees a cause for concern? ...

18 What are scientists doing to address key uncertainties
in our understanding of the climate sYSTEM? ..ot e e s

19 Are disaster scenarios about tipping points like ‘turning off the Gulf Stream’
and release of methane from the Arctic a cause for CoOnMCerm? e

20 If emissions of greenhouse gases were stopped, would the climate return
to the conditions of 200 vears apod






in the following 3 slides


http://www.denverclimatestudygroup.com/NAS-NRC/NASclimate-change2014SUMMARY.pdf

at don’t accept climate change maybe it
would be a good thing to limit CO, into the
atmosphere anyway, especially at the rates we are
putting it into the atmosphere — BECAUSE OF OCEAN
ACIDIFICATION issues and the law of unintended

consequences!




Climate change: Is your opinion
informed by science? Take our quiz!

Quiz results

Your score Average reader score

52%



http://www.csmonitor.com/Environment/2014/0827/Climate-change-Is-your-opinion-informed-by-science-Take-our-quiz/Gas

