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The rise of surface temperature
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10-year moving average of surface temperatures over land
Anomalies relative to the Jan 1950 - Dec 1979 mean

Gray band indicates 95% statistical / spatial uncertainty interval
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The rise of sea level

global ocean (66°S to 66°N) mean sea level
seasonal signals removed
trend: 2.7 + 0.4 mm/year
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Northern Hemisphere Sea Ice Anomaly
Anomaly from 1979-2008 mean
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The decrease of ocean pH
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How is CO; responsible for all of this?

Decadal Land-Surface Average Temperature
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The planetary energy budget
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The planetary energy budget
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Greenhouse from space
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CO; is not the only culprit
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How is CO3; responsible for all of this!?

Decadal Land-Surface Average Temperature

V global ocean (66°S to 66°N) mean sea level
=  NOAA seasonal signals removed 10 your movies) aveape of surface lempevatures over band
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CO3 and ocean acidification
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COy(p) = CO2aq) = H2CO3 = HCO; + H* = CO3% + 2H"




CO3 and ocean acidification
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CO3 and ocean acidification
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CO3 and ocean acidification

O
e

I
o
U

|
—
U

C
O
g
O
(qv)
| -
|
L 10
O
-
—
(@)
O

|
N
o

7 8 9 10 11 12
pH

COz — COzaq) — H2CO3— HCO3™ + H" — CO32_ + 2H"

w

pCO, | : pH | : [COs2] | : [COs*] [Ca?*];




Fossil fuel burning is implicated

0'3C
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Cosmic rays as an explanation!?

From Nir Shaviv’s webpage

® Hypothesis:An active solar magnetic &
field shields Earth from cosmic rays, *
causes less tropospheric ionization,
generation of fewer condensation
nuclei and warming.
Question:Are these simply covarying
time series that are being affected by
the same cause (sun spot activity)?
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Cosmic rays as an explanation!?

From Nir Shaviv’s webpage

e Hypothesis:An active solar magnetic g e
field shields Earth from cosmic rays,
causes less tropospheric ionization,
generation of fewer condensation
nuclei and warming.

Question:Are these simply covarying
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the same cause (sun spot activity)!?
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Cosmic rays as an explanation!?

From Nir Shaviv’s webpage

e Hypothesis:An active solar magnetic g e
field shields Earth from cosmic rays,
causes less tropospheric ionization,
generation of fewer condensation
nuclei and warming.
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Cosmic rays as an explanation!?

PROCEEDINGS
—— OF —— Proc. R. Soc. A (2007) 463, 24472460
THE ROYAL doi:10.1098 /rspa.2007.1880

SOCIETY Published online 10 July 2007

Recent oppositely directed trends in solar
climate forcings and the global mean surface
air temperature

1,2,%

By MikE LOCKWOOD AND Craus Frouricu®

fRutherford Appleton Laboratory, Chilton, Ozfordshire OX11 0QX, UK
’Space Environment Physics Group, School of Physics and Astronomy,
University of Southampton, Southampton SO17 1BJ, UK

3 Physikalisch-Meteorologisches Observatorium Davos, World Radiation Center,
7260 Davos Dorf, Switzerland

There is considerable evidence for solar influence on the Earth’s pre-industrial climate
and the Sun may well have been a factor in post-industrial climate change in the first half
of the last century. Here we show that over the past 20 years, all the trends in the Sun
that could have had an influence on the Earth’s climate have been in the opposite
direction to that required to explain the observed rise in global mean temperatures.

Keywords: solar variability and climate; solar—terrestrial physics;
anthropogenic climate change
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Cosmic rays as an explanation!?

® Evidence: Cosmic rays and global average
temperature are correlated over the past
500 million years.
Problem: Severe data processing required

to reach agreement with cosmic ray
record.

Temperature change (°C)
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Temperature change (°C)

Cosmic rays as an explanation!?

Evidence: Cosmic rays and global average
temperature are correlated over the past
500 million years.

Problem: Severe data processing required

to reach agreement with cosmic ray
record.

® Original data
20 Myr running average
=== Detrended, 20 Myr reaveraged
Linear trend
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Sources of uncertainty
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Sources of uncer

Anthropogenic radiative
forcing is uncertain

Various stabilizing and
destabilizing feedbacks
add uncertainty:

Ice albedo
Water vapor
Terrestrial biosphere
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Sources of uncertainty

cooling | warming
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Sources of uncertainty

® Anthropogenic radiative
forcing is uncertain

Various stabilizing and
destabilizing feedbacks
add uncertainty:

Ice albedo

AT (K) from 1961 to 1990

Water vapor

Terrestrial biosphere
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Year

Clouds Rowlands et al., Nature Geoscience, 2012
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Sea Level Risks - Bangladesh

The problem

Anthropogenic (and natural)

radiative forcing is uncertain
adiative forcing -
0 123 5§ 8 12 20 35 60 80

I . Height Ab Sea Level
The magnltude and even sign elg.. ove Sea Leve (m)

of some feedbacks is uncertain

———— -

These uncertainties lead to a
wide range of model responses

The effects on properties of
societal interest is uncertain
(e.g., sea level, precipitation)




Sea Level Risks - Bangladesh

The problem

Anthropogenic (and natural)
radiative forcing is uncertain
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The magnitude and even sign
of some feedbacks is uncertain

These uncertainties lead to a
wide range of model responses

The effects on properties of
societal interest is uncertain
(e.g., sea level, precipitation)




The record of atmospheric CO;

20t century
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The record of atmospheric CO»

Last millennium




The record of atmospheric CO»

Last 800 kyr




The record of atmospheric CO;

Last 80 Myr

® Paleosols
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Cenozoic (last 65 Myr) climate change
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Cenozoic (last 65 Myr) climate change
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Early-middle Miocene climate: Constraints on equilibrium climate
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Early-middle Miocene climate: Constraints on equilibrium climate

a) 2m temperature MIOC360 minus CTRL
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CO; estimates: ~350—700 ppm

We have exceeded the lower end
and will exceed the upper end,
even with moderate growth
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Paleocene-Eocene Thermal Maximum (PETM)
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Early Eocene climate: Constraints on short-timescale response
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PETM: Response to rapid CO; injection
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PETM: Response to rapid CO; injection
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PETM: Response to rapid CO; injection
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Shoaling of the carbonate saturation horizon
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Elderfield, Science, 2000




Shoaling of the carbonate saturation horizon

(ol0)
I 2= Com_ + 02

Ca?* + 2H303‘—> llee/ T + H0 + CO,
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Elderfield, Science, 2000




Shoaling of the carbonate saturation horizon
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PETM: Response to rapid CO; injection
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PETM: Response to rapid CO; injection
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C cycle timescales

process

atm-biosphere
atm-ocean
carbonate compensation

silicate weathering




C cycle timescales
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process T (kyr)

C cycle timescales atm-biosphere 0.1

atm-ocean I

carbonate compensation 10

< silicate weathering 200

2CO; + CdSi0; + H,0 —> 2HCO5~ + Ca?* + SiO;

./

2HCO3 + Ca?t = €CaCO03 + CO; + H,0

T-dependence

!
Net reaction: CO, + CaSiO3 — CaCO3 + SiO;
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Model response to PETM-like CO> injection
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Model response to PETM-like CO> injection
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Positive feedbacks: CH4 hydrates
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Positive feedbacks: CH4 hydrates

South China Sea: Alot "
project for extracting k
—~ . methane hydrate

Fossil fuel reserves
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Positive feedbacks: Soil organic C
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Positive feedbacks: Soil organic C
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Effect on biomineralization?

(A) ODP Site 690
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Riebesell et al., Nature, 2000 ,
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Effect on biomineralization?

(A) ODP Site 690

Benthic Reconstructed Reconstructed
foraminiferal Paleoenvironmental Relative % nannofossil nannofossil

5°C per mil — index Towelus = production carbonate mass
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(B) oDP Site 1209
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On geologic timescales, no
effect on calcification apparent
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Gibbs et al., Earth & Planetary Science Letters, 2010
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PETM summary

5,000 Gt C released as CO; and
CH4 over ~10,000 years

Deep ocean T warmed by ~5°C
despite warm background climate

Climate sensitivity ~3°C per CO;
doubling

The carbonate saturation horizon
shoaled by >2 km

Extinction of benthic organism:s,
but planktonic organisms
apparently unaffected

At moderate growth scenarios, we will release this
amount of CO; by the year 2,400 (~500 years)
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Model response to PETM-like CO> injection
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Summary

Anthropogenic emission of CO; and other
greenhouse gases is warming Earth, melting ice,
raising sea level and decreasing ocean pH.

Uncertainty in radiative forcing and feedback sign
and magnitude translates into uncertainty in climate
sensitivity and impact severity.

The geologic record of climate change can help
constrain both the equilibrium climate and the
short-term response.

The equilibrium climate at present-day CO> levels is
~4°C warmer and ice-free in the N. Hemispere.

By 2,400 we will have emitted ~5,000 Gt C into the
atmosphere. Similar amounts released much more
slowly during the PETM warmed the oceans by
~5°C, decreased surface ocean pH by ~1 unit,
caused a global carbonate dissolution event.

The effects of anthropogenic climate change will
linger for multiple millennia.




