The components of Earth’s Climate System
Cryosphere:

’-——.’— polar ice-caps
sea-ice
permafrost
3 seasonal snow cover

mountain glaciers

Geosphere:

Biosphere:
ecosystems

Atmosphere:
air

1a. How the climate
system works
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What's the What is climate?
difference Average or typical weather for a given area over
. a relatively long period of time.
m— 7 What is weather?
I The state of the atmosphere - temperature,
between weather precipitation, wind, cloudiness, pressure, and
<and climate? more.

Climate tells you what
clothes to buy, but
weather tells you what
clothes to wear.

Modern atmosphere

Nitrogen (N2)-
78%, e
Oxygen (02)- Carbon dioxide [ Al others

21%,
Carbon Dioxide
(CO2) 0.03 %,

The Structure of the Atmosphere

» The atmosphere thins
very quickly as you
travel away from
Earth’s surface

E B B E

* The atmosphere is }
divided vertically into
4 layers based on

temperature 0
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The sun delivers more energy to the earth in just one
hour than is currently used worldwide in one year.
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On a worldwide, long-term average, air molecules absorb 16% of the
incoming energy and reflect 6%. Clouds absorb 4% and reflect 20%. 54%
is transmitted through the atmosphere and hits the Earth's surface.

HIGH

, Northeastorly Trade

The energy from the sun also powers our ocean currents and the
water cycle, causing clouds and driving hydrological processes.

The thiner Planets o=

P

terrestrial planets- small, dense,
and rocky, like earth.

Temperature of the inner planets

: = _ant
S(1-a) =0T Rearranging: T {S“U g TCC) = T(K) - 273
(o0 =5.67 x 10° W m? K4)

Relative Solar Albedo Net solar
distance radiation (a)
(S) Wm=

Equilib  Actual
radiation -rium  surface
s(1-q) TCC) T (C)

Mercury (.39 2250 0.1 2025 162 180

venws 072 660 0.59 271 -10

342 031 236 -19

150 015 128 -55

The Greenhouse effect

The life of photons - their death and rebirth




We need to think about two types of radiation:-

First the energy (light) from the sun

Secondly the infrared energy Earth radiates back into space

infrared
emissions

S

sun solar (riand}iation - Ear -

T N\

v

‘!F

Solar radiation is absorbed by the sunlit side of Earth, and
infrared radiation (heat) is emitted from all parts of the planet.

Solar and Terrestrial Radiation

1000

100 //_\ ™S N7 X
10 \)4

I UV Visible Infrared /\
0.1

Bl fow ~
0.01 ——+—+++ +—H——

0.2 )
Wavelength (um)

The red line shows the radiation from the Sun received at the top of Earth's
here ( asolar p of 5770K). The black line shows
the radiance emitted by Earth ing a terrestrial p of 288K.

-

Spectral radiance
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The Greenhouse Effect

Solar radiation

Long-wave
radiation

In simple terms “greenhouse gases”
act like a blanket or winter clothing.

A body that suppresses
heat loss cools off less, *\,

which is to say “stays 3
warmer.” :

As the thermal camera
testifies:- notice the
bright thermal radiation
escaping from the
children’s bare faces
versus the darkness of
their winter jackets.

There are enormous transfers of energy into and from the Earth. It receives short wave
electromagnetic radiation from the sun and emits long wave radiation to space.

thermal outgoing
TOA

(340, 341)

solar absorbed latent heat

atmosphere

imbalance

0.6 solarabsorbed  evapo-  sensible thermal thermal
02,101 surface ration  heat up surface down surface
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Not all of the solar radiation reaches the Earth’s surface, There are 2 so-called atmospheric windows . . Spectroscopy: o
due to reflection and scattering The interaction between matter and electromagnetic radiation

atmospheric
window

solar window
1z00 ATOMS: Atomic absorptions
and emissions (spectral lines)
are due to electronic
transitions of outer shell
electrons as they rise and fall
from one electron orbit to
another.
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of atoms into molecules leads
I-—UV—+—vi54+f near IR—+7'ar IR (longwave, thermal) — & to the creation of numerous

The le hs of in ing solar radiation and emitted radiation absorbed by the additional unique energetic
Earth's atmosphere, showing the solar window and atmospheric (thermal) window. The states

graph shows the regions of the electromagnetic spectrum that are absorbed by specific
molecules. Key: CO,, carbon dioxide; H,0, water; IR, infrared light; O,, oxygen; O, ozone;
WAVELENGTH (nm) UV, ultraviolet light; vis, visible light. The COUET Program |
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R Recently NASA launched its first satellite dedicated
Measu ﬂng to measuring atmospheric carbon dioxide. 0CO-2
makes about a million measurements each day.

Earth’s Radiation orving Crbon Obsartory -2
From Space

] S ) :nw

CERES satellite At launch on Oct. 5, 1984 one of

Precision infrared radiometer, Point Barrow the solar arrays on the Earth
Radiation Budget Satellite
(ERBS) failed to extend. So
mission specialist, Astronaut
Sally Ride aboard Space Shuttle
Challenger, had to shake the
satellite with the remote-
controlled robotic arm and then
finally place the stuck panel into
sunlight for the panel to extend.



http://www.nasa.gov/topics/earth/features/sage2-25.html
http://www.nasa.gov/topics/earth/features/sage2-25.html
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1b. The basic climate-change problem €O, concentration €3, W""
February 08 #“P"‘I;
406.27 ppm ﬁu'*"'}

\

Positive proof of global warming.

[, i

Ice—l:ure dala before 1958. Mauna Loa data aner 1958
—
400~

/

€O, Concentration (ppm)

Century 1900 1950 1970, 1980 1990 2006

POPULATION OF THE EARTH Allianz @

Number of people living worldwide since 1700 in billions 2048: 9 bin

Annual greenhouse gas emissions by sector In 1957 Revelle and Suess
discovered that the
chemistry of sea water
prevents the oceans from
| | quickly absorbing any
excess carbon dioxide.

Waste
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Temperature Anomaly °C)

NASA GISTEMP Baseline: 18801800
— T
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January through June 2016 was the hottest
ever recorded. It is now virtually certain
that 2016 will be the hottest ever recorded.

Three approaches to pinning
down the greenhouse effect

= 1. Physics / chemistry / maths :-
Computer modelling
Lt

=) Geology':'s_- A
Palaeoclimate

3. Observation & Monitoring :-
Sea-level / glaciers / plants / isotopes /

atmospheric composition / temperature
i
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Suki Manabe
“God-father"

of the greenhouse effect

modern prediction of how
much increased carbon

dioxide (due to fossil fuel
use) would warm the earth.

His 1967 paper gave the first

In 1967 you could

2 4 oc pick up a 1.3 MHz .
- CPU with half a

1 megabyte of RAM
rise and 100 megabyte
for hard drive for a mere

US$1.6 million.
2xCO,

Oh, and you want a
printer too...?

UK's fastest supercomputer

19 cm long section of GISP 2 ice core from 1855 m
showing annual layer structure illuminated from below
by a fiber optic source. Section contains 11 annual
layers with summer layers (arrowed) sandwiched
between darker winter layers.

| Antarctic ice: the world's air museum |

Current
7

Temperature and CO, from Antarctic ice cores
over the past 800,000 years

300
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Climate Sensitivity Estimated From Earth's Climate History
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Big changes ahead!
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I An empirically based energy balance forecast
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Year (Thompson, 2015)

Water"

s high heat capacity provides the ocean
with thermal inertia: which is the ability to
resist temperature changes.

Heat balance in terms of
a time-series analysis

P
yi=Po+ X Bixy + e,

J=1

Multiple regression:

=
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Temperature oC

Temperature oC
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MY OBSESSNE NEED
ToR EXTERNAL

! ! VALIDATION.

['VE AINALLY oyeRcoME
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Using CMIP5 (the most ambitious coordinated multi-
model climate change experiment ever attempted) to
check sensitivity as found using the empirical approach.

Climate sensifivity (oC)
25 30 a5 4.0
L L L

Equillbrium climate sensitivity (0C} [Andrews]

<
o

T T T
06 07 08 08 10 14
Climate sensitivity parameter Wm-2/aC

SUMMARY OF EMPIRICAL APPROACH

WMGHG, Aerosols, Volcanoes a_nd ENSO are all found to be
significant forcings. e

¢
Because individual forcings arethighly correlated, the effect of
aerosols needs to be carefully’disentangled.

Once aerosols are taken into account estimates of climate
sensitivity are high, +4 °C (with 95% confidence intervals of 3.0
to 6.3 °C)

Business-as-usual economics yields a 7.9 °C rise, over land, by
2100.

Typical cities (Riga/Minneapolis/Windhoek) will experience 500-
year heatwaves, in most years, by 2100 on a BaU trajectory.

The Paris Accord is hopeless, the 1.5 °C guardrail will be easily
breached before 2030.
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State-of-art
modelling of
future
temperature
change.

Note the amplified warming
projections for the high
latitudes and altitudes of the
northern hemisphere.

Based on CMIP5 models.

State-of-art modelling of precipitation change.

28 CMIP5 multi-model ensemble average mean change in frequency of dry days (days/year)

by 2060-2089, relative to the historical period 1960-1989, using the RCP8.5 forcing scenario.

(days/year)

30 20 -10 0 10 20 30

Stippling indicates areas where at least 70% of
the models agree on the sign of the change.

2a. Global signals of a changing
climate and environmental impact

NASA’s current satellite fleet includes
20 Earth-observing missions

sions and Instrumeats Since the
1957 launch
of Sputnik
thrust
mankind into
the space
age, the U.S.
and other
space-faring
jei nations have
placed
thousands of
artificial
satellites into
a variety of
Earth-
centered
orbits.

Effects observable today

e < VERY WARMWEATHER
“"%&é“ﬁ@“@ « VERY COLDWEATHER

&ibi“‘“"' - WEATHER
@ = FALLING AUTUMM LEAVES

v~ e EALLING PRESIDENTIAL
APPROVAL PATINGS
«WARMiNG ON MARS

© SQUIRREL ATTACKS

» BALDING CLiMAT@ SCIeNTiSTS
NOT REiNG ABLE TOGET DATES

P

s ".L":m
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Latest GRACE satellite results

GRACE reveals that most ice loss in Greenland has been from near the ice sheet margins,

Vegetation as observed from space

[45.9%, 12.5E]

The world is greening earlier, but becoming browner

while the ice sheet interior has experienced a slight mass gain owing to increased snowfall. :D_ [ ron o] 24
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Managing Daylength in Commercial
Greenhouse and Nursery Production

High-pressure | *

sodium lamps with
oscillating reflectors
cast moving beams
of light to crops

below in order to &=
increase yield,
inhibit dormancy, or

accelerate flowering [

Recent
developments in
LED technology
create new
opportunities for
lighting of

B greenhouse crops.

B ococo=r voos [
THE HOCKEY
STICK ILLUSION

Climategate and the
Corruption of Science

MATT RiLEY, Sprvaor

AW. MONTFORD

Desynchronisation

-]:_ Days

10 20 30 40 50
Colour-coded regions are where plant life will be affected by 2080. Figures
reveal the number of days by which plants will flower earlier than expected

Source: School of Geasciences, University of Edinburgh

Douglas-fir sample from the Southwest USA has annual tree rings dating back
to 1527. The narrowing of the rings that formed from the 1560s through the
1590s indicates that the tree grew little during the 16th century megadrought.

CopabePcsis

Co,

As Oceans Absorb CO,, They Become More Acidic
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Acidifying oceans spells
trouble for squid

The shells of
Antarctic marine
snails (Limacina
helicina - the sea
butterfly) are
being dissolved
by ocean
acidification

Cavolinia
inflexa’s
calcareous
she ery
sensitive to pH

Rising water
temperatures block
photosynthetic
reactions leaving
corala

bleached

white.

Acidification even effects organisms without shells
or skeletons:— especially pico- & nano-plankton
@ i iy . ¢

28/07/2016

Smallest plankton grow fastest
(with rising CO,) depriving larger
phytoplankton of nitrates

outcompeted at high CO,

mederately stimulated
at high CO,

The United Nations has warned
that ocean acidification could
cost the global economy
US$1 trillion per year by the
end of the century.

Heat Content (1022 Joules)

con b 3918 Floats
[ -
e

19-Jon-2016

60°F 1208 180" 120W oW o

0-2000 m Global Ocean Heat Content
—— 3-Month avarage through Apr-kan 2013

—— Yearly average thrcugh 2012
—— Pentadal average trough 2008-2012

NOAANESCISINDOC Ocoan Cimate Latoratary

Updated from Lelus of af. 2012

1860 1970 1880 1980 2000 2010

Year
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700 3
65

2(5) Global Mean Sea Level Variations Jason-2
50 1993.0-2015.33 linear rate =321 +/- 0.4 mm/yr
45 - Glacial Isostatic Adjustment applied

40 —Annual and semi-annual signal removed
35
30

TOPEX Alt A

Sea Height Variation (mm)

1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015

Sea Level (m)

G Milne

Average Monthly Arctic Sea Ice Extent
June 1979 - 2016

Extent (million square kilometers)

National Snaw and Ice Data Centar

2006 2010 2014

1978 1982 1986 1990 1094 1958 2002

Climate impacts | = —
will continue for | ..
1000s of years i - = = =
even after =75
elimination of all | =
greenhouse =
emissions - - e -
Time evolution of climate o
variables for constant-CO,- 3
emission commitment 24
simulations under four RCP e E———
scenarios: - = v =
t: d
(a) Diagnosed €O, emissions E
(b) atmospheric CO, i
(c) Surface air temperature 5.4 —
(d) Ocean thermal expansion t._ —

2b. Why do so many
skeptics doubt

The history of
climate cl}ange

\

= 1860s - 1890s — the basic science is established

= 1900s - 1960s = doubts and indifference

= 1960s - ZOiOS —a slo:v reawakening
e b

>
* The future — winning the climate battle

v
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James Croll - visionary 19th- Initial
century Scottish scientist change >C|imate
cooling
(1821 - 1890) i
cooling

When James was three years old, the
family croft was cleared by the
landowner, Lord Willoughby, and
displaced to an area of bog-land a mile to
the west at Wolfhill.

aphélion
4.juillet 2000

Increased érihélion
snow and ice: 3.janvier 2000
: e Whitefi higher reflectivity
Probable birthplace, Little Whitefield, :

Tuesday 2nd of January 1821

lon,
9 a
% ellipss
Less solar
radiation
absorbed
at surface

Aphélie : point le plus éloigné Périhélie : point le plus proche
329 Wim2 351 Wm2

Tyndall's 1872 setup for measuring the heat absorption of gases | Anders Jonas Angstrém (1814 — 1874) Swedish

T physicist, studied the light coming from the sun. His
pioneering contributions to science were sufficient to
have a tiny unit of length named after him, the
angstrom, which is one ten-billionth of a metre.

Greenhouse pioneers

TYNDALL, 1820-1893

Knut Angstrém (1857-1910),
eminent Professor of Physics,
studied the absorption of solar

radiation by water-vapour, carbon
dioxide and ozone.
The The Swedish
meteorologist
remarkable Anders Angstrom
A P (1888 - 1981)
Angstrom not to be
FOURIER, 1766-1830 ARRHENIUS, 1859-1927 dynasty from confused with his
more famous
V) ppsala grandfather.

BHILOSORHICAL

14
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1909 A Penck and E.Bruckner - Alpine Glacial Chronology

Clacials named for tributaries of the Danube River in Germany.
Based on Relative levels of river terraces separated by weathering and soils.
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Schratenbach

OFTICAL FUYCH LABORATORY  PROJECT 2470

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

L. & HANSCOM PIELD, BEDFORG, MAsSAORSETTS

UV, Visible, and IR Attenuation
for Altitudes to 50 km, 1968

L ELTERMAN

Models for Spectral Band Absorption*

s
Aeronutrouic Systems, Inc., Glendale, California

Giupenr N. Pras:

(Received February 21, 1958)

The Deep Sea Drilling Project (DSDP) operated
from 1968 to 1983, and continues today as IODP.

The history of climate change

» James Croll - a Scottish scientist ahead of his time. His understanding of
positive climate (1864) in the modern age of climate change.

-
» The greenhouse effect and the dangers of fossil-fuel burning were fully
understood by Tyndall, Arrhenius and Ekholm (1897).

> Doubts and indifference characterised the 1900s — 1960s.

\
> Keeling’s CO, curve (1957) e by Revelle’s idation of ocean
ing & Manabe’s modelling of how the Earth’s atmosphere
(1963) reignited an of the dangers of fossil-fuel ing.

> Palaeoclimate dee; 7-sea'(19705), ice-core (1980s) & extinction event (1990s)
records confirm and extend the 2-4.5°C climate sensitivity of computer models.

» Today: exceeds 400 ppm; with a fundamental change to ocean chemistry.
of: have increased by 1.5 °C over the past 250 yr.
has 10-20 cm in 100 yr, and is accelerating rapidly.
is starting earlier, but plant and animal behaviour is
desynchronising and the Earth is becoming browner.

-4

Five types of climate change
denial argument

1 Conspiracy theories (Vast conspiracy by
scientists to deceive in order to win funding
and/or status.)

2 There is no consensus (But only between fake-
experts and non-specialists.)

3 Impossible expectations (e.g., requiring 100%
proof; climate models are uncertai
reports are flawed, incomplete or fuzzy science.)

4 Misrepresentations & logical fallacies (e.g.,
scientists can’t even predict the weather;
climate has changed in the past.)

5 Cherry-picking (Ignoring all other evidence,
¢.g., global warming stopped in 1998.)

Main sceptical arguments of
- climate-economics

1 Rate of technological advance (e.g., RCP8.5 is
too conservative and not representative of
business-as-usual.)

2 Damage costs (e.g., CO2 &T make plants grow
better; uncertainties over impacts on society.)

3 Mitigation costs (e.g., renewables are already
t00 expensive; we can never know the full costs
with a reasonable level of precision.)

4 Other priorities (There are more pressing
concerns, ¢.g., child mortality, AIDS, malaria,
TB, ition, clean water, E-Gi )

5 Low risk of tipping points (Nature is robust,
mankind is resilient; Malthus was wrong.)

Main Skeptic Arguments

Climate's changed before
1t the sun

Its not bad (+ive impacts far outweigh any —ives)
There is no consensus

1t cooling (warming has now stopped)

Models are unreliable

Temp record is unreliable

Animals and plants can adapt

It hasn't warmed since 1998

Antarctica is gaining ice

CO2 lags temperature

Iee age predicted in the 70s

Climate sensitivity is low

We're heading into an ice age

Ocean acidification isn't serious

Hockey stick is broken

Climategate CRU emails suggest conspiracy
Hurricanes aren't linked to global warming

Al Gore got it wrong

Glaciers are growing

1Its cosmic rays

1934 - hottest year on record

1t cold today!

Sea level rise is exaggerated

Its Urban Heat Island effect

Medieval Warm Period was warmer

Mars is warming

Aretic ice-melt is a natural cycle

Increasing CO2 has little to no effect

Oceans are cooling
Human CO2 is a tiny % of CO2 emissions

'Y Skeptical Science

Gelling skeplical aboul global warming skepticism

John Cook, founder of the blog Skeptical
Science Wins Award for communication that
motivates action to reduce the impacts of
climate change.

15
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The Paris Climate Agreement —
grounds for optimism,
or for scepticism
~ and grim foreboding? ‘ ‘
) - -

Neoclassical Policy

optimisation

D

Climate
science

Econometrics

“...pursue efforts to limit the temperature increase
to 1.5 °C above pre-industrial levels...”
Article 2.1(a)

1. Seminal turning point Web-based
reports of

. reactions

2. Meaningful progress to the
Paris

3. Phenomenally expensive Agreement

4. Unfeasible

5. Legal cynicism

1. Seminal turning point

N -

2. Mééningful progress

Ex¢onMobil
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4. Unfeasible

5. Legal cynicism
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TO IGNORE
CLIMATE

CHANGE

® Marshall argues that our evolutionary
origins shapes the way we see the world
and how we respond to threats.

® Climate change challenges and
reverses some deeply held assumptions.
The way of life we previously associated
with comfort, wellbeing and material
progress is now seen as dangerous.

® We are best prepared and
inordinately skilled at identifying and
anticipating threats from other humans,
but not from ourselves.

® We are wired to be alert to dangers
that are concrete, immediate and certain.
But climate change is gradual, hard to
observe and indefinite. Addressing it
requires making palpable sacrifices now
in order to prevent unclear costsin the
distant future.

® Climate-change deniers are not
normally short on scientific literacy.
Deniers are generally better versed in the
science than accepters. Climate change
being a very complex science with
profound uncertainties is exceptionally
open to biased interpretations.

@ In the end, Marshall is neither fatalistic
nor idealistic about our chances of
survival. Yes, we’re wired to ignore
climate change, but we’re also wired to
do something about it. Human history
provides many examples of social
movements that have overcome
apparently impossible obstacles.

3a. Economics of

e

b = S e )
Conference, COP21 was held in a Paris from-
Nov 30 to Dec 11, 2015

"The economics problem from hell”

1. Multi-
national
problem

2.
Irreversibil

3.
Long
time-scale

4. Low-
probability
catastrophic
outcomes

5.
ities  Large
uncertainties

6.

Externalities
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Global Change's Terrifying Maths
Three simple numbers that add up to a global catastrophe...

The First Number: 2°C
A 2°C target is often used in International neﬁoti tions as a
guide line for avoiding dangerous cIimé&Echa*

The Second Number: 900 Gigaton ’! F

Humans can pour roughly 900 Gt of carbon dioxide into the
atmosphere and still have some hope of staying below two
degrees.

The Third Number: >11,000 Gigatons
This number — the scariest of all — describes the amount of
carbon contained in coal, oil, gas & hydrofrackin o
resources. In short, the fossil-fuel mankind can i (_)V_QW
10 times higher than the 900 Gt ‘limit’. "

Adam Smith’s insight
“The market is the most
creative and dynamic
economic engine known to
man.”

Adam Smith's Invisible Hand Theory

 Tne thaery of the Invisiols Hand siates that f each
consumer is allowsd Lo choasa r at o buy and
producer i3 allowed o choose frecly what o sell
and how [0 produce i, the merkel wil selte on 8
and prices that are beneficial to all
the individual meminers. of & community, and hence 1o
i ihe communily as & whole. i

The problem: Smith’s invisible hand sets prices
incorrectly when a by-product of economic
activity (eg CO,) damages innocent bystanders.

Canongate Kirkyard

28/07/2016

Discounting - a major econometrics headache

How should

we value a

sustainable

A bird in the hand ... future?

History of climate change within the
sustainable develop'ment discourse

1968 Tragedy of the comm%ns( (Hardin)

b

%
1972 Limits to growth

(Meadows et al)
1979 Gaia theory (Lovelock)

1989 Blueprint for a green economy  (Pearce)

Today Market based, utilitarian approaches

(with a focus on energy efficiency & international political agreements)

Tragedy of the commons gEe[1s]

Garrett Hardin
addressed the conflict
between the short-term
interests of individuals
and the long-term J
welfare of society.

Use of the commens is If o or more users increase Unless environmental
below the carrying the use of for
capacity of the land. All beyond. i and i use
users banefit. the commons bacomes practices, svantully the

raded. The cost of the fand will be unable to

degradation is incurred by support the activity.
all users L

THE CLUB OF ROME
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James Lovel

“The climate and the chemical
properties of the Earth
throughout its history seem
always to have been optimal for
life. For this to have happened
by chanceis ... unlikely”

« Getting the prices right:
The Green Economy order to integrate the environment in:)
. ) the envi

needs to be assigned economic values.

Environmental services:
Even though it is not possible to put an
exact value on the environment, it is
necessary try to show that
environmental services are not free.

Sustainability & resilience:
More attention should be given to
planning for the inheritance of future
generations. They should inherit a stock
of wealth (man-made & environmental)
that is no less than we have today.

Market-based reform: in the
absence of a price, there is no

. ism to restrict ion and
David Pearce to curb environmental damage. Hence

there is a need to internalize
environmental and climatic externalities.

Today: Three approaches

1. Command
& control

Cost-benefit analysis

You SHOULD DO AT FTue COST OF DolNG
CosT-BENEFIT A COST- BENEFTT

ANALYS\S. ANALYSIS...
g} )
ST

Cost-benefit analysis: the standard

approach
Avoided incremental Incremental
damage costs abatement costs

Least-cost
Optimum

Benefits/costs in $/ton GHG

0% Reductions of global warming impacts 100%

Malaria
Dengue fever
West Nile virus

LETET]
2015

unrest
2015
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Damage function Costs of global emissions reduction
B o
E —— Costs after Morris et al., Maddison, & Grubb et al ?
2 o | = Uncerain higher emission reduction costs =
‘g = = = Hoped-for fulure technological advancement ? =
2 - - - Global net-negative emission costs & A
[ B 4 B
E 8 ° "
. 2 2"
-] ©
g s
2 g
H H
Published § 1
- Unreferenced .
- .
| \
—— Constrained quadratic L ] L “1
--- 95% pointwise confidence bands
T T T T T -
-1 0 1 2 3 4 5 3 T T v r T T
Warming (°C) 0 20 40 60 80 100 120
Power plant near Page, Arizona Faduslon - QiRemioalos N}
RCP scenarios best and worst case scenario Rise in global energy productlon
14000
Projected ‘best-estimate’ global-mean surface temperature increases (using inter alia a climate
itivity of 3°C) range from 1.5°C by 2100 for the lowest of the four RCPs, called both RCP3-PD
and RCP2.6, to 4.5°C for the highest one, RCP8.5, relative to pre-industrial levels. 12000
| Hnuclear  hydro gas  Hoil Wcoal
28 Climat
10000
8
& Fossil CO, N\ _®[  surtacs Tempsrarues
4 | Fossilfuel cO2 i \ ? ™[ lotal average warming 800
emissions / \ R industrisl g'
g / \ £
3 / \ o
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¢ \ i
H
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The ACP greenhouse gas concentrations and their extensions from 1765 ta
2300 Malte Meinshausen et al Climatic Change 2011
o
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Kaya identity and global CO, emissions

20-

History Projections A
18- >,
5 &é‘

04
1990 2000 2007 2015 2025 2035

Yoichi Kaya
Japanese
energy
economist

GDP Energy coz
Person GDP Energy

€02 emissions = People x

Climbing the energy ladder

Data shown 1970-2005
400 gigajoule (G)) per capila (primary energy]

00 W

e USA
® Europe EU 15
200 e Japan
o South Korea
100 @ China
India
]

0 10 20 30 40

GDP per capita F#, 0002000 UD

Where are
we now?

Despite
Kyoto, global

Fossil Fusl CO, Emissions (GIC/y)
@
T

K

s.

obal

CO, emissions
are rising
even faster
than
business-as-
usual
projections.

1980 1885 1990 1995 | 200

Gl

2008

2010

Optimisation of the economic/energy-balance analysis

P = High sensitivily, Busness-as-usual
= Medium senstivity, Business-as-usual 2
. 4
%) 0
L«
® -
2
] 8
2
g <] g
Il 0
o
wl
2020 2040 2060 2080 2100

Disentangling the Nordhaus/Stern controversy

Lord Stern:

Claims the benefits of strong,
early action outweigh the costs.
Prefers cap and trade.
Champions a low discount rate

Carbon
Tax,
or Cap
&
Trade?

Nordhaus:
Strongly favours a carbon tax
(initially around $10/ton), and has
criticised the Stern Review for its
use of a low discount rate.

=L i m.ﬁ L
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3b. Fracking?

Renewables?
Nuclear?
Peak QOil?
Peak Coal?
1513 peckonthe 30/
eveof World Warl
7 1865 William Stanley Jevons 20
> bock The Cool Question
4
10
N ,
v UK coal production |  1gos pice
S n
! t C 0
1820 1870 1920 1970 2020

0

Annual production, Mt

28/07/2016

What is fracking?

Foug iy 200 tan ke .
ks deliver waiar
o1 Tracturing process s Mt e Iu

Hydraulic fracturing, or
“fracking”, involves the
injection of an average 3-5

open by the sand pmlulu
= Jgealiakpetaral os rro
7o G IIRET up the

George P. Mitchell, the father of fracking

Billionaire Texas oilman, developer and philanthropist

Fracking operations near a farm over the
Marcellus shale formation in Pennsylvania

Horizontal drilling:
a key process —
laterals can extend
over 10,000 feet.

Hydrofracturing:
1to 5 million
gallons of water,
mixed with sand
and chemicals, are
required for
fracking each well.

U.S. oil production by source
10
9
8
7
6
5
4
3
2
1
0
1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
mlower 48 1 Alaska moffshore mtight oil

Hydraulic fracturing in Bradford
rol French’s well ’

Fracking
led to
$4.1M
settlement
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Human induced earthquakes Is the Shale Boom Causing Ozone Pollution? Where do companies want to
Schade and Roest 21 April 2015
EARTHRUAKES (U WIDCONTINENT 1967-2012) i e 17,685 wells in south—central Texas frack in Scotland?
140 LI S ; = o 1 A5 PO R P [
[ fs -
1200 = 4 - A
1,000 pe—
B b e
1. : =
£ o i
5 L ‘
T o i e
. e x i 3
L ‘
i : )
150 1980 1990 20 20 e 3 i
i, 3 . Th?ierret
Fracking pit for Gas flaring & crescent-shaped scatter of night light www.theferret.scot i

< */;wﬁ% Fracking . -
Test drilling for %
to go ahead 2
in Falkirk SCOtt|Sh
area despite Shale-gas:

fracking ban

South Alioa, M=2.0, 1977; M=1.7, 1880
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UK offshore oil production

19751977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011

~Most UKCS fields
-are very small, .

Hill; : ﬁgk_Beach
Bealiforniain 1937

28/07/2016

Figure 10.The Upper Jurassic play. The three main types of reservoirs are found in the fields named in the dia-
gram.

How Does Marine Seismics Work?

1975: The first commercial 3D
survey recorded in the North Sea

Drilling

Since 1965 3,970 exploration
and appraisal wells have
been drilled on the UKCS, at
a cost of £58 billion.

Subsea drill bit
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Distribution

Since 1966, over 45,000 km of pipelines,
umbilical and cable has been
Installed in the North Sea

Decommiission, reef or abandon?

. M han
1. Successful 3. More tha

heavy 27,000
decommissioning abﬁndoned
lift of the oil and gas
wells lurk
Welland.gas beneath the
production P
platformin the i
Mexico

southern North
Sea.

2.Rigs to Reefs program

28/07/2016

North Sea oil:

First minister accused of selecting optimistic economic
forecasts to bolster his case for independence.

Alex Salmond said there can be 'little doubt that Scotland is moving into a second oil boom'.

But the geology looks poor
‘7 [T coastal plain

[ sher

- Deep basin

I: Sand-rich fans

[ volcanic regions

q \Q‘: Dyke swarm

= Fracture zone

~ " Normal fault
%f/ Strike slip fault
Inversion structure

Inversion anticline

l Geological context: deep-marine source rocks & sand reservoirs.

Kezia Dugdale, Murdo Fraser, Willie Rennie and
Patrick Harvie reacted to the GERS overspend report

Dugda le: “People were misled by the SNP ... and that is unforgivable.”

Fraser: The [figures] shed new light on the SNP's deception.”

Rennie: “Ms .. credibility had been to smi r

Harvie: “Urgent need of a bold transition plan ... that will make huge gains in
i ies like issioning, food production and bles.”
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Global Peak Oil:

The End of the Oil Age?

1201 5. weomee 32
B i East .
B Afica WEQ206 - The largest
5 100 - B Lath America Ed 100 point of
s B SouthAsia o N
g B Exthsa o disagreement
s Wg om ® lis how much
[ Transition Economies - . .
2 B OECD Pasic oil lies in
g B0 m OEcoEune reserve in the
k) B OECD Noth Anerica Persian Gulf.
P
:
20

1935 1945 1955 1965 1975 1985 1995 2005 2015 2025

Scotland's energy "quadrilemma™ —
the need to simultaneously

- reduce carbon

- cut consumer costs

- ensure security of supply

- achieve public acceptability

A satellite image of a
large anticline, Kuh-e
Namak, in south-west
Iran. Such anticlines

contain enormous oil

Dubai’s

28/07/2016

lar project at bin Rashid Al 5,000 by 2030

Scottish electricity output: Nuclear vs. Gas vs. Renewables

Total renewables
7,444 MW

Hunterston B
1,288 MW
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Figure 3. Scollund's enmsions by secior 1of 1990, 2013 and sstimaled for 2020.

»

»
"
"

.

Z 5

MEETING THE 2030 TARGET

+ An electricity system p
carbon capture.

d solely by or using

» Two-thirds of new cars and vans sold being electric by 2030.

» Nearly a fifth of homes fitted with heat pumps by 2030, and

+ 16,000 hectares of land planted with trees each year.

Dan Barlow

28/07/2016

scottish
newables

UK'’s largest wood
fired biomass station,
Lockerbie
(4amw)

World's largest

floating wind farm
off Peterhead
(30MW pilot)

i

Scotland’s largest solar farm:
Carse of Gowrie (IAMM =

urope'rlargest onshore wind '

farm, East Renfrewshire {522MW)

CCS

Scotland could
cost-effectively
become Europe’s
carbon capture
and storage hub,
building on
existing pipelines
and offshore
infrastructure and
saving on oil
decommissioning

Compression fackeies |
Ingusttal emters
€CS anchor projects |
Poveer redevelopments |
Existing pipeine
Panoed ppeine. |
« Potental pipeline |
*  Potential CO, shipping |
Gars field storage |
Aquiter storage
Patential EOR fields

costs.

Net transfers of embodied emissions (in
megatonnes of CO,) resulting from bilateral trade.

Contributions fo biateral
‘omission transiors

Can we apply Hubbert approach to coal?

Post peak coal countries

/A

Z

Annual prod. [Mt]

\/

N\
[\

P

Wi Mo

v

Peak Coal?
1913 pezkon the —_, 00
eve of World War | (1820-2010)
b
1865 William Stanley Jevons 2005
baok The Coal Question &
1946 mines ‘g
nationalized )
100"
-1
£
1994 mines <
privatized
L i i i i L i i i i i i i i i L i A i i 0
1820 1870 1920 1970 2020

il il

ha N
S b

B0 1825 1835 1645 1655 BG5S 1875 BES 1805 1905 1015 1925 135 145 1955 1065 1075 1085 1095 2005

— UK —Japan — GemanHard Coal

HBk et al (2008)
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R . . ) . Fossil Fuel CO, Reservoirs o iti t
Historical Projections Compared with Reserves . ‘ N a positive note
O ke Gt most of the fossil
Reserves in internatianal surveys D e s carbon remains in
"‘o\-. 00 g the grou.nd, so
1871 | & humankind can
| ] .
Royal Commission © g still take strong
I', Historical evolution of the 100 'g actions to limit
long-term production 1 a E -
1821 \ projections o £ oil s Cod  Otwer " global warming.
Edward \ - \h o E"
Hull El The carbon reserves
L - 0 map demonstrates
1820 1870 1920 1970 2020 the inequitable
distribution of proven
fossil fuels, and helps
f * Produced only 19% of the 1871 Royal Commission reserves + cumulative visualisat.ion of likely
S f ] + Criteria chosen were too optimistic—1-ft seams, 4,000-ft depth d'plor_"a"; pr_°:lfems_|
; Severe downgrade of reserves in 1968—Ilate in the cycle (t,,,) ass:uatde w;t O:SI
~ 3 = : B * gra — 87% carbon divestment.
Shanxi, the coal producing capital of China:

4a. Can science fix climate change

Plan-A:
Mitigation

Space mirrors Sulphate aerosols

Plan-B
Adaptation

£t :Té-udﬁiéhtening
&
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Mitigation: Seeks to reduce the sources, or enhance the
sinks of greenhouse gases in order to stabilize CO, levels

15% Floors 10% Draughts

Nuclea

|burning of plant material with no oxygen.

Biochar - a carbon-rich product, created by the slow Steven’s Croft in Lockerbie - the UK’s largest wood fired biomass |
i i i 70, i

Forest clearing in Johar.

Biofuels

omes.

Plan-B: Adaptation

Seeks to reduce the vulnerability of social and biological systems
and thus to offset the effects of global warming

Sea level: Keep on building higher and higher
barriers as the oceans rise

T T T T
Estimates Instrumental record

of the past

T
Projections

500 of the future

40
300
200
100

0o

Sea level change (mm)

-100

200 '

I !
1800 1850 1900 1950 2000 2050 2100
Year

more and more
extreme weather
events

Infrastructure:
keep on repairing the
damage caused by

Food security: Try to keep on improving water
supplies, and keep developing more and more new
cultivars and new crop varieties as the climate changes

Glasgow, January 2012

Projected impact of climate change on agricultural yields

28/07/2016
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Plan-C: Geoengineering

Sulphate aerosols

&
o

Enhanced
reflectivity

Edward Teller et al. (1997)

Small-angle-scattering system,
using modest quantities of
either conductors or dielectrics
($50-500 billion), in deep space.

Climate impacts
of stratospheric
aerosol
geoengineering

There is a growing
realisation that it is unlikely
that stratospheric sulphate
will be distributed evenly
between the two
hemispheres owing to the
Brewer Dobson circulation.

-100 50 -20 -0 5 -2 2 5

100 80 60 40 20 0 20 40 60 80 100

The change in annual mean precipitation (mm month-') and
the percentage change in the Net Primary Productivity for
scenarios where SO, is injected into either the northern

i or the i

ENHANCED CHEMICAL WEATHERING AS A GEOENGINEERING STRATEGY TO REDUCE
ATMOSPHERIC CARBON DIOXIDE
Jens Hartmann et al. May, 2013

—

(lefty A *hardpan™ of carbonate formed on waste slag mounds at former steelworks in Consett, United Ki
srecipitation in waters egressing from a waste landfill in Scunthorpe steelworks (photograph courtesy of
1€). In both cases, rainwater has percolated through the material (dissolving Ca®* and Mg”") and cor

10 nracinitation of carhanate

CO, Mineralisation Project to turn released carbon into

commercial products.

— = s

Industrial flue gas is fed into a high temperature and high pressure environment to
create a reaction between the CO, and chemical solutions and produce useful

mineral-based products.

30



28/07/2016

Mitigation of CO, emissions by fast
weathering of olivine in high-energy seas

Weathering of a 1 cm thick carpet of olivine grains spread out over an
area of 35,000 km? would suffice to compensate CO, produced by fossil
fuel burning in France, Belgium, Netherlands and the UK in one year

Lab and flume experiment

400,000 tonne meg: ier

4b. Staving off
catastrophic
climate change

Climate change is a .
. FRANK P. INCROPERA
super wicked problem

‘_.

1. Wicked problems are
difficult to clearly define,
have many interdependencies,
are often multi-causal,
socially complex,
not stable - as the understanding of the
problem is constantly evolving.

Climate Change:

2. Attempts to address wicked problems
often lead to unforeseen consequences
as they exist in complex systems that exhibit unpredi emergent beh

3. Wicked problems are often difficult or impossible to resolve because of their incomplete,
contradictory, and changing requirements
there is often no right or wrong response,
many are characterised by chronic policy failures,
the solution hardly ever sits within the remit of any single organisation.

4. Inshortit is the social ity, rather than i ity that is over

The Science —

Power
and Politics m -
of Wedges Buldings

45 Transport

Forestry
Seven "stabilization » Agriculture
wedges" as envisioned 5
by Socolow & Pacala. & i Unknown
Although much of the
needed technology and AT
know-how exists, the Power
real key lies in how to Industry
rapidly deploy it in our so- Buidings.
power plants, buildings, 4 Transpart
factories and vehicles, sof ::""‘u:"
and improving land sl Other

practices, T
given the profound =
inertia in our social, = T
- . 2000 2010 2020 2030
political and economic s
infrastructure. e -V 20 years

What can we do?
Maximize opportunities"%d co-benefits
- reduce air-pollution’,”
- improve energy effi cies

Research & innovation
- geoengineering <

Adaptation
- local planning, assisting disadvantaged nations

Carbon tax
- revenue neutral Pigovian tax

- Air pollution kills 5.5

%p ‘ - million people a year
URCUMATE i - \ worldwide, mostly from
OUR HEALTH. 2 B strokes and heart attacks.

y

RESPONDING

CLIMATE CHANGE
BIGGEST HEALTH 0
CENTURY

Put health at the heart of the
COP21 climate change conference.
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Air pollution
in Edinburgh

Air pollution concentrations are
so high they are regularly
breaking national safety
standards. 80% of urban air
pollution is caused by road
traffic.

Edinburgh St Leonards.
Site ID: ED3. (The nearest
main road, Pleasance is
approximately 35m
away.)

28/07/2016

Traffic-Related Pollutants in Urban Centres:
A Case Study of the Seagate, Dundee.

Cancentration (ppb)

12:00 16:00 20:00

a e M 1
0000 04:00 08:00

‘Time (hrs)

Figure 4. Graph showing the average weekduy, daily variation in ambient NO (O), NO; {A) and NO, (D)
from hourly averaged valucs.

Enhanced Weahering

Olivine from the Eifel, Germany and some ground dunite powder.

Stratospheric sulfate injections with \
commercial aircraft

,,-- g _, * Commercial aircraft could

. £ be used to deliever sulfate
into stratosphere by
increasing fuel sulfur content
and the flight altitude of
inter-continental flights

* The sulfur content of the
fuel should be increased to

Figure 2. . Global mean of all-sky acrosol phouthoiines ﬁ.]e ggrrent
forcing at the surface when intercontinental 16Vl to have a significant
flight routes arc in the lower stratosphere and ~ c00ling effect

the sulfur content of the fuel is 50 times the  » The cooling effect would be

@15"""1‘ [3] confined to the Northern

All shy forcing at

o'W "W 6w of  G0’E 120 100°W

Hemisphere

“njecting aerosols into the stratosphere
~ mimics the cooling effects of volcanoes

% .

Paul J. Crutzen -
Nobel Lecture

Hobel s

My Life with O3, NOy and
Other YZO,s

“Awarded for work in
atmospheric chemistry,
particularly concerning
the formation and
decomposition of ozone.”
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SESplan

The Strategic Development Planning Authority
for Edinburgh and South East Scotland

A Vision for Edinburgh
and South East Scotland

Over the next 20 years the
predicted growth in the number of
householdsin the area is 25%. The
city of Edinburgh, East and West
Lothian, Midlothian, the Borders
and Fife will be the region's main
population growth areas. In short,
in just the next 10 years more than
100,000 new homes will be
needed.

vty
Eamtes Rl ot sdiman)
ot e
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Smart Cities Could Save $17 Trillion, By 2050, Just

Cities are a big source
of greenhouse gases.

However, annual
emissions per
household are half of
those in the less
efficient, car-
dependent suburbs.

Average
Household
Carbon
Footprint

Inner city ’
residents have »: 1 Philadelphia, PA
lower carbon
footprints as they
live in smaller
homes and use
more public
transport.

Y1DZ Aq ployasnoy; 30

Baltimore, MD

Suburbs are ideal
candidates for
energy efficiency
technologies:-
whole home
energy upgrades,
solar photovoltaic
systems and
electric vehicles.

Mass transit is a key ingredientin a
sutainale, low-carbon transport ftur
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Climate and “We are not faced with U.S. MID-RANGE ABATEMENT CURVE - 2030
two separate CIiS?S, one

development with environmental and the

Wake Up!
Climate

other social, but rather

complex crisis
afocus onthe [ orcoomercis

global south. and environmental.” | :

Debt Relief:

Debt relief to developing
nations, with the caveat that
funds previously allocated to
finance debt go instead
toward investing in
infrastructure and to other
climate change adaption &
mitigation efforts.

Ot
ey ||

‘: , o Change
\ fﬂﬂﬂmﬂﬂ—ﬂ ‘ Solution

-
@

For Sale. -

$68 Billion

RoyThompson
edin.com

4= |eneF"g’V efficiency i |

Vst

Carbon Fee & Dividend

DaVid G . { - (A smart carbon tax)
Wilson: 7 = All money collected is retume’o households
' (None goes to the politicians) \

= Innovation & investment in low-carbon technologies
stimulated by Adam Smith’s invisible hand

A Pigovian tax isalevy = Simple and i?\expensiye to administer

on an environmental externality
(damage) as an incentive to avert

ECONOMICS

The unsung v y = Scope for cosrup’fion greatly reduced

the costs (to society) ; Having flogged for
@ costs (to society). \ d » 21 years, the dead
WELFARE - - =

£ inventor of the | i i horse of legally
In. a tr}le marl_(et economya PALGRAVE CLA: IN ECONOMICS * Gradual, so_we:d\l‘ctableifor business binding emission
Pigovian t_ax is the most efficient ; S reven ue-neutra| B ’ A ik targets, the UN
and effective way to correct a & - X . = Can receive bipartisan political support ;:z:z":’:;:";"

ti t lity. >

negative externality. 2 energy tax i - 1 Y e
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