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The continued release of CO, to the
atmosphere from burning fossil fuels would
“almost certainly cause significant changes” and
“could be deleterious from the point of view of
human beings [...] and marked changes in
climate, not controllable through local or even
national efforts.

U.S. President's Science Advisory to
President Lyndon B. Johnson 1966







LA Times
Fires, droughts and hurricanes:

What's the link between climate
change and natural disasters?

NY Times

Hurricane Irma Linked to Climate Change?
For Some, a Very ‘Insensitive’ Question.

The Atlantic
Has Climate Change
Intensified 2017’s Western
Wildfires?

It was supposed to be a quiet year.



The IPCC et al

Intergovernmental Panel on Climate Change (http://www.ipcc.ch/)

— Established 1985 by UNEP and WMO

— Provides review of science on causes of climate change (WG1), impacts of
climate change (WG2), options of adaptation and mitigation (WG3)

— Entirely volunteer run, with nomination process, support from UN trust fund

— Assessment report ever ~4 yrs since 1990, a conservative estimate of state
of science, in details and summary for policymakers

Supports efforts of global climate change harm reduction under U.N.
Framework Convention on Climate Change (UNFCCC), adopted 1992
— Conference of Parties (165 signatories, 197 ratifiers) meets annual to
update plans and form protocols for emissions reduction: Kyoto Protocol
(1997, effective 2008-2012/2013-2020) and Paris Agreement (2015,
effective 2016-)
Has spurred many national and regional efforts on climate change
assessment (National Academies, DOD, World Bank, WICCI),
regulations (Clean Power Plan, Regional Greenhouse Gas Initiative,
state level energy mandates), and industries (Tesla, BP carbon
capture)




IPCC @& @IPCC_CH - 2m v
Call for nominations of authors for the #ARG is open till 27 October! Full WGI

outline here: bit.ly/2fyx9B2 #IPCC #climatechange
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The Working Group |
report will highlight
new knowledge

about past, present
and future climate
change, around the
world.

Valérie Masson-Delmotte )
Co-Chair, Working Group IPCC & @
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Climate Change Impacts

~in the United States

B Py 4 T Water Supplies Projected to Decline
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Innovations

Death of gas and diesel begins as
GM announces plans for ‘all-
electric future’

By Peter Holley

K

Wash Post

After nearly a century of building vehicles powered by fossil fuels, General
Motors — one of the world’s largest automakers — announced Monday that

the end of GM producing internal combustion engines is fast approaching.

The acceleration to an all-electric future will begin almost immediately, with
GM releasing two new electric models next year and an additional 18 by

2023.



Three things about climate



Three things about climate

» Climate is the average of weather
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Daily Temperatures: MADISON 2017
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ECMWF ERA-Interim Annual 1979-2013
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Three things about climate

» Climate is the average of weather
» Climate changes naturally



AVERAGE GLOBAL SURFACE TEMPERATURE AND ATMOSPHERIC CO,

ESTIMATED GLOBAL AVERAGE
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Anomaly (°C)
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Land & Ocean Temperature Percentiles Jun 2017-Aug 2017
NOAA'’s National Centers for Environmental Information
Data Source: GHCN-M version 3.3.0 & ERSST version 4.0.0

Record Much Cooler than Near Warmer than Much Record
Coldest Cooler than Average Average Average Warmer than  Warmest
Average Average
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Three things about climate

» Climate is the average of weather
» Climate changes naturally

* The study of climate change is well-
established. We know how climate
changes and what's is mostly causing
current change



Planetary (inc. Earth) temperature is determined
by interaction of sunlight warming Earth’s
surface, and “greenhouse” gases that absorb
infrared radiation (Fourier 1824, Tyndall 1861)

CO, is a greenhouse warming gas and emitted
from coal, oil, gas (Arrhenius 1896)

Oceans can only take up a fraction of CO,
produced by combustion (Revelle 1957)

f THE
WARMING
PAPERS




Ultraviolet Visible Near-IR Infrared Far-Infrared Microwave
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World Energy Consumption

CO. emissions (GtCO./yr)
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Forcings
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400 Atmospheric CO, (ppm)
W GLOBALVIEW-CO, (1979-2014); http://www.esrl.noaa.gov/gmd/ccgg/globalview/
@ Mauna Loa @ South Pole
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Atmospheric CO, increasing ~ 2 ppm/yr from
fossil fuel combustion, with 50% going into land
and ocean sinks (Keeling 1960, Tans 1990)

Short and long term observed warming
patterns are linked to greenhouse gases
(Callendar 1938, Mann 1999)

Significant warming in the 20™ century is

mostly explained by atmospheric CO, (Manabe
1967, Hansen 1984)

WARMING
PAPERS

o N e,
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Paleoclimate proxies

Reviews, theory,
combined lines of evidence

Constrained with

Inferred from GCMs

Constraints from the observed warming in response to forcing

and modelling

climatology
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What’s Really Warming the World?

Skeptics of manmade climate change offer various natural
causes to explain why the Earth has warmed 1.4 degrees
Fahrenheit since 1880. But can these account for the
planet’s rising temperature? Watch to see how much
different factors, both natural and industrial, contribute

to global warming, based on findings from NASA’s
Goddard Institute for Space Studies.

Bloomberg




US per capita fossil fuel emissions exceed
most of the world (DOE, GCP). China total
emissions now exceeds the US (IEA).

Climate projections showa 3 C +/-1.5C
response to doubling of CO, by 2100 with the
primary uncertainty in range of emissions
(IPCC 1990, 1995, 2001, 2007, 2013)

Modest warming (0-2 C) creates both winners
and losers; warming above 2C or 550 ppm,
sawmm 10S€rs > winners; warming above 4C, mostly
Sl losers (WMO, ExxonMobil, Stern Review,
2% \\orld Bank, NCA, WICCI, DOD 1979-present)




crosaL carson  TOP fossil fuel emitters (per capita)

PROJECT

Countries have a broad range of per capita emissions reflecting their national circumstances China’s
per capita emissions have passed the EU28 and are 43% above the global average

Data: CDIAC/GCP
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crosaL carson Observed emissions and emissions scenarios

PROJECT

The emission pledges submitted to the Paris climate summit avoid the worst effects of climate
change (red), most studies suggest a likely temperature increase of about 3° C (brown)
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Temperature increase relative to 1980-1999 [°C]
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Northern Hemisphere summer maximum temperatures




IPCC 2007 AR4 TS.4.3 Magnitudes of ADVERSE impacts for varying amounts of climate change

IPCC quotes in blue.
Impacts start where
text box begins.

Edges of boxes and
placing of textindicate
the range of
temperature change to
which the impacts
relate.
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The impact chart

omitted extreme
weather events, that
increase most impacts
The SPM impact chart
was identical except it
omitted the singular
events

FOOD

COAST

Estimates are for the
2020s, 2050s and
2080s, (used by he
IPCC Data Distribution
Centre) and for the
2090s.

Note that equilibrium
temperatures would
not be reached until
decades or centuries
after greenhouse gas
stabilisation.

HEALTH

SINGULAR
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UNFCCC objective quoted in AR4 ...”prevent dangerous ...interference with the climate system....within a time frame sufficient to allow

ecosystems to adapt naturally to climate change, and to ensure that food production is not threatened’

Peter Carter
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Multi-year droughts
in USA and southern
Canada
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Rural water
supply affected
by extended
Water supply affected by dry season in
shrinking glaciers in Andes Benin

Area of Lake
Chad declining

Water supply reduced by erosion
and sedimentation in reservoirs in
north-east Brazil

Water stress indicator: withdrawal to availability ratio

no stress low stress mid stress high stress very high stress

‘_'
} ==

--------------

e
Pl

0.2 0.4 0.8

No/low stress and per capita water
availability <1,700m3/yr

{| due to arsenic

and fluoride in
undwater in
ia

Flood disasters in
Bangladesh (more
than 70% of the
country inundated
in 1998)

Huanghe river
has temporarily
run dry due to
precipitation
decrease and
irrigation

Damage to aquatic
ecosystems due to
decreased streamflow
and increased salinity
in Murray-Darling basin

Water withdrawal: water used for irrigation,
livestock, domestic and industrial purposes (2000)

Water availability: average annual water
availability based on the 30-year period 1961-90



Hurricane Strength and Ocean Temperatures
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Keomal densty functions of SSTs by hurricane category. Asoa under oach curve ropresents 100% of hurmcanes of that type. Humcane wind spoeds via HURDAT.



Number Of Natural Catastrophes
Global - 1980-2016

Source: Munich Re, Geo Risks Research

Number

600 B Geophysical events
(Earthquake, tsunami,
volcanic activity)
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0600 (Tropical storm,
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Accounted events have caused o keast
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What Are The Options?

» Adaptation

* Mitigation



What Are The Options?

» Adaptation

— Economic/political (relocation, tech transfer,
payments for damages, reduce poverty, educate)

— Technological (resilient tech, seawalls, genetic
hybrids, cure malaria, colonize new planet)

* Mitigation



COzoonoemraﬁon (ppm)

Ocean Acidity (pH)

s000l IPCC SRES A1FI
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7001
Current Pledges
600 + :
Coral reefs start dissolving
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400 RCP3PD
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= Global sudden stop to emissions in 2016
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co, OCEAN IMPACT

SNUSEIoNS The emission of carbon dioxide (CO,) into the atmosphere increases the concentration
e of CO, in the oceans. This boosts the growth of algae, which can deplete oxygen in the
“ water, and lowers the water’'s pH, which places greater energy demands on marine life,
It also interferes with chemical signalling both in and between such organisms, as well
as damaging shells and coral skeletons through chemical reactions that reduce the
amount of available carbonate. Not all species are affected equally, but the overall
consequences for marine ecosystems could be considerable.

Increased levels of
atmospheric CO,

CO, dissolves
in ocean

Increased concentration
of CO,

Phytoplankton and CO, reacts with water Increased Fish require more

dead zones sss—) concentration of — energy to maintain

hydrogen tons their internal pH
(lower pH)

Hydrogen ions react
with dissolved
carbonate ions
» A
Lowered concentration of Disrupted neural Disrupted chemical
carbonate disrupts shell and signalling leads to communication leads to
. z : : kb skeleton formation behavioural changes behavioural changes

F -‘;“:‘";: Y s
':M‘%@’*;
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What Are The Options?

» Adaptation

— Economic/political (relocation, tech transfer,
payments for damages, reduce poverty, educate)

— Technological (resilient tech, seawalls, genetic
hybrids, cure malaria, colonize new planet)

* Mitigation
— Economic (taxes, cap and trade, R&D)

— Regulatory (treaties, bans, compacts, fuel/energy
standards, public transit, voluntary agreements)

— Societal (sustainable development, education)

— Technological (CO, capture, geoengineering,
green tech, alternative energy, energy efficiency)



sroeaL carson  Carbon quota for a 66% chance to keep below 2° C

PROJECT

The total remaining emissions from 2017 to keep global average temperature below 2° C
(800GtCO,) will be used in around 20 years at current emission rates

Data: IPCC/CDIAC/GCP/Peters et al. 2015

Total 2°C Budget
“~ 4000 Quota  Non-CO .
6\‘ 3670 770 2 Data to 2016
O Past Fossil
+— 3500+ Fuels and
Q) Industry
" 3000 - 1542
S
2
& 2000+
()
) i
_E 1500 Future
Y]
= 1000- 1
£ 1 Total remaining
3 %07 CO, quota
816 Gt CO,

0_

Grey: Total CO,-only quota for 2° C with 66% chance. Green: Removed from CO, only quota. Blue: Remaining
CO, quota.
The remaining quotas are indicative and vary depending on definition and methodology
Source: Peters et al 2015; Global Carbon Budget 2016




F = Global CO, emissions g = Consumption per person
Includes combustion,

flaring of natural gas, Gross world product
cement production, oxi- Population
dation of nonfuel hydro-
carbons, and transport )
28.56
: 10,000
gigatons CO, $10,

P = Global population
Total number of human
beings—call it 6 billion.

F=p

(

e = Energy intensity of f = Carbon used to make
gross world product all that energy

Global energy consumption / Global CO, emissions
Gross world product / kGlobal energy consumption

( ) ( )

60 tons of C
7£90de0-||;::, per billion BTUs

http://climatemodels.uchicago.edu/kaya/

KAYA IDENTITY
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U.S. Emissions
* Carbon Capture & Storage

3

After Pacala and Socolow, 2004;
ARI| CarBen3 Spreadsheet




CLEAN FOSSIL POWER

Electricity can be generated
from fossil fuels without
producing any atmospheric
emissions.

@ NetPower’s system burns
natural gas in pure oxygen
in the presence of carbon
dioxide. The CO,, which is
95% of the gas mix, is
heated and pressurized to a
supercritical state.

@ |n this state it can drive a
fluid turbine to generate
electricity.

€@ Water present in the
turbine’s exhaust begins to
condense in a heat
exchanger before being fully
separated out and removed
from the system.

© The remaining stream of
more than 90% CO, is
repressurized, reheated via
the heat exchanger and
returned to the combustor.
Excess CO, generated by the
system is directed to a
pipeline after repressuriza-
tion, ready for sequestration.

N\
Air%/> Air separation unit B Pure oxygen

w

} Natural gas

oy
w9
Recycled —-
CO,

A -
)

Combustor

9 «+—— Supercritical
CO,

Electricity
Co,
turbine

CO, and water

- mm » Heat
exchanger

4 Y,

pure— 1. @

pressurized

CO, HT/

Sequestration Compressor
pipeline and pump

Water
separator

Water
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Reset Data Just Recent Spins

http://globalchange.mit.edu/focus-areas/uncertainty/gamble




Total ozone trend 1979-2015 (90° S-60° S Sept)

- — SBUV v8.6 NASA

L — SBUV v8.6 NOAA

. — GOME/SCIA GSG 5

- — GOME/SCIA/OMI GTO r<=0.83
- = FIT (SBUV NASA)

2000 2010
CRBberfeld et al., 2017

2000 2015



Global Treaties

There is no international rules making
body!

Treaties are a game of incentives and
disincentives to sign and to comply

Individual countries weigh costs and
benefits

Compliance and monitoring are
contentious issues



Global Environmental Policy

1963, 67, 70, 77 U.S. Clean Air Act
1972 UNEP formed

1979 WMO conference

1979 UNCLRTAP

1985 Vienna Convention for O3

1987 Montreal protocol for O3 signed
1989 Montreal in force

1990 IPCC First Assessment Report
(FAR)

1990 US Clean Air Act revision - Cap
and Trade

1992 Rio Earth Summit - UNFCCC

1995 IPCC 2" report

1997 Kyoto signed, ratified in 2004
2001 IPCC 3 report

2005 Kyoto in force

2007 IPCC 4t report

Dec 2007 — Bali

2008-2012 First commitment period for
Kyoto

2013 IPCC 5™ report

Dec 2009-2015 (COP 15-21) —
Copenhagen, Cancun, Durban, Doha,
Warsaw, Lima, Paris

2012-2020 Second period for Kyoto
Summer 2016 Paris in force

Dec 2016 — Marrakech

2020 — Paris in force



Kyoto Protocol

Signed 1997 in Kyoto,Japan, into force in Feb 2005, first
commitment, 2008-2012, amended in Doha to go to 2020

Targets for developed countries (Annex B) for emissions below
a “baseline” (1990)

Market mechanisms:

— Emissions trading

— Clean Development Mechanism

— Joint Implementation

Also: compliance, monitoring, adaptation fund, registry/reporting
requirements



Paris

Refocuses goal on temperature below 2 C
limit (global emissions will need to peak in
<20 years, sources must balance sinks by
2050)

Lets countries determines their contribution
$100 billion fund for developing countries

|s set to be in force, now that > 55% of
emissions included in ratified countries™

Compliance and monitoring will be a key
challenge



UNFCCC and Kyoto Protocol and the Paris Agreement

- Signed and Ratified Non-

_ o _ Signatory
Signed with intent to Ratify

- Signed with no intent to Ratify



Commitments

China: carbon intensity in 2020 40% below 2005
(emissions still rise), peak carbon emissions 2030

U.S.: 2025 26-28% emissions below 2005 (double
earlier pace), 2050 83% below

South Korea: 30% below business as usual by 2020
(emissions doubled 1990-2005)

Russia: 25%

Brazil: 38-42% below 2020 projection, half by
deforestation reduction (REDD)

Australia: 5-20% below 2000 by 2020
India: carbon intensity 20% lower by 2020



crosaL carson The emission pledges (INDCs) of the top-4 emitters

PROJECT

The emission pledges from the US, EU, China, and India leave no room for other countries to
emitina 2’ Cemission budget (66% chance)

40

Sample 2°C pathway
with a 66% chance

35-
30 -
25+
20 -

45| China

10

CO, emissions (Gt CO,/yr)

5

USA

2015
2030

0 T I 1 T I
1990 2000 2010 2020 2030 2040 2050

Source: Peters et al 2015; Global Carbon Budget 2016




croear careon  Major flows from production to consumption

PROJECT

Flows from location of generation of emissions to location of
consumption of goods and services
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Values for 2011. EU is treated as one region. Units: MtCO,
Source: Peters et al 2012




sroear carson  Major flows from extraction to consumption

PROJECT

Flows from location of fossil fuel extraction to location of
consumption of goods and services
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1 Il 1
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Values for 2011. EU is treated as one region. Units: MtCO,

Source: Andrew et al 2013




Estimated % of adults who think global warming is mostly caused by human
activities, 2016

Display model output:l Global warming is caused mostly by human activities s | | Absolute Value %) -

s)
v

Click on map to select geography, or: = Wisconsin % | Select a County

National
States

Congressional
Districts

Metro Areas

D -

United States 50%

Public Opinion Estimates, United States, 2016
BELIEFS

Global warming is happening

Global warming is caused mostly by human activities

Most scientists think global warming is happening

Trust climate scientists about global warming

DICK DEDACDTINAC
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47
DENIERS

(the climate is
not changing)

147
FATALISTS

(we can’t reduce
climate change)

207
PESSIMISTS

(we could reduce
climate change but
we won't)

(we can and we will
reduce climate change)

40
SOFT
OPTIMISTS

(we can and we might)

Climateoptimist.org



The future?

Climate scientists will continue to refine projections of
future change and impacts in response to emissions
and/or policy

Global treaty progress will likely be slow, but there
are successes in deforestation reduction, developing
country support, and renewal energy infrastructure

Bi- or Multi- lateral agreements (e.g., US-China) and
within country “energy arms race” may end up having
the biggest bang for buck

Fossil fuel reserves are getting scarcer, but not
running out anytime soon. Given lags in climate
response, some level of adaptation is inevitable

The current US federal administration just threw a
really big monkey-wrench into the whole thing



