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Net Zero Emissions: Course Description

The effects of global warming are evident. Already a 1° C global
average temperature rise from pre-industrial times, the world is on a
trajectory to exceed a global average temperature beyond that
experienced in all human history. Greenhouse gas emissions from the
burning of fossil fuels are the major cause of this temperature rise. But
fossil fuels are still at the center of modern life, and their replacement
is going slowly. A world without fossil fuels is both possible and
necessary, but not without commitments from individuals,
communities, and nations. Much of the technology exists, but little of
the political will.



Net Zero Emissions

 Why? Climate change.

e How? Stop burning fossil fuels.



Week 1
Global Warming and Global Emissions

The IPCC October, 2018 Special Report on Global Warming of 1.5 2C
provides the basis for the understanding of why the world must come
to net zero emissions by 2050. It authoritatively describes the impact
of global warming even at this level of temperature rise to all aspects
of the environment and human society. The IPCC has been criticized
by some as being alarmist and by others by being conservative in its
projections. Which evaluation is more justified?
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Animated Keeling curve https://scripps.ucsd.edu/programs/keelingcurve/wp-content/uploads/sites/154/2018/05/Unknown.gif
January 22, 2020 concentration 411.08 ppm See https://www.co2.earth/daily-co2
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https://climate.nasa.gov/news/2945/nasa-noaa-analyses-reveal-2019-second-warmest-year-on-record/
This plot shows yearly temperature anomalies from 1880 to 2019, with respect to the 1951-1980 mean, as recorded by NASA, NOAA, the Berkeley Earth research group, the Met Office Hadley Centre (UK), and the Cowtan and Way analysis. Though there are minor variations from year to year, all five temperature records show peaks and valleys in sync with each other. All show rapid warming in the past few decades, and all show the past decade has been the warmest. Credit: NASA GISS/Gavin Schmidt Coton and Way at https://www-users.york.ac.uk/~kdc3/papers/coverage2013/series.html


Week 2
Paris Agreement and NDCs

The Paris Agreement of December, 2015 is the international framework
by which governments declare their goals and policies toward climate
change through nationally determined contributions (NDCs). The
Agreement provided for continued negotiations through annual
conferences of the Conference of the Parties, since Paris in Marrakesh,
in Bonn, in Katowice, and most recently in Madrid. Has the

international community made progress in efforts to address climate
change?
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Week 3
China and the United States

China with 27% of global GHG emissions and the United States with 15%
account for 42% of global GHG emissions. But GDP per capita in China is
only 15% of that in the United States. The actions of both countries will
have a major impact on global emissions reduction. This issue will be an
important component in our upcoming national elections. The Green
New Deal and Democratic candidates Climate Change Plans are worthy of
discussion. Would they be sufficient?
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Fig. 1
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institutional efforts

rate of possible change =- . .
infrastructure inertia



John R. Holdren
Memorandum to the President
November, 2000
The Energy-Climate Challenge

“Today’s fossil-fuel-dominated world energy system (worth some $10 trillion at
replacement cost and characterized by equipment-turnover times of 20 to 50 years)
could not be rapidly replaced with non-CO2-emitting alternatives even if these were

no more expensive than conventional fossil-fuel technologies have been (and today,
the non-CO2 options are considerably more expensive.)”

World Bank data: 2000 World GDP 33.3 trillion in 2000 USS
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In 2000 John Holdren was chair of the Committee on International Security and Arms Control of the National Academy of Sciences.  He was Presidential Science Advisor to President Clinton from 1994 to 2001 and is currently Presidential Science Advisor to President Obama.
“The Energy-Climate Challenge”, John P. Holdren, Environment, June 2001 (also published as a chapter in a book from the Aspen Institute, November 2000).
CPI inflation index 2000 to 2020 factor of 1.49.
IEA WEO 2016 main scenario energy infrastructure investment to 2040 44 T$ (fossil fuel 60%, renewables 20%0, energy efficiency investment 23 T$.  World Bank current world GDP 85.9 trillion in 2018 US$



ry to Fathom Some Big Numbers

1 trillion dollars

With one trillion dollars, Apple could buy everyone in San
Francisco an apartment.

Total student debt in the U.S. is 1.5 trillion dollars.

The American Society of Civil Engineers reports that 4.5 trillion
dollars is need to repair American’s roads, bridges, dams,
airports, and schools.
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https://www.usatoday.com/story/tech/talkingtech/2018/08/02/how-comprehend-trillion-dollars/890715002/
https://www.americanprogress.org/issues/education-postsecondary/reports/2019/06/12/470893/addressing-1-5-trillion-federal-student-loan-debt/
https://www.businessinsider.com/asce-gives-us-infrastructure-a-d-2017-3#energy-d-5


Week 4
Zero Carbon Options

In the United States the three fossil fuels, coal, oil, and natural gas,
provide for 60% of our electrical generation, 92% of our transportation,
88% of our industry, 58% of residential and 48% of commercial energy
use. Obviously, net zero emissions by 2050 will require the dramatic
disruption of the fossil fuel industry. Can this transformation be made
without devastating economic dislocation?



U.S. energy consumption by source and sector, 2018 ""::\
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Week 5

Two plentiful sources of renewable energy, wind and solar, have
experienced near exponential growth in the past decades and now
provide in the United States 3% of total primary energy (8% of electricity
generation). Intermittency and variability of these resources require
either a dispatchable resource or energy storage. What is a possible mix

of wind, solar, storage, and dispatchable resources, given technological
and economic considerations?
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Week 6

The transition to net zero emissions may be too slow to limit global
warming to an acceptable level. Warming would subside if greenhouse
gases could be removed from the atmosphere. A handful of
technologies have been identified, all of which require implementation

on a massive scale. Do negative emissions have a role in producing net
Zero emissions?
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From Geoengineering for Climate Stabilization, Maximilian Lackner in Handbook of climate Change Mitigation and Adaptation, Springer, 2016 p. 1215, Fig. 8 Depiction of some popular CDR concepts. See text for details (Source: Climate 2010)


Week 7

Suppose neither emissions reduction nor negative emissions are
implemented effectively and in a timely fashion. Should management of
solar radiation or other geoengineering technologies be considered?
Should research and pilot projects be pursued in the near term?



* Troposphere

1. Space-bazed reflactive mirmors
2. Stratospheric asrosal injection
3. Cloud-brightaning

4. Painting roofs white

&. Planting more reflactive crops

&. Cowvering desert surfaces with reflective material
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From Geoengineering for Climate Stabilization, Maximilian Lackner in Handbook of climate Change Mitigation and Adaptation, Springer, 2016 p. 1217, Fig. 10 Depiction of solar radiation management (Source: Climate 2010)


Week 8

Fossil fuel resources are not renewable, and their use will eventually
end. In human history there have been other energy transitions, but
none with this urgency. Along with energy there must be a transition for
water resources and food production. What will be “The Future That

We Will Not See?”
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From space, satellites can see Earth breathe. This visualization shows 20 years of continuous observations of plant life on land and at the ocean’s surface, from September 1997 to September. 2017. On land, vegetation appears on a scale from brown (low vegetation) to dark green (lots of vegetation); at the ocean surface, phytoplankton are indicated on a scale from purple (low) to yellow (high). Credit: NASA


Energy, Climate, and Emissions

* U.S. and Global Energy Sources and Use

* Energy flow

e Climate science

e Temperature analysis
e Weather 2050

* Climate change and GHG emissions
e Stripes
 Billion dollar weather events

e Climate models
e Climate model accuracy

e Sea level rise
e Review



U.S. and Global Energy Sources and Use
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U.S.

Primary Energy Sources, 2018
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U.S. Energy Use Sectors, 2018

End-use sector®

J—

Transportation
28.3 —

(37%)

—

Residental
11.8 (16%)

Commercial
8.4 (12%)

Total =75.9

Electric Power Sector”

hydroelectric power
biofuels photovoltaic
electricity wind
hydrogen _ biomass
Electrical system
energy losses 25.3 geothermal

Total =38.3

substitutes for space and water heating, lighting
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www.eia.gov/totalenergy/data/monthly/pdf/flow/css_2018_energy.pdf
Energy consumption surveys CBECS (commercial building energy consumption survey), RECS (residential energy use survey), MECS (manufacturing energy use survey)
Residential consumption primarily space and water heating.



ry to Fathom Some Big Numbers

1 quad = 10" BTU =293 TWh

In the U.S. 235 million passenger cars and light-duty trucks
consume 16.6 quads of energy.

14 million light-duty vehicles consume about one quad.

In the U.S. 98 nuclear reactors consume 8.4. quads of energy.

12 reactors consume about one quad.
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These data are from EIA, EPA and DOT for 2012.
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From Perez, R. and M. Perez, (2009a): A fundamental look at energy Reserves for the planet. The IEA SHC Solar Update, Volume 50, pp. 2 ‐ 3, April, 2009.
Comparison is by volume.


U.S. Renewable Energy Sources, 2018

Total renewable fraction of primary energy is 11%
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Annual Additions of Global Renewable Power
Capacity, by Technology and Total, 2012-2018

Additions by technology (Gigawatts)
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Source: See endnote 183 for this chapter.
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Global and U.S. Primary Energy Sources, 2018

Source

Petroleum
184.8
(34%)

Natural gas
>‘ 142.3
(24%)

fossil fuels 85.1%

Coal
150.0
(27%)

Renewable enegy
56.3 (10%)

Nuclear 24.0 (4%)
Total = 546.7

Source®

Petroleum
36.9
(36%)

Coal
13.2
(132%)

Renewable energy
11.5 (11%)

Muclear electric power
8.4 (8%)

Total = 101.3

fossil fuels 80.2%
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Global data from https://ourworldindata.org/energy.  Original source BP.  In quads.
Oil 184.8, NG 131.2, coal 150.0, Renewables 56.3, nuclear 24.0.
In renewables hydro 37.6, wind 11.4, solae 5.2, other 2.0 quads



U.S. Primary Energy Sources, 2008 and 2018

Source Source®

Petroleum
37.1
(37%)

Pefroleum
38.8
[36%)

Natural gas
23.8
(24%)

fossil fuels 84.0%
fossil fuels 80.2%

Coal
22.4
(22%)

Coal
[ e
(13%)

Renewable energy

Renewable enegy 11.5 {(11%)

7.3 (7%)

Muclear elecinic power
8.4 (8%)

Total =99.3 Total = 101.3

Nuclear 8.6 (9%)



Presenter
Presentation Notes
www.eia.gov/totalenergy/data/monthly/pdf/flow/css_2018_energy.pdf and data from  EIA AER 2008 Fig.1 


U.S. Primary Energy Sources, 1980 and 2008

Source Sou rce

Petroleum
36.6
(39%)

Petroleum
37.1
(37%)

Natural gas
21.8

Natural gas
23.8

(23%) (24%)

fossil fuels 85.0%
%078 S|onj |ISSOJ

Coal
21.6
(23%)

Coal
224
(22%)

Renewable enegy Renewable enegy
7.1 (7%) 7.3 (7%)

Nuclear 7.2 (7%) Nuclear 8.6 (9%)

Total =94.3 Total =99.3
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Flow Concept Sankey Diagram

Energy use 1

Energy use 2

Energy source A

Energy source B

Energy use 3
Energy source C

Energy use 4
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Thickness of line represents amount of energy.  Energy source A = Energy use 1 + Energy use 2.


U.S. Energy Flow 2018
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Global Energy Flow, 2011
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Oil Company Climate Lobbying 2015

How much big ol spends on obsiructive climate lobbying
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Light blue: corporate staff costs; orange: external costs for advertising and PR; yellow: direct political contributions; green: direct spending on lobbying; brown: support of oil sector trade associations
APPEA: Australian Petroleum Production and Exploration Association
WSPA: Western States Petroleum Association
API: American Petroleum Institute


Climate Science



Global Average Energy Fluxes (in Balance)
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From Geoengineering the Climate, Royal Society, September, 2009, fig. 1.1.  Adapted from Kiehl and Trenberth, BAMS 78(1997)197
Note incoming 342 = outgoing 235 + 107 W/m2


Global Carbon Cycle
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From Geoengineering the Climate, Royal Society, September, 2009, fig. 1.2
Representation of the global carbon cycle, where the numbers and arrows in black represent reservoir and flux sizes in the pre-industrial steady state, while those in red represent additions due to human activity (in units of GtC and GtC/yr respectively, appropriate to the period 1990–1999). Reprinted with permission from Sarmiento JL & Gruber N (2002). Sinks for anthropogenic carbon. Physics Today 55(8): 30–36. Copyright 2002. American Institute of Physics.



How Much CO, in the Atmosphere?

 Atmospheric pressure P = 101 kPa

e Mass of atmosphere M = Px(4nR?)/g
e 101 kPa x (411(6.4 x 105 m2)2)/(9.8 N / kg) = 5.3 x 10° Gt

* GMW of atmosphere 78% O,, 21% N,, 1% Ar - 29 g per
mole

e Atmosphere contains 1.83 x 10%° moles

* Currently CO, at 411 ppm = 7.52 x 101® moles = 3,300 GtCO,
* Pre-industrial CO, at 280 ppm 2,250 GtCO,

* 1,050 GtCO, emitted in atmosphere since industrialization
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Slide used in ENG571_04282014 advanced technologies
Useful conversion 1 ppm equivalent to 2.2 Gt C in atmosphere.
Pre-industrial carbon 614 Gt.  Since industrialization, 264 Gt.
January 22, 2020 411.08 ppm https://www.co2.earth/daily-co2


ry to Fathom Some Big Numbers

1 Gt CO,

In the U.S. in 2018 9,719 power plants emitted 1.763 GT CO,
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See https://www.eia.gov/todayinenergy/detail.php?id=41193
https://www.eia.gov/tools/faqs/faq.php?id=77&t=11
https://www.eia.gov/tools/faqs/faq.php?id=65&t=2
http://www.vox.com/2015/7/29/9066685/coal-oil-solar-maps 2015 data



CO, flux (Gt CO,/yr)

CO, Sources and Sinks 1870-2015

Fossil fuels
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Land-use change
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Ocean sink
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From Fourth National Climate Assessment (NCA4), Volume I, Figure 2.7, p. 83, 2018.



Effective Radiative Forcing (W/m?)

Time Evolution of Forcings
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From Fourth National Climate Assessment (NCA4), Volume I, Figure 2.6, p. 82, 2018.
See https://en.wikipedia.org/wiki/List_of_large_volcanic_eruptions_of_the_20th_century and https://en.wikipedia.org/wiki/List_of_large_volcanic_eruptions_of_the_19th_century
1992: Mt. Pinatubo; 1982: El Chichon; 1980: Mt. St. Helen; 1963: Mt. Agung; 1960: 1912; Novarupta; 1883: Krakatoa; 1815: Tambora



Radiative Forcing (W/m?), 1750-2011
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From Fourth National Climate Assessment (NCA4), Volume I, Figure ES.2, p. 14, 2018.


Temperature Analysis
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NCA4 Temperature Anomaly
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Weather Report

23 September 2050
The Weather Channel, USA
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Climate Change and GHG Emissions
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global emissions by fuel type, including coal (salmon), oil (olive), gas (turquoise), and cement (purple), and
excluding gas flaring, which is small (0.6% in 2013).  
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This plot shows yearly temperature anomalies from 1880 to 2019, with respect to the 1951-1980 mean, as recorded by NASA, NOAA, the Berkeley Earth research group, the Met Office Hadley Centre (UK), and the Cowtan and Way analysis. Though there are minor variations from year to year, all five temperature records show peaks and valleys in sync with each other. All show rapid warming in the past few decades, and all show the past decade has been the warmest. Credit: NASA GISS/Gavin Schmidt Coton and Way at https://www-users.york.ac.uk/~kdc3/papers/coverage2013/series.html


O

N
o
o

150

100

Global greenhouse gas emissions GtCOe /year

2100 WARMING PROJECTIONS

Emissions and expected warming based on pledges and current policies

? /—------------.-.'ﬁ.

Historical

0
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Climate
Action
Tracker

Dec 2019 update

Warming projected
by 2100

— Baseline
4.1-4.8°C

Current policies
2.8-3.2°C

J 2.8°C
L
2.5-2.8°C

— 2°C consistent
1.6-1.7°C

1.3°C


Presenter
Presentation Notes
https://climateactiontracker.org/global/temperatures/


(b) Warming versus cumulative CO, emissions
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IPCC AR5 Synthesis Report, Fig. SPM.5, p. 9.
Ellipses show total anthropogenic warming in 2100 versus cumulative CO2 emissions from 1870 to 2100 from a simple climate model (median climate response) under the scenario categories used in WGIII. The width of the ellipses in terms of temperature is caused by the impact of different scenarios for non-CO2 climate drivers. The filled black ellipse shows observed emissions to 2005 and observed temperatures in the decade 2000–2009 with associated uncertainties.
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CO, emissions (kgCO,/USD/yr)
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Warming Stripes for GLOBE from 1850-2018

1850 20
Ed Hawkins
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Scale blue cooler, red warmer.  See explanation by Hawkins at https://www.climate-lab-book.ac.uk/2018/warming-stripes/, https://www.climatecentral.org/gallery/graphics/2019-warming-stripes-how-temperatures-have-trended-in-your-region.



Warming Stripes for All of USA from 1895-2018
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Billion Dollar Disaster Events

United States
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Billion Dollar Disaster Events

CPI-Adjusted Unadjusted

Begin Year: | 1980 : End Year: | 2019 : Update « 2019 | 1980 »

Billion-dollar events to affect the U.S. from 1980 to 2019 (CPI-Adjusted)

CPI-ADJUSTED AVERAGE
NUMBER PERCENT OF
DISASTER o PERCENT LOSSES —— EVENT COST e
TYPE EVENTS FREQUENCY (BILLIONS OF L OSSES (BILLIONS OF
DOLLARS) DOLLARS)

M Drought 26 10.1% $249.7 © 14.2% $9.6 2,993"
W Flooding 32 12.4% $146.5° © 8.3%" $4.6° 555
M Freeze 9 3.5% $30.5 © 1.7% $3.4 162
M Severe Storm 113 43.8% $247.8 © 14.1% $2.2 1,642
Tropical Cyclone 44 17.1% $945.9 © 53.9% $21.5 6,502
W Wildfire 17 6.6% $84.9 ¢ 4.8% $5.0 347
M Winter Storm 17 6.6% $49.3 ¢ 2.8% $2.9 1,048

H All Disasters 258 100.0% $1,754.6 © 100.0% $6.8 13,249
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Billion Dollar Disaster Events

Billion-dollar weather and climate disasters frequency mapping: 1980-2019

Droughts and Heat Waves Winter Storms Tropical Cyclones
15H0-2019 Bilion-Dollar Orought Disasters {CP1-Adjusted) 19B0-2019 Billkan-Daollar Winter Sporm Disasters (CPHAd]justed) 1980-2019 Billion-Dollar Troplcal Cyclone Disasters {0P1-Ad)usted)

1980: 2045 Elion-Dolar Wildfire Disasters (CPlAdjusted)

%

*248 weather and climate disasters reached or exceeded 51 billion during this period (CPl-adjusted); cost > $1.75 trillion in damages

Flease note that the map reflects a summation of billion-dolfar events for each state affected (i.e., it does not mean that each state shown suffered at least
51 bilion in losses for each event)




Climate Models



Climate Change and Models
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“Fair and Unbiased”
to
“Most Watched, Most Trusted”
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Climate models

For decades scientists have been using [EiatSutis{e:1 B lefs (I

to help us learn
more about the Earth’s climate. Known as climate models, they are driven by the
fundamental physics of the atmosphere and oceans, and the cycling of chemicals
between living things and their environment. Over time they have increased in
complexity, as separate components have merged to form coupled systems.
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Graphic by Rosamund Pearce; based on the work of Dr Gavin Schmidt.
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Illustration of the processes added to global climate models over the decades, from the mid-1970s, through the first four IPCC assessment reports: first (“FAR”) published in 1990, second (“SAR”) in 1995, third (“TAR”) in 2001 and fourth (“AR4”) in 2007. (Note, there is also a fifth report, which was completed in 2014). Source: IPCC AR4, Fig 1.2
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Illustration of grid cells used by climate models and the climatic processes that the model will calculate for each cell (bottom corner). Source: NOAA GFDL


Illustration of grid cells used by climate models and the climatic processes that the model will calculate for each cell (bottom corner). Source: NOAA GFDL
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Increasing spatial resolution of climate models used through the first four IPCC assessment reports: first (“FAR”) published in 1990, second (“SAR”) in 1995, third (“TAR”) in 2001 and fourth (“AR4”) in 2007. (Note, there is also a fifth report, which was completed in 2014). Source: IPCC AR4, Fig 1.2. 
Each factor of two in spatical resolution requires X10 computing power.  AR5 grid 25 km.
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Schematic of the CMIP/CMIP6 experimental design and the 21 CMIP6-Endorsed MIPs. Reproduced with permission from Simpkins (2017).



Parametrized Systems in Climate Models

1
2 20

1) Incoming Solar Radiation 12) Topography
2) Scattering by Aerosols and Molecules 13) Evaporation
3) Absorption by the Atmosphere 14) Vegetation
4) Reflection/Absorption by Clouds 15) Soil Properties
§) Emission of Longwave Radiation from 16) Rain (Cooling)
Earth's Surface 17) Surface Roughness
6) Condensation 18) Sensible Heat Flux
7) Turbulence 18) Deep Convection (Warming)
8) Reflection/Absorption at Earth's Surface 20) Emission of Longwave
9) Snow Radiation from Clouds
10) Soil Water/Snow Melt

11) Snowllce/Water Cover
©The COMET Program
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A list of 20 climate processes and properties that typically need to be parameterised within global climate models. Image courtesy of MetEd, The COMET Program, UCAR.



Climate models and observations, 1970-2017
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RCP4.5 CMIP5 blended land/ocean model average (in black), two-sigma model range (in grey), and observational temperature records from NASA, NOAA, HadCRUT, Cowtan and Way, and Berkeley Earth from 1970 to 2020. Dashed black line shows original (unblended) CMIP5 multimodel mean. Preliminary value for 2017 is based on temperature anomalies through the end of August. Chart by Carbon Brief using Highcharts. 



Climate models and observations. 1880-2100
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Same as prior figure, but from 1880 to 2100. Projections through 2100 use RCP4.5. Note that this and the prior graph use a 1970-2000 baseline period. Chart by Carbon Brief using Highcharts. 



The Software Architecture of Global Cllmate Models
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Climate Model Lines of Code
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COSMOS1.2.1 Max-Planck-Institut für Meteorologie, Germany
Model E October 11, 2011 revision NASA Goddard Institute for Space Studies, USA
HadGEM3 Met Office, UK
CESM1.0.3 National Center for Atmospheric Research, USA
GFDLClimate Model 2.1 (coupled to MOM 4.1) Geophysical Fluid Dynamics Laboratory, US
IPSLClimate Model 5A Institut Pierre Simon Laplace, France
UVicEarth System Climate Model 2.9 University of Victoria, Canada



Climate Model Accuracy
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RealClimate Climate model projections compared to observations 11 April 2017 
Original discussion (2007). Scenarios from Hansen et al. (1988). Observations are the GISTEMP LOTI annual figures. Trends from 1984: GISTEMP: 0.19ºC/dec, Scenarios A, B, C: 0.33, 0.28, 0.17ºC respectively (all 95% CI ~±0.02). Last updated: 8th April 2017.
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RealClimate Climate model projections compared to observations 11 April 2017 
Last discussion (2015). Model spread is the 95% envelope of global mean surface temperature anomalies from all individual CMIP3 simulations (using the SRES A1B projection post-2000). Observations are the standard quasi-global estimates of anomalies with no adjustment for spatial coverage or the use of SST instead of SAT over the open ocean. Last updated Feb 2017. 
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RealClimate Climate model projections compared to observations 11 April 2017 
Last discussion (2015). Model spread is the 95% envelope of true global mean surface temperature anomalies from all CMIP5 historical simulations (using the RCP4.5 projection post-2005). Forcing adjustment is updated from Schmidt et al. (2014). Observations are the standard quasi-global estimates of anomalies with no adjustment for spatial coverage or the use of SST instead of SAT over the open ocean. Last updated Feb 2017. 
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Sea Level Rise



GRACE Satellites
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GRACE satellites Gravity Recovery and Climate Experiment 


GRACE Greenland Ice Mass Loss
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https://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=30478
The mass of the Greenland ice sheet has rapidly been declining over the last several years due to surface melting and iceberg calving. Research based on observations from NASA’s twin Gravity Recovery and Climate Experiment (GRACE) satellites indicates that between 2003 and 2013, Greenland shed approximately 280 gigatons of ice per year, causing global sea level to rise by 0.8 millimeters per year. These images, created with GRACE data, show changes in Greenland ice mass since 2003. Orange and red shades indicate areas that lost ice mass, while light blue shades indicate areas that gained ice mass. White indicates areas where there has been very little or no change in ice mass since 2003. In general, higher-elevation areas near the center of Greenland experienced little to no change, while lower-elevation and coastal areas experienced up to 3 meters of ice mass loss (dark red) over a ten-year period. The largest mass decreases of up to 30 centimeters per year occurred over southeastern Greenland.


GRACE Greenland Ice Mass Loss
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This dataset contains the Greenland mass trend generated from the GRACE JPL RL05M. The time series is a 1-dimensional time series of globally averaged Water Height Anomalies (WHA) from GRACE expressed in equivalent water mass (Gt). 1 mm sea level equivalent equals 360 Gt. It starts in May 2002 to present, with a lag of up to 4 months. An animation of spatial variations can be found here. These data are available in ASCII (Reference: Watkins et al., 2015, doi: 10.1002/2014JB011547).
Data shown are latest available, given time needed to allow for processing.



GRACE Antarctic Ice Mass Loss
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The mass of the Antarctic ice sheet has changed over the last several years. Research based on observations from NASA’s twin Gravity Recovery and Climate Experiment (GRACE) satellites indicates that between 2003 and 2013, Antarctica shed approximately 90 gigatons of ice per year, causing global sea level to rise by 0.25 millimeters per year. 
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This dataset contains the Antarctic mass time series generated from the GRACE JPL RL05M data. The time series is a 1-dimensional time series of averaged over the Antarctic continent from GRACE expressed in ice mass (Gt). 1 mm of equivalent sea level rise equals 360 Gt of ice mass. The time series starts in May 2002 to present, with a lag of up to 4 months. An animation of spatial variations can be found here. These data are available in ASCII format (Reference: Watkins et al., 2015, doi: 10.1002/2014JB011547.).
Data shown are latest available, given time needed to allow for processing.



Satellite Sea Level Rise Measurement
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This dataset contains the Global Mean Sea Level (GMSL) generated from the Integrated Multi-Mission Ocean Altimeter Data for Climate Research (GMSL dataset). The GMSL is a 1-dimensional time series of globally averaged Sea Surface Height Anomalies (SSHA) from TOPEX/Poseidon, Jason-1, OSTM/Jason-2 and Jason-3. It starts in September 1992 to present, with a lag of up to 4 months. All biases and cross-calibrations have been applied to the data so SSHA are consistent between satellites. Data are reported as changes relative to January 1, 1993 and are 2-month averages. Glacial Isostatic Adjustment (GIA) has been applied. These data are available in ASCII format. Reference: Beckley et al., 2017, 


Sea Level Rise Affect on Manhattan
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https://www.weforum.org/agenda/2015/11/how-will-your-city-be-affected-by-rising-sea-levels/ 


Che New Hork Times
October 29, 2019

Rising Seas Will Erase More Cities by 2050

ARTICLE Corrected: Author correction

oPEN
New elevation data triple estimates of global

vulnerability to sea-level rise and coastal flooding

Scott A. Kulp™ & Benjamin H. Strauss® '
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NOAA Sea Level Rise Projections

Possible future sea levels for different greenhouse gas pathways
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https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level
observed sea level from tide gauges (dark gray) and satellites (light gray) from 1800-2015, with future sea level through 2100 under six possible future scenarios (colored lines). The scenarios differ based on potential future rates of greenhouse gas emissions and differences in the plausible rates of glacier and ice sheet loss. NOAA Climate.gov graph, adapted from Figure 8 in Sweet et al., 2017. 


Energy, Climate, and Emissions Review

e U.S. and Global Energy Sources and Use

* Energy flow

e Climate science

e Temperature analysis
e Weather 2050

e Climate change and GHG emissions
e Stripes
 Billion dollar weather events

e Climate models
e Climate model accuracy

e Sea level rise



Weather Channel 2100
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From Weather Channel on YouTube https://www.youtube.com/watch?v=h9Ug-anYyGY time: 2:10
The Weather Channel Immersive Mixed Reality Climate Change
An immersive mixed reality created by The Weather Channel and The Future Group to explain climate change. Full coverage: http://nca.st/tJ89Z
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