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Lecture 3 Qutline

e Weather-climate quiz

e Two issues from the State of the Union

e Energy independence

e Trillion trees

e Higher climate sensitivity?

e Geoengineering: solar resource management

e Summary
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Climate versus Weather Quiz



Climate Reality Project

How Much Do You Know About Weather and
Climate?

How much do you know about weather, climate, and how they're different? Put your knowledge
to the test.

https://quiz.tryinteract.com/#/5e17706¢c7f7a370014f04384?method=iframe
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State of the Union Address
February 4, 2020

“Thanks to our bold regulatory reduction campaign, the
United States has become the No. 1 producer of oil and
natural gas anywhere in the world, by far. (Applause.) With
the tremendous progress we have made over the past three
years, America is now energy independent, and energy jobs,
ike so many other elements of our country, are at a record
nigh. (Applause.) We are doing numbers that no one would
have thought possible just three years ago.”




State of the Union Address
February 4, 2020

“To protect the environment, days ago | announced
that the United States will join the One Trillion Trees
Initiative, an ambitious effort to bring together
government and private sector to plant new trees in
America and all around the world. (Applause.)”



U.S. Oil and Natural Gas Production
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Energy Independence



U.S. net imports of crude oil and liquid fuels
million barrels per day
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residual fuel oil, unfinished oils, other hydrocarbons/oxygenates, and other oils.

Source: Short-Term Energy Outlook, February 2020 cla



How U.S. Got Hooked on Foreign Oil
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SABIN CENTER FOR CLIMATE CHANGE LAW

Columbia Law School | Columbia University Earth Institute

/7 N\ Climate Deregulation
N 7/ Tracker
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Che New PJork Eimes

December 21, 2019
95 Environmental Rules Being Rolled Back...
58 95

ROLLBACKS TOTAL

COMPLETED ROLLBACKS
g Air pollution and emissions 16 25
Lﬂ Drilling and extraction 10 19
H Infrastructure and planning 11 12
Z,) Animals 7 10
v Toxic substances and

O ¥ safety 5 8

¢ Water pollution 4 10

@ Other 5 11


Presenter
Presentation Notes
https://www.nytimes.com/interactive/2019/climate/trump-environment-rollbacks.html


.

Completed Regulatory Changes Relevant

to Oil and Gas Production
Canceled a requirement for oil and gas companies to report
methane emissions. Environmental Protection Agency.

Revised and partially repealed an Obama-era rule limiting methane
emissions on public land...

Made significant cuts to the borders of two national monuments in
Utah...

Rescinded water pollution regulations for fracking on federal and
Indian lands.

Approved construction of the Dakota Access pipeline.

Withdrew a requirement that Gulf oil rig owners prove they could
cover the costs of removing rigs once they have stopped producing.

Loosened offshore drilling safety regulations.

Permitted the use of seismic air guns for gas and oil exploration in
the Atlantic Ocean.
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Forests
Trillion Trees Challenge



THE

HILL

February 2, 2020
GOP bill will seek to commit US to
planting 3.3 billion trees annually




Che New Pork Times

February 12, 2020
How a Trillion Trees Triumphed Over Trump’s
Climate Denialism

Marc Benioff, chairman of Salesforce, at the World Economic Forum in Davos,
Switzerland, where President Trump embraced his Trillion Trees climate initiative.



€he New JJork Eimes
June 11, 2019
Oak Tree Given to Trump by French President Has Died
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https://www.nytimes.com/2019/06/11/us/trump-macron-friendship-tree.html
President Trump at the ceremonial planting of an oak tree given by President Emmanuel Macron of France, center, in April 2018. The tree was meant to represent the French-American alliance.Credit...Doug Mills/The New York Times


Ronald Reagan, September 1980

"Approximately 80 percent of our
air pollution stems from hydro-
carbons released by vegetation,
so let's not go overboard in setting
and enforcing tough emission
standards from man-made
sources.”

“Trees cause more pollution than
automobiles do.”
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Mapping tree density at a global scale
M.W. Crowther et al.
Nature 525(2015)201

High: 2,927,798

l Low: D

Total trees: 3,041,173,150,000

Global: 3.0 trillion; U.S. 0.23 trillion

Tropics and subtropics: 1.3 trillion; boreal: 0.74 trillion; temperate: 0.66 trillion
Annual harvest 15 billion.

Pre-agriculture estimate: 4.4 trillion



Che New Aork Times
February 12, 2020
Planting trees Won’t Save the World
Erle C. Ellis, Mark Maslin and Simon Lewis

(The authors are scientists.)

“Planting trees, even as many as a trillion, will never absorb the enormous amounts of fossil
carbon emitted from industrial societies.”



James Temple
January 28, 2020

“A Trillion Trees” is a great idea—that could become a dangerous
climate distraction. Reforestation is critical for lots of reasons, but it’s
no substitute for cutting emissions




U.S5.NET GREENHOUSE GAS EMISSIONS RELATIVETO INTERNATIONAL COMMITMENTS
In millions of metric tons CO2e, excludes international bunker fuel use, 2005-2019

ACTUAL
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Source Rhodium Group


National Academy of Sciences, 2019

The Mstbonssl Arsdemier of
SCENCES * ENGIMEENNG - MEDICINE

COMSENMSUS 5TUDY REPORT

NEGATIVE EMISSIONS
TECHNOLOGIES AND
RELIABLE SEQUESTRATION:

A Research Agenda




National Academy of Sciences, 2019

* Sequester 150 Mt CO, requires 9.9 million acres of
new forest

e Area as large as Maryland
e Can never be harvested

* |n competition with farming, food production, logging,
and other uses

e Full growth in approximately 40 years

* U.S. emission 5.8 Gt CO, requires 370 million acres
* Twice the area of Texas

* NAS estimates 250 Mt CO, “practically achievable”



Arable and Forest Land of the World

&

B 1 ainly productive crop, pasture B Mostly suitable for forest B Mostly suitable for grazing,
and forest land I Mainly suitable for forest marginal for cereals

1 Mainly suitable for crops if tree crops or permanent Fredaminantly unproductive
improved pastures land
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Arable Land by Country

%o of world arable land

Arable Land by Country

25
20
15
10
5
0
&;&Qfof@&@ ¥ %«>e~ S $es® &&f ;&9 P
Q,&% oié'&
country

&b

from World Bank http://data.worldbank.org/



Presenter
Presentation Notes
2009 data


Forested Land by Country

%o of world forest land

Forested Land by Country
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Carbon Cycle and Keeling Curve
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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.



2 Global Carbon Cycle Modification
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Fluxes from vegetation near balance to and from atmosphere.
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.



Global Carbon Cycle Modification
Afforestation/Reforestation
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Flux from atmosphere greater than flux to atmosphere.  Land storage of C increasing.  
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.



B
The annual variation shown in the insert is

attributed to plant growth and decay.

How many gigatonnes of CO, do plants absorb
and release in one year?

0000000000000000
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From https://www.esrl.noaa.gov/gmd/ccgg/trends/
“The last four complete years of the Mauna Loa CO2 record plus the current year are shown in the first graph. The full record of combined Scripps data and NOAA data are shown in the second graph. The dashed red lines with diamond symbols represent the monthly mean values, centered on the middle of each month. The black lines with the square symbols represent the same, after correction for the average seasonal cycle. The latter is determined as a moving average of SEVEN adjacent seasonal cycles centered on the month to be corrected, except for the first and last THREE and one-half years of the record, where the seasonal cycle has been averaged over the first and last SEVEN years, respectively. “
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From https://www.esrl.noaa.gov/gmd/ccgg/about/global_means.html
Figure 3: Extended CO2 record for Ascension Island for 2000-2009. Values from the smooth curve (blue) and derived interpolated values (magenta) are shown. 
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Figure 5: 3-dimensional representation of the global distribution of atmospheric CO2 for 2000-2009. The 10-degree latitude band in which Ascension Island resides is highlighted in red. 
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From https://www.esrl.noaa.gov/gmd/ccgg/about/global_means.html
Figure 6: Global mean surface CO2 time series for 2000-2009. 


How many gigatonnes of CO, do plants absorb
and release in one year?

* Peak to peak variation in global average CO,
concentration is approximately 4 ppm

* Currently CO, at about 400 ppm = 3,125 Gt CO,

* 4 ppm thenis 31.2 Gt CO,

e Slope is approximately 2.3 ppm per year, but 25%
of emissions are absorbed by the ocean, 28% by
plants, and 46% stays in the atmosphere.
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https://scripps.ucsd.edu/programs/keelingcurve/2013/07/03/how-much-co2-can-the-oceans-take-up/
https://scripps.ucsd.edu/programs/keelingcurve/permissions-and-data-sources/
https://cdiac.ess-dive.lbl.gov/pns/faq.html
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Original source: "Net Primary Productivity : Global Maps". earthobservatory.nasa.gov. 26 March 2018.
From Wikipedia: The maps above show Earth's monthly terrestrial net primary productivity from February 2000 to December 2013. The data come from the Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA’s Terra satellite. Values range from near 0 grams of carbon per square meter per day (tan) to 6.5 grams per square meter per day (dark green). A negative value means decomposition or respiration overpowered carbon absorption; more carbon was released to the atmosphere than the plants took in. In mid-latitudes, productivity obviously interacts with seasonal change, with productivity peaking in each hemisphere’s summer. The boreal forests of Canada and Russia experience high productivity in June and July and then a slow decline through fall and winter. Year-round, tropical forests in South America, Africa, Southeast Asia, and Indonesia have high productivity, not surprising with the abundant sunlight, warmth, and rainfall. However, even in the tropics, there are variations in productivity over the course of the year. For example, the Amazon basin exhibits especially high productivity from roughly August through October - the period of the area's dry season. Because the trees have access to a plentiful supply of ground water that builds up in the rainy season, they actually grow better when the rainy skies clear and allow more sunlight to reach the forest.[1]


Land Use Change



Land Cover Maps
and Land Cover Change Map
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From Nature Climate Change, September, 2014, N. Unger, Human land-use-driven reduction of forest volatiles cools global climate, from figure S1.
Note that Europe, India, and northern China have had large conversion to cropland by 1850.  Some conversion in the United States.  No conversion in Australia.
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From Nature Climate Change, September, 2014, N. Unger, Human land-use-driven reduction of forest volatiles cools global climate, from figure S1.
By 2000 United States has had significant conversion to cropland.  Australia has had some.
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From Nature Climate Change, September, 2014, N. Unger, Human land-use-driven reduction of forest volatiles cools global climate, from figure S1.


Radiative Forcing Due to Land Cover Change

e Albedo of forest is lower than cropland.

e Between 1850 and 2000 forest cover reduced,
cropland increased, so albedo increased resulting in
negative forcing (cooling).

* Forest sequesters more carbon than cropland.

e Between 1850 and 2000 forest cover reduced,
cropland increased, so less carbon sequestered.

e Carbon goes into atmosphere, resulting in positive
forcing (warming).



Land Use Change Energy Balance Effects

B Reflected sunlight
B Evaporation : ——
B Transmitted heat
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From http://dge.stanford.edu/labs/caldeiralab/Caldeira_research/Jackson_Randerson.html
“Croplands (A) have higher albedo (reflectivity) than forests (B), so they reflect more sunlight back into the atmosphere, resulting in less surface heat. However, more evaporation takes place in forests, which transmits heat back into the atmosphere. Several conflicting factors lead to warming and cooling effects from different kinds of lands, making it no simple task to determine what will be effective at mitigating climate change.”


Vegetation and Albedo

Vegetation and Albedo — DKRZ
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From https://www.dkrz.de/communication/galerie/Vis/obs/veg_alb
Normalized Difference Vegetation Index (NDVI).  See https://gisgeography.com/ndvi-normalized-difference-vegetation-index/.
File Vegetation and Albedo — DKRZ.mp4


Removal of CO, from Atmosphere
Afforestation and Reforestation



GHG Emissions Profiles for Selected Countries (2005)
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* Carbon sinks are not shown

Source: UNFCCC, WRI, IEA, EPA, McKinsey analysis
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From McKinsey and Co., 2007, Reducing US GHG Emissions.  What will it cost?, p. 7.


Global Deforestation Map (2012)
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From https://earth.esa.int/web/earth-watching/20-years-of-sar (European Space Agency Synthetic Aperture Radar)
Note significant areas of deforestation in Nicaragua, Brazil, Bolivia, Nigeria, Congo, Indonesia, Cambodia
See also https://www.wri.org/sites/default/files/world_of_opportunity_brochure_2011-09.pdf. 


Reforestation Area Opportunities

FOREST AND LANDSCAPE RESTORATION OTHER AREAS
OPPORTUNITIES

. Wide-scale restoration
- Mosaic restoration
. Remote restoration

WORLD South Dakorn | ok | Bt
> RESOURCES A IUCN und Rasktorsicherhait
State University

INSTITUTE FRéFOR Forestry Commission

. Agricultural lands
. Recent tropical deforestation
- Urban areas

Forest without restoration needs




Che New YJork Times

When Being Green Raises the Heat

KEN CALDEIRA
January 16, 2007/

It has been suggested that agreements to limit climate change
should consider carbon stored in forests. If so, they would need to
consider the direct climate effects of forests so as to avoid
perverse incentives to plant warming forests in places like the
United States, Canada, Europe and the former Soviet Union.
However, tropical forests, which are generally found in
developing countries, may be due a double climate credit — one
for their carbon storage and another for their cooling clouds.
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This op-ed piece is cited on http://environment.yale.edu/unger-group/nyt-op-ed/.  Unger also found cooling from tropical forests and warming from mid-latitude forests.  Caldeira does not speak to the matter of BVOC.


Potential Reforestation Carbon Storage

. Trees at Area Carbon
Scenario 10 em (hectares) stocks
DBH ) ) )
High:
Maximise 589.2 1.58 _
tree coverin | billion | billion | ¢t
all areas

Current atmospheric carbon burden 762 GtC.
e Reforestation can remove 8.5 -11.9%.
Current global forests 3.09 billion hectares.
e Reforestation required in 51% of forested areas.
Current trees at 10 crn DBH estimated at 3,040 billion.
e Reforestation increases number of trees by 19.4%.
Current carbon storage in trees 250 — 350 Gt.
e Reforestation increases carbon storage in forests by 27 + 7%.
Reforestation accomplished in 50 to 100 years.
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From T. W. Crowther et al., https://www.biorxiv.org/content/10.1101/210062v2, “Predicting Global Forest Reforestation Potential”


Climate Sensitivity
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https://www.carbonbrief.org/explainer... Graph by Zeke Hausfather and animation by Rosamund Pearce for Carbon Brief.



February 3, 2020
Climate Models Are Running Red Hot...
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Image from Business Insider February 8, 2020, A few climate models are now predicting an unprecedented and alarming spike in temperatures — perhaps as much as 5 degrees Celsius


Hot Climate Models

W Degrees Celsius

Russian Academy of Sciences

Chinese meteorological academy 2.29

Norwegian Research Center

27-model average 3.86

U.K. Earth System Model 5.36

UK. Hadley Center Global Environment Model 5.55

Canadian Earth System Model 5.64
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From Bloomberg Green February 3, 2020, Climate Models Are Running Red Hot… which cites Zelinka et al. Geophysical Research Letters January, 2020


Mark D. Zelinka et al.
Geophysical Research Letters January, 2020

Causes of Higher Climate Sensitivity in CMIP6 Models
Plain Language Summary

The severity of climate change is closely related to
how much the Earth warms in response to green-
house gas increases. Here we find that the temper-
ature response to... atmospheric carbon dioxide has
Increased substantially in the latest generation of
global climate models. This is primarily because...[of]
[d]ifferences In the physical representation of clouds...



Equilibrium Climate Sensitivity
CMIP5 versus CMIP6
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Mark D. Zelinka et al., Geophysical Research Letters, 47, e2019GL085782, Causes of Higher Climate Sensitivity in CMIP6 Models


-Recent (1986 - 2005) Reasons For Concern
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Sources: Exchange Club_01232020, ENG571_03052019 v3, ENG571_03052018, ENG571_02062017, ENG571_02222016, ENG571_03092015, OLLI_10102016, and new material.


Geoengineering Outline

e Climate science

A New Tool to Address Climate Change

e Atmosphere

e SRM and CDR

* SRM examples: shields and marine cloud whitening
e Crutzen proposal aerosol injection

e Natural atmospheric aerosol injection: Mt. Pinatubo
 Artificial atmospheric aerosol injection

e Summary



Climate Science
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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
Note incoming radiation is yellow – visible, and outgoing radiation is red – infra-red


A New Tool



THE NEW YORKER

The Climate Fixers
Is there a technological solution to global warming?

by Michael Specter May 14, 2012
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See OLLI Fall2016 10312016 lecture 8 v1�UNI Agora new technologies v1 Spring 2017 


Che New Hork Times
April 17, 2017
s It O.K. to Tinker With the Environment to
Fight Climate Change?




[HE WALL STREET JOURNAL.

February 16, 2018
A Big-Sky Plan to Cool the Planet
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Gernot Wagner and Martin L. Weitzman


November 22, 2018
Solar geoengineering could be ‘remarkably
inexpensive’ — report

Putting sulfate particles into the stratosphere would mimic volcanic eruptions,
which have reduced global temperatures in the past. Photograph: Alamy
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https://www.theguardian.com/environment/2018/nov/23/solar-geoengineering-could-be-remarkably-inexpensive-report


€he New Pork Times
June 7, 2019
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Video at https://geoengineering.environment.harvard.edu/
File A New Tool to Address Climate Change.mp4



The Atmosphere



520 km

Exosphere
510 km

500 km

490 km/
N

170 km

g

160km ¥ Thermosphere
150 km
140 km
130 km
120 km
110 km
100 km

90 km

80 km

Mesosphere

Stratosphere
20 km
10 km |
Temperatire : Tropospriere,
(Celsius) —» _100 -50 0 50 100 150 200 .. 500/1500

e = —1



Presenter
Presentation Notes
From https://www.windows2universe.org/?page=/earth/atmosphere/layers.html, National Earth Science Teachers Association.
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Troposphere, Stratosphere, Whatever

Justice Scalia: But | always thought...the pollutant leaves the air and
goes up into the stratosphere....

Mr. Milkey: Respectfully, Your Honor, it is not the stratosphere. It’s the
troposphere.

Justice Scalia: Troposphere, whatever. | told you before I’'m not a

scientist. That’s why | don’t want to have to deal with global warming,
to tell you the truth.

—Oral argument at the U.S. Supreme Court in Massachusetts v. EPA on
Nov. 29, 2006


Presenter
Presentation Notes
See http://www.supremecourt.gov/oral_arguments/argument_transcripts/05-1120.pdf.  The exchange starts on p. 22.
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CDR and SRM
Carbon Dioxide Removal and
Solar Radiation Management



Solar Radiation Management
and Carbon Dioxide Removal
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From http://www.argunet.org/2013/05/13/mapping-the-climate-engineering-controversy-a-case-of-argument-analysis-driven-policy-advice/
SRM includes space mirrors, reflective aerosols, cloud seeding
CDR includes biochar/afforestation, direct air capture and storage, iron fertilization, artificial upwelling, alkalinity addition


CDR and SRM Strategies
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Positions on Geoengineering

 |n favor of research
e American Geophysical Union
e Environmental Defense Fund
e National Academy of Sciences
e Natural Resources Defense Council

 Union of Concerned Scientists
e World Wildlife Fund

 Opposed to research

e Action Group on Erosion, Technology and Concentration
* Friends of the Earth
e Greenpeace International


Presenter
Presentation Notes
From https://www.edf.org/climate/our-position-geoengineering and other sources.


1, ILLINOIS

College of Engineering

Department of Civil and Environmental Engineering
Open Rank Faculty Positions
College of Engineering
University of lllinois at Urbana-Champaign

Description: Geoengineering to Address Climate Change Risks
to the Built and Natural Environment and Geoengineering for
Urban and Offshore Development Sustainability
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Presentation Notes
https://jobs.illinois.edu/academic-job-board/job-details?jobID=103469
Professor Albert Valocchi reports that the position was filled by an individual whose research area is foundations for offshore wind turbines.


SRM Examples:
Shields and Mirrors



Futurama “Crimes of the Hot”
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Screen shot from Futurama Season 4 Episode 8 “Crimes of the Hot”
File Futurama solar mirror v2.mp4



SRM Example:
Marine Cloud Whitening
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Bulletin American Meteorological Society May, 2013
Data obtained from International Satellite Cloud Climatology Project (ISCCP) D2 monthly means (http://isccp.giss.nasa.gov/products/browsed2.html).


Eastern Pacific Emitted Aerosol Cloud
Experiment (E-PEACE) July-August 2011
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Illustration of E-PEACE design and observations of emitted particles in marine stratocumulus in Jul and Aug 2011 west of central California. The diagram shows the three platforms used in making observations of particle and cloud chemical and physical properties, namely, the R/V Point Sur, the CIRPAS Twin Otter, and the A-Train satellites and GOES. The design included using smoke generated on board the R/V Point Sur that was measured after emission by the CIRPAS Twin Otter in clouds. The satellite was used to measure the changes in reflectance of sunlight due to the effects of the emitted particles on the clouds. The CVI was used as an inlet for evaporating droplets as they were brought into the aircraft, allowing sampling of droplet chemical composition.


Marine Cloud Brightening
Stephen Salter, TEDx, October, 2016
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See https://www.youtube.com/watch?v=ktcWQ2vLoTI
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This 2009 image taken by NASA's Terra satellite shows ship tracks—clouds that form as water condenses around the particles in ships' exhaust—over the Pacific Ocean south of Alaska.  Credit: Jeff Schmaltz MODIS Rapid Response Team; Robert Simmon and Jesse Allen NASA



Paul J. Crutzen
Climatic Change 77(2006)211

Albedo Enhancement by Stratospheric
Sulfur Injections: A Contribution to Resolve
a Policy Dilemma?


Presenter
Presentation Notes
1995: Nobel Prize in Chemistry (with Dr. M. Molina and Dr. F. S. Rowland, U.S.A.)
1995: Recipient of the Global Ozone Award for "Outstanding Contribution for the Protection of the Ozone Layer" by United Nations Environment Programme.


Aerosol Injection Requirement

e Climate effect from Mt. Pinatubo eruption in June, 1991
analyzed by Hansen et al. in 1992

e 6 Mt of sulfur in atmosphere after 6 months resulted in
radiative forcing of 4.5 W/m?

* GHG emissions result in radiative forcing of 1.4 W/m?
e Residence time of sulfur in stratosphere 1 to 2 years
* 1 or 2 Mt. Pinatubo sulfur injected per year balances GHG

* National Academy of Sciences 1992 cost estimate $25-S50
billion
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Hansen, J. et al., Geophys. Res. Lett. 19(1992)215.
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From http://berkeleyearth.org/volcanoes/.  1816 known as the year without a summer.
See OLLI Fall2016 10312016 lecture 8 v1�UNI Agora new technologies v1 Spring 2017 
NB global land surface temperature rise from 1750 to 2005 ~1.5 °C 




Mt. Pinatubo Eruption June 12, 1991



Mt. Pinatubo in Philippines
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https://en.wikipedia.org/wiki/Mount_Pinatubo location of Mt. Pinatubo in Philippines


June 12, 1991 Mt. Pinatubo Eruption
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USGS photo from https://eos.org/articles/pinatubo-25-years-later-eight-ways-the-eruption-broke-ground
See also https://earthobservatory.nasa.gov/Features/Volcano/
https://www.usgs.gov/news/remembering-mount-pinatubo-25-years-ago-mitigating-crisis
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Global Cooling After the Eruption of Mt. Pinatubo
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Brian J. Soden et al., Science 296(2002)727, figure 2 Comparison of the observed (solid line) and model-predicted (dashed line) global-mean
(90°N to 90°S) changes in lower tropospheric temperature (top).


Aerosol Optical Thickness 1982-2005
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From https://www.goes-r.gov/downloads/GOES-R_Series_Program/2014/04-Laszlo_pres.pdf
AOT: aerosol optical thickness and AOD: aerosol optical depth used interchangeably.  Beer-Lampbert law for transmission through atmosphere T = exp(-m(tau_aerosol+…), where m is atmospheric thickness = 1/cos(angle of azimuth).  Thus AOT/AOD is dimensionless,  0.1 is approximately 10% attenuation.


Atmosphere Optical Depth
April 10, 1991 — May 13, 1991
eruption minus one month

G- ﬁ-.;:lrul 1[!1-::.;'1 Mu::'-.a 13

102 =101



Presenter
Presentation Notes
From https://earthobservatory.nasa.gov/IOTD/view.php?id=1510Stratospheric Aerosol and Gas Experiment II
Aerosol optical depth at 1020 nm
NASA Earth Radiation Budget Satellite
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From https://earthobservatory.nasa.gov/IOTD/view.php?id=1510Stratospheric Aerosol and Gas Experiment II
Aerosol optical depth at 1020 nm
NASA Earth Radiation Budget Satellite


Atmosphere Optical Depth
August 23, 1991 — September 30, 1991
eruption plus two months
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From https://earthobservatory.nasa.gov/IOTD/view.php?id=1510Stratospheric Aerosol and Gas Experiment II
Aerosol optical depth at 1020 nm
NASA Earth Radiation Budget Satellite
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From https://earthobservatory.nasa.gov/IOTD/view.php?id=1510Stratospheric Aerosol and Gas Experiment II
Aerosol optical depth at 1020 nm
NASA Earth Radiation Budget Satellite
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From https://earthobservatory.nasa.gov/IOTD/view.php?id=1510Stratospheric Aerosol and Gas Experiment II
Aerosol optical depth at 1020 nm
NASA Earth Radiation Budget Satellite


Estimating global agricultural effects of
geoengineering using volcanic eruptions

J. Proctor et al., Nature 560(2018)480
Observation Stations
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From Nature 560(2018)480 figure 1d “Surface insolation observing stations used in our analysis of the effect of SAOD on insolation”
SAOD: stratospheric aerosol optical depth


J. Proctor et al., Nature 560(2018)480
Direct and Diffuse Insolation Change
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From Nature 560(2018)480 figure 1f “Annual average daily total (orange), direct (yellow) and diffuse (red) sunlight across all stations”  For Mt. Pinatubo eruption direct insolation reduced by 21%, diffuse insolation increased by 20%, net insolation decreased by 2.5%.




J. Proctor et al., Nature 560(2018)480
Change in SAOD and Change in Crop Yields
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From Nature 560(2018)480 figure 2.
a, SAOD for years after the eruptions of El Chichón (March to April 1982) and Pinatubo (June 1991) (dotted lines).
f, Yields of maize (orange), wheat (grey), soy (blue) and rice (green) decline after the eruptions.
SAOD: stratospheric aerosol optical depth



Large Scale Artificial
Atmospheric Aerosol Injection



- Alan Robock
APS Physics of Sustainable Energy llI,
March, 2014

To inject 1 Mt of S as H,S into the lower stratosphere per year

Method  Maximum Ceiling # of Units Price per unit Total Purchase Price Annual Operation
Payload (km) (2007 dollars) (2008 dollars) Costs

F-15C 8 tons 20 167 planes $38,100,000 $6,362,700,000 $4,175,000,000*
Eagle 3 flights/day but there are already
heZ

KC-135 01 tons 15 15 planes $50,292,000 $755,000,000 $375,000,000
Strato- 3 flights/day but there are already
tanker more than 481, and they
will become surplus

KC-10 160 tons 13 0 planes $112,000,000 $1,000,000,000 $225,000,000*
Extender 3 flights/day but there are already 59

4tons 30 37,000 $1711 §30,6807566,000

per day

500kg 20 8,000 shots $30,009-685,000

ifles per day
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Presentation Notes
From Alan Robock presentation, APS Physics of Sustainable Energy III, March 8, 2014.
Note 1 Tg = 1 Mt
KC-135 Stratotanker 15 planes × 3 flights per day × 365 days per year × 191 tons = 1.49 MT per year

KC-10 Extender 9 planes × 3 flights per day × 365 days per year × 160 tons = 1.58 MT per year


KC-10 Extender
Ceiling: 12.73 km
Payload: 160 tons gas

Cost: $88,400,000
(1998 dollars)

¥

R

KC-10 Extender

http:/ www.af mil/shared/media/factsheet/ke_10.jpg

With 3 flights/day,
operating 250 days/year

would need 9 planes
to deliver 1 Tg gas per year
to Arctic stratosphere.

KC-10 Extender

KC-10 Extender

httpe/ fwww.af mil/shared/media/photodb/photos/030317-F-7203T-013.jpg

RUTG ERS Alan Robock

Department of Environmental Sciences



Presenter
Presentation Notes
From Alan Robock presentation, APS Physics of Sustainable Energy III, March 8, 2014.
NB: 1 Tg = 1012 g = 1 MT
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See OLLI Fall2016 10312016 lecture 8 v1�UNI Agora new technologies v1 Spring 2017 
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https://futureoflife.org/2019/09/17/not-cool-ep-6-alan-robock-on-geoengineering/



Risks or Concerns and Benefits of Stratospheric
Geoengineering
Benefits

1. Reduce surface air temperatures, which could
reduce or reverse negative impacts of global
warming, including floods, droughts, stronger storms,
sea ice melting, and sea level rise

2. Increase plant productivity

3. Increase terrestrial CO, sink

4. Beautiful red and yellow sunsets

5. Unexpected benefits

6. Prospect of implementation could increase drive for

mitigation
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Presentation Notes
Robock, A. Albedo enhancement by stratospheric sulfur injections: More research needed, Earth’s Future_4(2016)644.


Risks or Concerns and Benefits of Stratospheric
Geoengineering
Risks or Concerns

Physical and biological climate system

1. Drought in Africa and Asia

2. Perturb ecology with more diffuse radiation
3. Ozone depletion

4. Continued ocean acidification

5. May not stop ice sheets from melting

6. Impacts on tropospheric chemistry

7. Rapid warming if stopped


Presenter
Presentation Notes
Robock, A. Albedo enhancement by stratospheric sulfur injections: More research needed, Earth’s Future_4(2016)644.


Risks or Concerns and Benefits of Stratospheric
Geoengineering
Risks or Concerns

Human impacts

8. Less solar electricity generation

9. Degrade passive solar heating

10. Effects on airplanes flying in stratosphere

11. Effects on electrical properties of atmosphere

12. Affect satellite remote sensing
13. Degrade terrestrial optical astronomy
14. More sunburn

15. Environmental impact of implementation
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Robock, A. Albedo enhancement by stratospheric sulfur injections: More research needed, Earth’s Future_4(2016)644.


Risks or Concerns and Benefits of Stratospheric
Geoengineering
Risks or Concerns

Esthetics

16. Whiter skies

17. Affect stargazing

Unknowns

18. Human error during implementation

19. Unexpected consequences
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Robock, A. Albedo enhancement by stratospheric sulfur injections: More research needed, Earth’s Future_4(2016)644.


B
Risks or Concerns and Benefits of Stratospheric

Geoengineering

Risks or Concerns
Governance

20. Cannot stop effects quickly

21. Commercial control

22. Whose hand on the thermostat?

23. Societal disruption, conflict between countries
24. Conflicts with current treaties

25. Moral hazard —the prospect of it working could
reduce drive for mitigation

Ethics
26. Military use of technology
27. Moral authority—do we have the right to do this?
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Presentation Notes
Robock, A. Albedo enhancement by stratospheric sulfur injections: More research needed, Earth’s Future_4(2016)644.


SRM Research



"0 M HARVARD'S SOLAR GEOENGINEERING
e BB RESEARCH PROGRAM

Stratospheric Controlled Perturbation Experiment
SCoPEX

Harvard's Solar Geoengineering Research Program
is funded by the following foundations and
individuals. All donations are philanthropic gifts.
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https://projects.iq.harvard.edu/keutschgroup/scopex 
https://geoengineering.environment.harvard.edu/funding 


Stratospheric Controlled Perturbation Experiment
SCoPEX
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From Phil. Trans. R. Soc. A372(2014)20140019, John A. Dykema et al , Stratospheric controlled perturbation experiment: a small-scale experiment to improve understanding of the risks of solar geoengineering, figure 3.
The StratoCruiser propulsion module (a) contains the docking enclosure for the suspended payload, the articulated
solar panels for power, Li–Po batteries for energy storage, dual high-efficiency propellers for concerted directional control,
the winching system for suspended payload reeldown as well as all electronics support and command/control requirements.
A cutaway of the suspended payload (b) shows representative in situ instruments and their associated inlet systems,
meteorological measurements, electronics support, communication command and control, and safety parachute. The
configuration of sensors for SCoPEx will be finalized in future engineering studies.
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From Phil. Trans. R. Soc. A372(2014)20140019, John A. Dykema et al , Stratospheric controlled perturbation experiment: a small-scale experiment to improve understanding of the risks of solar geoengineering, figure 4.
The concept of operations for the proposed experiment is initiated by seeding a 1 km length of stratospheric air with
a combination of water vapour and sulfate aerosol using the propulsive capability of the StratoCruiser (a). Using a combination
of its altitude and propulsive capabilities, the StratoCruiser manoeuvres past and above the seeded volume, which continues
to expand owing to the turbulent wake generated by the propellers. The suspended instrument payload is reeled through the
seeded volume to measure aerosols, water vapour and chemical species including HCl and ClO (b). The propulsion capability
together with the LIDAR surveillance is used to track the seeded volume as it drifts with ambient wind and to make repeated
Measurements with the suspended payload, resolving the chemical evolution within the seeded volume as a function of time (c).


Convention on
Biological Diversity

Climate-related Geoengineering and Biodiversity

“...no climate-related geo-engineering activities that may
affect biodiversity take place, until there is an adequate
scientific basis on which to justify such activities and
appropriate consideration of the associated risks for the
environment and biodiversity and associated social,
economic and cultural impacts, with the exception of
small scale scientific research studies...”
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https://www.cbd.int/convention/
https://www.cbd.int/climate/geoengineering/
See also https://www.nature.com/news/2010/101102/full/468013a.html


March 7, 2019
Geoengineering debate shifts to United Nations
Environment Assembly (UNEA)
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Nature_07302019.  Assessment due August, 2020.


March 18, 2019

US and Saudi Arabia blocking
regulation of geoengineering
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Estonian environment minister Siim Kiisler, president of the UN Environment Assembly in Nairobi, Kenya. Photograph: Baz Ratner/Reuters 


https://www.theguardian.com/environment/2019/mar/18/us-and-saudi-arabia-blocking-regulation-of-geoengineering-sources-say#img-1
https://www.theguardian.com/environment/2019/mar/18/us-and-saudi-arabia-blocking-regulation-of-geoengineering-sources-say#img-1

nature International weekly journal of seience

July 30, 2019
Harvard creates advisory panel to oversee solar
geoengineering project
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Nature_07302019


nature LETTERS

climate Change https://doi.org/10.1038/541558-019-0398-8

Nature Climate Change 9(2019)295

Halving warming with idealized solar
geoengineering moderates key climate hazards

Peter Irvine, Kerry Emanuel, Jie He, Larry W. Horowitz, Gabriel Vecchi and David Keith
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Presentation Notes
Nature Climate Change 9(2019)295 Fig. 1
The distribution of 2×CO2 (red) and half-SG (blue) anomalies versus control for the HiFLOR model are shown for surface air
temperature (T, a), maximum annual T (Tx, b), Results are weighted by land area (bottom), excluding Greenland and Antarctica, and by
population (top). The legend at the top illustrates how the percentiles of the distribution are shown.
Half-SG corresponds to 1% reduction in solar insolation.  2XCO2 corresponds to 560 ppm.
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Nature Climate Change 9(2019)295 Fig. 1
The distribution of 2×CO2 (red) and half-SG (blue) anomalies versus control for the HiFLOR model are shown for precipitation–evaporation
(PE, c), maximum annual 5-day precipitation (Px, d). Results are weighted by land area (bottom), excluding Greenland and Antarctica, and by
population (top). The legend at the top illustrates how the percentiles of the distribution are shown.
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Nature Climate Change 9(2019)295 Fig. 3
Regional distribution of where half-SG moderates or exacerbates the absolute magnitude of 2×CO2 anomalies in HiFLOR (for T, Tx, PE and Px)
and the GeoMIP ensemble (PE and Px). Regions where half-SG moderates (blue) or exacerbates (red) the absolute magnitude of the 2×CO2 climate
anomalies relative to control are illustrated. Statistically significant results are indicated with bold colours whereas insignificant results are shown with
pale colours (see Methods). The results for the GeoMIP models are shown for precipitation–evaporation (PE, left-column) and Px (right-column) with the
columns coloured to indicate the fraction of GeoMIP models with each result. All GeoMIP models show a statistically significant reduction in T and Tx in
all regions (not shown).
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Geoengineering Summary

e GHG emissions reduction proceeding slowly
 Atmospheric GHG burden increasing

e Global average temperature peak uncertain in both
magnitude and time

 CDR and SRM can in principle reduce global temperature

e Some SRM strategies could be effective, feasible, rapid, and
affordable

e Research in SRM controversial, some recommend and some
oppose
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