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The long-term average global temperature increase inadequately predicts the harm from
regional or local extreme precipitation and heat events. Climate change, especially polar
amplification, has already caused enormous damage and is likely to abruptly accelerate the risk
of further catastrophic harm to humans and other species in the absence of urgent direct
climate cooling efforts to slow or reverse it. At least eighteen potential direct climate cooling
methods have been identified with the potential to address such climate disruptions. A
precautionary approach would be to evaluate such direct climate cooling methods for their
capacity to return our planetary trajectory towards known and healthy climate conditions. An
evaluation framework could test and monitor small scale deployments under constrained
conditions. This paper includes short summaries of eighteen of these methods, almost all
written or reviewed by climate cooling experts from among those cited in the footnotes. The
methods listed in alphabetical order comprise:

® Bright Water
Buoyant Flakes
Cirrus cloud thinning (CCT)

Extremely diluted Aqua Regia Aerosol (EDARA)

Fizz Tops (Fiztops)

Ice shields to thicken polar ice

Iron Salt Aerosol (ISA)Marine algal bloom stimulation
Marine Cloud Brightening (MCB)

Mirrors for Earth’s Energy Rebalancing (MEER)
Ocean Thermal Energy Conversion (OTEC)

Restoring natural upwelling from tropical to temperate latitudes
Restoring soil and vegetation

Seawater atomization (Seatomizers)

Stratospheric Aerosol Injection (SAl)

Surface Albedo Modification (SAM)

Titanium Oxide Aerosol (TOA)

Tree planting and reflective materials in urban areas

Given multiple potential methods to directly cool the climate, relying exclusively on GHG
emissions reductions and removal seems incompatible with responsible stewardship of the
planet. With direct cooling of the Earth having the potential to dramatically reduce harm,
preserve ecosystems and save lives, including it as a policy opportunity in the development of a
climate restoration plan that would return global warming to well below 1° C would seem to be
an urgent imperative for world leaders. The tragic example of Pakistani floods this year induced
by excessive Himalayan melt and extreme monsoon events underscores the compelling
evidence that even 1° C of warming is too much. With such increasing impacts from
human-induced global warming, an effective restoration plan would then seem to focus on
three key components: a) deploying a direct cooling influence, at least initially particularly
focused on cooling the polar regions and the Himalayas, b) reducing GHG emissions, including
an early focus on methane and other short-lived warming agents, and c) removing legacy CO,,
methane and other GHGs from the atmosphere and oceans. With indications that the rate of
warming is accelerating, it will be vital over the next few decades to keep the climate from



spiraling out of control. Only the application of emergency cooling “tourniquets”, applied
immediately or as soon as is reasonably advisable, has the potential to slow or reverse ongoing
climate disruption and worsening climate impacts. While reducing emissions of GHGs and
removing GHGs from the atmosphere and ocean are both essential for limiting warming, both
approaches will require decades to be effective and neither seems capable of returning global
warming to below 1° C during this century. And with polar warming leading to accelerating sea
level rise, only direct climate cooling can potentially slow or reverse loss of Arctic sea ice that
may lead ultimately to the total loss of the Greenland Ice Sheet, with its potential for up to 7
meters of sea level rise.

These are the imperatives, challenges and opportunities of our epoch to which we must
immediately and urgently respond. Humanity has never faced an existential threat so critical for
the survival of human civilization and our fellow living species on this planet.



1. Introduction

The greenhouse gas (GHG) emissions reduction strategy that has been pursued over the last
three decades by the Conference of the Parties (COP) to the UN Framework Convention on
Climate Change (UNFCCC) has not yet even stopped the growth in emissions, much less halted
ongoing climate change, which will require, at the very least, getting to net zero emissions.
Indeed, Greenland sea level fingerprints and Himalayan melt rates are strong indicators of
accelerated warming, which will accelerate further climate calamities. Loss of glacial ice in all
three poles including the Himalayas is accelerating, prompting an acceleration in the rate of sea
level rise; polar warming is also triggering a change in atmospheric circulation leading to an
increasing incidence of extreme weather that is overstressing ecosystems and pushing planetary
climate toward tipping points that will eliminate the potential to return to healthy climate
conditions .

However, such an irreversible outcome is not inevitable. Employing one or more direct climate
cooling influences has the potential to reduce the likelihood of destructive climate calamities
over the next few decades while providing the time that appears will be needed to achieve
net-zero emissions and scale up approaches to pulling the atmospheric concentrations of CO2
and other greenhouse gasses toward their pre-industrial values. Limiting global warming,
especially peak global warming, in this way would create time for ecosystems to come back into
equilibrium, thus helping to reinvigorate the natural environment over the longer term.®

The argument that any direct climate cooling method, whether localized or global,
co-developed or not, should not be researched or implemented because it is a “moral hazard”
that would slow GHG mitigation efforts has been put forth for several decades and with varied
reasoning. But this argument as well as others about unanticipated consequences, “termination
shock” or harmful climate destabilization if abruptly ended, and equitable governance, are
concerns that in general, could be applied to many other efforts to reduce climate and
environmental harm." Climate adaptation, for example, was initially opposed as a potential
moral hazard that could reduce pressure to cut emissions.'®*® Regulations to reduce harmful
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sulfur emissions from cargo ship bunker fuel have reportedly had the unintended consequence
of causing a global warming termination shock.?® Equitable world governance is proving to be a
challenge in achieving rapid, and at scale, global emissions reductions.*

While important considerations, the increasing pace of harmful climate impacts has so far not
been sufficient to get a significant reduction in the share of global energy coming from fossil
fuels, and meanwhile, the extent of impacts from extreme weather, for example, has
consistently increased. Delaying direct cooling has instead led to greater harmful climate
impacts, some now irreversible. There is little indication that this situation will change.
Intervention related moral-hazard arguments cannot be settled a priori and do not properly
compare the possible risks of some climate cooling methods against the convincingly projected
impacts and risks that lie ahead if directly cooling the climate is not undertaken.? Several
climate cooling methods are local and low-tech and have few if any potential risks.

The long-term average global temperature increase is an inadequate metric for assessing the
harm from regional or local extreme precipitation and heat events. Climate change and
especially polar amplification have already caused enormous damage, and further loss of sea ice
and glacial ice are likely to abruptly accelerate the risk of further catastrophic harm to humans
and other species in the absence of urgent direct climate cooling efforts to slow or reverse it.

There are at least eighteen potential direct climate cooling methods that merit early
consideration, responsible investigation, and possible implementation and evaluation. This
paper includes short summaries of these methods written by climate cooling experts. The
methods listed in alphabetical order are:
e Bright Water
Buoyant Flakes
Cirrus cloud thinning (CCT)
Extremely diluted Aqua Regia Aerosol (EDARA)
Fizz Tops (Fiztops)
Ice shields to thicken polar ice
Iron Salt Aerosol (ISA)
Making building and paving material more reflective and planting trees in urban areas
Marine algal bloom stimulation
Marine Cloud Brightening (MCB)
Mirrors for Earth’s Energy Rebalancing (MEER)
Ocean Thermal Energy Conversion (OTEC)
Restoring natural upwelling and kelp forest ecosystem services offshore
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Restoring soil and vegetation
Seawater atomization (Seatomizers)
Stratospheric Aerosol Injection (SAl)
Surface Albedo Modification (SAM)
Titanium Oxide Aerosol (TOA)

With the availability of multiple potential methods to directly cool the climate, relying just on
GHG emissions reductions and removals restricts consideration of options to how much further
warming will occur rather than also including potential options for actually reducing current
warming, which seems incompatible with responsible stewardship of the planet, especially
because returning to the lower level of warming of the 20" century would be expected to
reduce harm, preserve ecosystems, and save lives. International adoption of an encompassing
climate restoration plan utilizing all policy options would offer the potential for

pulling back to below 1° C. Such a plan would include: a) direct actions to exert a cooling
influence on the planet, particularly aimed at limiting warming in the polar regions and the
Himalayas; b) reducing GHG emissions, including especially an early focus on reducing the
atmospheric levels of methane and other short-lived warming agents; and c) sequestering,
using, or chemically destroying legacy concentrations of CO,, methane and other GHGs pulled
back from the atmosphere and oceans.

Over at least the next several decades, and possibly much longer, the primary role of direct
cooling influences would be mainly directed at keeping the climate from spiraling out of control
as a result of ongoing emissions. Only the application of emergency cooling “tourniquets”,
applied immediately or as soon as is reasonably advisable, has the potential to slow or reverse
ongoing climate disruption and worsening climate impacts. Only direct climate cooling has the
potential to slow and then reverse Arctic sea ice melting. Moderation of intensifying extremes,
the likelihood of which are increasing markedly, must be immediately and urgently taken on so
that presently inhabited lands do not have to be abandoned.?® Humanity has never faced an
existential threat so critical for the survival of human civilization and our fellow living species on
this planet.

The following sections will address four key issues. Section 2 describes the need for relevant
climate change metrics and goals; Section 3 will address the risk of not immediately slowing or
reversing polar amplification; Section 4 will summarize methods for direct climate cooling; and
Section 5 describes the need for an urgent call for direct climate cooling in addition to the
traditional approaches of reducing emissions and enhanced removal of GHG from the
atmosphere. Section 6 then presents the paper’s conclusions.

2. The Need for Relevant Climate Change Metrics and Goals

% Hansen, James, Makiko Satoa, and Reto Ruedy. 2012. Perception of Climate Change. PNAS:
https://www.pnas.org/doi/full/10.1073/pnas.1205276109



https://www.pnas.org/doi/full/10.1073/pnas.1205276109

The ten-year moving average of global surface temperature that is used as the primary climate
change metric is a lagging and inadequate measure of harm being experienced from climate
change.? The IPCC and COP’s use of the time-averaged increase in global-average temperature
change as their metric, a metric developed early on by scientists to get a strong signal-to-noise
ratio, downplays the change being experienced by peoples and countries and fails to portray the
seriousness of the changes in extreme weather that are being experienced. With respect to
observations, averaging over time rather than calculating the present value from, say, a linear
(or nonlinear) trend analysis significantly understates the amount of present warming and
proximity to the Paris Agreement’s warming goals. Averaging over time also fails to account for
the year-to-year (and shorter-term) temperature excursions due to variability. Many types of
impacts are most dependent on short-term excursions rather than decadal-averaged
departures. Recent events are making clear that the worst impacts are from short-term weather
extremes, such as flooding precipitation, prolonged heat waves, etc.”

The increase in the global-averaged temperature is also a metric that virtually no one
experiences. Warming is greater over land than over the ocean, especially in mid- and high
latitudes (and very especially in the Arctic), so most people are experiencing (and in the future
will be experiencing) warming that is greater than the global average.?® And for those living in
low-latitude regions that experience warming that is less than the global average, changes in
precipitation are generally the most important impact, either as a result of prolonged heat
waves and much drier conditions as the subtropics expand, or much wetter conditions because
the trapped heat in low latitudes increases ocean evaporation and leads to more intense and
prolonged precipitation.?’

Also, neither the globally averaged temperature metric nor the focus on projections out to 2100
provides useful insight into the likely and ongoing amounts of sea level rise. Paleoclimatic
analyses suggest an equilibrium sea level sensitivity exceeding 12 meters per degree change in
global average temperature.”® The present rate of warming is at least 10 times greater than the
average rate of warming during the deglaciation phase from the Last Glacial Maximum during
which the average rate of sea level rise was 1.2 meters/century for 100 centuries while the
global average temperature was rising at an average rate of one degree every 10 centuries.”
The recent IPCC assessment giving assurances that the rise in sea level by 2100 would be less
than a meter is far from convincing given the increasing rate of flow of glacial streams coming
off the Greenland and Antarctica and geological evidence that ice sheet decay occurs much

**|n the IPCC AR6 (2022) average global warming is measured using decadal averages, as explained in Figure SPM.1:
“Panel (a) Changes in global surface temperature reconstructed from paleoclimate archives (solid grey line, years
1-2000) and from direct observations (solid black line, 1850-2020), both relative to 1850-1900 and decadally
averaged.”
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more rapidly than ice sheet formation and would be very hard to stop once initiated.** A 2022
NOAA technical report estimates that even if net-zero GHG emissions were reached now,
existing levels of GHGs in the atmosphere and oceans will (in the absence of direct climate
cooling or other countermeasures) lead to about 0.6 meters of sea level rise along the US coast
by 2100.*

The internationally proposed goal of reaching net-zero emissions as a way of halting climate
change also fails to recognize changes in the global carbon cycle being caused by past and
present emissions. As defined by the IPCC, the net-zero calculation refers only to direct
human-induced emissions (i.e., emissions in national inventories).? This would be fine were the
natural emission and uptake of greenhouse gasses to stay constant, but this is not the case, and
will not be in the future. Already, the Arctic and Amazon basins have shifted from being natural
sinks of CO, to natural sources, and the thawing of permafrost, warming of coastal sediments,
ongoing forest conversion to farmland, occurrence of wildfires, and more, are reducing natural
carbon uptake and storage and increasing natural emissions. By the time human-induced
emissions reach net-zero, net natural emissions will be strongly positive and so global warming
and climate disruption will continue. Counterbalancing these emissions with human-induced
negative emissions will be very challenging given the magnitudes involved. NOAA has reported
a super-linear increase in methane year over year that has a biogenic origin based on the stable
isotope studies, a profound realization of a potential tipping point.** Methane levels are now
almost three times higher than they were pre-industrially.>***

In many of the model simulations of the potential for direct cooling, studies have tended to
focus on offsetting warming from two or even four times the preindustrial CO, concentration to
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achieve high signal-to-noise in their results.>*® While interesting sensitivity analyses, these
simulations have been unrealistic in any practical or political sense. Much more relevant have
been initial studies aimed at incrementally counterbalancing future warming, so first stabilizing
the climate at the present level of warming, and then slowly bringing the global average
temperature, inadequate metric that it is, back down toward its mid-20th century value.*”

As an overall goal, a reasonable policy approach in deployment of direct cooling would be to not
let the situation get worse and only then take actions to moderate these calamity-inducing
alterations to the climate that have occurred. In doing the research to evaluate how best to
proceed, three points need to be considered:

a) Not everything needs to be learned and researched to its ultimate degree before
starting intervention, as there should be learning along the way that is used to tune the
intervention as it is ramped up. Perfection in understanding through modeling and
analysis will be impossible and cannot be allowed to stop getting field research started.
Basically, implementation and research must be tightly coupled.

b) The relative benefit-detriment evaluation needs to be primarily with respect to the
catastrophic conditions that are being avoided. In comparing the degree of return
toward mid-20th century conditions, the comparison needs to determine how the
envelopes of variability compare rather than just focus on differences in the
time-averaged conditions. The better question is, will conditions with direct climate
cooling interventions be more or less bearable than without intervention?

c) Arange of possible interventions exists in terms of season and location, and the
patterns and intensities may well need to change over time. Deployment of options that
permit adjustment would seem preferable to ones that cannot be readily adjusted.

3. The Risk of Not Immediately Slowing or Reversing Polar Amplification
Based on current trends the planet is poised to begin crossing a critical climate tipping point,

Arctic summer sea ice melting. Within two decades, in addition to year around thinning, the
Arctic is projected to be ice-free during the entire month of September, see figure 1.3

% See for example: Zhou, Chen, Mark D. Zelinka, Andrew E. Dressler, and Minghuai Wang. 2021. Greater
committed warming after accounting for the pattern effect. Nature Climate Change Vol. 11 February.
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climate impacts assessment of solar geoengineering. Earth’s Future:
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2016EF000389
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Estimates included in Pistone et al. (2019) and corroborated by multiple other studies using
different data and methodologies, suggest that lower albedo due to earlier surface melting and
ice thinning and loss would lead to a global forcing impact increase from 1979 to the present
equivalent to the warming effect of more than 20 years of GHG emissions at current rates.***°

There has been a tendency over the past few decades for climate models to simulate less
thinning and loss of Arctic sea ice than has been observed. Pistone et al (2019) report that
observed Arctic sea ice retreat per degree of global warming was 2.1 times larger than the
mean of a large suite of models, with no model simulating as much reduction in sea ice cover as

% pistone, Kristina, lan Eisenman and Veerabhadran Ramanathan. 2019. Radiative Heating of an Ice-Free Arctic
Ocean. Geophysical Research Letters 46(13): 7474—7480.
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Includes Arctic Sea Ice Triage and Carbon Cycle Restoration. Review of Radical Political Economics 53 (4): 557-573,
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the observations.*! A recent (2021) study found that from 2002 to 2018 Arctic ice has thinned
60% more than climate models have projected.*

From 1971 to 2019, the Arctic warmed three times, and from 1979 to 2021 nearly four times,
faster than the rate of increase in the global average surface temperature anomaly.*#44>4¢
Disproportionate warming has affected all three poles (i.e., including the Himalayan ‘pole’ at the
top of the world, which is a critical source of water for 2 billion people **®*%). This “polar
amplification” is contributing to the acceleration of losses of ice-sheet mass in Greenland, the
Himalayas and Antarctica.

Current levels of global warming are already causing calamitous consequences. A 2021 report
by Christian Aid found that the six years with the costliest (over $100 billion) climate disasters
have occurred since 2011, and a recent Wall Street Journal article noted that bad weather is a
major factor in the 2021 run-up in regional and global energy and commodity prices, including
for wheat, tin, coffee beans, natural gas, fertilizer, cement, steel; and plastic, including resins,
additives, and solvents.>®*! If nothing is done to try to prevent or slow the loss of Arctic sea ice,
and reverse global warming, these impacts will continue to get worse and the risk of crossing
other even more catastrophic tipping points will increase.>

Failure to begin deployment of direct cooling influence in the very near-term necessarily will
lead to greater harm and increased risk, at least until net-zero global GHG emissions are

1 pistone et al 2019, op cite. p. 7475. Simulations were from a suite of models included in the Coupled Model
Intercomparison Project Phase 5.

2 Mallett, R.D.C.; Stroeve, J.C.; Tsamados, M.; Landy, J.C.; Willatt, R.; Nandan, V.; Liston, G.E. 2021. Faster decline
and higher variability in the sea ice thickness of the marginal Arctic seas when accounting for dynamic snow cover.
Cryosphere 15: 2429-2450.

3 Arctic Monitoring and Assessment Program. Arctic Climate Change Update 2021: Key Trends and Impacts, May
20, 2021:
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-
policy-makers/3508
% “The observed Arctic sea ice retreat per degree of global warming is 2.1 times larger than the CMIP5
ensemble-mean result, with no model simulating a value as extreme as the observations. This suggests that there
may be substantial systematic biases in the model projections of the level of global warming at which the Arctic
becomes annually ice free.” Pistone et al 2019: 7475, op cit.

%> McSweeney, Robert. 2019. Q&A: How is Arctic warming linked to the ‘polar vortex’ and other extreme weather?
Carbon Brief. January 31.

6 Rantanen, Mika, Alexey Yu. Karpechko , Antti Lipponen , Kalle Nordling , Otto Hyvérinen,

Kimmo Ruosteenoja, Timo Vihma, and Ari Laaksonen. 2022. The Arctic has warmed nearly four times faster than
the globe since 1979. Communications Earth & Environment: https://doi.org/10.1 43247-022-

7 https://climate.nasa.gov/vital-signs/ice-sheets/

8 https://www.cnbc.com/2021/12/20/himalayan-glaciers-melting-at-extraordinary-rate-research-finds-.html
49

water-security

%0 Christian Aid. 2021. Counting the cost 2021: A year of climate breakdown. December 27.

1 Dezember, Ryan. 2021. Blame Bad Weather for Your Bigger Bills. Wall Street Journal Dec. 28.
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https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508

achieved and legacy concentrations of GHGs are pulled back out of the atmosphere and oceans.
Recent modeling suggests that, in the absence of direct climate cooling, if (anthropogenic and
natural) net-zero emissions were to be achieved after 3667 Gigatons of CO2eq GHG (or 1000
Gigatons of carbon estimated to result in global warming of about 2.0° C) were accumulated in
the atmosphere, global warming would remain at roughly 2.0° C for at least another 50 years
due to continued thermal rebalancing from legacy ocean warming, even with continued ocean
uptake of legacy CO2 from the atmosphere.>*** This suggests that after net-zero is achieved
additional trillions of tons of legacy GHG would have to be directly removed from the
atmosphere to reach atmospheric levels of CO, well below 350 ppm in order to cool the planet,
remove carbon from the ocean, and restore the climate and ecosystem.>>>®

Assertions that the risks of trying to cool the climate, regardless of method attempted, will
always be greater than the risk of not attempting to do so, seem hard to justify a priori. Many of
the approaches to offset climate warming mimic natural influences on the climate, or the
impact of everyday human activity and can be quickly terminated if unanticipated adverse
impacts arise. Delay in accelerating research, and then beginning to intervene to offset at least
some of the global warming, as emissions continue at high levels, will lead to further warming,
climate disruption and likely avoidable increases in human suffering and ecosystem disruption.
These points have recently been recognized by many prominent national and international
scientific and policy associations and think tanks, but unfortunately not yet by national or
international climate decision-making bodies.*’

S3Andrew H. MacDougall, Thomas L. Frolicher, Chris D. Jones, Joeri Rogelj, H. Damon Matthews, Kirsten Zickfeld,
Vivek K. Arora, Noah J. Barrett, Victor Brovkin, Friedrich A. Burger Micheal Eby, Alexey V. Eliseev, Tomohiro Hajima,
Philip B. Holden, Aurich Jeltsch-Thémmes, Charles Koven, Nadine ,Mengis, Laurie Menviel, Martine Michou, Igor I.
Mokhov, Akira Oka, Jérg Schwinger, Roland Séférian, Gary Shaffer, Andrei Sokolov, Kaoru Tachiiri, Jerry Tjiputra,
Andrew Wiltshire, and Tilo Ziehn. 2020. Is there warming in the pipeline? A multi-model analysis of the Zero
Emissions Commitment from CO,. Biogeosciences, 17, 2987-3016: https://doi.org/10.5194/bg-17-2987-202 .

** Hausfather, Zeke. 2021 Explainer: W|II global warming stop as soon as net-zero emissions are reached? April 29:

55 Schuckmann Katrina von, Lijing Cheng, Matthew D. Palmer, James Hansen, Caterina Tassone, Valentin Aich,
Susheel Adusumilli, Hugo Beltrami, Tim Boyer, Francisco José Cuesta-Valero, Damien Desbruyeres, Catia
Domingues, Almudena Garcia-Garcia, Pierre Gentine, John Gilson, Maximilian Gorfer, Leopold Haimberger,
Masayoshi Ishii, Gregory C. Johnson, Rachel Killick, Brian A. King, Gottfried Kirchengast, Nicolas Kolodziejczyk, John
Lyman, Ben Marzeion, Michael Mayer, Maeva Monier, Didier Paolo Monselesan, Sarah Purkey, Dean Roemmich,
Axel Schweiger, Sonia I. Seneviratne, Andrew Shepherd, Donald A. Slater, Andrea K. Steiner, Fiammetta Straneo,
Mary-Louise Timmermans, and Susan E. Wijffels. 2020. Heat Stored in the Earth System. Earth System Science Data
12 2013-2041. Data in Schuckmann et al (2020) suggests that about 1,710 Gigatons of CO, would need to be
removed from the atmosphere to get from the 2018 level of 410 ppm to a 1989 level of 353 ppm CO, in the
atmosphere, see Baiman 2021 footnote 9, op. cit.

*6 Baiman, Ron 2021 op. cit. footnote 9.

" See for example: 1) National Academy of Sciences. 2021. Reflecting Sunlight: Recommendations for Solar
Geoengineering Research and Research Governance. Washington, D.C.: The National Academies Press, 2) A Policy
Statement of the American Meteorological Society Adopted by the AMS Council on 2 February 2022

ventlon[ 3) Reﬂectlng Sunllght to Reduce Cllmate RISk Prlorltles for Research and Internatlonal Cooperatlon
Stewart M. Patrick. April 2022. Council on Foreign Relations:
https://www.cfr.org/report/reflecting-sunlight-reduce-climate-risk , 4) The Cambridge Center for Climate Repair:
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4. Potential Methods for Direct Climate Cooling

The following is a menu of eighteen proposed direct climate cooling approaches that we suggest
merit early consideration and responsible investigation with actions that can be monitored and
reported on. They are listed in alphabetical order with short summaries that are written or
reviewed by climate cooling experts. It is our recommendation that many of these
methodologies be researched and evaluated for simultaneous, complementary implementation.
We do not, however, wish to imply that all of the methods listed below are needed in every
case. Indeed, further research will no doubt provide insight into which methods show the most
promise and the least risk, and are best suited for achieving their goals with the lowest costs in
financial, material, and energy terms, and with regard to other important economic, or social
and environmental objectives, in particular situations.

e Bright Water: Micron-radius hydrosols could be used to substantially brighten surface
waters at very low volume fractions of parts per million and energy costs of J m? to
initiate and milliwatts m? to sustain.*®

e Buoyant Flakes are buoyant rice husks coated with waste mineral powders rich in the
phytoplankton nutrients of iron, phosphate, silica and trace elements that are typically
deficient in warming surface waters. The minerals' ultra-slow release is intended to
provide a sustainable basis for an enhanced, marine food web. The flakes would
contribute in four ways to planetary cooling. First, because the phytoplankton fed by the
flakes are of lighter color than the dark blue of the deep ocean more sunlight would be
reflected. The phytoplankton will transform some of the sunlight into biomass from
dissolved carbon dioxide. Krill and other diel vertically migrating (DVM) species would
carry much of that biomass to the ocean depths. Finally, many species of phytoplankton
produce DMS (dimethyl sulfide) which creates highly-reflective marine clouds.>®

e Cirrus Cloud Thinning (CCT) would seed high-altitude tropospheric cirrus clouds with ice
nuclei, seeking to cool the planet by allowing increased long-wave radiation to escape to
space.?® Research on cirrus cloud thinning or CCT has been entirely based on cloud
modeling at global and regional scales with mixed results due to the many poorly
constrained variables governing the partitioning of homogeneous and heterogeneous
ice nucleation (i.e., hom and het). CCT can only be effective when cirrus clouds form

https://www.climaterepair.cam.ac.uk/restoring-broken-climate-systems, 5) The Climate Overshoot Commission:
https://www.overshootcommission.org/

%8 Sietz, Russell. 2011. Bright water: hydrosols, water conservation, and climate change. Climate Change
105:365-381: https://link.springer.com/article/10.1007/s10584-010-9965-8

%9 Clarke, William S. 2022. More Climate Solutions. May. Accessed at:
https://drive.google.com/file/d/1TNYF1HtCxOnWk2MeYarQm64EsgZAN3xH/view?usp=sharing

8 Mitchell, D. L., and W. Finnegan. 2009. Modification of cirrus clouds to reduce global warming. Environmental
Research Letters 4(4).
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substantially through hom (i.e., hom cirrus). A critical need in CCT research is to
establish measurement-based constraints on the global spatial and temporal distribution
of hom cirrus. Fortunately, recent progress in cirrus cloud property remote sensing is
providing such constraints. This satellite remote sensing shows that hom cirrus are
common at high- and mid-latitudes during non-summer months, being mostly over
mountainous terrain in the midlatitudes. This is fortuitous since CCT is most effective
when sunlight is minimal (i.e., during winter). These findings need to be assimilated into
climate models to determine the potential efficacy of CCT.**

Extremely Diluted Aqua Regia Aerosol (EDARA) is a naturally occurring acidic aerosol in
the oceanic boundary layer, formed from volcanoes and sea-salt sources. Produced
naturally by the ocean, in the atmosphere and by ship exhausts and other NOx pollution,
EDARA sets up a photo-catalytic cycle in which up to 1000 methane molecules are
oxidized to CO, and water by each chlorine atom in aerosol particles. EDARA converts
several bands of the sun’s radiation energy spectrum into chemical energy, thus enabling
powerful methane depletion chemistry. The average lifetime of methane in the air might
be halved by a global EDARA-mimicking intervention in as little as five years. Natural
ecosystems would benefit from the cooling influence. A second strong cooling influence
could be provided by EDARA’s natural brightening of clouds to reflect solar radiation.
EDARA could be inexpensively and safely made from ship pollution.®

Fizz Tops (Fiztops) are table sized, floating, lightweight, solar-powered units that are
designed to inject nanobubbles into the sea surface microlayer (SSML). They may either
be anchored to cool a specific area of ocean, coral reef or aquaculture operation, or else
be free-floating. Small bubbles are highly reflective of incoming solar energy. Hence,
they can shade and cool underlying water. Unlike larger bubbles, nanobubbles have
"neutral’ buoyancy and can live for months in the SSML. They may also increase overall
planetary cooling by warming the SSML, releasing ocean heat to the troposphere by
evaporation where it may then be better radiated to space.®

Ice shields to thicken polar ice could be made by pumping polar sea water to the
surface to thicken Arctic sea ice in the winter. Heat released by freezing would be
emitted to space during winter, while in the warmer months the increased surface
albedo would cool the ocean and slow the melting of sea ice. Power from offshore wind
turbines could pump seawater onto the surface sea ice to form a disc, to thicken the ice
by up to an estimated 80 meters each year. Each wind turbine might power several
pumping stations. Arrays of ice lenses would freeze solidly together, creating open ocean
polynyas in warmer seasons to provide ideal habitat for wildlife. Ice arrays might be
grown from the shore outwards or configured in deeper water up to several hundred
meters depth. Increasing the presence of sea ice, which would start to restore arctic

1 Mitchell, D. L., Garnier, A., Pelon, J., and Erfani, E.: CALIPSO (lIR-CALIOP) retrievals of cirrus cloud ice particle
concentrations. Atmos. Chem. Phys., 18, 17325-17354, https://doi.org/10.5194/acp-18-17325-2018, 2018.

82 Oeste, Franz and Clive Elsworth. Sep 2022. Essentials of the rich EDARA photochemistry, its albedo enhancement
and its impact on the ocean’s photic zone and the status of its development:
https://drive.google.com/file/d/106i7xgH4906H472iQtYOmkUWibzQSItO/view?usp=sharing

8 Clarke 2022 op cit.
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albedo, stabilize the jet stream and help restore a livable climate. Dense, frigid brine
made by ice formation would concentrate salt, CO2 and oxygen in the pumped seawater,
sending this dense water deep into the ocean. There, the oxygen would be expected to
benefit benthic life, whilst the CO2 would react with seabed carbonates (shells, bones
and limestone) to form benign, dissolved and slightly alkaline bicarbonate that has a
residence time of up to millennia. Hence, we could achieve planetary cooling, biosphere
restoration, and safe carbon sequestration at scale with a single, nature-based
technology.®%>%¢

Iron Salt Aerosol (ISA)* is based on dust-driven chemistry that has occurred naturally
over the ocean in the troposphere for millions of years. It depletes tropospheric
greenhouse gases, and makes smoke particles more easily washed out by rain. It mimics
natural dust deposition by very diffusely fertilizing large ocean areas, drawing down CO,
and increasing ocean biomass. This increases the ‘smell of the sea’ (dimethyl sulfide or
DMS), an aerosol from marine algae that makes clouds, which cool the ocean beneath
them. ISA could be dispersed from offshore wind turbines and/or purpose built
‘Seatomizers’ into winds that blow out to sea.®®

Marine algal bloom stimulation would cool the climate by stimulating algal bloom to
increase ocean albedo. A two-stage amplified blooming of Emiliana Huxleyi (EHUX) is
proposed. In the first stage, seed EHUX is cultured in sealed, ocean-based
photobioreactors filled with water from below the thermocline, into which starter algae
and supplemental nutrients are dosed. CO, concentration in the bioreactor headspace is
controlled to stimulate maximal algae growth rate. Seed EHUX is harvested
semi-continuously to maintain nursery growth at its exponential threshold. In the
second stage, the harvested EHUX is dispersed with additional nutrients into selected
ocean spaces. Open ocean blooms start in their exponential phase, outpacing
yield-limiting growth of competing species. Bloom expansion slows and ceases as
nutrients are consumed and virus-induced lysis kills the algae. Albedo of the bloom area
increases during the growth phase from continual shedding of coccoliths and reaches a
peak during lysis. The bloom area is left fallow for a period sufficient for grazers, viruses
and competing species to return to pre-bloom concentrations. EHUX is nature’s primary
source of dimethyl sulfide, which on decomposition condenses water vapor that seeds
the production of highly reflective marine clouds.*® Ocean surface albedo and the rate of
temperature fall can be modulated. Bloom locations and seasons can be varied as

% Steven J. Desch, Nathan Smith, Christopher Groppi, Perry Vargas, Rebecca Jackson, Anusha Kalyaan, Peter
Nguyen, Luke Probst, Mark E. Rubin, Heather Singleton, Alexander Spacek, Amanda Truitt, Pye Pye Zaw, Hilairy E.
Hartnett. 2017. Arctic ice management, Earth’s Future 5(1): 107-127.

8 Clarke, William S. 2021. Ice Shield Strategies. Winwick Business Solutions. September 9. Available upon request
from the author: sevclarke@icloud.com

% Clarke 2022 op cit.

¥ Ming, T., de Richter, R., Oeste, F. D., Tulip, R., & Caillol, S. (2021). A nature-based negative emissions technology
able to remove atmospheric methane and other greenhouse gases. Atmospheric Pollution Research, 12(5), 101035.
% Qeste, Franz Dietrich, Renaud de Richter, Tingzhen Ming, and Sylvian Caillol. 2017. Climate Engineering by
Mimicking Natural Dust Climate Control. Earth System Dynamics 8(1):1-54.
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required to create maximized impact of surface and cloud cover, and blooms can be
quickly shut down by stopping seed dispersion or by introducing viruses into a bloom.*’
e Marine Cloud Brightening (MCB) is a climate cooling approach that turns saltwater into

mist to make marine clouds reflect more sunlight. If MCB could increase the reflectivity
of the Earth by 0.5%, it would be enough to reverse the present amount of global
warming. Calculations indicate this is feasible at low cost and low risk. Suitable low-level
clouds cover about 18% of the oceans. Research has shown that cloud reflectivity
depends on both saltiness and the size of cloud drops. Smaller drops of water reflect
more sunlight than larger drops.”® MCB requires a mist that produces equal-sized small
drops of salt water to form cloud condensation nuclei. To increase cloud formation in
clean mid-ocean air, Latham et al. suggested that salt from a submicron spray of filtered
sea water would provide the required extra nuclei to brighten clouds.” Calculations
indicate surprisingly little spray would be needed to return the planet to preindustrial
temperatures. MCB nuclei are short lived, washed out by the next rain. Forecasts of
humidity and wind speed and direction a few days ahead might enable highly targeted
MCB deployment by region and season, with the potential to moderate storms, droughts
and floods, and cooling of ocean currents such as those flowing into the Arctic. Design of
wind-driven MCB vessels is advanced. The Australian government is presently
supporting MCB to prevent coral bleaching on the Great Barrier Reef.”*”?

e Mirrors for Earth’s Energy Rebalancing (MEER) involves deploying mirror arrays on the
Earth’s surface to reflect excess downwelling solar radiation as a means of decreasing
local, regional, and global temperatures.’* Implementation is proposed in the contexts of

agricultural adaptation,”’®”” urban heat island alleviation,’”®”® freshwater

% Fry, Robert, Sambhudas Chaudhuri, Grant Gower, Steven Fry, Steven Hughes, Barry Wroobel,

Michael Routh, Kenneth Klabunde, Madeline Ison, Jeramy Hughes, Steve Traylor, and Jerry Shkolnik. 2022.
Ocean-Amplified Carbon Capture with Maximal Export to Seafloor. Carbon Restoration Technologies Inc :
https://drive.google.com/file/d/1L0206b1g8iT9GmbPcdwjoUUdanbGlg8x/view?usp=sharing

" Twomey, S., The influence of pollution on the shortwave albedo of clouds, J. Atmos. Sci., 34, 1149—- 1152, 1977.
"1 Latham, John, Keith Bower, Tom Choularton, Hugh Coe, Paul Connally, Gary Cooper, Tim Crafts, Jack Foster, Alan
Gadian, Lee Galbraith, Hector lacovidess, David Johnston, Brian Launers, Brian Leslie, John Meyer, Armand
Neukermans, Bob Ormond, Ben Parkes, Phillip Racsh, John Rush, Stephen Salter, Tom Stevenson, Hailong Wang, Qin
Wang, and Rob Wood. 2012. Marine Cloud Brightening. Phil. Trans. R. Soc 370(1974): 4217-4262.

2 Mims, Christopher. 2009."Albedo Yachts" and Marine Clouds: A Cure for Climate Change? Scientific American Oct.
21: https://www.scientificamerican.com/article/albedo-yachts-and-marine-clouds/ For global MCB cost estimates
see “Sea Level Rise and Ice Recovery” by Stephen Salter, August 14, 2020, available upon request to
S.Salter@ed.ac.uk.

73 Salter, Stephen. 2022. MCB Field Trial Simulation Proposal. Accessed at:
https://drive.google.com/file/d/1wiE-QlxgkVIUcoBijSHIKgDIDVUptMYaR/view?usp=sharing

74 Cooling the planet with surface reflectors: https://www.meer.org/

L Fnviron. Res. Lett. 14, 064003 (2019)

= 21 (2022

Z Ongoing MEER field experiment in Plymouth and Concord NH, USA.

2 Environ. Sci. Technol. 49, 1467214679 (2015)

Z Ongoing MEER field experiment near San Francisco CA, USA.
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conservation,” " and renewable energy generation, as well as ecosystem protection.
Stationary surface mirrors, optimally oriented, are estimated to have the potential, on
average, to reduce the net top of the atmosphere flux by 70 watts per square meter.?*®
Complete neutralization of warming from annual global GHG emissions is estimated to
cost in the range of 200-500 billion USD per year, with payback through water saving and
crop yield improvements within ten years. To stabilize the climate at 2022 levels against
further warming until 2100 would require installing a mirror surface area of order ten
million square kilometers on arable and non-arable land, assuming continued emissions
produce 4.5 watts per square meter of radiative forcing (RCP4.5). This coverage would
be likely to improve total agricultural output due to the water savings, drought
protection, and thermal alleviation provided by the solar collectors. MEER's solar
reflector devices are upcycled from glass bottles, aluminum cans, and PET packaging.
Devices for the most scalable application in agriculture use a hybrid bamboo-glass
material system for structural support.®® Mirrored roofing tiles would reduce heat wave
mortality and energy system overload exacerbated by the urban heat island effect.?”*®
Replacing colored nets in agriculture with mirrors could improve productivity by
reducing heat stress and agricultural water usage.®**° Preliminary experimental data
suggest agricultural soil cooling by up to 4°C at a depth of 10 cm at mid-latitude (43°N
with cooler soil storing more carbon.’® Mirrors over freshwater bodies can reduce
evaporation from reservoirs, rivers, and aqueducts. Compared to floating photovoltaic
systems,”” floating mirrors would do more to cool the water and reduce evaporation by
cooling the air-water interface.”> Mirror deployment on a 10-100 km? range could
produce regional climate oases by lowering ground and air temperatures by several
degrees Celsius, without significant change in rainfall.”* MEER's albedo enhancement
would be energy-efficient and spatially confined. Implementation would bring significant
benefits to highly engineered environments of built urban environments, agricultural
fields, freshwater reservoirs and aqueducts. MEER thus has the potential to moderate
global warming as part of democratic efforts to locally preserve human habitat.

)54
7

8 Nature Sustainability 4, 609-617 (2021).

& Ongoing MEER field experiment near San Francisco CA, USA.
& Nature 543, 373-377 (2017).

& Marine Biology Research 16,643-655 (2020).

& Climate Dynamics 44, 3393-3429 (2015).

£ Unpublished analyses based on CERES 2018 data.

8 Unpublished prototyping and engineering data (MEER).

& Environ. Res. Lett. 9 104014 (2014).

£ Farth’s Future,5, 1084-1101 (2017).

8 Hort. Technol. 32, 22-27 (2022).

2 ! ZiM LM 's Thesis.

2 Nature Communications 12: 6713 (2021).

2 Sci. Rep. 6: 35070 (2016).

23 White-roofed greenhouses in Almeria have cooled the regional climate.
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Ocean Thermal Energy Conversion (OTEC) would utilize the temperature difference
between surface and deeper ocean waters, and a low boiling point working fluid, to cool
the planet while generating baseload energy and removing CO, from the
atmosphere.®*%

Restoring natural Ocean upwelling from tropical to temperate latitudes. Upwelling of
deep ocean water can bring cooler, nutrient rich water to the surface. Systems have
been designed to power such upwelling devices using renewable energy such as solar,
wind or wave energy and even ocean thermal energy conversion. One modeling study by
Oschlies et al (2010) has shown that conducting upwelling at large scale can reduce air
global surface air temperatures by up to 1 degree over decades of implementation. An
additional benefit at large scale could be to reduce the severity of severe ocean storms,
such as hurricanes, cyclones and typhoons. Such ocean upwelling can also increase the
earth’s carbon sequestration potential through the ocean’s biological pump and also
through terrestrial vegetation, as lower land surface temperatures can stimulate greater
terrestrial biomass growth and carbon fixation. At a smaller scale, upwelling can be
combined with seaweed mariculture by providing cooler nutrients required to sustain
seaweed growth. Cultivated seaweeds can be harvested for large food, feed and fertilizer
markets while sequestering seaweed biomass in the deep ocean by either measuring the
flux falling off naturally during growth or through approaches that bale and sink
harvested seaweeds.

Restoring soil and vegetation: This will increase evapotranspiration from the soil and
vegetation to cool the planet.”®®”?® Recent research suggests that reforestation can
increase evapotranspiration which in turn increases cloud formation and climate cooling.
The interaction of temperature, wind, vegetation species, and soil water retention
capacity are critical factors in determining where and how this solution is applied.
Additional co-benefits of improved soil health, reforestation, and wetland restoration,
include flood protection, carbon removal and sequestration, and increased

% Rau, Greg and Jim R. Baird. 2018. Negative-CO,-emissions ocean thermal energy conversion. Renewable and
Sustainable Energy Reviews 95:265-272.

% Gleckler PJ, Durack RJ, Stouffer RJ, Johnson GC, Forest CE. Industrial-era global ocean heat uptake doubles in
recent decades.2016. Nature Climate Change: https://doi.org/10.1038/nclimate2915

% Jehne, Walter. 2021. The importance of vegetation for the water cycle and climate. Dec. 8. UNEP and German
Scientific Forum: https://www.youtube.com/watch?v=aZDkwWAS8iB8

% Piao, S., X. Wang, T. Park, C. Chen, X. Lian, Y. He, J. W. Bierke, A. Chen, P. Ciais, H Tommervik, R. R. Nemani, and R.
B. Myneni. 2020. Characteristics, drivers and feedbacks of global greening. Nature Reviews Earth and Environment
1:14-27.

% https://www.aweimagazine.com/article/saving-our-soils-for-future-generations/
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biodiversity.*>!® The application of Biochar can increase soil water retention and thus
evapotranspiration potential.*™

e Seawater atomization (Seatomizers): Anchored wind turbines would spray sea water
droplets into the lower atmosphere to increase evaporation and cooling. The turbine
would force water through high-flow spray nozzles to generate mists from seawater.
Effects could include: increased evaporation, oceanic brine return, marine cloud
brightening, ocean surface cooling, coral reef shading, and controllable downwind
precipitation. Addition of sublimated ferric chloride pellets to produce iron salt aerosols
would increase albedo, destroy methane and smog, increase ocean biomass and
increase cloud cover and rainfall in targeted areas downwind.*®

e Stratospheric Aerosol Injection (SAl) is a well-known global climate cooling proposal
that mimics the cooling effects of sulfate aerosols from volcanic eruptions. For example,
the 1991 Mount Pinatubo eruption reduced the global average surface temperature by
an estimated 0.6°C for 15 months.'® SAl is the most studied direct cooling method.
Research suggests that adverse effects of SAl would be minimal if applied at low levels or
aerosol injection. Climate model simulations indicate that SAl might be able to reduce
the global mean temperature increase by up to 2° C.** The optimal deployment would
likely involve building up from low to higher injection amounts, monitoring the response
carefully over time to adjust the timing, pattern and volume of any injection. Influences
on temperature and precipitation patterns over time require careful study as they would
be different than if comparable cooling were a result of lowering the excess GHG
concentrations. A leading study has estimated a start-up capital cost of $3.5 billion over
15 years and an operational cost of $2.25 billion a year for 15 years after that to reduce
anthropogenic radiative forcing per decade by a half.’® While significant reductions of
the warming could likely be accomplished, the actual climate would not return to exactly
what it was in the past (a qualification also applying to many of the other approaches as
well), and so it would be important to continuously monitor the results and adjust as the
effort proceeded, in order to minimize regional risks that might develop. Gradual,
regionally and seasonally targeted, SAl applied during the spring in polar regions with
conventional aircraft, has been proposed as potentially more effective in restoring polar
sea ice cover, and less risky in some aspects as the aerosol would fall out of the

Tongtong Wang, Catherine E. Stewart, Cengceng Sun, Ying Wang, Jiyong Zheng. 2017. Effects of biochar addition
on evaporation in the five typical Loess Plateau soils, Centena 162: 29-39:
https://www.sciencedirect.com/science/article/abs/pii/S0341816217303818
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stratosphere more quickly, if injection needed to be quickly terminated due to
unintended adverse consequences.'®*” However, the non-uniformity of the cooling
would make it infeasible as a single strategy to offset low-latitude climate change. It
might also be possible to release carbonyl sulfide gas that would mix up to the
stratosphere from the Earth’s surface or troposphere, although the biological impacts of
this approach need to be further researched.'®®

e Surface Albedo Modification (SAM) would brighten ice and snow in selected regions of
benefit, to slow melting, thereby potentially restoring the overall reflectivity of ice cover
to that of preindustrial times, which would likely contribute to moderating a range of
climate impacts.'® *° Putting a thin layer of ecologically benign material on the surface
of glacial or sea ice, snow, or a melt pond, would be expected to enhance the ability of
the icy surface on land or sea to reflect incoming solar radiation, keeping temperatures
cooler. Research on pond ice in Minnesota has shown this approach to work. Climate
modeling has demonstrated that preserving high-albedo reflectivity would have the
potential to reverse the accelerating feedback loop of melting that is increasing
temperatures. Small-scale field research tests, carefully monitored for effectiveness and
safety, could be conducted with permissions from and in transparent partnerships with
local and Indigenous partners, using safe materials in small regions under local control.
Safety and acceptability of such tests require that any unexpected negative effects be
contained and remediated promptly. Global climate modeling can be used to indicate
potential test areas of greatest benefit or risk.*!

e Titanium Oxide Aerosol (TOA) is a method to reduce the rate of polar and mountain ice
melt during summer months by shielding melting ice fields and open polar ocean
surfaces from direct sunlight by creating white fog and cloud cover. Melting ice could
also potentially be preserved by whitening it with TiO, rich marble powder, which is
non-toxic. TOA could also be used to reduce the intensity of wildfires, both with a
pre-fire season intervention of cooling cloud cover to keep the ground moist, and during
fires. The most scalable application of the TOA method is to form a haze that would
brighten clouds through condensation on sub-micron particles of TiO,, SiO, and AICI;.
When these particles get rained out, they would coagulate to form gel-like flakes that
eventually become clay. A multi-decadal TOA intervention carried out annually during
the summer melting season might have the potential to reduce melting rates sufficiently
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to restore mountain and polar glaciers, ice sheets and ice shelves to their pre-industrial
ice mass.'"?

e Tree planting and reflective materials in urban areas: Certain pavement materials can
reflect three to five times more sunlight than asphalt. The more highly reflective
materials include light-colored aggregate, higher slag or limestone content concrete, and
reflective coatings. White or light colored roofs also increase albedo compared to dark
roofing materials such as asphalt that are typically used. In urban settings with their high
pavement and roof surface areas, using reflective materials can lower temperatures and
moderate urban heat islands. However, in certain contexts and seasons, the benefits can
be negated. Increased reflection onto nearby buildings can heat their facades and raise
building energy demand for air conditioning. Also, the cooling effects of reflective
surfaces may be welcome in summer but may result in higher heating costs in the
winter. Increasing a city's tree canopy can also lower urban temperatures. Strategically
applied in the proper settings, integrating reflective pavement and roofs with urban tree
planting can be an effective strategy for reducing heat island effect locally. If
implemented on a world scale, this strategy could, over time, contribute to global
C“mate COOIing.113'114'115'116'117

5. The Necessity for Direct Climate Cooling in addition to GHG Reduction and Removal

While perhaps theoretically possible, insufficient and unfulfilled government commitments,
economic realities and the sheer magnitude of the task make it unrealistic to think global GHG
emissions can be cut in half, or even a third, by 2030. A 2021 United Nations Environmental
Program report noted that such cutbacks would be necessary to have a greater than 66 percent
chance of keeping global warming below 1.5 °C, or “well below 2.0 °C” (1.8 °C), through the 21*
century.’® The World Meteorological Organization estimates that there is a 50 percent chance
that the annual average global temperature increase will exceed 1.5 °C in at least one year by
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2026.""° Recent research suggests that even if emissions were stopped immediately in 2022,
long term thermal equilibrium will produce above 2.0 °C warming before 2100.*° In addition,
Fossil-fuel generated aerosols, notably sulfur from combustion of coal and use of bunker fuel by
ships, exert an estimated 0.5° - 1.1° C cooling impact.'** As such emissions are reduced over
time to reduce other environmental and health concerns, the warming influence of existing
legacy GHG loadings in the atmosphere and oceans would very likely cause the decadal-average
increase in global average temperature to exceed 1.5° C, and possibly 2.0° C, until the stock of
short-lived warming agents in the atmosphere declines.’*>*

Extreme heat waves, polar ice melting in all three ‘poles’, disastrous weather events and
impacts, tell us that the consequences resulting from the increase in the Earth’s temperature
are already putting the United Nations Sustainable Development Goals out of reach. The only
way to prevent ever more frequent and severe catastrophic impacts is to apply direct cooling
tourniquets to our bleeding planet in the near-term, as nations work to cut their emissions and
remove sufficient GHGs to cool and stabilize the climate in the long-term.

To moderate global warming before key impacts become irreversible, a climate restoration plan
with a goal of limiting global warming to well below 1° C in the near-term needs to be adopted
and then promptly implemented. Such a plan would need to have three complementary
components:
1. Deployment of near-term direct cooling influences, particularly focused at first on
reducing amplified warming in the polar regions and the Himalayas,
2. Accelerated reductions of GHG emissions, including especially an early focus on
methane and other short-lived warming agents, and
3. Building up capabilities for reducing the legacy concentration increases of CO,, methane,
and other GHGs by pulling down their loading in the atmosphere and oceans.

In the absence of a committed effort to directly cool the planet, the accumulation of GHGs in
the atmosphere is projected with high confidence to cause very severe damage and suffering
for generations to come while disproportionately impacting the world’s poorest and most
vulnerable populations. Achieving the international goal of halving emissions by 2030 to keep
average warming below 1.5 °C, or even the slightly less stringent Paris agreement goal aimed at
achieving a 66 percent chance of keeping warming “well below” 2.0 °C or below 1.8 °C, would
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require the equivalent of 8 rounds of five percent reductions in global CO, emissions year over
year from 2022 to 2030."**'* Deep cuts in GHG emissions, and drawdown of GHG from the

atmosphere and oceans, are certainly necessary for long-term climate stability, but these steps
will likely require a fundamental transformation of the global economy that will take many

decades, during which the Earth’s ecosystems will be fundamentally disrupted.’* Any decision
to rely on emissions reductions alone precludes the possibility of directly cooling the Earth as a
step in reducing climate disruption, preserving ecosystems and, most importantly, saving lives.

6. Conclusion

Direct climate cooling is an essential and timely approach for preventing further warming and
its devastating consequences. Most of these direct climate cooling approaches are fast enough
to address near-term climate emergencies, complementing essential emissions reduction, GHG
removal, and ecological regeneration. With climate disasters increasing, it would seem that
establishing agreement on governance mechanisms for direct cooling might well be more
feasible than the rapid and deep emission cuts necessary to avoiding further warming, because
a complete transformation of global industrial civilization is not required to implement these
approaches. If wisely implemented, direct climate cooling would be expected to moderate and
even partly reverse ecosystem disruption, and protect and enhance biodiversity by allowing
many areas that are becoming too hot to live to become habitable again. By immediately
reducing the likelihood of extreme weather, direct cooling would also be expected to reduce
loss of life. In addition, acceleration of sea level rise would be made less likely, thereby leading
to reduced need for coastal residents to emigrate, thus helping to reduce the risks of conflict.

Although some fossil fuel interests have played an extraordinarily contrarian role in addressing
the climate crisis (a role for which many think that they should be held accountable), fossil fuel
use in general was not an “original sin,” but was rather the basis for modern industrial
development. Addressing the climate crisis is, at least in the short-term, primarily a practical
environmental and technological problem that must be addressed within existing social and
economic systems. Addressing the immediate aspects of the crisis by use of cooling approaches
that can moderate global warming would allow for a more realistically feasible pace of
emissions reductions while limiting further damage to many ecosystem resources, and perhaps
providing a window for some degree of recovery.

Limiting further warming would thus provide an opportunity for societies to evolve from a fossil
fuel and mineral mining based economy that is dependent on discovering and mining fossil fuels
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and minerals in particular locations, to a potentially more equitable, prosperous and
ecologically sustainable civilization based on use of renewable energy and materials, able to
harvest energy, and use minerals from the ocean and carbon from the air to synthesize needed
materials, almost everywhere on the planet.?*?® Such a shift would replace today’s wasteful
and destructive practices with a circular economy where all waste is recycled as a resource.
However the world proceeds, equity and environmental justice issues will need to be addressed
to meet the Sustainable Development Goals that provide opportunity and a safety net for all.

Gaining global approval for researching and where appropriate implementing cooling
influences and GHG emissions reduction and removal will also require attention to issues such
as: providing a safe harbor for climate refugees, assisting in overcoming loss and damage from
climate disruption, and transferal of technology for climate restoration and ecological
regeneration from rich to poor countries and individuals. Doing this rapidly (within decades) and
at scale will likely require significant funding. Over the 13 years from 2006 -2018 the Clean
Development Mechanism that was part of the mandatory Kyoto accord transferred $303.8
billion from rich countries to poor countries for mitigation and adaptation.'***° In contrast the
Paris agreement voluntary Green Climate Fund (GCF) had over the 8 years from 2014-2021
raised only $18.2 billion.*! Equitable reductions in GHG emissions would for example need to
support economic development to offset the estimated $4 trillion in foreign exchange from oil
and related products that countries comprising 1.1 billion people, or 14.2 percent of world
population, depended on in 2019 for over 10% of their total export revenue.™*

Quite clearly, the GCF will not be adequate for assisting in both recovery from disasters and
aggressive efforts to reduce GHG emissions, which will be essential if direct cooling influences
are to be sustained until human-induced warming is returned to no more than mid-20"" century
levels.

During at least the next several decades (and possibly much longer), direct cooling seems likely
to be essential to limiting further warming and preventing human-induced climate change from
spiraling out of control. Only the application of emergency cooling “tourniquets”, applied
immediately or as soon as is reasonably advisable, has the potential to slow and even start to
reverse ongoing climate disruption. Only direct climate cooling can slow or reverse Arctic sea ice
loss, which seems near to flipping the Arctic Ocean into a summertime regime of very little, if
any, sea ice. The very serious challenges imposed by increasing climate disruption and the
economic opportunity of transforming the global energy system, must be urgently addressed
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together if unacceptable risks to society are to be minimized. Humanity has never faced an
existential threat so critical for the long-term survival of human civilization and the ecosystems
of the Earth on which society depends.
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