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Accordingly, and in light of the information which has already been published since your

request, we would suggest that you limit the scope of sections 1,2 and 5 of your request to:

i) the 21 successful applications for funding (ie., not including the proposed applications which

are not being progressed in any way), and

ii) finalised documentation detailing the research proposals - including project proposals, grant

agreements and milestones,

whilst retaining sections 3, 4, and 6 of your request.

We look forward to hearing from you.
Yours faithfully,

[Digitally signed]

ARIA

2| ARIA






If you consider this email spam, please block using the Mimecast option on your Outlook toolbar. See the Information Security
Intranet pages for details. If you have clicked on a suspect link or provided details please report to the IT Service Desk immediately.
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it important to disclose such information in the interests of transparency, and to prevent

any misunderstanding as to what ARIA is funding that may be caused by reading the

proposals out of context. For the avoidance of doubt, ARIA did not hold finalised

funding agreements at the date of your request.

At the date of your request we were considering a further initial proposal that we did not

consider would be likely to progress. However, the position has since changed and the

details of that initial proposal will be made available on our website shortly. Please note

that this initial proposal relates to modelling and does not relate to outdoor experiments.

We have provided the initial research proposals, subject to the following:

In accordance with Regulation 12(3) of EIR, personal information relating to
individuals has been redacted from the initial proposals provided in response to
your EIR request.

A very small amount of information has also been redacted from the initial
proposals at Annex 2 pursuant to Regulations 12(5)(e) and 12(5)(f) of EIR. The
applicants concerned consider that they would be adversely affected by the
disclosure, which they were not legally compelled to provide. Specifically, the
redacted information relates to confidential information which is commercially
sensitive. In particular, the creators have developed methodology and critical
research components which, if they were disclosed into the public domain, would
compromise the intellectual property value and viability of the project, which in
turn would affect the potential for academic publication and commercialisation.
Insofar as the information relates to itemised costs, it would affect the creators’
bargaining position for similar projects in the future if certain prices were known.
This would cause the creators commercial detriment. ARIA would not otherwise
be entitled to disclose the information, and the relevant applicants have not
consented to such disclosure.

We appreciate that the public interest is served by transparency, but it is
important that applicants who seek to engage in research, can do so without the
entire process being in the public domain. It would not be in the public interest
to inhibit the free and frank descriptions provided by creators throughout this
process and so impair ARIAs ability to allocate funding and make informed
decisions on the basis of the initial proposals. Given the substantial amount of
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information and review whether information is exempt would involve a further 9.5 hours
of work bringing the total time to reply to this request to 21.5 hours. Whilst we
appreciate that the statutory limit of 18 hours does not directly apply to EIR, nonetheless,
we consider that the cost to review the correspondence would be disproportionately
burdensome solely on the ground of cost.

We appreciate that, whilst there is public interest in promoting transparency and
accountability, ARIA is entitled to not incur disproportionate levels of cost relating to
handling information requests. ARIA has already published a significant amount of
information relating to the Exploring Climate Cooling programme. As ARIA is a small
organisation, it must ensure its resources are protected and are not unnecessarily
consumed. As such, on balance, we have had to refuse this aspect of your request.

4. Any ethical assessments, environmental impact assessments or internal
risk reviews concerning the social or environmental consequences of
geoengineering or solar dimming projects.

As noted in the response above, no outdoor experiments have taken place at the date of
this letter. Therefore, no such assessments have yet taken place and this information is
not held by ARIA. Any experiments funded by ARIA will only proceed if ARIA's stringent
governance requirements are met in full. An environmental impact assessment will be
performed and made publicly available before any experiment starts, and experiments
will have to be developed through engagement with local communities. All funded
experiments will be time-bound and limited in size, scale so their effects dissipate within
24 hours or are fully reversible.

5. Records of meetings or correspondence with third parties (including
government departments, international bodies, private organisations, or
academic institutions) where the 21 successful proposals were discussed.

We had hoped that the combination of the extension of time pursuant to Regulation 7(1)
and the clarification on scope would enable us to provide a complete response.
However, as set out below, the volume of material in scope of this part of your request
remains very high, such that the time which would be taken to respond completely
would, in our view, render the request manifestly unreasonable on the ground of the cost
incurred. Accordingly, we are unable to provide a response to this part of your request.

As detailed above at “3. Any records of public consultation or engagement (or
internal discussions about such consultation)”, ARIA has spent approximately 10.5
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hours responding to item 1 of your request. In its efforts to respond to item 5 of your
request, ARIA has used targeted keyword searches to identify correspondence with third
parties (including government departments, international bodies, private organisations,
or academic institutions) where the successful proposals were discussed. ARIA spent 3
hours formulating and running the keyword searches (noting that this would also cover
any correspondence with the successful applicants themselves). The targeted keyword
searches produced a minimum of 7,787 hits which would need to be retrieved and
processed. Applying a conservative estimate of 90 seconds per email to identify
in-scope information and review whether information is exempt would involve a further
218 hours of work bringing the total time to reply to this request to 231.5 hours. Whilst
we appreciate that the statutory limit of 18 hours does not directly apply to EIR,
nonetheless, we consider that the cost to review the correspondence would be extremely
burdensome solely on the ground of cost.

We appreciate once again that, whilst there is public interest in promoting transparency
and accountability, ARIA is entitled to not incur disproportionate levels of cost relating to
handling information requests. ARIA has already published a significant amount of
information relating to the Exploring Climate Cooling programme. As ARIA is a small
organisation, it must ensure its resources are protected and are not unnecessarily
consumed. As such, on balance, we have had to refuse this aspect of your request.

By way of advice and assistance, we consider it should be possible to provide you with a
response to this aspect of your request, by narrowing it to any correspondence between
() ARIA and the Department for Science, Innovation and Technology (DSIT), (i) ARIA
and the Department for Energy Security and Net Zero (DESNZ), and (iii) ARIA and the
Department for Environment, Food & Rural Affairs (DEFRA) from 15 April 2025 (the date
on which project selection was completed) to 25 April 2025 (the date of your original
request) relating to the successful applications for funding (i.e., not including the
proposed applications which are not being progressed in any way). Please let us know
if you would like ARIA to proceed with a request for this information.

6. Any legal or policy documents relating to the UK's obligations under
international agreements (e.g. the Convention on Biological Diversity)
regarding public transparency or consultation in relation to
geoengineering.

ARIA does not hold legal or policy documents matching the description above. However,
as detfailed above, the specific protocols for transparency will be developed in
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Annex 1 Exploring Climate Cooling Programme

Annex 2 Initial Proposals



Annex 1 — Exploring Climate Cooling Programme
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Home / Opportunity spaces / Future Proofing Our Climate and Weather / Exploring Climate Cooling

’ Opp space: Future Proofing Our Climate and Weather ’ [ Programme: Exploring Climate Cooling

Exploring Climate Cooling

Motivated by the possibility of encountering damaging climate tipping points, and backed by
£56.8m, this programme aims to transparently explore — under rigorous oversight — whether any
climate cooling approaches that have been proposed as potential options to delay or avert such
tipping points could ever be feasible, scalable, and safe.

Overview FAQs Governance Funded projects

Our goal

To gather critical missing scientific data to better understand potential climate cooling approaches
and their impacts.

By investing in careful research today, we can build the fundamental scientific knowledge to make
wiser, better-informed decisions about our future.

Why this programme

Climate change could cause global temperatures to increase by several degrees by the end of the century,
which could lead to climate tipping points — abrupt changes in the Earth system that, if crossed, could have
devastating and essentially irreversible consequences.

We don't know when a tipping point might happen, or how long it would take to feel the effects if it did;
significant uncertainties remain regarding the probability and potential impacts of any given tipping point.

'S no substitute for decarbonisation, which is the only sustainable way to lower the chances of such
tipping points and their effects from occurring.



Our current warming trajectory already makes a number of tipping points distinctly possible over the next
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'Tfaced with a cimate Tipping point, our understanding 67 the options avallable remains mited. THs knowle dge
gap has driven increased interest in whether there are approaches (also known as “climate interventions”) that
could actively reduce temperatures globally or regionally over shorter timescales.

Yet, in the absence of robust data, we currently have little understanding of whether such interventions are
scientifically feasible, and what their full range of impacts might be. This programme aims to gather such data
so that we can better understand these approaches and their potential effects.

How we're doing it

As a publicly funded, non-profit agency, our research efforts are grounded in transparency, responsible
stewardship, and a commitment to broad public benefit.

The programme will explore more than one potential climate cooling approach in order to be comprehensive
and to allow a range of potential options to be explored thoroughly and objectively.

Successful outcomes from this programme include assessing the feasibility and risks of these approaches, as
well as setting the standard for how research in this field can be conducted responsibly and inclusively. The
programme will not fund, and does not support, the deployment of any climate cooling approaches.

Read the programme thesis

Read the accessible version of the programme thesis

FAQs

Are you looking to deploy these technologies?

When will the outdoor experiments begin?

Are you funding activities to block the sun?

+ 1+ 1+ 1+

Are you funding activities that will release toxic materials into the atmosphere?



ﬁ%ﬁid\funding any outdoor experiments? What do they involve? +

Governance

Oversight Committee

To ensure rigorous and responsible governance, this programme benefits from an independent Oversight
Committee composed of international experts and chaired by Piers Forster. The committee advises ARIA
leadership and plays a crucial role in scrutinising outdoor experiment plans, providing expert recommendations,
and may advise against funding experiments unless certain modifications are made. While ultimate funding
decisions rest with ARIA, the Oversight Committee has the authority to comment publicly and independently on
experiment funding decisions and on other matters related to the programme and the wider field.

The committee focuses on:

* Supporting effective oversight of the programme's outdoor experiments and guiding transparent
communication of findings.

* Shaping international norms and standards for the responsible governance of such experiments.

» Contributing constructively to the wider international discussion on potential governance mechanisms
for climate cooling approaches.

Learn more about the Committee's remit, members, and work here.

Read the Oversight Committee’s note on the announcement of the Exploring Climate Cooling projects, published 7
May 2025, here.
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Funded projects

Our 21 funded research teams unite specialists across diverse disciplines — from atmospheric physics,
chemistry, and climate modelling to chemical engineering, systems analysis, oceanography, and radiative
transfer, alongside crucial expertise in governance and ethics — reflecting the programme's holistic approach.
This group shares a deep commitment to objective research conducted transparently and responsibly, aiming to
navigate the complex ethical dimensions and establish best practices within this field.

Projects will utilise a range of methodologies, including modelling, observations and monitoring, indoor testing
and - where strictly necessary and in accordance with our oversight and governance principles — small scale,
controlled outdoor experiments.

The programme will also fund projects exploring the broader societal aspects of this scientific research,
including methods for public engagement, public attitudes to the field, and governance.

*All projects are subject to final contract negotiation.
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Strategic Foresight on Climate and Geopolitics: Toward governance of earth cooling
approaches

Project Lead: Matthias Honegger, Centre for Future Generations
Award: £1.25 million over 15 months

Key Team Members and approximate budget breakdown: Matthias Honegger, Cynthia Scharf, Centre for Future
Generations (£420k) | Trish Lavery, Australian National University Futures Hub (£150k) | Rafal Kierzenkowski,
The Organisation for Economic Co-operation and Development (OECD) (£220k) | Danielle Young, University of
Leeds (E460k)

Understanding if and how earth cooling approaches could be responsibly governed is critical in light of
accelerating climate impacts and the risk of unwise use. This team will explore how these approaches could be
responsibly governed at the global level in various future scenarios. They will start by outlining scenarios
variously shaped by growing climate impacts, geopolitical challenges, the need for ongoing mitigation efforts,
and the public's views. Their research will survey existing debates in both academic and policy circles, and
discuss with policy makers and civil society organisations the risks, benefits and uncertainties they expect.
Based on these scenarios, the project aims to develop foundational governance ideas to help ensure future
decisions are socially and scientifically informed.

How to speak about climate cooling? Co-creating an engagement toolkit in the Arctic
and the UK

Award: £360k over 45 months

Key Team Members and approximate budget breakdown: Ine Steenmans + Chloe Colomer, University College
London (£314k) | Cody Skahan, University of Oxford (£23k) | Albert van Wijngaarden, University of Cambridge
(£23k)

Emerging climate cooling approaches raise profound ethical and societal questions. Meaningful dialogues are
therefore a prerequisite for ensuring that research on, and governance of, these approaches will be just and
inclusive. This is especially true in the Arctic, a region where the voices of people who will be amongst the most
impacted are often left out of conversations because of ongoing and historical power imbalances. This team will
explore how people want to speak about climate cooling, and how they form and change their views over time.
I** move beyond social opinion research by co-designing engagement programmes with local communities
shtsholders across the Arctic and in three UK locations. Beyond the aim of empowering communities to
participate more fully in governance, research, and decision-making around these new scientific approaches for



cooling the earth, the learnings from these engagements will be captured in a practical, open access toolkit that
E_gp\kmused for future engagement projects around climate cooling. —l—-

Evidence-based Assessments to Guide Perceptions, Governance, and Ethical
Frameworks for South Asia: Comparing Marine Cloud Brightening strategies vis-a-vis
carbon dioxide removal and mitigation efforts

Project Lead: Athar Hussain, COMSATS University

Award: £574k over 3 years

Key Team Members and approximate budget breakdown: Athar Hussain, COMSATS University (£532k) | Thomas
Fischer, University of Liverpool (E5k) | Sajida Kousar, International Islamic University (£8k) | Hassaan Sipra, The
Alliance for Just Deliberation on Solar Geoengineering (£9k) | Muhammad Mumtaz, Fatima Jinnah Women
University (£20k)

This project provides a comparative analysis of potential climate response pathways — evaluating the
implications in South Asia of marine cloud brightening (MCB) against carbon dioxide removal efforts and
conventional mitigation approaches. This analysis combines climate science, governance research, direct
stakeholder engagement, and policy analysis, deepening our understanding of potential climate cooling
technologies within the ethical, governance and social context of South Asia. This work will empower
decisionmakers and communities in South Asia to develop inclusive, effective, and locally-grounded climate

action strategies.

PULSE Project: Public Understanding, Leadership, and Social Ethics in the
governance of earth cooling technologies in communities impacted by volcanic
activity in the Philippine context

Project Lead: Lorena Sabino, University of the Philippines Los Bafios, College of Forestry and Natural Resources

Award: £135k over 2 years

Key Team Members and approximate budget breakdown: Lorena Sabino, University of the Philippines Los Bafos,
College of Forestry and Natural Resources (UPLB-CFNR)

Communities in the Philippines living near volcanoes possess invaluable, real-world experience with
atmospheric changes that share similar atmospheric processes to potential climate interventions like
stratospheric aerosol injection (SAl). This project centers their unique perspectives, exploring the
understanding, ethical viewpoints, and governance concerns surrounding such technologies directly within
these communities through focused research. Gathering these insights is crucial for grounding abstract global
discussions about SAl in lived reality, and ensuring that the voices of those most vulnerable to both climate
change and potential interventions are central to the conversation. This work will help develop ethical, inclusive
governance frameworks and foster informed climate leadership in the most affected regions.



Qkﬁg and Governance of Earth Cooling Research: from concepts to implen- ‘1’ratio_'n_
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Award: £453k over 2 years

Key Team Members: Ignacio Mastroleo, Timothy Daly, Maria Inés Carabajal, National Scientific and Technical
Research Council (CONICET) + Inter-American Institute for Global Change Research (IAl)

Researching potential Earth cooling approaches raises profound ethical and societal questions that require
careful consideration and robust governance frameworks, especially ensuring diverse global perspectives are
included. This project focuses on building research capacity and developing ethical frameworks, particularly
within the Global South. This project will build a Latin America/Caribbean-UK research network that will address
fundamental questions regarding the governance of these approaches, as well as nurturing a new community of
experts in the region. The work will explore societal implications, ethics frameworks for managing trade-offs and
the breadth of opinions, co-production of knowledge and regional governance, particularly in the Latin
America/Caribbean context.

GRID-CC: Global to Regional Impacts Downscaling for Climate Cooling
Project Lead: Andy Parker, The Degrees Initiative

Award: £2m over 3 years

Key Team Members and approximate budget breakdown: Andy Parker, The Degrees Initiative (£940k) | Babatunde
Abiodun, Christopher Lennard, University of Cape Town (£770k) | Daniele Visioni, Cornell University (£290k)

Understanding the potential regional implications of earth cooling approaches is crucial, particularly for
communities in the Global South which may be disproportionately affected. Yet, research capacity is often
concentrated elsewhere. This project directly addresses this capacity gap by empowering researchers in the
South. Through computational work, this project will build an open-access repository of detailed Global
N - climate data that will enable researchers to develop more accurate modelling of the global and regional

~



impacts of these approaches. This project will create new research tools and hold expert convenings to help
@buzmhat researchers in these regions have the evidence base to support scientifically-robust dec  n- _,_
making surrounding potential Earth cooling strategies.

Ecological Impact Assessment of Earth Cooling Experiments in the Arctic (Eco-ICE)
Project Lead: Amanda Burson, British Antarctic Survey

Award: £4.8 million over 4 years

Key Team Members and approximate budget breakdown: Amanda Burson, Jeremy Wilkinson, Louise Sime, Kate
Hendry, Rhiannon Jones, Clara Manno, Florence Atherden, Rachel Cavanagh, Simeon Hill, British Antarctic
Survey (£4.3m) | Neven Fuckar, University of Oxford (£270k) | Dorothee Bakker, University of East Anglia
(£140k) | David Schroeder, Danny Feltham, University of Reading (£130k)

Fragile polar ecosystems are critical to the global climate system, yet the potential ecological consequences of
climate interventions at the poles are poorly understood. Through laboratory experiments and computer
modelling, this project will provide an independent impact assessment of potential climate interventions in the
Arctic marine environment. The team will develop physical, climate and ecosystem models with direct input
from bespoke biogeochemical and biological laboratory experimentation. This independent assessment by
experts in modelling and ecology is critical to provide a thorough and balanced evaluation of potential climate
interventions in the Arctic. The project will provide best-practice guidance for the ecological risk assessment of
future proposed interventions within the polar marine environment.

Investigating the Impacts of Earth Cooling Approaches on the Variability and Wet-
Dry Spell Dynamics of the West African Monsoon

Project Lead: Amadou Coulibaly, Institut Polytechnique Rural de Formation et de Recherche Appliquée (IPR-
IFRA)

Award: £257k over 3 years

Key Team Members and approximate budget breakdown: Amadou Coulibaly, Abdoulaye Ballo, Institut
Polytechnique Rural de Formation et de Recherche Appliquée (IPR/IFRA) | Sabina Abba Omar, University of
Cape Town (at no cost to the project)

The West African Monsoon is a vital climate system supporting agriculture and water resources for millions.
Understanding how potential earth cooling approaches might affect this sensitive system is crucial for regional
stability and food security. This research directly addresses this need by exploring potential impacts on critical
rainfall patterns, including wet and dry spells. Using advanced climate models, observational data, and
scenarios from established model intercomparison platforms (such as GeoMIP), the study aims to address
critical gaps in understanding how earth cooling approaches might influence regional climate systems and how
they might interact with existing climate vulnerabilities. The project will provide actionable insights, helping the
region understand how these approaches might mitigate adverse climate impacts while avoiding unintended
conseguences.
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Space Reflector Baseline Survey

Project Lead: Morgan Goodwin, Planetary Sunshade Foundation

Award: £400k over 15 months

Key Team Members and approximate budget breakdown: Morgan Goodwin, Jeff Overbeek, Planetary Sunshade
Foundation (£275k) | Daniele Visioni, Cornell University (£85k) | Chantal Cappellett, University of Nottingham
(£40K) | Jeff Overbeek (via Ethos Space, at no cost to the project)

To make informed choices about potential climate cooling strategies, society needs a clear understanding of
possible options, including less-studied approaches like space-based reflectors. This theoretical study brings
together leading space engineering teams with expert climate modellers to address a critical knowledge gap.
This team will model six different conceptual designs for space reflector approaches and then use climate
models to simulate their potential climate impacts (including atmospheric dynamics, chemistry, and ocean/ice
feedbacks). The goal is not to deploy this technology, but to provide an initial assessment of which concepts
might warrant further study based on their modelled efficiency, scalability, and potential side effects, fostering
collaboration between the space engineering and climate modelling communities.

Towards Robust and Unbiased validation of SAI Simulations (TRUSS)
Project Lead: Heri Kuswanto, Institut Teknologi Sepuluh Nopember, Indonesia

Award: £345k over 3 years

Key Team Members and approximate budget breakdown: Heri Kuswanto, Kartika Fithriasari, Institut Teknologi
Sepuluh Nopember

Responsible decisions about potential climate interventions like Stratospheric Aerosol Injection (SAI) depend on
reliable, trusted data about their potential impacts, but current computer simulations have uncertainties. This
project aims to significantly improve the accuracy and trustworthiness of the simulation outputs of these
approaches. Using advanced statistical and machine learning techniques applied to climate model outputs, this
project looks to ensure that impact predictions, especially crucial regional assessments, are robust and
unbiased. This foundational modelling work is vital for building confidence in the science and enabling
genuinely informed decision-making by policymakers and the public.

Simulating the effects of earth cooling approaches on the Dynamics and
Thermodynamics of Monsoon and Precipitation Extremes

Project Lead: Byju Pookkandy, The Energy and Resources Institute

Award: £140k over 2 years

im Members and approximate budget breakdown: Byju Pookkandy, Kaagita Venkatramana, The Energy
a.. ..esources Institute (TERI)



Stable and predictable rainfall is fundamental to societies in both India and the UK, underpinning agriculture,
@&mgﬁecurity, and protecting communities from floods and droughts. This research provides essen  ‘oresi
into how proposals for earth cooling could potentially disrupt these vital precipitation patterns — affecting

everything from the timing of seasonal rains in India to the intensity of precipitation extremes. By analysing
detailed climate simulations from established model intercomparison platforms (such as GeoMIP) specifically
designed for earth cooling scenarios, the study will pinpoint why these changes might occur, disentangling the
complex factors driving rainfall. This computational analysis will deliver crucial, regionally-specific evidence to
help evaluate the potential risks these approaches may pose to indispensable water cycles and resources.

De-risking cirrus modification
Project Lead: Sebastian Eastham, Imperial College London

Award: £3.6m over 36 months

Key Team Members and approximate budget breakdown: Sebastian Eastham, Marc Stettler, Ed Gryspeerdt,
Imperial College London (£740k) ] Benjamin Murray, University of Leeds (£1.4m) [ Blaz Gasparini, University of
Vienna (E310k) | Takemasa Miyoshi, RIKEN (£270k)

High-altitude cirrus clouds have an overall warming effect on our climate, but how their formation is influenced
by existing atmospheric particles (like dust or soot) remains a significant uncertainty in climate science.
Improving our understanding of these natural processes is crucial for refining climate models and for
establishing the knowledge needed to assess the potential risks and benefits of any future proposals to
deliberately modify cirrus clouds. This project aims to gather vital real-world data on these natural cirrus cloud
processes and how they are already being affected by the presence of aircraft engine soot.

The team will use a combination of computer maodelling and analysis of existing satellite data. They will also
conduct observational flights using research aircraft to directly measure how particles already present in the
atmosphere, and the additional effects of aircraft engine soot, currently affect cirrus cloud properties. By
observing and measuring these existing atmospheric processes, the team are looking to improve our
fundamental understanding of cirrus cloud formation, providing essential baseline knowledge to help us
understand if deliberately thinning cirrus clouds could ever offer a safe, predictable mechanism for cooling.



Lgﬁﬂ&lcleaﬁng Particles in the Upper Troposphere: Advancing Cirrus Contr¢' -nd +
Experimental Science Strength “INPUT:ACCESS”

Project lead: Thomas Whale, University of Leeds
Award: £1.3m over 36 months

Key Team Members and approximate budget breakdown: Thomas Whale, University of Leeds (£770k) | Alexandre
Baron, Cooperative Institute for Research in Environmental Sciences (CIRES), University of Colorado (£475k) |
Joshua Schwarz, National Oceanic and Atmospheric Administration (NOAA) Chemical Sciences Laboratory (at
no cost to the project) | Sebastian Eastham, Imperial College London (£63k)

Cirrus clouds have a significant impact on Earth's temperature, yet prediction and modelling of their formation is
challenging and constitutes a key uncertainty in climate models and projections. Lack of knowledge of the
concentration and nature of the tiny particles suspended in the atmosphere on which cirrus clouds form, known
as ice nucleating particles (INPs), is a major contributor to this uncertainty. This project aims to address this
knowledge gap by developing new methods to observe and analyse these naturally occurring INPs high in the
atmosphere.

Operating out of Colorado, USA, the team will develop and operate a specialised balloon-borne collector
designed to gather naturally present INPs from the upper troposphere where cirrus clouds form. These
collected samples will then be brought back for detailed laboratory analysis in the UK. This focused monitoring
and observation work will generate critical information about the types and concentrations of particles involved
in natural cirrus formation. This data is essential for improving the accuracy of climate projections and
enhancing our ability to monitor natural atmospheric processes, providing a crucial baseline for climate science.

StratoGuard - Global Monitoring of Climate Engineering using Micro High-Altitude
Balloons

Project lead: Steve Tate, Voltitude

Award: £600k over 36 months

Key Team Members and approximate budget breakdown: Steve Tate, Richard Nash, Paul Stevens, Voltitude Ltd
(£575k) | Chris Stopford, University of Hertfordshire (£25k)

Improving our ability to monitor the Earth's climate, particularly in remote regions, and developing the tools
needed to safely observe and measure potential future climate interventions are crucial needs for both climate
science and the responsible assessment of climate cooling approaches.

Project StratoGuard focuses on creating low-cost, lightweight micro-balloons (under 4kg, <5m diameter)
equipped with sensors, capable of navigating the stratosphere above 55,000 feet for up to 30 days. This
capability would support affordable, detailed, and sustained climate data collection across the globe. It would
also enhance the capability for sophisticated and cost-effective monitoring of any future outdoor climate
intervention activities. With test launches planned from 2026 and potential global launch capabilities (subject to
local approvals), this project seeks to miniaturise core technologies for global sensing using small, safe balloons,
operating in full compliance with existing regulatory frameworks. The overarching goal is to provide a vital new
“comprehensive climate observation, as well as providing a monitoring capability essential for
re . .nsible research and assessment of potential climate interventions.
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Monitoring Aerosol Climate Engineering (MACE)

Project lead: Matt Watson, University of Bristol
Award: £4.3m over 48 months

Key Team Members and approximate budget breakdown: Matt Watson, Arthur Richards, Tom Richardson,
University of Bristol

Natural events, particularly volcanic eruptions, release tiny particles (aerosols) into the atmosphere and offer
invaluable real-world opportunities to study processes relevant to climate science and potential climate
interventions, such as how aerosols affect clouds and the Earth's energy balance. However, safely and rapidly
collecting data from these events is challenging. This project aims to address this by developing advanced,
automated drone technology specifically designed for observing and analysing emissions from active
volcanoes.

The team will design, build, and test lightweight, easily operationalised drones capable of flying safely at high
altitudes (10 km). Following initial test flights in the first year, the plan is to use the drones to study emissions
from selected, regularly erupting volcanoes - Volcan de Fuego (Guatemala), Soufriere Hills (Montserrat), and
Lascar {Chile). The team have flown in all three countries in the past under suitable permits. By analysing these
natural volcanic emissions in situ, the research will investigate how tiny cloud droplets form and how natural
aerosol layers affect radiation. A key goal is to develop a rapid-response capability using these drones, enabling
the scientific community to safely gather crucial data from future significant volcanic eruptions, thereby
improving our understanding of natural climate processes.

Re-Thickening Arctic Sea Ice (RASi)
F t Lead: Shaun Fitzgerald, Centre for Climate Repair

Award: £9.9m over 42 months



Key Team Members and approximate budget breakdown: Shaun Fitzgerald, University of Cambridge (£1.4m) [
%ﬂf{ﬂyatt, University of Manchester (£0.63m) | Michel Tsamados, University College London (0.6 ) | Ei
Olason, Nansen Environmental and Remote Sensing Center (£0.4m) | Andrea Ceccolini, Real Ice (£3.5m) |

Fonger Ypma, Arctic Reflections (£3.3m) | Edward Blanchard, University of Washington (£90k) | Steven Desch,
Arizona State University (~£10k travel costs funded from Real Ice's share)

The Arctic is warming much faster than the global average, leading to dangerous sea ice loss with far-reaching
consequences. This project investigates whether deliberately thickening sea ice during winter could be a viable
way to slow summer melt, reduce Arctic warming, and mitigate further ice loss. The research aims to provide
critical data on the feasibility, scalability, potential ecological impacts, and overall effectiveness of this approach,
which involves accelerating natural freezing processes using seawater from underneath the ice.

Researchers will conduct controlled, small-scale experiments in Canada across three winter seasons (2025-26
to 2027-28). The process involves pumping seawater from beneath existing ice and spreading it on top, where
the frigid air freezes it quickly, creating thicker ice patches. Over the course of the project (and if the early
experiments suggest the approach is ecologically sound), later experiments will aim to cover areas up to Tkm?
per experiment site. The key questions are whether this thicker ice lasts longer into the summer, how it might
affect ice movement, and what the local ecological impacts are. These experiments will be conducted in close
collaboration with local communities and under ARIA's stringent governance framework, prioritising safety and
environmental monitoring. The goal is to gather essential real-world data to rigorously assess if this intervention
warrants further consideration.

Marine Cloud Brightening in a Complex World

Project lead: Daniel Harrison, Southern Cross University

Award: £1m (potentially rising to £5m with matched funding) over 5 years

This project investigates Marine Cloud Brightening (MCB), a potential way to cool specific areas by enhancing
cloud reflectivity using a spray of seawater. Building on their experience conducting previous small-scale
outdoor experiments in partnership with local communities around the Great Barrier Reef, Australia, this team
seeks to deepen our understanding of MCB. While the concept could potentially protect vulnerable ecosystems
like coral reefs from heat stress, its real-world effectiveness remains uncertain. This research aims to address
this critical knowledge gap by investigating the complex atmospheric dynamics and microphysical processes
involved, moving beyond basic principles to assess if, and how, MCB could work safely and effectively.

The research combines advanced computer modelling with the development and indoor testing of sea salt
sprayers. If these findings suggest promise, and subject to meeting ARIA's governance requirements, the project
plans to conduct small-scale, controlled outdoor experiments over the Great Barrier Reef in years 3 and 4 of the
5-year project. These outdoor experiments are strictly contingent on prior results, rigorous independent safety
reviews, regulatory approvals, and continued co-design and partnership with Traditional Owner groups, local
stakeholders, and the broader community of the Great Barrier Reef Marine Park. If approved, these controlled
experiments could involve brightening clouds within areas up to 10 km x 10 km, with seawater spraying taking
place over 5-6 weeks, for 6 to 8 hours per day. All activities will fully adhere to ARIA's robust governance
framework, emphasising transparency, environmental risk minimisation by design, and community engagement.
The overall goal is to generate crucial real-world data to determine the effectiveness and risks of MCB, and its
potential for protecting vulnerable ecosystems at a regional scale.
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To examine local albedo changes from marine brightening and its multi-scale impacts
(REFLECT)

Project Lead: Hugh Coe, University of Manchester
Award: £6.1m over 3 years (initial phase)

Key Team Members and approximate budget breakdown: Hugh Coe, Robert Bellamy, University of Manchester
(£2.1m) | Shaun Fitzgerald, University of Cambridge (£1.8m) | Dan Mace, Archipelago Technology (£0.9m) |
James Haywood, University of Exeter (£11m) | Lindsay Bennett, University of Leeds (£22k) | Sami
Romakkaniemi, Finnish Meteorological Institute* (£160k)

*Finnish Meteorological Institute are contributing to the modelling exercises in this proposal and are not involved
in any outdoor experimentation

Marine Cloud Brightening (MCB) and Marine Sky Brightening (MSB) - ideas for cooling the Earth by increasing
the reflectivity of clouds or the sky using tiny droplets of seawater — depend critically on having the right
technology to generate sprays of these droplets effectively. However, the technical feasibility and optimal
methods for doing so are poorly understood. This project aims to address this gap by developing and
responsibly testing the necessary spray technologies to determine if these approaches could be viable.

Over an initial three-year period, the team will undertake computer modelling, build bespoke sprayers based on
the modelling results, and conduct indoor tests. A crucial part of this phase involves beginning collaborative
engagement with local communities to co-design potential future outdoor experiments. Any small-scale,
controlled outdoor experiments to test sprayer performance would only occur after this initial phase, contingent
on further funding, successful co-design demonstrating community engagement and support, and strict
adherence to ARIA's safety and governance protocols. These potential tests are expected to be undertaken in
the UK (location to be determined). Initial tests, if approved, would be very limited, lasting only a few seconds
and creating small plumes of seawater spray just a few hundred metres in size. Only if these initial tests prove
successful and safe might later experiments explore brightening larger cloud areas, potentially up to 10 km long
and a few hundred metres wide. These tests are inherently benign, replicating natural processes that generate
sea spray over the ocean developing spray systems such as those that are already employed to cool crowds
with fine mists of water and dampen construction sites to suppress pollution. The overall goal is to establish a
robust and responsible experimental framework to assess the technical feasibility and optimal methods for MCB
and MSB.

BrightSpark — Cloud brightening with electric charge
Project Lead: Giles Harrison, University of Reading
Award: £2m over 36 months

Key Team Members and approximate budget breakdown: Giles Harrison, Maarten Ambaum, Keri Nicoll, University
of Reading (£1.75m) | John Mooney, Menapia Ltd (£170k)

J ways to influence cloud reflectivity is a key research challenge. This project investigates using
Cu....olled electric charge, a natural atmospheric phenomenon, to influence water droplets in fogs and clouds as



an alternative to spraying seawater. The research aims to determine if carefully managed electrical charges
tg@}q{mgﬁer a safe and effective method for enhancing cloud reflectivity. _l_

I'he team will invesfigate the fundamental science of hiow artificial charge release affects cloud and fog droplets.
The project includes plans for very small-scale (on the order of 100 m x 100 m), controlled outdoor experiments
in the UK during the third year of the project. These experiments are strictly conditional on demonstrating
appropriate levels of community engagement, co-design, and adherence to ARIA'S rigorous safety and ethical
governance framework. The core goal is to gather foundational data to assess if this method is viable and safe
enough to warrant further investigation.

Natural Materials for Stratospheric Aerosol Injection
Project Lead: Hugh Hunt, University of Cambridge
Award: £5.5m over 36 months

Key Team Members and approximate budget breakdown: Hugh Hunt, University of Cambridge (£2.5m) | Frank
Keutsch, Harvard University (£2.5m) | Sebastian Eastham, Imperial College London (£0.54m)

Stratospheric Aerosol Injection (SAl) is a widely discussed potential climate cooling method, but the most
commonly proposed materials (sulfates) carry significant hazards in this context, including potential ozone
depletion and toxicity. Addressing whether safer, alternative materials could ever be feasible or effective for SAl
is therefore a critical, unanswered scientific question. This project will undertake fundamental research to
investigate the properties and behaviour of innovative, non-toxic, non-sulfate materials in a very controlled

manner.

The research combines laboratory studies and computational modelling with unique and contained material
exposure experiments. In these experiments, tiny (milligram) amounts of materials that occur in natural mineral
dust (such as limestone, dolomite, or corundum) will be secured onto supports inside the gondolas of specially
adapted weather balloons. These balloons are likely to be launched from sites in the USA and/or the UK; the
specific site will be determined in line with ARIA's requirements for community engagement. The balloons will
carry the samples into the stratosphere for exposure periods ranging from hours to weeks before performing
controlled descent for recovery. Crucially, no materials will be released into the stratosphere; this approach
effectively brings the stratosphere to the samples. Studying the recovered samples will reveal how stratospheric
conditions affect their properties over time. This foundational science is essential to advance understanding of
the potential impacts of SAl and for determining if less harmful alternatives to sulfates might exist (and if they
might warrant further study in the context of SAl).



Annex 2 - Initial Proposals

Please note the documents which follow in this Annex are the initial proposals which were
submitted by applicants to ARIA. However, the proposals have been subject to further
discussion and the finalised scope of what will be funded may differ from the initial submission.
Final agreed scopes of work will be published in due course.
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De-riskini cirrus modification

This project will evaluate whether it is possible to intentionally modify the properties of cirrus clouds to
achieve a useful (>100 mW/m?) global cooling effect. This includes understanding (1) how much
susceptible cloud exists, (2) whether we can increase outgoing longwave radiation (OLR), and (3)
whether we can predict the circumstances under which this can be done. We will address these
questions in a two-phase experiment, starting with (P1) data mining followed by (P2) an aircraft campaign
to resolve where and when cirrus modification can produce beneficial effects. We also have the ambition for
a Phase 3 with dedicated cloud seeding trials, pending success of P1 & 2. The phased nature of this work
is a safe and cost-effective option to produce a measurable advance towards a near-term, practical option
for regional and global cooling, evaluation of which is currently unable to proceed through modelling alone”.

1 Cirrus clouds: a potential climate dial Cloud fraction with COD=0.3

Globally, cirrus clouds lead to a warming effect of ~5 W/m?. Inadvertent cirrus nggr”veld Cloudd_
cloud modification by aircraft, where cirrus-forming regions are “overseeded” by ice funr:qlggi?iefﬁrea "
nucleating particles (INPs) resulting in long-lived warming clouds, already causes?

a radiative forcing of ~100 mW/m?. By instead “underseeding” the areas,
upper-tropospheric water could be made to form large crystals which rapidly
sediment and sublimate — pre-empting an impending cirrus cloud (Figure 1)%*.
Such cirrus cloud modification (CCM) has a maximum possible global benefit® of 0> 04 o6 08 10
2-3W/m?. It is attractive from a safety and controllability perspective, given its time [days]

. . . . . . Figure 1. Homogeneous (blue)
limited temporal and spatial scope and that aircraft already modify cirrus daily; ang heterogeneous (brown) cirrus
furthermore the recent CLOUDLAB project showed that it's possible to modify (less  lifecycles in an idealized LES
widespread and less warming) mixed-phase clouds deliberately’, as industrial "™ (G2 etal. inpree)
emissions do inadvertently®. The true efficacy of CCM is however uncertain, with some models showing
negligible benefit” and a key uncertainty being the challenging-to-measure concentration of background ice
nucleating particles (INPs) at altitude®. We need to know if CCM can work so that we can either ramp
up research into a potentially powerful climate tool, or confidently refocus our efforts elsewhere.
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Due to the magnitude of this uncertainty, Tully et al." recommended that modelling studies be paused until
observation-based evidence could be collected. To do so, we need:

A. A safe method of testing which doesn’t creating new risks or ethical concerns;

B. Proof that the method produces observable changes in cirrus so that efficacy can be measured;
C. Instruments which can measure background INPs;

D. Models which can accurately predict CCM-susceptible regions; and

E. Models which can forecast the efficacy of CCM in light of these findings.

We propose a response to this challenge. We will test in Phase 1 whether soot emissions from existing
aircraft (A) into soon-to-be ice supersaturated air already produce a satellite observable change (B) in
outgoing longwave radiation. If successful, we will go to Phase 2: a dedicated flight campaign with
accurate INP measurements (C), using a custom-trained saturation prediction model (D) to verify that
CCM can be achieved on demand; this will in turn allow us to determine the potential efficacy of CCM (E).

The key science questions are:

1. Is an observable increase in outgoing longwave radiation (OLR) produced due to the presence of
aircraft aerosol during formation of an otherwise unperturbed cirrus cloud?

2. Can we predict when aircraft aerosol will yield increased OLR, verified by an aircraft experiment?

3. Can we increase the likelihood and magnitude of an increase in outgoing radiation by using
dedicated ice nucleating particles, rather than relying on engine soot emissions?

These in turn define seven project objectives:

e O1A: Verify that clear-air aircraft soot produces observable changes in OLR from downwind cirrus.
e O1B: Establish instrument capabilities to measure ice nucleating particles (INPs) in-situ and

therefore enable CCM in practice.
e 0O1C: Provide laboratory measurements of the ice nucleating properties of aircraft soot to inform
O1A and Phase 2 campaign region selection.
01D: Establish modelling capabilities to predict the meteorological conditions under which aircraft
soot produces an observable change in downwind cirrus.
O1E: Develop a model which can translate research findings into an assessment of CCM efficacy.
O2A: Execute an aircraft campaign testing our ability to achieve targeted CCM with exhaust soot.
02B: Translate findings into an assessment of the potential for at-scale CCM with optimal INPs.
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1.1 Research and methodology

We propose a phased observational experiment, with three phases (two of which are included in this
project budget): data mining and trial preparation (P1, years 1-2), passive trial (P2, year 3), and active
trial (P3, not budgeted). Neither P1 nor P2 introduce novel risks nor emit anything new in any new location
compared to a conventional passenger flight or aircraft-based monitoring campaign.

1.1.1 Phase 1 (P1): Identify observed changes in cirrus cloud properties due to the inclusion of
aviation soot in upwind air, and prepare for an airborne experiment (years 1-2)

O1A: Data mining to study the link between aviation soot and cirrus clouds. The first phase of the trial
focuses on using available data from pre-existing observations. Many of the necessary instruments
(airborne, orbital, and ground based) have been in service for many years, producing potentially-relevant
observations.

The basic concept is to identify times in historical data where an aircraft has passed through ice
pre-saturated conditions within view of a relevant geostationary thermal infrared (TIR) instrument. We will
then “follow” the affected air using wind data from reanalysis data, using Lagrangian trajectory analysis and
limited plume modelling to evaluate whether air masses through which the aircraft were passing would form
cirrus clouds. We will exclude any cases in which a persistent contrail would be expected to form (i.e. which
are already ice supersaturated). The signal will be evaluated as a function of time since aircraft passage,
but a provisional six-hour limit between aircraft passage and observation will be imposed to mitigate the
effect of errors in reanalysis wind estimates. This is similar to techniques used to assess the effect of
aircraft soot on existing cirrus®'® or the impact of ships on clouds™.

Table 1. Data sources to be used in Phase 1.

Source Description Positive Negative

Aircraft >100 hours of measurements of Accurate measurement of  [Small dataset with limited

campaigns |upper tropospheric water vapour, initial conditions for aerosol |coverage, instruments
temperature, and aerosol (1 Hz)'?  |and water vapour vary

IAGOS Water vapour, temperature, and Large, spatially diverse Limited aerosol data,
cloud particle count from >6,000 dataset (vs. campaign), capacitive water sensor
flights IAGOS-CORE, 4 Hz)" limited initial conditions less accurate

Commercial |Flight path and estimated soot from |Maximum temporal and Initial conditions must be

aircraft >80% of commercial flights spatial scope, good for data |inferred from models and
worldwide for 2019 onwards™ mining reanalysis

Three different sets of aircraft will be analysed (Table 1). First, we will collect information from public
databases of observations from prior aircraft campaigns'>'>-". These will provide a set of cases where we
have a high degree of certainty in the initial conditions of the air mass based on data from the aircraft
instruments and which are mostly in UK airspace (relevant for P2), but where the total data volume is
limited. For example, the FAAM aircraft database for 2023 includes around 625,000 individual observations
(sampling at 1 Hz), but only 22,600 of these observations are at above 5 km pressure-altitude, and most
would not go on to form cirrus cloud. To augment this dataset we will include observations from IAGOS, an
ongoing campaign in which commercial aircraft take high-quality scientific measurements during standard
daily operations'®'®. Although the observations are less comprehensive and of lower quality than the FAAM
observations, the IAGOS observations will still provide an opportunity to observe changes to downwind
cirrus while still having some data on initial conditions and providing a more global context. Finally, flight
tracks for commercial aircraft from 2019 onwards'™ will be analysed (using ADS-B transponder data) for the
same purpose. This will provide a much larger dataset but will rely on the temperature and estimated water
vapour content at the flight locations being reasonably well estimated in meteorological data.

Observations of the pre-saturated aviation-affected air masses will be monitored in geostationary satellite
data over the six-hour period following aircraft passage to assess whether outgoing radiation in satellite TIR
measurements is increased — indicating a potential contribution to global cooling - relative to air masses
which were upwind of (unaffected by) the flight. This will leverage the fact that, as shown by observations of
contrails, an aircraft exhaust plume can spread by only 10-20 km within the first several hours such that
cirrus cloud outside this region will be unaffected. Opportunistic evaluations of CCM effects from aviation
soot will also be performed using both the LIDAR and TIR imager aboard the CALIPSO satellite, which was
operational for 17 years until August 2023. Particular focus will be given to estimates of the ice crystal
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number®. Ice crystal number in particular has been shown to be increased in the case of aircraft flying
through existing cirrus clouds, based on CALIPSO and CloudSAT observations processed using the
DARDAR-Nice algorithm for the 2006-2013 period®? and the CALIOP-IIR method for later periods?'. Past
work?'=?® has highlighted that mid- and high-latitude regions over or downstream of mountain ranges are
key hotspots for cirrus cloud formation, often characterized by high ice crystal number concentrations.
These conditions strongly favor homogeneous cirrus formation. While intense mountain waves can
generate updrafts too strong for INPs to influence cirrus formation, regions with moderately elevated
mountain ranges and steady large-scale flow, such as the Scottish Highlands or the Pennines, offer a
unique opportunity. In these settings, cirrus clouds are more likely to respond to perturbations from
additional INPs, making them ideal for targeted CCM studies.

A challenge in our proposal is that, even if CCM is theoretically possible, aviation soot may simply not be an
effective enough INP?*%, We will therefore include in our analysis evaluation of changes in OLR associated
with wildfires and lofted mineral dust', applying the same techniques as will be used in evaluation of
changes due to commercial aircraft. This will allow us to verify whether a different strategy may be needed
in Phase 2. Key deliverables: testing of the hypothesis that aircraft passing through subsaturated air modify
the properties of downwind cirrus; quantification of radiative effects; identification of meteorological
conditions with a high susceptibility for cirrus modification for use in development of Phase 2. Data mining
and analysis will be led by Imperial College.

O1B: Addressing the world’s inability to measure background INP relevant for cirrus clouds. The
accelerated timeline of this work demands that we also begin preparation for an aircraft trial on the
assumption that Phase 2 will be approved. Accordingly, we will perform the development, integration, and
certification of a new instrument for measuring ice nucleating particles at altitude (PINEair) into the FAAM
research aircraft (see Phase 2 description for details of intended use). PINEair is based on the established
PINE instrument®, in which parcels of ambient air are passed into a cooled chamber and then subjected to
adiabatic expansion to simulate cloud formation conditions in the atmosphere. The resulting ice crystals
are then counted using an optical counter, which allows us to determine the concentration of INPs active at
a defined set of conditions. PINEair can make measurements of cirrus INPs down to -60°C at defined
saturation ratios between ice and water saturation. It has an excellent time resolution of 2 minutes as a
result of its design with three separate chambers, so while one chamber is used to make a measurement
the other two are being flushed with air in preparation for a measurement. PINEair quantifies both
homogeneous and heterogeneous ice nucleation. The only other online instrument capable of making
measurements from an aircraft is known as a continuous flow diffusion chamber (CFDC). Existing CFDCs
are limited to ~-40°C (i.e. they barely reach cirrus conditions, <-40°C)?, and suffer from frost flake artefacts
where ice falling off the walls contaminates the signal.

Work under O1B will involve purchasing a lab-based PINEtri instrument from Bilfinger Gmbh. PINEtri is the
three-chamber version of PINE, with Stirling engine cooling, which allows it to be cooled to cirrus
temperatures. Enviscope Gmbh will convert PINEtri into PINEair by rebuilding it in a FAAM rack in a
manner consistent with the FAAM technical requirements (suitable wiring, a rack of specific dimensions, a
defined centre of gravity etc), performing the necessary testing (magnetic and electromagnetic) and supply
the documentation for certification. In Leeds we will then test and characterise PINEair with INP types we
anticipate will be important in the upper troposphere using our aerosol chamber. These INP types will
include mineral dusts mixed with varying quantities of sulphate, organic and nitrate (using samples we have
used for mixed-phase cloud work) as well as proxies of soot aerosol particles (making use of experience in
the existing NERC funded aircraft emission project SAFice, NE/Z503848/1). PINEair will be installed on the
FAAM aircraft, connecting it to the new community inlet system that is being constructed as part of the
mid-life upgrade. Work will be done to verify that aerosol losses in the cirrus INP relevant size range are
minimal (<~2 pym). Once installed on FAAM PINEair will need to be certified by BAE and when we receive
certification we will conduct flight tests of PINEair using flights funded by other projects.

Key deliverables: FAAM will be one of just two aircraft worldwide capable of measuring temperature, RH,
cloud properties, and INP at conditions relevant for cirrus clouds; without these measurements CCM is not
feasible’. This will put the project in an excellent position for Phases 2 and 3. Also, the UK will benefit from
having an aircraft that has the capability of addressing cirrus modification, placing the UK in a world-leading
position to research and execute cirrus modification. This work will be led by Leeds.

O1C: Quantifying ice nucleation by aviation soot. Given the contradiction in evidence discussed above

in the role of aviation soot in defining cirrus properties?*2>%:2 it ijs necessary to use our new tools to

experimentally probe ice nucleation on aviation soot under well-controlled laboratory conditions. Previous

work on ice nucleation on soot directly from jet engines® clearly shows that at most only a very small

fraction (less than 1%) of soot particles typically nucleate ice. We hypothesise that it is this small fraction
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that may be particularly important for defining cirrus ice crystal concentrations. It has been shown
previously that the gradual appearance of ice crystals as an air parcel cools can draw down the relative
humidity, limiting the nucleation of further crystals®. Hence, materials such as soot that slowly form ice
crystals will naturally prevent overseeding of a cloud. Thermal gradient diffusion chambers used in the prior
research on this topic** are not well suited to studying very small fractions since they tend to have
substantial background ice signals. In contrast, PINE has a very low background and can therefore be used
to study these small activated fractions at modest supersaturations.

We will conduct a set of laboratory based PINE measurements in Leeds of the ice nucleating activity of
aviation soot proxies under cirrus conditions. This will build on our current contrail formation work where we
have used PINE to study the role of jet engine lubrication oil droplets®', and will be studying soot in a new
NERC funded project (SAFice - NE/Z503848/1). As well as studying the ice nucleation activity of soot
under cirrus conditions, we will study the potential role of impurities from fuel additives and metal oxides
from engines (known to nucleate ice under cirrus conditions®) on the ice nucleating activity of aviation
aerosol. This will be done by adding materials to the fuels in the burner so that we produce contaminated
soots. Key deliverables: data on aviation soot ice nucleating activity, with and without impurities focused on
low supersaturations where active fraction is expected to be small. This work will be led by Leeds.

O1D: Developing modelling capabilities to predict susceptible air masses. In preparation for Phase 2,
we will develop a dedicated meteorological forecast informed (where possible) by in-situ and satellite
observations which is focused on the UK. The RIKEN models®*~* can integrate live satellite data and will be
run using already-available time on the Fugaku supercomputer, the 6 most powerful in the world. RIKEN’s
modelling approach has already proven highly capable in near-term predictions of precipitation when
deployed to forecast weather during the 2020 Tokyo Olympics (see Figure 2). The model will be optimized
to identify pre-saturated air masses with a one-day lead time, based on the same observations as are
described above. Key deliverables: continuous five-day forecast capability of cirrus cloud formation over the
UK, developed using and validated with past observations. This work will be led by RIKEN.

O1E: Understanding the observationally-constrained maximum potential of CCM. We will also begin
preparatory work for Phase 3 of the project, incorporating the lessons being learned from Phase 1. We will
conduct simulations of the potential efficacy of CCM for both soot and ideal ice nuclei, focusing on process
accuracy. These will incorporate the latest information from Phase 1, using km-scale atmospheric
modelling. Low-resolution climate models, the only tool used so far to estimate the cooling potential of
CCM, are too coarse to explicitly simulate updrafts and cirrus lifecycle and are thus relying on uncertain
parameterizations of small-scale vertical wind variability, cloud micro- and macrophysics. This has
prevented a clean physical connection between dynamics, relative humidity variability, and ice formation.

Our modeling efforts will estimate the geophysical limits of CCT based
on atmospheric modeling of INP perturbations. The potential cooling
effects of CCM, constrained by Phase 1 data, will be quantified through
regional 100 m-scale (LES) and global kilometer-scale (cloud-resolving)
simulations using the ICON model already running at Vienna. The

. . . i . Figure 2. Left: near-term precipitation forecasts -
model currently includes only warm cloud-aerosol interactions; the first ;,m riken's SCALE model. Right: glabal 5 km

step in this work will be to extend that with a reasonable scheme to ICON simulation, to be used in estimating CCM
account for aerosol-cirrus interactions®. This will allow us to evaluate ©°0ing potential of CCM (using P182 results)

. e . ) and drive regional ICON-LEM simulation.
the regional sensitivities and atmospheric feedbacks of CCM, and will

be crucial for understanding both the highest-potential target regions and the potential risks resulting from
Phase 3. A particular focus of this work will be to increase confidence that, even if CCM is effective, the
results of seeding are mostly confined to the target region. Key deliverables: extension of ICON to include
aerosol-cirrus interactions; incorporation of data analysis results into ICON; estimation of the spatial domain
of influence of a potential Phase 3 trial. This work will be led by Vienna.

1.1.2 Phase 2 (P2): demonstrate that we can predict and achieve CCM with aviation soot (year 3)

In P2 we will seek to test our ability to induce a signal based on forecast conditions. This is needed to both
verify P1’s findings and evaluate our ability to forecast modifiable cirrus (see Figure 3).

O2A: Target FAAM flights to deliberately modify cirrus properties. We will use the exhaust of the
FAAM research aircraft to try and modify the properties of cirrus forming in UK airspace, and then to
observe the changed cirrus in satellite imagery using the protocol from Phase 1. This modification is
inherently low-risk, as such modification is performed inadvertently by flights worldwide every day and the
FAAM routinely measures and monitors cirrus clouds. We plan for 50 flight hours across 10 sorties.
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Figure 3. Target outcome of the P2 experiment.

Experimental design: Prior to each sortie UK
airspace will be analysed using the RIKEN model
which was tested during Phase 1 to find locations
where a) pre-saturated air exists, b) the aircraft is
expected (based on P1) to cause an observable
change downstream, and (if possible) c)
higher-resolution observations will be available
from a ground station or overpassing low Earth
orbit (LEO) satellite. During the one-month FAAM
campaign period, we expect to make continuous
5-day forecasts to support this effort. Flight days
will be chosen based on identification of a
cirrus-forming region which is within the FAAM
flight envelope, within range of the FAAM home

base (Cranfield), and large enough that we can
expect to see both modified and unmodified areas. A high-potential target is the Scottish Highlands, where
orographic uplift often produces mountain waves with updraft velocities large enough to support
homogeneous cirrus nucleation in conditions with low background INP concentrations. These conditions
make this region a promising area for testing CCM strategies. Aircraft campaign management will be led by
Leeds, with the following strategy:

e Before each flight. Five-day meteorological forecasts will be produced for all UK airspace
continuously over the one-month trial period. Candidate dates and locations will be chosen based
on a daily review of the expected likelihood of cirrus formation from air which will be within the flight
envelope of the FAAM aircraft, the visibility of the region for MTG-11, and the possibility of coincident
measurements from a LEO satellite overpass (ideally from the EarthCARE satellite, but also
considering others such as Sentinel 3's VIIRS and SLSTR depending on local time and orbital
parameters) or from a relevant ground station. A go/no-go decision will be made 18 hours ahead of
each flight to permit flight planning. Forecasting and meteorological modelling will be led by RIKEN.

e During each flight: In-situ measurements will be taken of three crucial parameters in order to provide
high-quality initial conditions for trajectory analysis. We will need to measure (with high accuracy)
(1) the water vapour mixing ratio and (2) the ambient temperature. These, along with pressure,
aerosol concentrations, and aerosol properties, will be determined by existing FAAM core
instruments. PINEair, integrated into the FAAM in P1 (O1B), will be used to determine (3) the
number of background INPs present in the air as a function of temperature and saturation ratio.
This is necessary to understand the baseline which is being modified by the passage of the aircraft,
and therefore the change in the number of potential INPs as a result of the soot produced in the
aircraft exhaust. Instrument data collection and coordination will be led by Leeds.

e After each flight. Satellite measurements from MTG-I1 and static/LEO instruments identified during
pre-flight planning will be gathered and analysed for the air downstream of the flight, using the
protocols developed during P1. We will seek to establish whether the properties of the cirrus cloud
were measurably changed by the passage of the research aircraft. Satellite data analysis will be led
by Imperial.

When predicting the effect of emissions, we will need not only the background INP (from PINEair) but also
the aircraft soot emissions. These will be estimated based on ground testing which has already been
performed with the FAAM research aircraft to characterize its exhaust in terms of the number of particulates
produced per unit of fuel burned (manuscript currently in preparation; personal communication from

), translated to cruise conditions using existing empirical relations®”. Emissions estimation will
be performed by Imperial.

O2B: Translate findings into an estimate of potential CCM efficacy. Simultaneous to this phase, we will
conduct an observation system simulation experiment (OSSE) to identify INP characteristics which would
maximize the expected observationally-verifiable negative radiative forcing (climate benefit) resulting from
CCM. This work, conducted with the ICON model will be directly informed by the results of the campaign
(where we are using soot as an INP), taking advantage of the large-scale modelling capabilities developed
during P1. The OSSE will be led by Vienna.

Phase 2 will be deemed complete once all flights are complete and analysed. The key metric of success
will be the total outgoing longwave radiation integrated along the trajectory from initial cirrus formation to 24
hours subsequently, calculated using geostationary satellite measurements and compared to outgoing

longwave radiation from nearby (upstream) cirrus.
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1.1.3 Phase 3 (P3): extend beyond aircraft soot to support
INP-optimal CCM (year 4 onwards, not budgeted) Seeding

If CCM using aircraft engine soot can be proven to both modify the &.J

cloud properties and increase the trajectory-integrated outgoing —>
longwave radiation, and if the conditions for this can be predicted 5
using weather forecast data, then P3 will proceed. This phase,

shown in Figure 4, will expand the project to include artificial —
seeding and will constitute the first step towards a full CCM trial.

These trials are again expected to take place over the northern
British Isles during wintertime, possibly based in Stornoway (where
FAAM has operated in the past). This location and season is  Figure 4. Schematic of the P3 seeding approach.
particularly well suited due to the likelihood of homogeneous ice

nucleation (HOM) events as described for P2.

The seeding strategy will involve the release of custom seeding particles over a defined part of the
Highlands, followed by a downstream measurement campaign to assess the effects on cloud properties.
The research aircraft will attempt to sample the same air parcels - identified through operational trajectory
analysis and flow calculations - both before and after seeding to provide a robust comparison.

Bupoyuow

Key objectives of Phase 3 would be:

PHASE 1: Test
evidence from

New co-PI: INP New co-PI: INP

oxiting fabrication gispersal | | Mo U oA 1. Baseline sampling: Verify that the
b ti technology technology . Ay
observations development development BTN dynamical and aerosol conditions are
s s s sufficiently uniform across the trial
PHASE 2: P : region. This will ensure that an
ability to prordoL‘ll:e DEVELOP PHASE 3 CONCEPT: Effects of PHASE 3: Prove 9 . y
CCM effect - using unconventional INP for CCM E> pehesuwdl | SUbsequent changes can be attributed to
deliberately Z":jj:hmty ﬁ ﬁ ﬁ %Z:;:?:m the Seed|ng |ntervent|on
e " Ao 2. Seedlng .experlment: Verify that.a
candidate Extended global | | exposure safety seeding experiment can be conducted in
selection and modelling to research and . H
lab testing assess efficacy oversight regions where homogeneous CIrrus
Figure 5. Requirements for success in Phase 3. Dark blue boxes indicate project phases. Light blue boxes formatlon IS eXpeCted-

indicate stages which must be completed between Phases 2 & 3, including entrainment of new team members.

3. Post-seeding observations: Monitor
and sample seeded and unseeded air parcels downstream to determine if measurable differences in cloud
properties and radiative effects occur, and to verify that these differences are of the expected magnitude.

The decision on the seeding agent and the design of the device for producing the seed aerosol will be part
of Phase 3. We envisage the choice being between: silver iodide, already used® for cloud seeding but
may cause overseeding as it is so effective; glassy sugar solutions, found to nucleate ice under cirrus
conditions with very gradual nucleation onset (perfect for cirrus cloud seeding®), can be nebulised into the
atmosphere, and would not have a detrimental effect on lower altitude mixed-phased cloud (unlike silver
iodide); or a designed nucleator as described in an ARIA proposal by to create
designer ice nucleating materials with ideal properties for cirrus modification.

Before progressing to Phase 3, the team would need to be expanded (Figure 5). Of particular importance
would be a dedicated ethics and governance team, an ethics review board, and a safety assessment team
to ensure there would not be unintended side effects from the deployment of artificial seeding materials.

1.2 Why has this not been done before?

As previously stated, CCM research is in a deadlock which pure modelling studies cannot break'. Resolving
this with observations has been challenging because cirrus clouds are hard to reach, monitor, and model.
The advent of high-resolution geostationary imagers and improved LEO capabilities, alongside a large and
growing archive of in-situ upper-tropospheric observations, heralds an unprecedented opportunity to test
the hypothesis of CCM. The launch of the GOES-R satellites means we have an archive of 6 years of
continuous US observations coincident with LIDAR data from the (now-defunct) CALIOP orbital LIDAR,
which can be merged with copious upper-tropospheric observational data from aircraft campaigns to inform
P1. We can now observe in real time over the UK/Europe at a resolution of ~2-5 km using the MTG-I1
satellite at 0° longitude, which has now been declared fully operational. With the new EarthCARE low Earth
orbit satellite we also have access to a top-down view of cirrus properties, including high-resolution imaging
and LIDAR. The availability of these instruments means that we can learn from experience (as described
above) and translate this knowledge into a trial over the UK. Finally, we have lacked the ability to make
measurements of INP under cirrus conditions in the mid-upper troposphere, which has limited our ability to
assess the efficacy of cirrus cloud modification. With PINEair and this project, we can break the deadlock.
Page 6
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1.3 Project plan and staging

Our project is staged to facilitate project expansion, extension, merging, or termination depending on
results. If the P1 null hypothesis is not rejected at the end of year 2, then P2 will not be justified without
significant revision. Similarly if P2 is unable to produce a statistically-significant signal, then P3 (not
budgeted) will not be justified without significant revision. A full timeline is given in Figure 6.

1.3.1 Risk to the public

We have deliberately split this project into three phases to minimize risk to the public. P1 carries essentially
zero physical risk, as it involves no outdoor experiments and is mostly concerned with data analysis, model
development, instrument construction and laboratory measurements. P2, although it does involve outdoor
flights, emits nothing into the atmosphere other than the engine emissions which would be associated with
any flight by the FAAM. As such it carries the same minimal risk as any conventional aircraft campaign. P3
will require a deeper evaluation of potential risk, and for this reason is not budgeted under this project. Its
execution would require, at the very minimum, entrainment of an internal ethics and governance team,
evaluation of any potential for human health risks resulting from exposure to the candidate ice nucleating
particles, and establishment of an integrated ethics team to assist with trial design and an external ethics
review board tasked with the power to halt the project (see Figure 5).

1.3.2 Risk mitigation

Our stage gates also minimize project risk. At the end of P1 there is a go/no-go decision predicated on
whether a statistically significant signal could be found in the analysed satellite data. If it cannot, P{2 will not
proceed. All activities planned in P1 are nonetheless expected to yield longer-term benefits including
improved modelling of humidity and enhanced UK instrument capabilities.

Possible external risks include the possibility that the PINEair instrument cannot be built, integrated, or
certified in time, or the possibility that the FAAM mid-life upgrade is delayed. The former risk is considered
low, as the PINE instrument is already commercially available from Bilfinger such that only integration and
certification is necessary, and PINEair integration was already provisionally approved for the FAAM. The
latter risk is also considered low, as the FAAM mid-life upgrade has been subject to thorough planning and
review for several years. However, if these events do occur it will result in a delay of the project only.

With regards to meteorological forecasting, RIKEN is highly experienced in short-term forecasting and will
be collaborating with Vienna to advance the representation of cirrus formation in their models. ECMWF
forecasts will be used as a fallback if we cannot improve formation prediction during P1.

Finally, this proposal will require a substantial hiring push. Given the short timeline, it may not be possible to
hire all of the necessary postdoctoral researchers in time for the April 2025 start date. This may delay parts
of the project by up to 3 months; if so we may need to seek a no-cost extension, to ensure that data
produced from the P2 experiments can still be processed.

1D Task Lead
P1.1 Aircraft data acquisition ICL
P1.2 Back-trajectory modelling IcL
w P1.3 satellite data co-location ICL
% P1.4 Signal quantification ICL
S P14 Experiment forecast dev. RIKEN
= P15 Global model development  Vienna
= P1.6 Global model calibration Vienna
P1.7 Laboratory soot experiments Leeds
P1.8 PINEair development Leeds
w P2.1 Regional modelling RIKEN
E P2.2 Campaign preparation Leeds
E P2.3 Campaign execution Leeds
¢ P2.4 Phase 3 impact modelling Vienna
= P25 Data analysis ICL (+all)
] Milestones
M1A Kickoff workshop m
M1B Preliminary FAAM planning meeting m
MIC Preiminary readout of Phase 1 results m
M1D PIMEair certification E
M1E Go/no-go decision on Phase 2
M2A Flight date range finalization mm
M2B Final satellite product choice
M2C Project review workshop
M2D Go/no-go decision on Phase 3

Figure 6. Gantt chart for the project. Phase 3 is not shown as it is not budgeted in this proposal.
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2 The Team

We are a team of six investigators, motivated by concern over the combination of a lack of reliable data on
the robustness and safety of climate interventions and the urgency of the climate crisis. This team has the
necessary skills to evaluate, soberly and objectively, whether cirrus modification is a promising avenue for
climate cooling, an artifact of model assumptions, or even counterproductive. The entire team will be
engaged throughout both P1 and P2, with further team expansion anticipated if P3 goes ahead.

and will dedicate 10% of il time to this project while supervising a PDRA for 3 years.

dedicate 20% of il time to this project while supervising a PDRA for 3 years.

will be supervising a junior researcher (100%) and senior
researcher (50%) at in the development of a specialized model to predict sub-saturation conditions
which are likely to result in later cirrus cloud formation.

will commit 15% of time, supervising 1 PDRA (years 1-3) to work with the instrument, and
another PDRA (year 3) to coordinate flight planning, trial execution, and campaign measurements.

will commit 5% of il time to co-supervise the Imperial College
PDRA, focusing on satellite data acquisition and interpretation.

will commit
5% of time to co-supervise the Imperial College PDRA, focusing on characterization of commercial
aircraft soot emissions for Phase 1 and of the FAAM in particular for Phase 2.

Project management will be conducted at Imperial College through a dedicated Project Manager, due to
the size of the project. This is a staff position, with 50% of their time dedicated to the project throughout the
full 3-year duration.
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Planetary Sunshade Baseline Survey

Section 1: Programme & Technical

The Planetary Sunshade Project aims to advance our understanding of space-based Solar Radiation
Modification (SRM) architectures. Our work will involve developing and comparing various SRM options,
assessing key factors, and conducting climate modeling. While conducting an outdoor experiment—specifically
a spacecraft-based test—is beyond the scope of ARIA’s funding, there is an urgent need to advance
space-based SRM to a level of understanding comparable to existing in-atmosphere SRM interventions. At the
conclusion of our project, we will propose a space-based experiment, deliver a rigorously modeled set of
potential space interventions, and establish a comprehensive baseline for ARIA and the global community.

Section 1.1 Proposed Project

This project will study the practical feasibility and predicted climate impacts of the set of all plausible
space based SRM solutions. Previous climate modeling efforts have looked at general Solar Dimming (SD) in
the abstract from feasible space architectures, and until now, specific space architectures have not been
modeled by climate scientists. To understand a plausible intervention, we need to consider the full range of
possible architectures from both engineering and climate modeling perspectives. The representative
architectures we will use for our study are:

A: Reflective spacecraft at
Sun Earth Lagrange 1
(SEL1) with minimal
preferential seasonal
hemisphere shading

This intervention is a
constellation of spacecraft,
with a total area of the
magnitude of 2 M km? stationed the SEL1. This location is, by definition, constantly in line with the Earth and
Sun, providing constant shading that is diffused evenly across the globe.

B: Reflective spacecraft at
SEL1 in an orbit with
preferential seasonal
hemisphere shading

This intervention is a
constellation of spacecraft,
with a total area larger than
the 2 M km? in architecture A, 12months
orbiting the SEL1 pointin a
12 month period such that the northern hemisphere is shaded more in the northern summer and the southern
hemisphere is shaded more in the southern summer. This intervention studies the engineering and orbital
mechanics feasibility of Visioni et. el's 2021 work [1]. The goal of this intervention is to achieve solar dimming in
three independently adjusted patterns (globally uniform, linear with sine of latitude, and quadratic with sine of
latitude) to maintain global mean temperature, the interhemispheric temperature gradient.
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C: Diffractive spacecraft at
SEL1

This intervention is
similar to A and B, but instead
of reflecting or blocking all
wavelengths of light, this
diffracts that light away from the
Earth. Prismatic materials can
be created to alter the trajectory of solar radiation. Diffraction could result in a smaller sunshade mass for
similar cooling benefits.

D: Selective Wavelength
blocking spacecraft at
SEL1

This intervention is
similar to C, but only blocks
selective wavelengths. This
intervention uses materials
that filter some wavelengths while blocking others. The ability to specify wavelengths could be an advantage to
achieving specific cooling outcomes. Specifically, infrared wavelengths most directly linked to the earth’s
warming could be blocked with spectrally selective coatings or low-emissivity coatings commonly used in
architecture.

E: A dust cloud made from
asteroids at SEL1

This intervention is a
dust cloud made of pulverized
regolith sourced from
asteroids or the moon which
diffuses across the SEL1 area, providing constant and even shading across the earth. Work on this
architecture builds on the JPL team’s work on the DimSun concept [2]. This studies the construction and
climate properties of a dust cloud composed of = 4.52 x 10723 particles of 1.6 ym-radius at SEL1. Since most
of the Sun’s energy is in wavelengths smaller than 2.5 pm, these particles will block the Sun’s rays along
specific wavelengths.

F: Reflective spacecraft in
Low Earth orbit

This intervention is a
constellation of spacecraft in
low earth orbit, which shade
the earth as they pass
between it and the sun. While
not typically considered viable
due to the small amount of time that an object is shading the earth on any orbit, this is included in the study
because of the need for a comprehensive look at the options. Unique challenges include a distinct increase in
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orbital debris and collision risks as well as the chemical impact of so much metallic mass re-entering the
atmosphere.

Climate Modeling Work

The impacts of the different space based constellations on the Earth System will be studied with the
NCAR Community Earth System Model (CESM). The model includes comprehensive processes in the
atmosphere that are coupled to land, ocean, and cryosphere and can be run in more or less complex
configurations, reaching from more simplified simulations for climate impact studies, to very comprehensive
configurations that include interactive aerosols microphysics, chemistry, radiation, and transport, well suited to
assess effects on the whole atmosphere, the ozone layer, including climate feedbacks.

Modeling approach

Different space based constellations will potentially differ in details of solar dimming reaching Earth.
This may be a simple dimming of incoming solar radiation globally and through the solar spectrum or it may
vary depending on the sophistication of the ability to modulate latitudinal gradients of dimming as well as
wavelength specific dimming. The more degrees of freedom a solar shield may offer in terms of modulating
location and strength of the dimming the more it is possible to adjust climate impacts towards more optimal
deployments in terms of climate impacts as well as impacts on societies and ecosystems.

Climate model simulations are a useful tool to explore possibilities that may be offered by the different
space based constellations and help to assess most beneficial options. We'll first run general sensitivity
analysis on all the architectures. We will increase the complexity of models run, pursuing interesting
discrepancies and surprising results, leading to more in depth modeling work. More simplified (single column
runs) will be used for assessing details of changes in incoming radiation on chemistry, while more
comprehensive CESM model configurations will be used to look at the complicated feedbacks between the
whole atmosphere, land, ocean and cryosphere. The interventions will be applied to a couple of future
scenarios (potentially a high forcing scenario and a more optimistic scenario), in order to assess unintended
consequences for stronger and weaker applications. With this work, will develop a set of GeoMIP experiments
proposed to run in a multi-model setting.

In addition to intended impacts, we must also study unintended climate impacts. The GHG emissions
from rocket launches will be considered alongside the chemical and heating impacts of spacecraft re-entry.
Re-entry impacts are potentially significant for both reusable rockets and spacecraft intentionally burning up in
the atmosphere. This discussion will reference the Montreal Protocol on the Ozone layer.

Section 1.2 Technical and Non-Technical Risks

Each architecture will be modeled to better understand its value as a possible SRM option. The
modeling work can help map out potential impacts of out-door test cases and assess potentially measurable
impacts depending on the scale and type of SD intervention. In addition, we must compare the challenges and
risks of each of these approaches. Our work will compare the following factors for each of the architectures:

e Technological Readiness Levels (TRLs): what we know about the technologies needed for
construction?

e Total mass to achieve the specified level of cooling, and a discussion of the possibility of sourcing mass
from space resources.

e Costis perhaps the least accurate factor that we can assess, given the wide unknowns of economies of
scale of building space infrastructure, but we will offer general cost parameters.

e Orbital considerations: What orbits are physically possible, and for each architecture, what amount of
energy to reach and maintain the desired orbit?
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e Ongoing maintenance. How often do spacecraft or debris need to be replaced and what sort of work is
required to do so?

e System reversibility. How might the system be reversed assuming a correctly functioning spacecraft
constellation, and what would happen if there is a general loss of control of the constellation?

e Other key risk factors include the system durability to meteor impacts, the risk of collisions among
spacecraft in the constellation, the possibility of damaging solar storms and degradation caused by long
term radiation.

e We will calculate the visual impacts for the general public and for scientists observing the sun and sky.

Section 1.3 Differentiation From Other Approaches

Our project is the first sunshade effort to bring leading researchers on the aerospace and climate
science fields into the same project. Here is a brief overview of the significant advances to date from the
respective fields:

Aerospace Engineering Concept Development

Aerospace engineers have studied the planetary sunshade concept for decades, laying the groundwork
for current explorations of space-based solar geoengineering. The concept first gained traction in the 1980s
with James Early’s (1989) proposal of a large reflective shield positioned at the Sun-Earth Lagrange Point 1
(L1). [3] Early’s work emphasized the feasibility of mitigating global warming by reducing incoming solar
radiation, introducing the idea of a single, monolithic structure. This early design, while visionary, faced
substantial challenges due to the immense mass required for deployment and the associated launch costs.

Subsequent research sought to address these engineering obstacles. In the 1990s, Lowell Wood and
colleagues at Lawrence Livermore National Laboratory expanded on Early’s ideas, proposing the use of
multiple smaller, lightweight reflectors instead of a single monolithic structure. [4] This shift toward modular
designs was a significant innovation, as it reduced the overall system weight and increased redundancy,
making the concept more practical for implementation.

Sanchez and Maclnnis (2015) advanced the planetary sunshade concept by investigating optimal
configurations designed not only to offset global temperature increases but also to address regional and
seasonal variations in temperature. [5] Using a globally resolved energy balance model, they demonstrated
how the motion of sunshades could be dynamically coupled to the Earth's climate to mitigate latitudinal and
seasonal temperature disparities. Their work revised earlier studies by identifying families of forced orbits near
SEL1 which required only minimal adjustments to the sunshade orientation to maintain their desired
trajectories. This innovation marked a breakthrough in integrating orbital mechanics with geoengineering goals,
offering a more efficient and nuanced approach to mitigating climate change on both global and regional
scales. However, Sanchez and Macinnis used the GREB, a simple climate modeling tool which does not
incorporate many of the elements used by state-of-the-art climate models.

Other noteworthy studies include a group at MIT who developed a concept to build a sunshade out of
bubbles. [6] Scientists have proposed dust clouds, which could even be ‘anchored’ by a larger asteroid towed
into place. A physicist proposed using an asteroid to anchor a very light-weight sail. These studies contribute to
our understanding of the range of options.

Sunshade Development Prototype Efforts

With the increased urgency of the climate crisis and the dramatically falling cost of access to space, a
number of private initiatives have emerged in recent years to launch prototype missions. While actual launches
are far from certain, it is worth noting here the efforts underway.

The private company Earthguard.space is developing a diffractive film deployment technology and
making plans to launch test missions. They are privately funded, and they have done their own in-house

15



climate modeling. Our proposal will study their technology as architecture C. Cool Earth is a demonstration
sunshade effort led by Israel’'s Asher Space Research Institute. While their project has not made notable
advances in the past year, they have developed a simple demonstration concept of Architecture A. A group
organized around the Cosmos Club in DC is working with a Rocket Lab engineer to develop very small
sunshade elements which they plan to fly in a test mission soon. Ethos-space.com has a sunshade as the
goal, and is focused on the more immediate aims of building a spaceport and developing industrial capacity to
use lunar resources.

NASA has developed and partially built the Solar Cruiser mission. While not described as a space SRM
prototype, the spacecraft is an exact demonstration of a sunshade element. The 1600m solar sail is designed
to fly at SEL1. The project’s funding was cut and it is not currently scheduled to fly. [7]

Climate Modeling Existing Work

The climate modeling community has long relied on Solar Dimming (SD) as a baseline scenario to
compare the impacts of solar radiation management (SRM) interventions. GeoMIP (Geoengineering Model
Intercomparison Project) has played a critical role in advancing this research, standardizing SD scenarios to
facilitate cross-model comparisons. The GeoMIP framework has enabled researchers to evaluate the climatic
and hydrological effects of SD across various regions, but its simplicity may obscure the complex dynamics of
feasible space architectures. For instance, Kravitz et al. (2013) noted that while SD offers a convenient
reference point, it falls short in capturing the intricate, spatially heterogeneous outcomes that more targeted
interventions might achieve. [1]

Recent research examines whether SD is as uniform of a comparison as previously thought. In 2021,
Visioni, MacMartin and Kravitz published a paper asking “Is turning down the sun a good proxy for
stratospheric sulfate geoengineering”, and found that a uniform dimming across all latitudes has drawbacks
with regard to equatorial vs. polar cooling. They further also considered a hypothetical SD with a latitudinal
dependence determined by a combination of the first three Legendre Polynomials in order to, together with
reducing global temperatures, maintain the equator-to-pole and interhemispheric temperature gradient. They
found this preferential shading to produce more even effects over the earth than a general SD, or then even
more sophisticated forms of SAIl using various injection locations. [8] However, the purpose of that research
was to develop a better baseline for comparing stratospheric aerosol injection methods. The team did not
discuss what sort of architecture could actually achieve such preferential shading.

ARIA Sunshade Project Proposal

Our project will bridge the gap between these two bodies of work. We will bring realism and technical
capability to SD models used by climate modelers. One result of this would ideally be developing a GeoMIP
experiment for realistic SD could be an outcome of this proposal. By creating a standard experiment, other
researchers can compare and study the sunshade concept in a repeatable way.

Finally, our project will consider the minimum measurable impact for a test sunshade. We will describe
what sized test shield would have a measurable effect. To answer this we’ll consider the solar cycle fluctuations
and the measuring tools that could determine that. This will set out a definition of ‘test’ vs. ‘pilot’ vs.
‘implementation’ and inform demonstration missions. This should establish a framework for governance and
policy discussions.
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Section 1.4 Activity of Work, Key metrics and
Milestones

As a multidisciplinary project, we are seeking to create
parallel but interacting workstreams. Our work is split
generally into the engineering and modeling teams. Each
architecture will be scaled to match the same level of cooling,

and described in terms of latitudes, ramp-up time, F‘

Formatte.d for
-modelllng

wavelengths and other factors relevant to modeling. While the /
engineering teams continue to develop their concepts at

higher levels of engineering detail, the climate modeling team mosetrns ) T | odst

will run analysis.

Key Milestones:

1. Week 1: Project kickoff. Team aligns on standardized parameters to compare different space based
options, and align on what we mean by hardware capabilities. Climate Modeling team clarifies formats
and definitions of data and inputs.

2. Week 10: Engineering teams present basic conceptual design reviews of interventions. First guess at
ramp-up times, how many watts/sq M would be achieved over time, and in what orbit, what
wavelengths.

3. Week 12: Alignment between engineering and modeling teams to clarify understandings

4. Week 20: Modeling team completes investigation of climate impacts of proposed options

5. Week 30: Engineering teams have refined proposals. Conceptual Design Review, including assessment
of risks, mitigation strategies, costs, timelines.

6. Week 40: Modeling team completes second round of modeling and produces results for final publication

7. Week 45: Report drafted and published, including space based experiment recommendation. This
includes buffer time to complete project and work with the ARIA team on final forms and presentations.

Dependencies and assumptions:

As with all geoengineering research, we assume that climate models are an effective way to study
proposed interventions. We assume that different architectures can be compared by the models in a
meaningful way. We are depending on the climate modeling expertise to adapt existing models to the unique
characteristics of space based architectures.

We are assuming that the architectures we have selected are representative of desirable and feasible
possible constructions, and that we have assembled a team of researchers who are the best in their fields and
can provide accurate details. We are depending on this expertise being informed by the history of study as well
as ongoing developments.

Collaboration across disciplines assumes that we have sufficient understanding, language, trust and
time to be effective, and allow each group to make meaningful contributions. We are dependent on that
willingness to collaborate toward a holistic common goal.

Section 2;: The Team

The Planetary Sunshade Foundation (PSF) is a newly established, US-based 501(c)3 nonprofit
dedicated to advancing space based SRM. Our organization is a global network of researchers which has
developed out of a shared belief that space can contribute to climate solutions. We committed to bridging the
gap between geoengineering climate scientists and aerospace engineers, and over the past 4 years have
worked hard to build trust. We have also worked hard to find collaborators with a rigorous approach and
far-ranging curiosity. Our contributors are intrinsically motivated, as evidenced by so much willingness to
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donate time. This proposal seeks funding to enable key PSF staff to focus full time on developing the sunshade
concept by deepening collaboration across disciplines.
Core PSF Leadership:

Engineering Expertise from Ethos Space:

Climate Modeling Leadership:

Sub-contracted in-kind engineering specialty contributions: Due to institutional constraints around grant
funding, the following individuals are excited to contribute their time in-kind for this project.

2.1 Coordination and Management

To coordinate and manage the teams, we will facilitate regular meetings focused on identifying gaps in
understanding, aligning on key milestones, and ensuring accountability. The climate modeling team operates
as a tightly-knit unit and has the capability to work independently. Our approach will include structured
check-ins and a consistent format for the exchange of information to maintain alignment and progress.
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The core engineering team, anchored by Ethos Space, is able to meet in person in Los Angeles on a
frequent basis for brainstorming sessions. We will leverage the Ethos shop space, equipped with collaboration
tools, to foster innovation and streamline communication. |||l wil be responsible for collaborating
with specialized engineers to define work milestones and rigorously assess underlying assumptions.

As project coordinator, - role will involve establishing and maintaining systems that ensure
effective collaboration and timely progress. - will also be responsible for communicating with both
internal and external stakeholders, providing regular updates and ensuring transparency throughout the project
lifecycle.
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Investigating the Impacts of Solar Geoengineering on the Variability and Wet-Dry Spell Dynamics of
the West African Monsoon

Section 1:

1. Programme and Technical
1.1 Introduction

The West African Monsoon (WAM) is a pivotal climatic system that profoundly influences the livelihoods of
millions in the West African region. Characterized by its variability and the occurrence of wet and dry spells, the
WAM governs agricultural productivity, water resources, and ecosystem services, making it a critical element for
regional sustainability (Abiodun et al., 2021). Climate change threatens to exacerbate WAM variability, posing
risks to food security, water availability, and economic stability. The IPCC 5th report provides evidence with high
confidence that dryness will continue to increase in West Africa as the climate is forced by increasing
anthropogenic warming. To mitigate these adverse effects, solar radiation management (SRM) has been
proposed as a potential approach to counteract the warming influence of human activities and help avert the
worst impacts of climate change.

SRM is a proposed method of reducing the adverse effects on weather and climate associated with climate
change in order to temporarily counteract some of the imbalance produced by the increase in atmospheric
greenhouse gases (GHGs) and to avoid the worst consequences of climate change (Visioni et al., 2021). Some
of the widely proposed approach of SRM include marine cloud brightening, space shading, stratospheric aerosol
injection, and cirrus cloud thinning (Abiodun et al., 2021; Stjern et al., 2018). To date, the most common
suggested approach is via injection of SO2 into the stratosphere in order to produce a layer of sulfate aerosols
capable of partially reflecting incoming solar radiation; this is usually defined as stratospheric aerosol intervention
(SAl) or sulfate geoengineering (Pinto et al., 2020). Previous studies have shown that SRM could alter global as
well as regional climate scales, mostly reduce the intensity of extreme precipitation and associated impacts
(Muthyala, R., Bala, G., & Nalam, 2018), significantly reduces temperature means and extremes (Pinto et al.,
2020), decrease surface ocean hydrogen ion concentration and attenuates the seasonal amplitude of [H+] (Jin
et al., 2022). However, its regional impacts, particularly on complex systems like the WAM, remain poorly
understood.

This research focuses on exploring the implications of SRM on WAM variability, with a specific emphasis on wet
and dry spell dynamics. By employing advanced climate models, observational data, and scenarios from the
Geoengineering Model Intercomparison Project (GeoMIP), the study aims to address critical gaps in
understanding how SRM interventions might influence the WAM system. Furthermore, the project seeks to
provide actionable insights into how SRM might be leveraged to mitigate adverse climate impacts while avoiding
unintended consequences, thereby supporting the overarching goals of the ARIA Exploring Climate Cooling
programme.

1.2 Scientific Rationale and Objectives

The ARIA Exploring Climate Cooling programme seeks to advance innovative solutions for mitigating climate
change impacts, with a particular focus on avoiding tipping points in global and regional systems. This project
aligns closely with these objectives by:

a) Investigating the effects of SRM on a critical regional climate system, the WAM.

b) Exploring the potential for SRM to reduce extreme weather variability, including prolonged wet and dry spells,
which are significant drivers of socio-economic vulnerability in West Africa.

c) Generating high-resolution projections of WAM behavior under SRM scenarios to inform policy and
adaptation strategies.

Key Objectives:

o Assess how SRM modifies rainfall variability and the occurrence of extreme wet and dry spells.

o Evaluate the implications of these changes for water resources, agriculture, and regional sustainability.

o Examine the performance of high-resolution climate models in capturing the dynamics of WAM under SRM
scenarios.

o Assess the predictability of WAM onset and cessation through dynamical modeling.
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o Compare the outcomes with baseline scenarios (SSP2-4.5 and SSP5-8.5) to determine the distinct impacts
of SRM.

1.3 Methodology
a) Study Area

The study focuses on the West African region, spanning latitudes 5°N to 20°N and longitudes 15°W to 20°E. This
area encompasses diverse climatic zones, ranging from arid Sahelian to humid Guinean, making it an ideal
natural laboratory for studying monsoon dynamics and their response to external forcings.

b) Data Sources

This research will utilize a diverse array of data sources, including long-term meteorological and hydrological
datasets as follow:

i) Regional climate models

CORDEX-CORE: CCLM5-0-15, REM0O2015, RegCM5 forced with ERA5 reanalysis data, spatial resolution of
0.25°,1981-2009/2010

ii) Reference data

CHIRPS V2.0, 1981 to present, spatial resolution of 0.25° (~28 km) (Funk et al. 2014, 2015)

GPCC V2020, 1891 to 2019, spatial resolution of 1.0° (Schneider et al. 2020)

TAMSAT V3.1, 1983 to present, spatial resolution of 0.25° (Maidment et al., 2017)

CRU TS V4.06, 1901 to present, spatial resolution of 0.5° (Harris et al., 2020)

ERAS reanalysis data, 1979 to present, spatial resolution of 0.25°, the Copernicus Climate Change
Service (C3S) (2019) (Hersbach et al., 2020).

o Alongside outputs from Geoengineering Model Intercomparison Project (GeoMIP) simulations. Four
distinct simulation sets will be analyzed: two baseline scenarios without geoengineering interventions
and two geoengineering scenarios.

The baseline scenarios correspond to the Shared Socioeconomic Pathways (SSPs) SSP2-4.5 and SSP5-8.5
(Meinshausen et al., 2020). SSP2-4.5 represents a moderate emissions trajectory with balanced challenges for
mitigation and adaptation, while SSP5-8.5 reflects a high-emissions pathway associated with limited climate
change mitigation efforts and a fossil-fueled development scenario (Burgess et al., 2020).

The geoengineering scenarios include G6solar and G6sulfur, which are part of the GeoMIP framework. The
G6solar scenario involves a reduction in solar constant to offset radiative forcing associated with a high-
emissions scenario like SSP5-8.5. Conversely, the G6sulfur scenario simulates the injection of sulfur dioxide into
the stratosphere to increase sunlight reflection and reduce surface warming (Kravitz et al., 2015). These
scenarios will be instrumental in evaluating the potential impacts of Solar Radiation Management (SRM) on
regional climate systems, particularly the West African Monsoon (WAM).

Additionally, high-resolution simulations using the Regional Climate Model (RegCM5) will be conducted, tailored
specifically to the study region. RegCM5 is chosen for its demonstrated ability to accurately simulate WAM
dynamics, including monsoon onset, spatial rainfall patterns, and extreme weather events. To ensure robust and
reliable results, the performance of RegCM5 will be thoroughly evaluated against observational datasets.

c) Methods

The simulations will be performed using regional climate models highlighted in section i), configured with high
spatial and temporal resolution to accurately capture key monsoon processes. A comprehensive evaluation of
the model’s performance will compare its outputs with observational datasets and other models within the
GeoMIP ensemble, focusing on its capacity to simulate monsoon onset, intensity, and spatial variability.

To achieve a holistic understanding of WAM variability under SRM scenarios, this study will integrate
observational data with model outputs. Multi-model ensemble simulations, based on CORDEX regional climate
models, will also be employed to address uncertainties, leveraging high-performance computing facilities for
computationally intensive tasks.
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Several indices will be applied for monsoon analysis, including the Standardized Precipitation Evapotranspiration
Index (SPEI), Precipitation Concentration Index (PCI), Precipitation Concentration Degree (PCD), and
Precipitation Concentration Period (PCP). These indices will facilitate detailed assessments of monsoon
variability and its broader implications.

Statistical methods such as trend analysis, correlation analysis, and anomaly detection will be employed to
uncover patterns and relationships within the data. This comprehensive approach will ensure that the study
provides robust and actionable insights into the impacts of SRM on WAM dynamics.

1.4 Technical and Non-Technical challenges, and Mitigation Strategies

One of the primary technical challenges of this project is establishing and maintaining the computational
infrastructure required for high-resolution climate modeling. These tasks demand substantial computing power,
efficient storage systems, and expertise in managing large datasets. Key technical challenges include:

¢ Running high-resolution Regional Climate Models simulations and performing multi-model ensemble
analyses, which require access to high-performance computing (HPC) systems. These simulations are
computationally intensive, necessitating not only advanced hardware but also skilled personnel to manage
and maintain these systems. In West Africa, where resources for climate modeling are often limited,
establishing such infrastructure presents a considerable challenge.

e Dynamical downscaling of global datasets to the regional scale involves complex modeling techniques and
precise data processing tools to ensure accurate and regionally relevant results for studying the West African
Monsoon (WAM).

Mitigating these challenges, the project will utilize regional climate centers equipped with HPC facilities, such as
the West African Climate Science Service Centre on Climate Change and Adapted Land Use (WASCAL) HPC
in Ouagadougou, Burkina Faso. The WASCAL HPC infrastructure includes 20 nodes, 320 cores, 1TB of RAM
per node, 2 Mgnt , 2 Object, 2 Metadata servers, and over 250TB of storage, supported by a 10G network
system based on SFP. This robust infrastructure will provide the necessary computational capacity for the
project’s simulations.

Additionally, the project will benefit from collaboration with the Climate Systems Analysis Group (CSAG) at the
University of Cape Town (UCT). CSAG has extensive experience in managing computational resources and
offers technical support for climate research through its local data center, which is staffed by skilled software and
hardware engineers. Their expertise will help ensure smooth execution of computationally demanding tasks.

The project will also engage with the Degrees Initiatives team, supported by ARIA, to enhance access to critical
data and computational resources. Furthermore, collaboration with initiatives such as the Global to Local
Impacts of SRM Project (GLISP) project teams will provide access to global expertise in climate modeling and
downscaling. GLISP’s commitment to maintaining accessible repositories of high-quality climate data will help
address existing gaps in data availability for the Global South, providing significant benefits to this project.

A major non-technical challenge involves selecting the most appropriate downscaling methods for precipitation
and other key climatic variables.

In mitigating this, the Global to Local Impacts of SRM Project (GLISP) project teams from UCT have capacity
for both statistical and dynamical downscaling. Collaborations in conjunction with ARIA’s support, connected this
project to the UCT, GLISP project aims to make downscaled global climate data accessible to researchers in the
global south.

1.5 Description of the proposed activity of work

WP 1 - Data Collection and Preprocessing

This work package involves assembling meteorological, hydrological, and climate model dataset necessary for
understanding the variability of the WAM under baseline and geoengineering scenarios. This phase forms the
foundation for subsequent modeling and analysis by ensuring high-quality and consistent data inputs. Therefore,
the activities include:

a) Collection of observational datasets, including precipitation and temperature, from GPCC, TAMSAT, CRU,
and CHIRPS.
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b) Acquire reanalysis datasets such as ERA5, which provide a comprehensive historical record of atmospheric
conditions.

¢) Model outputs from Shared Socioeconomic Pathways (SSPs) SSP2-4.5 and SSP5-8.5 to establish baseline
scenarios, offering insights into climate variability without SRM interventions.

d) Collect outputs from Geoengineering Model Intercomparison Project (GeoMIP) simulations under G6solar
and G6sulfur scenarios for the evaluation of SRM's potential impacts on WAM dynamics.

e) Perform quality control and preprocessing to standardize datasets, ensuring compatibility across different
data sources. This includes regridding data to a uniform resolution, addressing missing values, and correcting
biases.

WP 2 - Climate Modeling and Simulations

This work package focuses on leveraging the capabilities of the Regional Climate Model (RegCM5) to simulate
WAM dynamics under baseline and SRM scenarios. The WP include:

f) Configure RegCMS5 with region-specific parameters to ensure accurate representation of WAM features, such
as monsoon onset, spatial variability, and extreme weather events.

g) Use of high-resolution grids to enhance the model’s ability to capture fine-scale processes critical to WAM
dynamics.

h) Conduct simulations for SSP2-4.5 and SSP5-8.5 scenarios to provide a reference for understanding the
natural variability of WAM under moderate and high-emission pathways.

i) Perform simulations for G6solar and G6sulfur scenarios, assessing the impacts of SRM interventions on
WAM variability and wet-dry spell dynamics.

j) Compare simulated outputs with observational datasets to evaluate the model’s performance in capturing
key climatic features. Iteratively refine the model configuration to improve accuracy.

WP3 - Analysis of Wet-Dry Spell Dynamics
This work package utilizes statistical indices (SPEI, PCI, PCD, PCP) to analyze WAM variability.

This work package focuses on applying statistical methods to analyze the variability of WAM under the simulated
scenarios. The statistical methods include:

k) The use of indices such as the Standardized Precipitation Evapotranspiration Index (SPEI), Precipitation
Concentration Index (PCI), Precipitation Concentration Degree (PCD), and Precipitation Concentration
Period (PCP) to quantify the characteristics of wet and dry spells.

I) Assess changes in the frequency, duration, and intensity of extreme wet and dry spells under baseline and
SRM scenarios.

m) Trend analysis to identify long-term changes in WAM variability.

n) The use of correlation analysis to explore relationships between climatic variables and WAM behavior.

o) Examination of spatial patterns of rainfall distribution and their temporal evolution across the West African
region. Highlight potential hotspots of vulnerability to SRM-induced changes.

WP4 - Evaluation of Model Performance

The final work package evaluates the reliability and robustness of RegCM5 simulations by benchmarking them
against observational and ensemble datasets. The activity will consist to:

p) Evaluate the accuracy of RegCM5 outputs by comparing them with observational datasets (GPCC, TAMSAT,
CRU, CHIRPS) and reanalysis data (ERAS5).

dq) Compare RegCMS5 results with other models in the GeoMIP ensemble to assess consistency and identify
sources of uncertainty.

r) Use statistical metrics such as bias, root mean square error (RMSE), and correlation coefficients to quantify
model performance.

s) Conduct sensitivity analyses to determine how model outputs respond to variations in key parameters,
ensuring robust interpretations of the results.

1.6 Estimated Timelines and Project Plan
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Data collection and preprocessing
(WP1)

Data quality control and
standardization (WP1)
Configuration of RegCM5 for
simulations (WP2)
High-resolution simulations for

baseline scenarios (WP2)
Simulations for geoengineering

scenarios (WP2)

Initial statistical analysis of WAM
variability (WP3)

Detailed analysis of wet-dry

spells (WP3)
Model performance

benchmarking and sensitivity
analysis (WP4)

Final reporting, policy
recommendations, and
dissemination (All WPs)

1.7 Milestones and Stage Gates

The project will adopt a stage-gated approach to funding and implementation, with each phase tied to specific
deliverables:

Gate 1 (Year 1, Q1- Q2): Successful completion of WP1 with a curated dataset collection and quality control and
initial model configuration.

¢ Deliverables: Quality-controlled datasets, interim report on data preparation.
e Funding Tranche: £50,000

Gate 2 (Year 2, Q3-Q5): Completion of WP2, including high-resolution simulations for all scenarios.

e Deliverables: Scientific publication on simulation results, on WAM variability under SRM.
e Funding Tranche: £100,000

Gate 3 (Year 3, Q6-Q7): Finalization of WP3 and WP4, ensuring robust analysis of WAM dynamics and model
performance.

o Deliverables: second scientific article publication based on comprehensive analysis on validated model
outputs.
¢ Funding Tranche: £75,000

Gate 4 (Year 3, Q8-Q9): Integration of results and dissemination.

e Deliverables: Final report, policy briefs, peer-reviewed publications.
e Funding Tranche: £25,000

Section 2:

2 Details of the Project Team

The project will be implemented by an interdisciplinary team of experienced researchers and professionals, each
bringing unique expertise in climate modeling, monsoon dynamics, and solar radiation management (SRM). The
team members are carefully selected to ensure a balanced blend of technical, scientific, and policy-oriented
skills, creating a robust framework to address the complex challenges posed by SRM and its impacts on the
West African Monsoon (WAM). Below is a detailed description of each team member’s role, expertise, and time
commitment to the project.




Role and Contribution: | ' oversee all aspects of the project, ensuring seamless
integration of activities across work packages. | will dedicate 100% of his time to managing the project,
supervising the modeling efforts, coordinating data acquisition, and leading the analysis of WAM variability under
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Role and Contribution: | Vil lead the project, dedicating 70% of [} time to supervising the climate
modeling and dynamical downscaling tasks. [Jll primary focus will be on configuring RegCM5 and analyzing its
performance in simulating monsoon features under SRM scenarios. [ will also provide expertise in evaluating
the physical processes influencing WAM variability and contribute to capacity-building activities for junior
researchers. | I il also act as the primary liaison with external collaborators such as the Climate
Systems Analysis Group (CSAG), Global to Local Impacts of SRM Project (GLISP) project teams under
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Role and Contribution: |l Vil dedicate 30% of [} time to statistical analysis and quality control of the
datasets. ] will be responsible for preprocessing observational and reanalysis data, applying indices like SPEI,
PCI, PCD, and PCP, and conducting trend and correlation analyses. ] role is critical in deriving actionable
insights from the modeled data and ensuring its alignment with the project’s objectives.
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Working closely with |l \Vi!! be responsible for data
preprocessing, quality control, and the organization of large datasets for analysis. Jj will also contribute to the
calculation of statistical indices and assist in developing visualization tools for presenting the results.

Time Dedication: | il dedicate 30% of ] time to the project, focusing on data management,
statistical analysis, and model validation tasks.

Role and Contribution: |l \i!l dedicate 20% of i} time to analyzing the impacts of SRM scenarios on
water resources and agricultural systems in West Africa. i will collaborate on the evaluation of rainfall variability
and extreme weather events, ensuring that the results are directly applicable to agricultural planning and water
management. i} insights will enhance the relevance of the findings for policy and adaptation strategies.
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I Role: Technical guidance and model refinement.

Role: Support in downscaling techniques and analysis of SRM

impacts.

2.1 Collective Contribution and Inteqgration

The project team will adopt a collaborative approach, leveraging their diverse expertise to address the multi-
faceted challenges of SRM and WAM variability. Each team member will contribute to multiple work packages
while maintaining clear delineation of roles and responsibilities:

a) Data Collection and Preprocessing (WP1): I 2nd I vill lead the quality control and
standardization of datasets, with support from |l 20 I il oversee the

integration of data from various sources, ensuring compatibility and consistency.

b) Climate Modeling and Simulations (WP2): I 2nJd I il co-lead the configuration and
execution of RegCM5 simulations, with technical input from | and Il on data integration. i
I Vil provide domain-specific expertise on interpreting simulation outputs.

c) Wet-Dry Spell Dynamics Analysis (WP3): I 2nd Il vill take the lead in applying statistical
indices and conducting trend analyses. I and I Vi guide the interpretation of findings in
the context of WAM dynamics and SRM impacts.

d) Model Performance Evaluation (WP4): I Vil lead the benchmarking of RegCM5 outputs,
collaborating with | NN (0 compare model performance against observational

and ensemble datasets.

2.2 Time Allocation and Commitment

- I 100% time commitment.

- ) /0% time commitment.

I 30% time commitment.

- |, 3070 time commiitment.
- I °0% time commitment.

2.3 Team Coordination and Management

The project team will adopt a collaborative management structure, emphasizing efficient communication, clear
role delineation, and task integration. | 2s the Lead Principal Investigator, will spearhead project
coordination, ensuring seamless collaboration among team members and external partners.

e) Internal Coordination:

Bi-Weekly virtual meetings will be held during the first 6 months of project to review progress, address
challenges, and allocate tasks for the upcoming week. After 6 months the virtual meetings will be held
monthly.

Each work package will have a designated lead (e.g., I for WP2, I for WP3), ensuring
accountability and clarity.

Shared digital platforms like Google Drive and project management tools will be used for document
sharing and task tracking.

f) Collaboration with Third Parties:
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e Monthly consultations with UCT collaborators ([l } 3 | provide technical input
and ensure alignment with project objectives.

e Periodic check-ins with GLISP project representatives will address challenges in data acquisition and
downscaling methods.

2.4 Addressing Potential Gaps in Core Competencies

The team’s interdisciplinary expertise covers most areas required for the project. However, some gaps may arise,
particularly in:

e Advanced computational expertise: While the WASCAL HPC infrastructure is robust, technical support
may be required for optimizing model performance and troubleshooting.

e Specialized SRM knowledge: Collaborations with GLISP and ARIA experts will provide additional insights
into the nuanced impacts of SRM.

e Policy translation: While the team is scientifically strong, translating findings into actionable policy
recommendations may require additional support from policy specialists.

Mitigation Strategies:
o Engage technical experts from CSAG for computational troubleshooting and system optimization.
e Leverage GLISP’s knowledge-sharing platforms to fill gaps in SRM expertise.

o Collaborate with regional policy institutes to bridge the gap between scientific findings and policy
formulation.

2.5 Motivation and Suitability

The team’s motivation is driven by a shared commitment to addressing the pressing challenges posed by climate
variability and change in West Africa. The profound impacts of WAM on regional livelihoods highlight the urgency
of this research, which seeks to inform sustainable development and climate resilience strategies. Additionally,
the team is motivated to contribute to the scientific exploration of SRM and its impacts on the West African
climate. This includes analyzing both the potential positive and negative implications for climate tipping points
across different subregions and regions of West Africa.

Another key motivation is to actively support and build a well-connected community of African SRM researchers.
Strengthening this network is crucial to enhancing Africa’s capacity to engage in the global discourse on SRM.
By contributing in placing Sub-Saharan Africa — the continent most vulnerable to climate change and its impacts
at the forefront of scientific and policy discussions, the team seeks to contribute addressing the historical
dominance of the Global North in climate research and policy development, ensuring a more inclusive and
equitable approach to addressing climate challenges.

Why This Team is the Right Fit:

e The team’s collective experience in climate modeling, SRM, and monsoon dynamics ensures the
scientific rigor required for the project.

e Regional Focus: With team members rooted in West Africa, the project is well-positioned to address
context-specific challenges and engage local stakeholders effectively.

o Existing partnerships with institutions like CSAG - UCT, The Degrees Initiative and WASCAL highlight the
team’s ability to work collaboratively across disciplines.

e By involving junior researchers like |l and I the project contributes to building local
expertise, ensuring long-term benefits beyond the project’s lifecycle.
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Ice-Nucleating Particles in the Upper Troposphere:
Advancing Cirrus Control and Experimental Science Strength
“INPUT:ACCESS”

Abstract: We will advance process-level understanding of three climate cooling approaches focused on
cirrus clouds and water vapor controls at high altitudes. Cirrus processes are one of the largest sources
of uncertainty in surface temperature response to climate change, and central to several intervention
ideas. Hence, in situ measurements are needed to assess specific drivers of ice nucleation. We will
address this need by combining our respective expertise in 1) balloon-borne measurements, 2) ice
nucleating particle measurements, and 3) cirrus modeling. Our proposed efforts will enable us to advance
both the measurement technology and the understanding of ice processes and parameters relevant to
cirrus interventions. We will launch small weather balloons with novel instrumentation to collect ice
nucleating particles from the cirrus regime, analyze them under laboratory recreations of cirrus
conditions, and port our findings to improve model assessment of cirrus intervention impacts. These
capabilities, which have never previously been achieved, will dramatically change the landscape of cirrus-
relevant research. If large-scale outdoor testing — or deployment — ever occurs in regards to related
climate interventions, then the balloon payload and analysis techniques developed in this proposal will
be essential for monitoring. Climate intervention via manipulating upper troposphere cirrus may provide
significant surface cooling with minimal environmental effects; this study will strengthen confidence in
evaluating cirrus cloud related interventions, as well as identifying the most efficient ways to apply them.

|. Background: Water vapor (WV) and cirrus ice clouds in the upper troposphere (UT) strongly affect
Earth’s radiation balance by trapping long-wave radiation. Three climate intervention (Cl) approaches
focus specifically on manipulating UT/lower stratospheric water vapor and/or cirrus thickness/lifetime to
reduce global climate forcing. They are: cirrus cloud thinning (CCT, focused on reducing homogeneous
nucleation of UT cirrus(1)), contrail management (CM, focused on diverting civilian aircraft to influence
cirrus cloud formation for climate benefits (2)), and intentional stratospheric dehydration (ISD, focused
on reducing WV at the tropical tropopause layer (TTL) entry to the stratosphere by seeding short-lived
cirrus (3)). However, these approaches rely upon manipulation of some of the least well understood
phenomena in the climate system. As models do not represent cirrus cloud formation well, confidence in
the effectiveness of these approaches to cool our climate is low. Currently available measurements are
inadequate to constrain the models. This is due to the fact that:

1) Small variations in water vapor (WV) concentrations, which can only be measured in situ, can have
large impacts on relative humidity and thereby cloud formation. Direct in situ measurements are not
widely available for model initialization, and global model resolution is too coarse for realistic
representation. Consequently, models have poor skill in predicting ice-super-saturated airmasses in the
UT; however this is a necessary capability on which all three interventions depend.

2) Measurements of ice nucleating particles (INP) composition and concentration in the UT are critically
rare, and development of off-line analysis abilities is an ambitious paradigm changer for such research.
Presently, our understanding of the most relevant sources of INP depend on extremely limited
determinations primarily from high altitude aircraft campaigns that, by nature, are not global in
representation. Laboratory determinations of INP nucleating properties at temperatures in the cirrus
regime below ~240K depend on equipment available at only a few institutions, and are not suitable for
routine measurement or for samples collected in situ.

3) Direct measurements even of cirrus cloud spatial and crystal size distributions are rare and usually
only associated with research aircraft campaigns. Without these data, the connections between INP, WV,
ambient temperature and actual cloud and radiative impact are very tenuous. In sum, these limitations
severely hinder confident assessment of the potential of cirrus/WV controls as effective climate
interventions. We propose to develop and apply technologies that will provide unprecedented data on
ambient INP to assess applicability and to guide implementation of high-altitude cirrus climate
interventions. Specifically, we will enhance our knowledge of UT WV and ice supersaturation
distributions, and their dependence on INP type and concentration through new measurements.
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II. Concept: We will simultaneously measure UT WV, INP, and cirrus crystal vertical profiles using
balloon-borne instruments. Providing INP characteristics and concentrations within the context of the
larger aerosol population and air mass humidity and temperature in the cirrus regime is a new and
innovative approach to evaluating cirrus-relevant interventions. This effort will address the critical issues
relevant to all three of the cirrus cloud related climate cooling approaches and to natural cirrus and UT
WV controls more generally. First, we will advance measurement technology by developing balloon-
borne INP collectors and cirrus crystal measurements. We will extend UK capabilities to provide routine
cirrus-regime INP measurements in a laboratory setting (which will also support evaluation of synthetic
INP for other ARIA efforts). These advances will provide critically needed constraints for models on the
actual background UT INP available to influence cirrus formation and dehydration. Second, we will
correlate our observations with air mass history and evolution focusing on cirrus formation/evaporation,
convective anvil injections, and possible air-traffic corridor radiative processes. Third, we will document
actual cirrus ice crystal size distributions and frequencies, elucidating formation and aging processes.
Finally, we will integrate our findings into regional and global models to ensure that these efforts translate
into usable information relevant to CM, CCT and ISD.

[ll. Research methodology:

[11.1 Develop ability to collect INP from cirrus regions:

Large uncertainties about the sources, distribution, and ice nucleating ability of INP relevant to cirrus
persist. Methods to measure them are extremely limited. For example, ice crystal residuals have been
measured from a specialized high-altitude aircraft with Particle Ablation by Laser Mass Spectrometry
PALMS (4), but these measurements are spatially limited, and, as they were performed on residuals,
include additional uncertainties associated with potential post-nucleation coagulation.

Ouir first goal is to develop the technology necessary to collect INP from cirrus regimes onto substrates
for off-line analysis. Although INP collection for offline sampling has been carried out routinely at the
surface and even in the lower-mid troposphere with high-volume samplers (e.g. Sanchez-Marroquin et
al. 2019 (5), the challenges of collection in the low pressures of the upper troposphere have not yet been
overcome. These challenges include 1) low concentrations of INP (1/liter marks the minimum
concentration that we have identified as necessary to constrain) 2) cold temperatures and dry conditions,
and 3) Reaching cirrus altitudes. INP at the surface can activate at temperatures as high as 270 K.
However, cirrus conditions are much more extreme, with temperatures of 210 K (~10-12 km) in the
midlatitudes to as low as 185 K (~ 17 km) in the tropics. Hence sampling of INP under cirrus conditions
is much more difficult than those relevant to low altitudes. Deploying INP collectors at cirrus regime
altitudes can only be done with balloons or aircraft. As balloons are cheaper, more versatile, and provide
an excellent testbed to develop and test new instrumentation, they are the proposed for this work.

Hence, we will develop collectors for use on small balloons that are potentially extendable to aircraft
deployment. The proposal team has long expertise in balloon-borne observations for rapid-deployments
in response to specific events and long-term monitoring of aerosol, ozone, and WV vertical profiles
(Balloon Baseline Stratospheric Aerosol Profiles, B2SAP, csl.noaa.gov/projects/b2sap/). We are very well
positioned to apply this expertise to INP collection and are currently building an aerosol collector for
balloon deployment. This development effort is underway, funded via NOAA/U. Colorado, and first flights
are expected in Spring, 2025. This collector may be appropriate for INP, providing the ability to collect
multiple samples in different altitude ranges. For this proposal, we will also explore an alternate design
using an electrostatic precipitator. This approach stems from a proven design applied to INP collection
and analysis (6). The electrostatic precipitator has excellent collection efficiency at even 5 Ipm, a very
high flow rate we believe is achievable even in the extremely thin air of the UT. At this rate, and a standard
balloon climb/descent rate of 5 m s, we will be able to sample aerosol from ~60 liters of air in a two-
kilometer deep layer at the top of the troposphere. The minimum INP concentration of interest for cirrus
is a few per liter. At this concentration, we would expect to collect on order 200 INP on a filter, which
would then provide an uncertainty in the concentration of less than 10%. This provides a very reasonable
expectation for success, assuming that we can port this design to balloon use. Our expectation is that
the collector will gain efficiency in aerosol collection at high altitude relative to lower altitudes, but we will
test this in an environmental chamber at NOAA.
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[11.2 Develop off-line analyses of INP relevant to cirrus formation and controls:

Our team includes experts from the UK whose research focuses on ice nucleation research in a variety
of atmospheric conditions. UT ice formation is a particularly challenging area of research that will require
extending existing techniques to colder and drier conditions. We will begin our effort by designing an ice
nucleation chamber based on the FRIDGE isothermal diffusion chamber (IDC) (6,7) constructed at
Goethe University Frankfurt. FRIDGE has been used for INP analysis on collected filters down to 238 K,
but is not suitable for mid-latitude cirrus temperatures (down to ~210 K) or TTL conditions (ideally down
to 185 K) as unwanted ice tends to form in the silicon substrate used. Studies using quartz substrates
coated with silanising agents are known to resist ice formation in the conditions we need to access. The
new IDC will be built at UoL and tested using relevant concentrations of known INPs sampled from the
Leeds Aerosol Chamber (LAC) to establish that we can make the types of measurements needed for
both this proposal, and those of Phase 2 of the MAD-INC: Machine learning Assisted Design of Ice
Nucleators for Climate Engineering ARIA proposal led by I

We anticipate using a liquid nitrogen cooling system to achieve temperatures, along with high-vacuum
equipment produced by the School of Earth and Environment mechanical workshop. The Leeds team
has very extensive experience of building ice nucleation equipment ranging from simple droplet freezing
assays to cloud chambers. The existing FRIDGE design uses a rather large substrate, to enable good
statistics on INP measurements without the problem of nucleation on substrate imperfections at lower
temperatures. Our new design will reduce the size of the substrate, allowing a more optimal balance
between INP detection and influences from the substrate. We will apply the new IDC to evaluating our
experimental procedure for preparing, loading, transporting and analyzing INP collection substrates for
cirrus study. Ultimately, this system will provide INP activity and concentration for the collected samples.
The approach also allows individual INPs to be localized after which Scanning Electron Microscopy
(SEM) and Energy-dispersive X-ray spectroscopy (EDX) analysis will be used to generate compositional
information for the INP, constraining future focus to specific sources of cirrus INP.

[11.3 Develop in situ measurements of cirrus crystals

Cirrus ice crystal concentration and size distributions are critical measurements necessary to evaluate
impacts of injected INP in CCT and ISD, and relevant to perturbed cirrus from some CM approaches.
Crystal size affects cirrus lifetime and radiative impacts. At NOAA, we are developing an In situ Balloon-
borne Ice Spectrometer (IBIS). This is a new, provisionally patented instrument, designed for deployment
on small free-release balloons. First test flights of the prototype are expected in Spring, 2025. IBIS has
been shown to resolve particles to below 3 um diameter, a requirement for detecting TTL cirrus and more
than adequate in the mid-latitudes. IBIS samples a cross-section of 0.5 x 0.5 cm, corresponding to a
sample volume of 25 cm®s?, approximately 8 times higher than used for total particle measurements with
the POPS instrument.

I11.4 Apply these technological advances to measurements in the mid-latitudes

We will perform a measurement campaign using the technical capabilities developed above. At least 10
balloon launches from Boulder, CO, USA will be carried out in year two. Boulder, CO is the longest-
standing site for B2SAP, with more than 100 successfully launched and recovered balloon payloads.
Hence it is the ideal location to allow easy operations and scientific evaluation of the observations in the
context of a multi-year climatology of aerosol, ozone, and WV. Launch timing will be optimized based on
transport model forecasting coupled with initialization via GPS-radio occultation temperature
measurements. Modeling work from Imperial College London (see below) will help with these forecasts,
with potential further improvement if results are available from the “De-risking cirrus modification” project
proposed by Dr Eastham. This measurement series will provide first determinations of INP concentration,
composition, and relevance to mid-latitude cirrus formation and controls. We have optimized our plans
for the balloon payloads to minimize complexity and maximize value. We will deploy IBIS, the INP
sampler, and a suitable WV measurement with balloon telemetry and position information only. WV
concentration is extremely relevant to cirrus, and can be used as an indicator of stratospheric influence
in the mid-latitudes (hence dispensing with the need for inclusion of an ozone measurement). A low-cost,
very lightweight WV measurement that we have determined is as good as that from a frost-point
hygrometer in the mid-latitudes upper troposphere can be provided by a Vaisala RS41 radiosonde. The
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use of the RS41 radiosonde requires the use of a proprietary ground receiver (NOAA operates one in
Boulder, CO).

[ll. 5 Apply our observations to advance modeling of cirrus-relevant climate cooling strategies:

Finally, we propose a period of analysis to ensure that the measurements will be fully QA/QC’d, publicly
archived, integrated into models, and assessed for relevance to potential climate interventions and cirrus
science more broadly. As part of this work, we will compare our observations to model output and infer
potential model improvements which could support CM, CCT, and ISD trials. Of particular relevance is
the Community Earth System Model Version 2 (CESM2) climate model, already established at Imperial
College London. Global cirrus frequency and properties will be generated using an ensemble of
conventional model runs (Year 1), which will in turn be used to inform launch timing (Year 2). The output
from these runs will be compared to the INPUT:ACCESS observations, with the goal of generating
statistical corrections (Year 3). These will in turn be used to assess the degree to which efficacy of
different climate cooling approaches might have been historically over- or under-estimated. If funded,
results from the “De-risking Cirrus Modification” ARIA proposal will also be incorporated into this effort.
Conclusions will be disseminated to the community via conference presentations and peer-reviewed
publications.

V. Budget Narrative, Timelines with work packages

Budget narrative: The budget will support coordinated efforts at three different institutions, two in the UK,
and one in the USA. The University of Leeds (UolL) is the primary applicant, with NOAA in the USA and
the Imperial College London as subcontractors.

The work at UoL will focus on the INP analyses, including substantial effort on developing
the new IDC for measurement of INP concentrations in cirrus conditions. A dedicated postdoctoral
research fellow will be hired for the duration the project, tasked with constructing and testing the IDC,
developing methods for safely transporting slides carrying cirrus INPs, conducting measurements on
INPs collected from balloon launches in Colorado and performing SEM analysis on test and collected
INPs. We have budgeted £88,000 to cover workshop costs, materials and equipment needed to construct
and test the IDC. This includes high-vacuum equipment, a high-end turbopump, chillers capable of
cooling the equipment to below 180 K and instrument PCs. We have also requested £12,000 to cover
SEM measurements and other consumables that will be needed for the project. |l Wil devote 0.2
FTE for the three years of the project allowing him to work hands-on with postdoc and the instrument to
ensure success. | Vil contribute his extensive experience in INP measurements and help
coordinate efforts with other ARIA projects and the wider atmospheric science community.

The work in the USA will be focused on the balloon-instrument development, testing, and
deployment. ARIA will support a full time scientist, hired through the cooperative agreement between
NOAA and the University of Colorado, and a part time scientist to support ARIA specific balloon flight
forecasting, balloon operations, and post flight analysis (0.2 FTE during year 1, 0.4 FTE during year 2)
NOAA will provide very substantial in-kind funding in the form of additional scientist support (including
the efforts of I ). <ngineering
and software support, cover materials and instrument costs (i.e. IBIS, the INP collector, balloons, the
water vapour measurement, helium, etc., publications, and travel.

The efforts at Imperial College London will support |l contributions to directing
optimal deployment of the balloons and using data collected to improve process understanding of cirrus
formation, and consist of labor (1 month/year support for |l Il and travel costs.

Timeline and work packages: We envision three years of support, with the following support level (funding
tranches) and deliverables:

Year 1: Scientist at UoL focused on instrument development incurring materials and
equipment costs. Scientist at NOAA focused on balloon instrument development. 0.2 Scientist
equivalents of effort at NOAA supporting balloon launches for testing. 1 month support for engagement
of I to establish baseline model runs at ICL.. (Material/deployment costs for the balloon
instruments will be borne by NOAA). Deliverables: Anticipated start of efforts to hire is February 2025.
Hire at Leeds within 3 months; hire at NOAA within 3 month, making month zero May 2025. By end of
year 1 new IDC will be functional; testflight(s) of IBIS conducted; INP collector designed and constructed.
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Year 2: Scientist at UoL focused on developing methods for off INP analysis and analysis
of INP on slides. PostScientist at NOAA focused on balloon instrument deployment/collaborative testing
of collected INP assays. 0.4 Scientist equivalents at NOAA supporting balloon launches for deployment,
data archiving, etc. 1 month support for engagement of ||l on model support for launch timing.
Deliverables: Finalization of INP chamber build and testing; successful balloon deployment in mid
latitudes; first successful INP measurements on resulting slides

Year 3: Scientist at UoL focused on the INP analysis findings, manuscript preparation.
Scientist at NOAA focused on balloon instrument manuscript writings and analyses relevant to cirrus
interventions. 1 month support for | on modelling incorporating observational findings.
Deliverables: IBIS and INP collector established and available for launch as part of B2SAP launches from
the tropics. Analysis of year 2 findings, incorporation of findings into cirrus model. Manuscript preparation
relevant to: a) INP chamber performance and design, b) IBIS, c) INP collector, D) INP findings, relevance
to cooling strategies and impacts on model performance. In year 3, all INP measurements will be made
publicly available after quality assurance evaluations.

Workplan:

Month | Year 1 | Year 2 Year 3
NOAA activities - WP1

Ballon instrument development (electrostatic precipitator, In situ
Balloon-borne Ice Spectrometer (IBIS)).

Balloon instrument deployments in Colorado with associated
measurements and INP collections

Support deployment of IBIS and INP collector for other balloon
launches

Joint analysis of data from balloon flights

University of Leeds activities — WP2

Design and construction of new isothermal diffusion chamber (IDC) for
INP measurements

Development of transport methods for slide carrying cirrus INPs

Development of scanning electron microscope techniques for
characterisation of cirrus INPs

Testing of IDC using aerosol sampled from the Leeds Aerosol Chamber

Measurement of balloon-collected INP samples using IDC and SEM

Joint analysis of data from balloon flights

Imperial College activities — WP3

Establishment of baseline model runs

Modelling support for timing balloon launches

Model runs incorporating findings from balloon flights

Budget options: There are possibilities to reduce the cost and scope of effort proposed here. We believe
that the proposal presented provides the strongest and most synergistic support to addressing CM, CCT,
and ISD possibilities. However, isolated efforts for example to 1) develop a cirrus-relevant ice nucleation
chamber for routine measurements, 2) develop an INP collector for the cirrus regime, or 3) develop the
IBIS instrument for cirrus crystal measurements, would all independently provide significant
strengthening of the technical infrastructure needed to evaluate cirrus interventions. Each of these
isolated efforts could be supported by a single dedicated scientist/technician at the appropriate institution
for ~ 1 year, with associated materials costs.

Technical and Non-technical challenges: The balloon payloads and flight trains will comply with local
airspace regulations and each flight is coordinated with local aviation authorities for safety. An important
advantage of using weather balloons and instrument packages of the size we propose is that they fall
outside of rigid requirements for coordination in aircraft airspace, and thus enable flexible deployment.
Although forecasts of balloon trajectories are generally reliable, recovery of balloon packages can be
complicated by issues such as access to private land and terrain. We have successfully launched balloon
payloads from multiple international locations including New Zealand, Réunion Island, Antarctica, and
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Costa Rica. Here we propose a set of measurements from Colorado, USA, where we have a superb
record of recovery. In future deployments, our international connections will be critical for ensuring high
recovery rates, smooth interactions with international communities hosting launches, and sufficient
infrastructure to support launches. So long as we incorporate INP collection, we will only operate from
locations where we anticipate reasonable chances to recover the payloads. For example, in the tropics
we have had good success recovering launches from San Jose, Costa Rica.

V. Program Alignment, Synergies with other ARIA proposal: CCT, CM, and ISD are highly uncertain but
potentially useful climate cooling approaches, strongly relevant to the call. By developing the ability to
acquire concurrent measurements of WV, RHi, and INP, we will advance the technology necessary to
understand these approaches, as well as extend understanding of the fundamental processes that they
hope to manipulate. In a world where interventions are being actively tested or deployed, our highly
flexible and low-cost balloon-borne approach will be a critical tool for assessing impacts.

The technical developments proposed here (airborne INP collector, demonstrated balloon-borne ice
crystal detector, extended-range ice nucleation chamber) will form the basis for future deployments on
other platforms. Hence, they are synergistic with several other ARIA proposals.

The “De-risking cirrus modification” effort led by |} vhich proposes to track changes in cirrus
caused by passage of the FAAM BAe-146 research aircraft, will benefit from our work on developing the
INP collection approach that will inform designs for airborne platforms. Presently, that aircraft has an INP
collection system that is only effective below 20,000’ (too low to address cirrus issues). The prognostic
modeling needed to plan FAAM flights for “De-risking cirrus modification” will also serve to enhance
selection of balloon launch times, and will gain validation data from our launches for the following aircraft
mission. Similarly, phase 2 of the ‘MAD-INC’ proposal led by PI Whale will benefit from the cirrus-regime
INP evaluations enabled by the IDC chamber development.

Further, the longer-duration balloon approaches of the Voltitude ARIA proposal could support multi-filter
collections and longer-term tracking of air parcel evolution and cirrus formation. Finally, our proposal is
relevant to large-scale questions of WV controls and cirrus generation/radiative impacts, and the
possibility that WV/CIRRUS forcing will change in future climate or under other, non-cirrus focused ClI
efforts.

VII. Future conseqguences of the proposed work:

The efforts funded by this proposal will result in long-term value for cirrus and cirrus-intervention relevant
science. Briefly:

1) The development of the technology and experimental methodology for post-collection analysis of
cirrus relevant INP will enable studies from all relevant platforms (long and short term balloons, UAVS,
manned aircraft), as well as in future studies such as those proposed for ARIA exploring synthetic INP.
2) The balloon-borne instrumentation for collecting INP and measuring cirrus in situ will transition
from development stage to operational. They will be able to support fast science deployments (for
example, as were done by B2SAP for the Hunga Volcano Response), as well as long-term measurements
(for example as an extension of B2SAP). NOAA anticipates pursuing a tropical deployment once the
payload is fully operational; as B2SAP supports regular (but low frequency) launches from the tropics,
this is a likely early opportunity for deployment.

3) We anticipate that the work on developing the INP collector for balloon deployment as described
here will also apply to design development for research aircraft and alternate platforms. This would enable
the collection of INP referred to in point 1, above.

4) Long-term monitoring of cirrus and UT INP properties in a changing atmosphere.

Overview of Proposal Team: Our multinational team is uniquely suited to carry out the proposed
measurements and apply them to assessing and steering relevant climate cooling interventions. We
include senior, mid-career, and early-career scientists with specific expertise in the topics we explore:
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NOAA Chemical Sciences Laboratory: provides a highly supportive environment for the finalization,
testing, and mid-latitude deployment of the balloon packages. We are equipped with environmental
chambers for low-pressure testing, design and manufacturing facilities, and aerosol testing equipment.
This US Federal facility will house all the US scientists and technicians supporting the effort (consisting
of both federal and cooperative institute employees).

University of Leeds:
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support meteorological simulations across scales and used regularly in simulations of contrails and UT

2

VIII. Response to Proposal Encouragement Feedback — Why ARIA?

We have addressed most review feedback from the NOI within the proposal body above. One
guestion we did not address was: “Please expound on why ARIA is the best (or only) funder of such
work. Why is no one else funding this already?”

Firstly, the questions we seek to address in this proposal are most specifically relevant to climate
intervention proposals. While uncertainties surrounding upper tropospheric conditions are significant,
there are many knowledge gaps that create similar-or-larger uncertainty in current understanding of
the climate system, notably around the effects of mixed-phase clouds (e.g. ref 10). As such,
proposals looking at cirrus conditions would have to compete with important research on many other
uncertain processes for general climate-focused funding. Only ARIA is providing resources to
quickly advance intervention-relevant research and development. Without this support, no clear
timeline or pathway to its completion can be anticipated. For example, the aerosol filter collection
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work, envisioned as a possible extension to BZSAP was not inspired by climate cooling interventions,

but rather by the recent findings from our laboratory of meteoric and space debris impacts on
stratospheric aerosol composition (11). This effort found limited external funding (<$30,000) only
sufficient for material costs and is being supported only fractionally as a potential extension from a
team supported for B2SAP base operations. NOAA doesn’t have the resources to expand efforts
directed to this or the IBIS development (which has been a side project of a semi-retired scientist

and a group leader). On the side of the UK INP measurement team, cirrus-relevant measurements
have received relatively little attention because collecting INPs in cirrus conditions is so challenging,
meaning proposals have mostly been directed at lower-hanging fruit in other areas.

Secondly, the ARIA call catalyzed interactions between the NOAA team developing the balloon-
borne instrumentation with the UK teams with foci on ice nucleation measurements and cirrus
intervention modeling. Previously, the balloon effort did not consider INP, and UK measurement
efforts were not appropriate for cirrus conditions. Further, opportunities for multinational teams to
collaborate are very rare, especially in the context of national government support. Here, the unique
strengths that enable this proposal are dispersed on either side of the Atlantic. ARIA funding is the
only route that will directly harness these existing strengths in a cost effective, rapid manner.
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Monitoring Aerosol Climate Engineering (MACE)

Section 1: Programme & Technical

1.1 The idea

Climate Engineering can be defined as deliberate intervention into the Earth’s climate system in order to
reduce the risks from anthropogenic climate change. Technologies that might achieve that aim fall broadly
into two categories, those that focus on removing warming gases from the atmosphere, and those that focus
on altering the Earth’s radiation budget, typically by increasing scattering of incoming solar radiation. Known
as Greenhouse Gas Removal (GGR) and Solar Radiation Management (SRM) respectively, the two
categories have different challenges around efficacy, speed, scalability and, critically for this proposal, risk.
SRM technologies focus mostly upon either injection of aerosols into the stratosphere or brightening of clouds
in marine environments in the troposphere, and are generally considered to be effective, fast, scalable and
risky opposite GGR technologies. One important pathway to quantify and reduce risk, particularly for SRM
technologies, is through the study of natural analogues.

Large episodic volcanic eruptions regularly inject millions of tons of sulfur-bearing species into the
stratosphere which form sulfate aerosols and subsequently reflect sunlight back into space, cooling the
Earth’s surface. Persistent passive degassing of volcanoes into the troposphere has been observed to alter
cloud microphysics, brightening clouds and also altering the Earth’s radiation balance. Volcanoes have taught
us much about the atmosphere, cloud microphysics and climate’. Their study has also informed the efficacy
of climate engineering technologies, as both of these natural processes (Figure 1) have SRM climate
engineering analogues — Stratospheric Aerosol Injection (SAl) and Marine Cloud Brightening (MCB)
respectively. SAl and MCB could both be used to create albedo altering effects as a deliberate intervention
to create cooling in the climate system. If SAl or MCB were ever to be tested or deployed the dispersion,
chemical evolution and radiative impacts of injections would need to be understood and carefully monitored.

Satellite, balloon, aircraft, drone and ground-
based measurements of volcanic emissions

and aerosol properties ,.éf:- Scattering of incoming
O radiation
Absorption of infrared
Aerosol microphysical modelling radiation
Stratospheric heating
$0, — H,S0O,
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Figure 1. From Marshall et al., 2022". Figure showing volcanic influence on climate include aerosol and
cloud albedo effects.

Active volcanoes can be used as an analogue to develop and test the systems required to observe and
monitor the injection, evolution and impacts of SRM technologies whilst also providing vital observations of
how aerosols and clouds form and evolve. Volcanoes are frequent emitters of gases and producers of
aerosols, and have already informed research into albedo modifying climate engineering®®. However, that
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knowledge is incomplete - much can be learned from the next eruptions that impinge on the stratosphere or
strongly alter cloud microphysics. The last eruption with a strong cooling was Pinatubo in 19914, over thirty
years ago. However our knowledge of the climatological impacts of volcanic eruptions continues to expand
with, for example, unexpected climatic responses from the recent Hunga Tonga-Hunga Ha’apia eruption®.
Studying climate impact of eruptions at this scale presents unique measurement challenges, requiring precise
4D sampling in evolving hazardous conditions, rapid deployment, and zero emissions. This demonstrates a
clear need for new aerial robotic systems (also known as uncrewed aerial systems (UAS) or drones) that can
monitor and learn from smaller eruptions whilst also being ready to be deployed in the event of large-scale
events®.

We propose to develop and test aerial robotics that will quantify droplet and aerosol behaviour at injection
altitudes from the lower troposphere to the lower stratosphere. The system, a modular, fully automated
monitoring-focused UAS will be developed using volcanoes as analogues for SRM, in order to both better
understand natural processes and prepare for outdoor experiments that aim to emulate them. Specifically,
this system will be developed to (a) investigate natural analogues for both MCB and SAIl and learn from
frequent, smaller scale eruptions (injection altitudes up to 10 km AMSL) and passive volcanism, with a focus
on aerosol and cloud formation and associated changes in radiative forcing, (b) standby aerial systems and
expertise in UAS based volcanic monitoring ready for deployment during the next significant global volcanic
eruption and (c) monitor and measure outdoor SRM experiments within this programme and beyond.

Our investigation will first focus on three volcanic systems, Soufriere Hills Volcano, Montserrat (1,050 m
AMSL (above mean sea level), which degases into the marine boundary layer, Fuego Volcano, Guatemala
(3,768 m AMSL) a persistent emitter of volcanic gas and ash into the free troposphere, and Lascar, Chile
(5,592 m AMSL) a passive emitter of SO- into the high dry troposphere of the Atacama desert. The team
have gathered data at active volcanoes in all three countries and regularly at Soufriere Hills and Fuego. Cloud
formation and the importance of cloud condensation nuclei (CCN) will be investigated at Soufriere Hills and
will act as an analogue for MCB, whereas at Lascar the focus will be on the conversion of SO, and the
production of aerosol as an analogue for SAl. Fuego, where the team have deployed various UAS over a
decade will act as a final-stage test bed for aircraft and instrument development. The team has a strong
relationship with the relevant authorities in Guatemala where Fuego’s frequent eruptions has necessitated
the closure of airspace to cruise altitude (~10 km AMSL). Before this stage aircraft and instruments will be
tested in the laboratory (e.g. wind tunnels), at the university’s outdoor flight testing facility, and at selected
test sites in the UK.

We propose to develop the capability to monitor subsequent testing for both SAl and MCB
technologies, whilst also investigating the natural processes that make volcanism important
analogues for SAl and MCB. The outcomes of this research project will be a system ready to be
deployed quickly in the event of a significant volcanic eruption, a framework for monitoring, a
capability demonstrator for higher altitude sampling and more complete understanding of volcanoes
as analogues for SAl and MCB. We will build a system that can (a) be used during the project to
quantity physical processes that relate to climate engineering, (b) prepares the community for a more
significant event (in the troposphere or the stratosphere) that would have a regional-global scale
climate perturbation and (c) be deployed as part of the broader programme to assess the efficacy
and impacts of small scale outdoor experiments.

1.2 The Risks

Technical Risks.

Technical risks focus on the limits of current technologies. It is not trivial, at the intersection of technology and
cost proposed here, to remotely lift the necessary instrumentation to 10 km AMSL and keep it there for several
hours. Specific technical risks include failure to (i) design and assemble a capable aircraft system (ii)
adequately test the aircraft at altitude working within technical and regulatory constraints (iii) plan for a change
in volcanic activity and (iv) failure to gain permission to fly at target sites. Technical risks are ameliorated by
the team’s previous expertise and a robust annual stage-gating process. The Bristol Flight Lab has
successfully designed and build many UAVs for different purposes including radiation monitoring in Ukraine,
high altitude meteorological sampling over the Ascension Islands, volcanic plume sampling worldwide and
2
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conservation biology in Africa. The team have flown beyond visual line of sight (BVLOS) to 18,000ft AMSL
with aerosol sampling instrumentation over volcanoes (Figure 2). We have local (university owned) testing
facilities, access to UK testing facilities (e.g. Llanbedr) and have already secured flight BVLOS (beyond visual
line of sight) permissions on multiple occasions in multiple countries. Fuego, Soufriere Hills and Lascar are
significant emitters of SO, and have been for several decades, but fieldwork could be refocused on other
active systems if needed / desired. For example, if there were a significant eruption in Iceland or there was a
requirement to deploy during a programme experiment the MACE project could support it. One previous
Bristol Flight Lab example of this was the deployment of UAS to help monitor the Cumbre Vieja volcano
eruption on the island of La Palma, Canary Islands in 2021.

Figure 2. Images captured by the University of Bristol in 2019 from drones over Fuego, Guatemala: (a)
eruption monitoring prior to in-plume ash sampling and (b) crater overflight for imagery between eruptions.

Non-technical Risks.

Other risks would include (a) political opposition to climate engineering research, in the UK and elsewhere,
(b) objection to the research by the University’s ethics committee and (c) general unsettling of research staff
working in a controversial field. Climate engineering is a challenging field which solicits strong responses
from government, scientists and the public. Our mitigation strategies will be formed of previous experience.
We have chosen to focus upon learning from natural analogues and monitoring deployment, not deployment
itself, based around the idea of preparedness. We will operate with absolute transparency and have a Pl that
is uniquely experienced in this challenge, having led SPICE? (Stratospheric Particle Injection for Climate
Engineering), a more controversial project that included a deployment technology field test'. Transparency
will be required by the University’s ethics committee (who also oversaw SPICE) and will reassure all
researchers that, albeit in a controversial field, the work will be undertaken in good faith. Absolute clarity will
be provided to new staff upon application about the ethos of the research (described below).

1.3 How is this different from commercial or emerging technologies

This is an end-to-end solution that is designed to give UK researchers a new capability. It requires the
adaptation and integration of commercially available lightweight sensors with a newly designed aircraft
system, capable of flying in challenging environments up to an altitude of 10 km AMSL. The aircraft will
operate autonomously with smart flight systems and control based upon machine learning recognition of
volcanic emissions® with on-the-fly route planning for multiple intercepts within a predetermined geofence.
The new platform will have a flight envelope not easily achieved with a COTS solution. No such integration
of an uncrewed (UAS) high altitude platform, Al-based automated real-time route planning and particle and
radiation detection capability currently exists in the commercial world, with a very limited number of research
groups worldwide having the capability to deliver and operate such a system.

1.4 Proposed Activity of Work (see also Figure 3).

WP1 Development of platform capable of operating in the troposphere and lower stratosphere. \WP1
is made up of three sub-tasks. (T1.1) MCB typically operates in the boundary layer whereas SAl efficacy
broadly increases, per delivered volume of material, as a function of altitude. The aircraft will be modular in
terms of the onboard sensor systems, and capable of undertaking measurements that pertain to both target
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technologies. The nominal design brief is to have an electric fixed-wing aircraft, capable of lifting the required
sensor payload from WP2, plus the associated avionics for autonomous operation, to 10 km AMSL. The team
has extensive experience with both modifying existing COTS airframes and original new designs to meet
stringent mission requirements. (T1.2) Software development will deliver an integrated simulation
environment for the aircraft system and its controlling Al in digital representations of the target environments,
including plume models. Autonomous guidance will permit dynamic re-sampling in 4D to measure evolution
of the same air ‘parcel’ over time, exploiting machine learning and dynamic replanning to track and revisit the
plume. On-ground, in-air and remote automation will support pilot and science situational awareness with
manageable workloads. (T1.3) Initial flight tests of the MACE aircraft will be carried out at the university field
site in Bristol, moving to Llanbedr as the required airspace increases. An agile approach will be used for UAS
development with regular flight tests throughout the project. The data collected during these UK tests will
lead to rapid airframe iteration and code development, as well as performance analysis for Al based mission
optimization and preparation for field deployments. Stage-gate deliverables: D1.1 (Year 1) Development,
performance testing and flight demonstration of a viable prototype aircraft system.

WP2 Payload selection, integration and field testing. With a functional prototype aircraft, the aircraft
systems and operations will also be developed iteratively during the payload integration phase. WP2 is made
up of three subsections. (T2.1) We will down select from a larger suite of instrumentation capable of
quantifying two critical types of coupled observations. Firstly, we will consider in-situ measurement of gas,
aerosol and droplet properties such as concentration, shape, number density and particle size distribution”.
There are a wide variety of lightweight electrochemical gas sensors (e.g. H.O, SO;) and laser-based optical
particle counters designed to measure CCN at submicron scale, coarse mode sulphate aerosols (0.5-10 ym)
and cloud droplets at a range of 5-50 ym that will be reviewed according to scientific and engineering
requirements. Radiative transfer observations constitute the second suite of observations from which we will
delimit radiative forcing. Pyronometers will measure diffuse and direct upwelling and downwelling SW
radiation across the visible and near-infrared spectrum (~0.4-2.7 um wavelength). This will be coupled with
LW radiation (5-100 ym) measurement using pyrgeometers capable of quantifying broad spectrum upwelling
and downwelling thermal radiative fluxes (Table 2).

Target parameter Science question (?) Example instrument | Mass(g)
[SO] What is the conversion rate of SO, > SO4*> | DD Scientific 4 Series 20
CCN size and #density How quickly do CCN evolve Naneos Partector 2 483
Cloud droplet size What rate do cloud droplets form/evolve DMT CDP-2 1670*
Aerosol size distribution What is the aerosol size distribution Met One 212 1200*
Up/down SW radiation How is SW radiation altered by species AT SPN-1 786
Up/down LW radiation How is LW radiation altered by species Apogee SL510/610 190
T, P, Rh What are ambient atmospheric conditions Trisonic Mini 50

Table 1. Example instrument suite (not all instruments need to be flown simultaneously) ‘mass with housing

(T2.2) Laboratory and field testing of the onboard sensors will be carried out at selected sites in the UK
including Llanbedr in Wales, and at Fuego volcano, Guatemala. During a careful programme of flight tests,
we will increase flight altitudes whilst working within regulatory frameworks. Active volcanoes present
significant opportunities as airspace above them is often closed to above cruise altitudes, as has been the
case at Fuego since 2015. (T2.3) Preparation for rapid deployment. By the end of year 1 the MACE team will
assemble an initial UAS capability for rapid (48hr) deployment in response to a large scale volcanic eruptive
event. This will develop annually with the project, incorporating step changes in sensing, processing, aircraft
and expertise. Stage-gate deliverables: D2.1 (Year 2) An integrated aircraft and payload with onboard
computer for data processing, ground control station, real-time route planning with Al-based optical sensors.
The system will include equipment for in-field support. Instrument suite selected, tested and integrated into
aircraft from WP1. Repeatable successful flights to target 10 km AMSL altitudes with active payloads by the
end of year two. D2.2 (Year 3) Fully automated flights with onboard Al and on-the-fly route planning for
multiple intercepts that have successfully achieved science goals.

WP3 Volcanic plume and secondary aerosol sampling across a range of altitudes. (T3.1) We will
conduct a two-phase campaign at reliable producers of SO,. Our first target is Fuego, Guatemala (3,780 m
AMSL) where the team have flown UAS extensively to > 5,000 m AMSL. We have a longstanding relationship

4

41



with both the national institute for atmospheric, geophysical and hydrological hazards (INSIVUMEH) and the
Guatemalan civil aviation authority (DGAC) and have hundreds of hours of experience flying beyond visual
line of sight®® (BVLOS). Here we will fly within established flight envelopes, and gather preliminary data from
within, above and below the plume. We will use machine learning'® to train the system to repeatedly intersect
the same section of the plume at Fuego and investigate SO loss, aerosol formation and radiative transfer
across the vertical profile of the plume. (T3.2) Following two Fuego campaigns, two other sites, the Soufriere
Hills Volcano, Montserrat (1,050 m AMSL and British Overseas Territory) and Lascar in Chile, will become
the focus of the project. The Soufriere Hills Volcano, Montserrat, is an MCB analogue, where SO is rapidly
converted into sulphate aerosol', an effective source of cloud condensation nuclei observed at volcanoes
during passive degassing'?. Lower plume altitudes mean potential heavier payloads and/or longer flight times
and, given the rapid conversion of SO, allows us to investigate a series of physico-chemical reactions from
heterogenous nucleation of aerosols though to cloud formation and brightening. We will observe radiative
transfer processes as a function of time, potentially through coordinated multi-aircraft campaigns. In contrast,
Lascar is one of the highest persistent emitters in the world at ~5,600 m AMSL, which emits into the dry free
troposphere of the Atacama desert. Here we will undertake plume characterisation experiments in conditions
as close to those of the stratosphere as is possible from a passive degasser, again looking at aerosol
microphysics and radiative transfer through the plume. (T3.3) If other funded projects require monitoring
support the team will assist in co-designing observational capabilities, and provide support around logistics
and regulations. Stage-gate deliverables: D3.1 (1%t quarter, Year 3) Successful deployment of aerosol
measurement instrumentation on the MACE UAS at Fuego volcano, Guatemala and radiative profiling above,
in and below the volcanic plume. D3.2 (3™ quarter, Year 4) Successful deployment into volcanic plumes and
downstream clouds during years three and four across a range of altitudes and environmental conditions,
leading to an improved understanding of the relationship between aerosol physico-chemical processes and
radiative properties across a range of altitudes and atmospheric conditions using MACE UAS.

WP4 Readiness planning, monitoring deployment strategies and targets of opportunity. This WP is
dedicated to putting in place the processes, protocols, software and paperwork required to operate at short
notice internationally. Due to technological and regulatory challenges, relatively few in-situ measurements of
sulfur-bearing species have been made, particularly in the stratosphere. The next volcanic eruption and/or
small-scale experiment will require monitoring, and small scale SRM deployments are highly likely to operate
at scales below those easily detected from orbital platforms. In addition to the hardware preparations for rapid
deployment identified in WP2, we will prepare for targets of opportunity, including, but not limited to volcanic
eruptions, noting that kgs of SO, are already being released by companies, such as Make Sunsets, in the
US. The MACE team at Bristol have extensive experience operating UAS internationally including Papua
New Guinea, Cameroon, Chile, Italy and Kenya. (T4.1) We will develop the capacity for rapid response
deployment to targets of opportunity such as a significant volcanic eruption, leveraging simulation capability
and automated planning from WP1 to design, train and verify missions in advance, as far as possible, and
during the 48-hour response window. (T4.2) The required permissions can often be just as challenging as
the hardware and software. The team will be building on previous research in the automation of UAS safety
cases and in-flight operations around regulation planning. Selected potential operational vignettes will be
used as test cases. (T4.3) A 20 km altitude safety case will be developed to facilitate further development of
UAS monitoring at likely SAl injection altitudes. Stage-gate deliverables: D4.1 (3™ Quarter, Year 2). An initial
safety case for deploying UAS above cruise altitude during the next large (20 km injection height) volcanic
eruption. Note we have pulled this effort forward in response to feedback. D4.2 (1t Quarter, Year 4)
Successful discussions and future planning with relevant authorities in volcanically active regions (Caribbean,
Central and South America, Indonesia, Japan) for rapid response during periods of high sulfate aerosol load
at altitude. If requested by national authorities the team will carry out demonstration flights at selected sites.

WP5. Project Management, Impact and Outreach. (T5.1) We will have regular project meetings involving
teams members on at least a weekly basis and (T5.2) in person, all hands quarterly review meetings (T5.3)
Outreach materials and publications (T5.4) We will conduct six monthly project progress reviews and annual
reporting, including deliverables for stage-gates at year end 1,2 and 3. Stage-gate deliverables: D5.1 (End
of years 1,2,3 and Final Year 4) Demonstration of deliverables and project reporting to inform stage-gate
decision making D5.2 (End of years 1,2 and 3, 3rd Quarter, Year 4) We will develop outreach videos, as part
of a broader suite of materials to inform stakeholders, academics and the public of our work and our findings.
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Previous research has generated significant interest, and outreach has allowed us to connect with a wide
array of people, an outcome that can be argued to be particularly important in the field of climate engineering.

Work Task &
Package| Work Packages (WP) WP Leads | Deliverable Task
# # Year 1 Year 2 Year 3 Year 4
WP1 Platform Developme ork Package Tasks and Deliverable 1231212 [11]12] 1 J10]12]12] 1 J10]12] 12
Development and flight T1.1 Platform and System Design
) Hardware and Code
testing of platform
- T1.2 Development
capable of operating in : =
T1.3 Flight and Performance Testing
the troposphere and 2
Flight Test MACE UAS
lower stratosphere.
D1.2 Prototype
e Do
WP2 election ana egratio ork Package Ta and Deliverable
SAl and MCB instruments
Payload selection, oressor fpa ElERIED
. . . 0 T2.2 Integration and field testing
integration and field -
testing T2.3 Hardware for rapid deployment
' D2.1 MACE UASs ready for field
D2.2 Succesful field trial review
a o
WP3 Representative Volcanoe ork Package Ta and Deliverable
. T3.1 Field testing at Fuego volcano
Volcanic plume and —
T3.2 Plume and radiative measures
secondary aerosol =
R T3.3 Programme experiments
sampling across a range
. D3.1 First research flights completed
of altitudes.
D3.2 All targets successfully sampled
WP4 P4 Regulation and ork Package Ta and Deliverable
. . T4.1 Regulation Planning
Readiness planning, -
L Professor QWA Rapid response development
monitoring deployment
R ard T4.3 Safety case
strategies and targets of =
. D4.1 Safety case first draft
opportunity.
D4.2 Safety case complete
WP5 Proje anageme 0 Package Ta and Deliverable
T5.1 Regular online project meetings
In person quarterly review
T5.2 meetings
Project Management, oje s Ou;;each material and
Impact & Outreach . pu -|cat|on.s -
Project review reporting and
T5.4 deliverable monitoring
D5.1 Project reporting / stagegate
D5.2 Outreach video

Figure 3. MACE Gantt Chart with Work Packages (WP), Tasks (Tx.x), Deliverables (Dx.x) and denoted by
X on the timeline, shown over the four years of the project.

1.6 Justification for physical experimentation, regulatory, legal ethical risks and their mitigation.

Volcanoes, as sources of both CCN and aerosol precursors allow us to investigate natural analogues to SRM
to investigate the efficacy of both MCB and SAIl. Experimentation using natural analogues present less risk
and less opposition than outdoor experiments, particularly those that are perturbative. Because we are
explicitly not releasing material, nor are we developing the capability to do so, our experiments should be
considered as passive monitoring of processes that SRM would seek to enhance and, if required, supporting
small scale outdoor experiments within this programme. We do not propose to work on geopolitical risk
directly, but note that constraining epistemic uncertainty will reduce broader risk by better quantifying physical
processes that will control outcomes of any potential deployment. This project’s primary regulatory and legal
risks are around airspace management. We are measuring natural systems using established measurement
technologies, a new airframe and a new autonomous control system that will facilitate quantification of
aerosols and cloud physical and radiative properties. Whilst the team (see below) has extensive experience
of high-altitude plume sampling, regulatory challenges around safe operations increase in complexity as
airline cruise altitude is approached. Our mitigation strategy is to use our experience as an opportunity to
develop protocols for a safety case to operate at, and beyond, cruise altitudes.
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The Bristol Flight Laboratory (BFL) designs, builds, and tests a variety of flying vehicles. The lab is fully
equipped for UAS development and assembly, including propulsion, systems and structures development
and integration. The University of Bristol owns and operates Fenswood Farm, a 62-hectare research facility
which has a large airspace for field-testing UAS. The University of Bristol is also part of the Bristol Robotics
Laboratory (BRL) partnership which houses one of the largest indoor flight arenas in the UK to support the
development and flight testing of aerial robots, including agile vehicles and precision aerial manipulation
Bristol Volcanology is a leading research group which uses a combination of field studies, petrology,

geophysics, remote sensing, analogue experiments and numerical models to understand the physical
processes that control volcanic eruptions and their impacts, and to develop methods of hazard and risk
assessment. The group has access to a suite of world-class instruments for quantifying and analysing
volcanic aerosols. Together with the BFL, the group has studied volcanic emissions around the world and
has obtained permissions to fly BVLOS in many countries across several continents through a reputation
built upon safe flight operations and professionalism.

This effort is built on a decade of focused collaboration across the University of Bristol and is self-contained.
We work closely with many other groups, and are keen to provide significant additional value to the broader
ARIA programme by offering monitoring capability to those groups undertaking outdoor experiments. The
senior team have worked together for over a decade and currently co-supervise several PhD students. We
are collectively motivated by ambitious and difficult challenges, working in extreme environments and, most
importantly, by delivering societal benefits. Investigating potential solutions to climate change is the challenge
of our age and could have profound implications at a planetary scale. We feel it is critical to work in these
spaces transparently and openly and we aspire to put all our designs into the public domain for others to
7
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emulate if helpful. The team are keen to publish any and all relevant data and the project will have a public-
facing element, coordinated by the research manager with support from | NG
Both have significant media experience and will also utilise the University of Bristol's press office as
appropriate.

Each of the three senior academics will take responsibility for the line management of one of the post-doctoral
researchers, noting that we have deliberately designed the programme so that all PDRAs can contribute to
all of the four work packages. There is funding for a 20% FTE research/project manager who will be
responsible for interface with the funder (along with the PI), management of deliverables and coordination of
regular (at least bi-monthly) project-wide meetings. These will be augmented by both smaller group meeting
and by integration into Bristol Flight Lab and Volcanology Group meetings and discussions. The three PDRAs
and senior technical specialist will work at 100% FTE for four years, the Pl at 25% FTE and the co-Pl's at
15% FTE. We have front-loaded the equipment and consumables budget to years 1 (prototype test) and
particularly year 2 (with a stage-gate to enter year 2), where the majority of the funding will be used to build
three complete UAS. We estimate the cost of the prototype to be ~£100K and each system to be ~£200K
(including £100K of instrument package) but will present detailed cost estimates for the three mission-ready
UAS at the first stage-gate based upon down-section in WP1. A second stage-gate exists in year 2, where
the UAS will need to demonstrate the required flight and measurement capabilities. We imagine a final lighter
touch review and will be required to demonstrate progress in addressing the science questions in year 3.
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Evidence-based Assessments to Guide Perceptions, Governance, and Ethical Frameworks for South
Asia: Comparing Marine Cloud Brightening Deployment Strategies vis-a-vis Carbon Dioxide Removal
and Mitigation Efforts

Section 1: Project & Technical Information

Introduction

Highly populated and climate-vulnerable South Asia is home to nearly a quarter of the world's population (Yeung
et al., 2018; Majaw, 2020). Geographically diverse—spanning vast coastlines, fertile plains, and mountainous
terrains—South Asia faces climate risk exposure includes extreme weather events, rising sea level, glacial melt,
and prolonged heatwaves, significantly threatening regional ecosystems, socio-economic/resource security, and
geopolitics. Coastal countries such as India, Pakistan, and Bangladesh increasingly face threats from sea level
rise and cyclonic storms, while non-coastal nations like Nepal and Bhutan are grappling with glacial melt, water
scarcity, and rising temperatures. Addressing these challenges requires innovative and region-specific solutions.
One potential approach is Marine Cloud Brightening (MCB), a ‘regional’ Solar Radiation Modification (SRM)
technique that aims to cool atmospheric temperatures and mitigating some climate change impacts. MCB
increases cloud albedo, reflecting more sunlight back into space. Its cooling effect has the potential to offset
some of the severe consequences of climate change. For instance, Wan et al. (2024) concluded that regional
MCB interventions in the North Pacific could significantly reduce heat exposure in the Western United States
under present-day conditions, although their efficacy diminishes or even exacerbates heat stress under mid-
century warming. This finding highlights the governance challenges and risks of assuming consistent outcomes
from MCB as climate systems evolve. Similarly, Haywood et al. (2023) introduced a novel MCB experiment
(G6MCB) using the UKESM1 Earth-system model, targeting areas of the eastern Pacific. The experiment
compared G6MCB results with the G6sulfur Stratospheric Aerosol Injection scenario, revealing significant
cooling, but also side effects like altered monsoon precipitation and La Nifia-like responses.

Considerations for assessing potential deployment of MCB in South Asia require a holistic, tailored approach
that address the region's specific socio-economic, political, environmental, and ethical complexities. The climate
of South Asia is dominantly monsoon dependent (Athar et al., 2021). To demonstrate a strong scientific basis
for perceptions, governance and framings activities of this proposal, climate models-based projections of MCB
(GeoMIP), CDR (CDRMIP), mitigation and business-as-usual (CMIP) scenarios will be assessed (see Figure 1
for prototype output), and relevant information will be gleaned for key project outcomes: stakeholder
engagement, policy analysis, and development of actionable and ethical recommendations.

CDR faces technology development limitations — high expenses, almost untested, and unclear pathways to
scalability at present. Traditional mitigation efforts, such as renewable energy transitions and energy efficiency
improvements, while essential, may not prevent climate tipping points in the near term (Nordahl et al., 2024).
Researching SRM, and MCB, in this context of the need for time and cost-effective solutions is explored as a
complementary strategy to CDR and mitigation, while acknowledging that SRM and MCB are not substitutes for
mitigation, and CDR (Long and Shepherd, 2014). This is important, as developing simultaneous/side-by-side
understanding of the differences in the projected climate of South Asia under MCB, CDR, and mitigation will aid
in decision making about the research and potential use or non-use of MCB. This approach will help convey data
driven information developed through this project by basic and social scientists to other key stakeholders.

While some research has been conducted in the Global North on MCB and its potential impacts (e.g.: Haywood
et al., 2023; Wan et al., 2024), no such study has been conducted for South Asia. While these studies have
primarily focused on technical outcomes, extensive stakeholder engagement has been largely missing. This
study aims to fill these gaps by integrating both technical evaluations and broad stakeholder participation. By
integrating climate assessments of various technologies, perceptions of MCB will be elucidated, vis-a-vis CDR
and mitigation, among local communities, policymakers, academics, civil society, and the media; an assessment
of governance and ethical frameworks relevant for South Asia, will also be accomplished, and provide pathways
for integrating the lessons derived. This research will ensure that socio-economic, political, and ethical factors
are considered alongside scientific innovation, highly relevant for such controversial technologies.

In this context, Carlson et al. (2022) noted that SRM could alter disease (malaria) transmission patterns,

benefiting some regions while worsening conditions in others, particularly in the Global South, thus raising

significant concerns about their implications for public health and anticipatory governance deliberative

democracy (Kessler, 2019). Rahman et al. (2018) argue that developing countries that are the most vulnerable
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46



Difference Map of Precipitation Under MCB Relative to CDR  Difference Map of Temperature Under MCB Relative to CDR

= =4 pErr—
e = J_E =y '7
! 2 . o s

80°E 88°E

Figure 1: Mean difference of precipitation (left) and temperature (right) of MCB, relative to CDR, over South Asia (2021-2090)

countries to climate change impact must drive discussions of modelling, ethics and governance. Similarly,
Sugiyama et al. (2020) critique the narrow focus of SRM research on public perceptions in the Global North,
overlooking the Global South where the impacts of such technologies may be more profound. Addressing this
imbalance is essential for ensuring equitable governance and avoiding a top-down imposition of SRM.

This project aims to address this disparity by centering South Asian perspectives, offering a framework for more
inclusive and ethically grounded MCB research that holds global relevance. This proposal aims to explore the
feasibility and implications of MCB deployment in South Asia through a comprehensive assessment of public
perceptions, governance structures, and ethical frameworks. The study will compare the across selected coastal
countries (India, Pakistan, Bangladesh) and non-coastal nations (Nepal and Bhutan), focusing on the socio-
economic, political, and environmental dimensions critical to decision-making around its potential use/non-use.
The research will integrate stakeholder perspectives—including policymakers, academics, civil society, and the
media—alongside ethical considerations and policy frameworks, to develop inclusive and equitable SRM
strategies tailored to the region. By bridging the gap between scientific innovation and socio-economic and
political realities, this research seeks to contribute to a deeper understanding of how SRM strategies, particularly
MCB, can be responsibly and effectively implemented in South Asia, if and when needed.

Proposed Idea/ Solution and Alignment with Programme Objectives

This proposal focuses on the implications of potentially deploying MCB in South Asia, a region critically
vulnerable to climate change.

Scientific Rationale and Justification: By increasing cloud reflectivity, MCB directly alters the Earth’s energy
balance. This approach aligns with the programme’s goal of exploring interventions that can alter planetary
albedo in measurable and statistically significant ways, offering a potential short-term, stopgap solution to
mitigate immediate climate risks while longer-term strategies, such as CDR and mitigation, ramp up. Unlike
energy-intensive and costly CDR techniques, i.e., direct air capture (DAC), MCB could provide a scalable and
cost-effective option, particularly suitable for resource-constrained regions like South Asia.

How MCB Works: By reflecting more sunlight, MCB reduces heat absorption and delivers localized cooling,
which is especially beneficial for South Asia’s coastal regions facing sea level rise, cyclonic storms, droughts
and heatwaves. Climate models-based risk maps will visually demonstrate MCB cooling potential and impact on
phenomena such as monsoons, coastal precipitation, and temperatures.

How the Solution Supports the Objectives of the Programme: This project addresses urgent climate
vulnerabilities in South Asia by exploring MCB’s potential to mitigate near-term risks, particularly in coastal and
low-lying areas, and comparing them against inland areas of South Asia. It advances SRM knowledge by
evaluating the feasibility, effectiveness, and side effects of MCB, contributing to global understanding of this
SRM technique. A key focus is fostering public/stakeholder engagement in key South Asian countries, exploring
whether MCB deployment is ethically sound, socio-economically and environmentally appropriate, and politically
feasible. The study will also develop an ethical framework addressing fairness, equity, and environmental justice,
guiding future MCB research and deployment in South Asia and beyond. By integrating stakeholder engagement,
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and ethical considerations, this proposal not only meets the programme’s objectives but also strengthens the
foundation for scalable, ethical climate interventions globally.

Research Objectives

o Comparative Analysis of MCB (GeoMIP) CDR (CDRMIP), mitigation (CMIP) Projections:

o Compare the efficacy of MCB and ocean alkalinization (CDR) in addressing climate vulnerabilities.

e Assess socio-political dimensions of MCB deployment strategies in coastal (India, Pakistan,
Bangladesh) vs. non-coastal (Nepal, Bhutan) countries, focusing on public perceptions, technical
feasibility, governance, and ethical challenges.

o Perceptions and Stakeholder Engagement:

o Investigate public perceptions of MCB and CDR across coastal and non-coastal countries.

e Examine socio-economic factors influencing acceptance of MCB and assess stakeholder
engagement, including governments, civil society, and local communities.

o Policy Analysis:

e Analyze national and regional policies to identify gaps and opportunities for integrating MCB into

climate strategies.
o Ethical Frameworks and Socio-Economic Dimensions:
* Review existing SRM ethical frameworks and develop guidelines for South Asia’s geopolitical context.

Methodology: A mixed-methods approach will be employed, integrating qualitative and quantitative tools
to achieve a comprehensive analysis.

Literature Review: Conduct an in-depth review of MCB-related studies South Asia, focusing on ethical,
socio-economic, political, and climatologic/projection aspects. (a) Surveys and Focus Groups: Develop
questionnaire-based surveys targeting diverse stakeholders in the region, including policymakers and
intergovernmental/international organizations, academics, civil society members/organizations, and
journalists, regarding the feasibility and implications of MCB deployment. In this context we will collect 500
feedback forms from each country, for a total of 2,500. (b) Key informant interviews will be held with key
experts/stakeholders, alongside focus group discussions/roundtables with diverse stakeholders across three
categories (academia, civil society, and policy makers), to gather qualitative insights (See details in Table 1).
(c) Advanced Decision-Making Tools: Use Fuzzy Multi-Criteria Decision-Making (Fuzzy AHP and Fuzzy
TOPSIS), Fuzzy Cognitive Maps, and Fuzzy Clustering to analyze complex data and prioritize ethical and
policy considerations. Employ multi-objective optimization to assess trade-offs between competing
environmental, socio-economic, and geopolitical goals. (d) Climate and Policy Analysis: Conduct sectoral
policy analyses of South Asian countries, identifying gaps and opportunities for integrating MCB into national
and regional climate strategies.

Table-1 The breakdown of surveys and focus group activities by country.

Country Key Informant Interviews | Focus Group Discussions
India 12 3
Pakistan 12 3
Bangladesh 10 3
Nepal 8 3
Bhutan 8 3

Expected Outcomes: (a) Climate Projection Comparisons: In-depth analysis of the project climate
impacts of MCB, CDR, and mitigation, on South Asia’s diverse regions, focusing on regional weather patterns
and the potential effects on coastal and non-coastal areas.(b) Policy Analysis: Comprehensive analysis of
existing policies related to SRM in South Asia, focusing on how MCB could be integrated into these
frameworks. (c) Perception Analysis: Insights into public and stakeholder perceptions of MCB and CDR
technologies across South Asia’s diverse geographies and societies. (d) Ethical Framework: Development
of a detailed ethical framework for MCB deployment, addressing equity, inclusivity, and transparency, and
informed by South Asia’s socio-economic and geopolitical contexts. (e) Policy Recommendations: Propose
practical guidelines for integrating MCB into South Asia’s climate policies, including stakeholder engagement
strategies and governance structures.

Technical and Non-Technical Risks - Mitigation Strategies: This proposal identifies and addresses both
technical and non-technical risks associated with deploying MCB in South Asia, ensuring a comprehensive
3-8
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approach to achieving the project’s objectives. Technically, uncertainties about MCB’s impact on critical
regional climate phenomena, such as monsoons and precipitation patterns, are underexplored. These risks
will be mitigated through advanced climate modelling, localized simulations, and on the non-technical front.
Also, public and stakeholder skepticism about MCB’s ethical implications and socio-economic and political
barriers/reservations could hinder progress. This will be mitigated by robust implementation of stakeholder
engagement through surveys, focus groups, and transparent consultations across South Asia, to elucidate
drivers for building understanding and trust. Governance and regulatory challenges, particularly in resource-
constrained and geopolitically sensitive regions, will be tackled by analyzing existing policy gaps and
developing region-specific governance frameworks that align with international ethical standards. Addressing
equity and inclusiveness in decision-making, the project will create a tailored ethical framework that ensures
community involvement and fair distribution of benefits and risks. Geopolitical tensions arising from
transboundary impacts of MCB can be mitigated by emphasizing collaborative governance mechanisms,
enabling equitable regional participation. By proactively identifying these risks and presenting clear,
actionable mitigation strategies, this proposal demonstrates its feasibility, readiness, and alignment with the
goals of funding agencies. Through a rigorous, multi-dimensional approach, the project aims to deliver
comprehensive, scientifically robust, ethically sound, and socio-economic and politically inclusive risk
assessments and outcomes, thereby contributing to equitable and effective climate interventions in South
Asia. This underscores the project’s capacity to responsibly advance MCB research and aligns with the
funding program'’s emphasis on innovation, governance, and societal impact.

Differentiation from Commercial and Emerging Technologies: The proposed approach to MCB is
distinctly differentiated from commercial or emerging technologies currently being funded or developed
elsewhere, primarily in its focus, scale, and integration of socio-economic, political, and ethical dimensions,
specific to South Asia. While many MCB initiatives and SRM technologies focus on technical efficacy in
isolation, this proposal emphasizes a comprehensive framework that incorporates public perceptions,
governance structures, and ethical considerations tailored to the unigue socio-economic, political, and
environmental context of the region based on strong scientific rationale. This integrated approach addresses
the critical gap between technical innovation and societal acceptance or rejection, which is often overlooked
in commercially driven projects. Additionally, the project explicitly compares MCB with CDR strategies, such
as ocean alkalinization, and mitigation efforts, as SRM strategies can only be decided upon as part of an
overarching climate response portfolio (Long and Shepherd, 2014). Unlike CDR, which is constrained by
high costs, energy demands, and scalability challenges, especially in resource-limited regions like South
Asia, this project aims to evaluate MCB as a potentially cost-effective and localized solution for addressing
immediate climate vulnerabilities. By focusing on region-specific deployment strategies, the approach is
better suited to address the acute climate challenges of South Asia, such as monsoon variability and coastal
impacts, which are not adequately addressed by broader, globally oriented SRM studies. The project’s use
of advanced decision-making tools, such as Fuzzy Multi-Criteria Decision-Making (Fuzzy AHP and Fuzzy
TOPSIS), for analyzing complex data and prioritizing policy considerations further sets it apart by integrating
quantitative rigor with ethical and governance frameworks. By adopting a multidisciplinary, stakeholder-
inclusive approach, this proposal ensures its alignment with public values, governance requirements, and
ethical principles.

Proposed Activity of Work, Key Metrics, Milestones, and Assumptions. This project focuses on
assessing the implications of potentially deploying MCB in South Asia. The activities are designed to integrate
technical, governance, and ethical dimensions, ensuring a responsible and region-specific approach. The
work will be conducted through five interrelated research components. (a) MCB Climate Projection and
Impact Modelling: Advanced simulations and climate modelling will predict the impact of MCB on regional
phenomena like monsoons and coastal weather patterns, with a focus on localized cooling and precipitation
variability. (b) Comparative Analysis with CDR and Mitigation Strategies: The project will evaluate the
efficacy, cost, and scalability of MCB relative to CDR techniques, and traditional mitigation strategies. (c)
Stakeholder Engagement and Perception Analysis: Surveys, focus groups, and consultations will assess
public and stakeholder perceptions of MCB and CDR in both coastal and non-coastal countries, identifying
socio-cultural and economic barriers to acceptance. (d) Policy and Ethical Framework Development:
Policy analyses will identify gaps in integrating MCB into national and regional climate strategies, while ethical
frameworks will address equity, inclusivity, and governance concerns specific to South Asia. Key Metrics.
(a) Climate Impact Metrics: Assessment of regional temperature reduction in targeted areas, effects on
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precipitation patterns, particularly monsoons. (b) Public Perception Metrics: Stakeholder survey completion
rate (2,500 responses across five countries). Levels of public and stakeholder acceptance of MCB as
measured by qualitative and quantitative analyses. (¢) Governance and Policy Metrics: Policy gaps
identified and addressed in proposed frameworks. Drafting of region-specific governance and ethical
guidelines for MCB.

Milestones. Phase 1 (Months 1-6): Literature review and climate model assessment. Development of
stakeholder surveys and focus group frameworks. Initial consultation with policymakers and civil society.
Phase 2 (Months 7-12): Completion of climate modelling and simulation studies. Data collection from
surveys and stakeholder engagement activities. Policy and ethical framework draft development. Phase 3
(Months 13-18): Execution of surveys in five different countries of South Asia, and their analysis. Preliminary
analysis of survey and engagement results to refine governance frameworks. Phase 4 (Months 19-24):
Completion of survey analysis and virtual/physical meetings with stakeholders, and key experts for feedback.
Finalization of governance and ethical guidelines. Phase 5 (Months 25-36): Synthesis of findings and
preparation of final recommendations. Dissemination of results through publications, workshops, and policy
briefs.

Dependencies and Assumptions. (a) Data and Technology Availability: The project assumes access to
advanced climate models, satellite data. (b) Stakeholder Participation: The project assumes robust
participation from policymakers, civil society, and the public for surveys and consultations. (¢c) Funding and
Collaboration: The activities are contingent on adequate funding and partnerships with regional and
international experts.

Developing Principles for Outdoor Experiments: This study critically examines the societal,
environmental, and governance dimensions of potential MCB deployment, focusing exclusively on exploring
public perceptions and stakeholder attitudes and their relations to outdoor experiments. Such an approach
allows for an in-depth assessment of the challenges and opportunities posed by future experiments, laying
the groundwork for informed and ethically robust decision-making. Below is a critical evaluation of how the
study aligns with the principles for outdoor experiments outlined in the programme thesis while emphasizing
gaps and limitations that must be addressed before real-world implementation: (a) Minimizing Risk by
Design: While hypothetical outdoor experiments are discussed conceptually, the study refrains from direct
implementation to avoid unnecessary environmental or social risks. It interrogates the feasibility of designing
experiments at minimal scales to ensure reversibility and control. Stakeholder feedback will critically inform
the trade-offs between scientific data quality and the potential for unintended consequences. The study
challenges assumptions about "natural and benign" perturbations, emphasizing the need for a robust
scientific and ethical justification for any future deployment (b) Transparency and Public Participation:
Transparency is foundational, yet this study critiques the limited extent to which public participation has been
integrated into prior SRM research. By directly engaging communities, policymakers, and other stakeholders,
the study highlights gaps in trust and knowledge about MCB technology. Public consultations aim to elicit
critical concerns about governance, inclusivity, and accountability, ensuring that future experiments are not
only scientifically rigorous but also socially acceptable. (c) Risk Assessment and Impact Monitoring: The
study underscores significant uncertainties and potential blind spots in assessing the risks of MCB
experiments. It critically examines how risks—technological, environmental, and socio-economic—are
perceived by various stakeholders and identifies the challenges of designing monitoring systems that can
adequately address these concerns. This exploration aims to highlight the disparity between scientific risk
modeling and public perception, advocating for more integrative and precautionary approaches in future
experiments. (d) Reversibility and Containment: Public skepticism about reversibility and containment is a
major focus of this study. By exploring stakeholder concerns, the research highlights the ethical challenges
of ensuring that unintended consequences can be mitigated in real-time. The study critiques over-reliance
on technological solutions for containment, instead advocating for a precautionary approach that prioritizes
minimizing risks before deployment. This critical lens aims to ensure that future experiments do not proceed
without a proven ability to halt or reverse potential harms. (e) Governance and Legal Compliance:
Governance remains a contentious and underdeveloped area for SRM in South Asia. This study critiques
existing legal and regulatory frameworks for their inability to adequately address the complexities of MCB
experiments. By engaging stakeholders, the research identifies gaps in domestic and international laws,
emphasizing the need for robust, inclusive, and enforceable governance mechanisms that prioritize ethical
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and environmental integrity. The findings aim to challenge the status quo of fragmented and reactive
regulatory approaches. (f) Independent Review and Oversight: Independent oversight is not merely a
procedural formality but a critical safeguard against conflicts of interest and ethical lapses. This study
questions the adequacy of current oversight mechanisms and highlights the need for transparency, diversity,
and impartiality in future review processes. Stakeholder input will help define the criteria for truly independent
and representative oversight committees, ensuring that public trust is not compromised by opaque or biased
decision-making processes. This critical evaluation exposes the complexities and challenges inherent in
planning outdoor MCB experiments. By centering public perceptions and stakeholder concerns, the study
aims to bridge the gap between technical feasibility and societal acceptance, underscoring that robust
governance, transparency, and precautionary measures are prerequisites—not afterthoughts—for future
experimentation.

Areas Requiring Support. (a) Regulatory Navigation: Assistance may be required to navigate the
regulatory frameworks of South Asian countries, particularly for ensuring alignment with national and
international SRM governance standards, if any. (b) Community Engagement: Additional support in
organizing large-scale public consultations and managing cross-border stakeholder collaboration will help
address regional sensitivities. (¢) Access to Technical Expertise: Guidance in refining dispersal
technologies and monitoring systems to meet high precision and safety standards. Estimated Timelines
and Project Plan: The following project plan outlines the estimated timelines and key deliverables across
the lifecycle of the proposed MCB scientific-socio research project. The project will span approximately 36
months, with clear milestones for each phase. Below is a breakdown of activities and expected outcomes by
period:

Timeline Overview

Phase Months Key Milestones

Phase 1: Project Initiation 1-6 Literature review completion, climate modelling, finalizing survey and
focus group frameworks.

Phase 2: Data Collection 7.13 srlf)rl\:sg data collection, initial policy framework, first round of focus

Phase 3: Experiment Design 14-19 Final design and completion of ethical framework.

. Stakeholder engagement, public consultations, data collection on

Phgse 4: Stakeholder Engagement and 20-27 public perception, mid-phase analysis of findings, refinement of ethical

Ethical Frameworks
frameworks.

Phase 5: Analysis and Reporting 28-36 Data analysis, report preparaltlon., dissemination of findings through
reports, workshops, and publications.

Regulatory, Legal, and Ethical Risks and Mitigation Plans.

Regulatory Risks: The deployment of MCB in South Asia may face significant regulatory challenges,
particularly related to environmental regulations, SRM protocols, and international laws governing climate
interventions. These challenges could impede the approval and execution of hypothetical future outdoor
experiments and potentially hinder the broader adoption of MCB in the region. (a) Approval for Future Outdoor
Experiments: Obtaining the necessary regulatory approvals for potential future outdoor experiments in South
Asia, particularly in countries like India, Pakistan, and Bangladesh, may face delays or resistance due to stringent
environmental and safety regulations. (b) Cross-border Regulatory Concerns: MCB interventions may have
transboundary effects, especially on neighboring countries with shared resources (e.g., monsoons, river
systems). This could trigger geopolitical concerns and require international cooperation and regulation. (c)
Alignment with International Agreements: South Asian countries may be hesitant to engage in SRM
strategies like MCB due to concerns about compliance with international climate agreements, such as the Paris
Agreement or the Convention on Biological Diversity (CBD).

Mitigation Plans (a) Engage with Regulatory Authorities: Early and continuous dialogue with national and
local regulatory bodies in the project’s target countries will be essential to align with existing environmental
regulations. This will ensure that the project complies with local environmental laws and international
obligations.(b) International Collaboration: To address cross-border regulatory challenges, the project will seek
cooperation and consultation with neighboring countries and international bodies, including UNFCCC, to ensure
that MCB deployment is aligned with broader climate policy frameworks. (c) Detailed Impact Assessments:
Comprehensive environmental impact assessments and strategic environmental assessments will be conducted
to evaluate the potential risks of MCB. These assessments will provide the necessary documentation for any
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future regulatory approvals. Independent third-party reviews will ensure transparency and credibility in the
process.

Legal Risks: Legal risks associated with MCB deployment primarily concern the potential liability for unintended
environmental harm, property damage, or adverse health impacts resulting from SRM interventions. Additionally,
there may be issues related to intellectual property (IP) and the management of patents for technologies
developed as part of the research. Key Legal Risks: (a) Liability for Environmental Harm: If MCB causes
unintended environmental consequences (e.g., alterations in rainfall patterns, disruption of marine ecosystems),
it may lead to lawsuits or legal challenges from affected communities or environmental groups.
(b) Cross-border Legal Implications: Since the effects of MCB may cross borders, there could be conflicts with
neighboring countries regarding the legality of deploying such technologies within shared environmental spaces
(e.g., rivers, oceans).(c) Intellectual Property (IP) Issues: New technologies developed for MCB may encounter
challenges related to IP rights, especially if commercial interests become involved in scaling the technology
Mitigation Plans:(a) Risk Mitigation and Liability Insurance: The project will ensure proper legal protection
by obtaining appropriate liability insurance to cover potential environmental damage or unforeseen impacts from
any future interventions. Legal counsel will be consulted regularly to ensure the project complies with national
and international laws governing environmental and SRM risks.(b) Cross-border Agreements: To address legal
concerns over cross-border impacts, the project will advocate for agreements with neighboring countries
outlining the terms of potential future MCB deployment. These agreements will emphasize shared responsibility
and mutual consent under international law.

Ethical Risks: The ethical risks of MCB are substantial, given that SRM interventions directly modify natural
systems with the potential for unforeseen and unequal consequences. These concerns include equity issues,
environmental justice, and the involvement of affected communities in decision-making processes. Key Ethical
Risks:(a) Equity and Inclusivity: future MCB deployment may disproportionately affect marginalized or
vulnerable communities, particularly those in coastal areas or regions directly impacted by changes in weather
patterns. (b) Public Consent and Transparency: Ethical concerns could arise around the lack of public consent,
especially if MCB is discussed or implemented without sufficient consultation or public engagement, leading to
distrust in the project. (c) Environmental Justice: If the risks and benefits of MCB are not distributed equitably,
it may exacerbate existing environmental and social injustices. For example, cooling effects might
disproportionately benefit wealthy regions while poorer communities bear the costs of unforeseen side effects.

Mitigation Plans:(a) Community Engagement and Consent: The project will prioritize an inclusive approach
to stakeholder engagement, ensuring that all affected communities can participate meaningfully in decision-
making. Surveys, focus groups, and public consultations will be conducted regularly to assess public perceptions
and concerns. A consent-based decision-making process will be employed, ensuring that local communities are
well-informed and empowered to influence key project decisions.(b) Ethical Framework Development: A
comprehensive ethical framework will be developed in consultation with local communities, policymakers, and
ethical experts. This framework will address issues of equity, inclusion, transparency, and environmental justice,
ensuring that the potential risks and benefits of MCB are fairly distributed.(c) Independent Ethical Review: An
independent ethical review committee will be established to monitor the project’s implementation. This committee
will ensure compliance with ethical guidelines and monitor the impact of the project on vulnerable populations
and the environment. Recommendations for mitigation and corrective actions will be made as necessary to
address any negative outcomes or ethical concerns that arise during the research process.

Section 2: The Team
Research Team: Relevant Experience, Expertise, Skills, and Capabilities: Our CUl research team

specializes in several aspects of SRM research. I

7-8

52



Additional Expertise: As the project progresses, we anticipate the need for additional expertise in legal
frameworks related to environmental interventions and socio-economic impact assessments. The strategy for
integrating this expertise will be developed in consultation with the team members, based on project timelines
and specific resource needs. The Pl understands the value of engaging with various entities already working in
the SRM space, such as The Degrees Initiative and the Resources for the Future, particulary with respect to the
scientific, governance and stakeholder engagemnt aspects. The Pl has strong linkages to these organizations
and is currently (or was previously) working with these entities on SRM projects and seeks to expand
engagement with other organizations in and looking to enter this space. Furthermore, we have a potential

collaborator, I . \vho will serve as a technical
expert for the project. I \vith a focus on making

policies, plans, programs, and project developments which are environmentally sustainable and climate resilient.
Il guidance will be instrumental in shaping the project's guidelines and ethical framework, ensuring they are
grounded in practical, evidence-based approaches that promote balanced, sustainable, and climate-adaptive
decision-making processes. Expertise of other team members comes from a mix from basic sciences |Ili}
) social sciences (I
). oovernance (Il
). \vith support for data
development (| )
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Defining the minimum scale of an SAl test:
A fundamental first step towards an outdoor large scale experiment

Introduction and Program alignment: Stratospheric aerosol injection (SAl) could be used to
reflect a small amount of sunlight back to space, cooling the planet. We know with certainty that
this would cool, and if it were started at high latitudes where the tropopause is lower, it could
potentially be conducted using existing (but modified) aircraft, making this the most near-term
option for radically reducing the risks of climate change. Nonetheless, there are still critical
uncertainties that would need to be narrowed before informed decisions about a deployment
could be considered robust.

We start from the assumption that the nearest-term deployment of SAl is highly likely to be with
sulfate aerosols, with gaseous dispersal of a precursor (SO, being the obvious candidate), and
released from aircraft. The expectation that sulfate is the nearest-term option is due to the close
similarity with natural analogues, and due to our knowledge of the environmental impacts of
sulfate compared to novel materials; releasing as a gaseous precursor is expected to be more
straightforward, and is again consistent with natural analogues. (And analyses consistently
show that aircraft are likely the cheapest means of lofting material, e.g., Smith and Wagner,
2018). This makes reducing the remaining uncertainties associated with SO, release a high
priority for near-term research.

With SO,, the biggest source of testable uncertainty that could be reduced at a scale relevant
for an outdoor experiment is associated with aerosol microphysics, leading to uncertainty in the
aerosol size distribution, and hence both lifetime and radiative efficacy; this ultimately affects the
overall amount one needs to inject to achieve a given amount of cooling. This uncertainty
comes from the potential competition between nucleation (new particle formation) and
condensation/coagulation (particle growth) of H,SO, vapors and already nucleated sulfate
aerosols, which in turn is strongly dependent on spatial inhomogeneity, as well as on initial
conditions (such as ion-induced nucleation within the plume of an aircraft). In a climate model,
these small-scale processes are represented by simplified parametrizations, based on a small
amount of existing observations after volcanic eruptions, pyrocumulus etc. However, these
representations have already been demonstrated to be highly model dependent (roughly a
factor of two range across models), including even dependent on the physical timescale of the
calculations (Vattioni et al., 2023), due to competition between different simultaneous processes
(nucleation versus coagulation) that need to be resolved at a high temporal scale. Even more
critically, the existing observations that lead to current parameterizations are from analogues
that are not fully representative of the conditions that would happen during SAl, and there is little
basis to guess how large an effect this might have on predictions without direct experimentation.

An outdoor experiment could be designed specifically aimed at reducing this uncertainty, but it is
unclear what scale this experiment would need to be. This is the primary question we address
here - not the detailed experiment design, but rather a robust scientific definition of the scale
that such an experiment would need to be conducted at in order for it to meaningfully constrain
some of the key microphysical uncertainties. This would not just be a critical first step in the
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