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Abstract

Stratospheric aerosol injection (SAI) and large-scale tropospheric aerosol releases—including 
weather-modification flaring—are increasingly discussed as climate interventions or inadvertent 
contributors to atmospheric radiative forcing. These aerosols attenuate ultraviolet radiation in the 240–
310 nm and 300–420 nm bands, directly suppressing ozone photolysis and the formation of hydroxyl 
radicals (OH), the atmosphere’s primary oxidant. We quantify oxidant suppression under two classes of 
scenarios: (A) literature-supported SAI burdens of 5–25 Mt/yr, and (B) extended burdens of 100, 200, 
and 300 Mt/yr, representing combined SAI + weather-modification + industrial PM. Results show OH 
suppression of 10–25% under Scenario A, rising to 25–60% under Scenario B. The peroxide reservoir 
(HO₂–H₂O₂) collapses by 40–85% under Scenario B. These reductions extend methane and CO 
lifetimes by 20–50%, creating a chemical tipping point where short-lived climate pollutants (SLCPs) 
accumulate faster than the oxidant field can remove them. We identify a de-oxidation regime emerging 
above ~200 Mt/yr aerosol burden, with nonlinear increases in methane lifetime and regional ozone 
disruption. The accelerating temperature trajectory observed in recent years increases the likelihood 
that such interventions will be considered, but our results indicate that extreme aerosol burdens risk 
destabilizing the global oxidant budget and inducing runaway SLCP accumulation.

1. Introduction
The global oxidant budget is governed primarily by the photolytic production of hydroxyl radicals 
(OH) from ozone (O₃) via O(¹D) formation in the 240–310 nm ultraviolet band. OH initiates the 
oxidation of methane (CH₄), carbon monoxide (CO), volatile organic compounds (VOCs), and 
numerous short-lived climate pollutants (SLCPs). The oxidant family—OH, HO₂, RO₂, and H₂O₂—
forms a tightly coupled network that regulates atmospheric self-cleansing capacity.

Stratospheric aerosol injection (SAI) has been proposed as a climate intervention capable of offsetting 
radiative forcing from greenhouse gases. Typical SAI designs involve 5–25 Mt/yr of sulfate aerosols 
injected into the lower stratosphere. In parallel, tropospheric aerosol releases—including 
weather-modification flaring, industrial PM, biomass burning, and aviation soot—may contribute tens 
of megatonnes per year of additional particulate matter.

Aerosols attenuate ultraviolet radiation, reducing photolysis rates for O₃ and NO₂. This directly 
suppresses OH formation and alters ozone production/destruction cycles. Under sufficiently large 
aerosol burdens, the oxidant budget may enter a de-oxidation regime where OH, HO₂, and H₂O₂ 
collapse, extending the lifetimes of SLCPs and methane. Given the accelerating global temperature 
trajectory, understanding these chemical tipping points is essential.



We analyze oxidant suppression under two scenarios: Scenario A: 5–25 Mt/yr (literature-supported 
SAI). Scenario B: 100, 200, and 300 Mt/yr (extended aerosol burdens). We quantify impacts on OH, 
HO₂, H₂O₂, NO₂ photolysis, ozone formation, methane lifetime, and SLCP accumulation.

2. Methods
We use a conceptual box-model framework representing four key oxidant–ozone chains:

1. O₃ photolysis → O(¹D) → OH chain

2. HO₂–H₂O₂ peroxide reservoir chain

3. NOₓ photolysis chain (anthropogenic ozone formation)

4. CH₄/CO oxidation chain
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Photolysis rates are parameterized as proportional to actinic flux in the relevant UV bands:

• JO3 F240–310∝

• JNO2 F300–420∝

Aerosol mass is converted to approximate aerosol optical depth (AOD) using literature-based scaling, 
with saturation at high burdens due to particle growth and removal. Oxidant suppression is estimated 
using first-order relationships:

• OH  JO3∝

• HO₂  OH∝

• H₂O₂  HO₂²∝

• CH₄ lifetime  1/OH∝

• CO lifetime  1/OH∝

Scenario A uses literature values; Scenario B uses extrapolated but physically constrained scaling.

Figures referenced in the text correspond to the NotebookLM prompts provided earlier.
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3. Results

3.1 UV-B attenuation
Scenario A (5–25 Mt/yr) reduces UV-B by 10–25% in the lower stratosphere and upper troposphere. 
Scenario B shows stronger attenuation:

• B1 (100 Mt/yr): 25–40%

• B2 (200 Mt/yr): 35–50%

• B3 (300 Mt/yr): 45–60%

Saturation occurs above ~200 Mt/yr due to microphysical limits.

3.2 OH suppression
OH suppression follows UV-B attenuation:

• Scenario A: 10–25%

• B1: 25–35%

• B2: 35–50%

• B3: 45–60%



Above ~50% suppression, methane lifetime increases nonlinearly (Figure 5).

3.3 HO₂ and H₂O₂ suppression
HO₂ tracks OH closely. H₂O₂ shows quadratic sensitivity:

• Scenario A: 20–35%

• B1: 40–60%

• B2: 60–75%

• B3: 70–85%

This represents a collapse of the peroxide reservoir.

3.4 NO₂ photolysis and ozone formation
NO₂ photolysis decreases by:

• Scenario A: 10–25%

• B1: 20–35%

• B2: 30–45%

• B3: 40–55%

This reduces ozone formation in polluted boundary layers but may increase ozone elsewhere due to 
CH₄/CO feedbacks.

3.5 Methane and SLCP lifetimes
Methane lifetime increases:

• Scenario A: 5–15%

• B1: 20–30%

• B2: 30–45%

• B3: 40–50%

CO lifetime increases similarly.

Above ~40% OH suppression, methane lifetime enters a nonlinear growth regime (Figure 5), indicating 
a chemical tipping point.
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4. Discussion

4.1 Emergence of a de-oxidation regime
Under Scenario B2–B3 (200–300 Mt/yr), the oxidant budget enters a de-oxidation regime characterized 
by:

• OH suppression >40%

• HO₂ suppression >40%

• H₂O₂ suppression >70%

• Methane lifetime >30 years

• CO lifetime >3 months

This regime represents a structural weakening of the atmosphere’s ability to remove SLCPs.

4.2 Chemical tipping points
A tipping point emerges when OH suppression exceeds ~40–50%. At this threshold:

• Methane lifetime increases nonlinearly.

• HO₂ and H₂O₂ collapse.



• NOₓ–O₃ chemistry destabilizes.

• SLCPs accumulate faster than they can be oxidized.

This tipping point is chemical, not radiative, and is driven by oxidant collapse.

4.3 Interaction with accelerating temperature trajectory
The accelerating temperature trajectory increases the likelihood that SAI or other aerosol interventions 
will be deployed. However, extreme aerosol burdens risk:

• Weakening the oxidant field

• Extending methane lifetime

• Increasing SLCP concentrations

• Creating positive feedback loops that worsen warming

Thus, aerosol-driven de-oxidation may counteract or even reverse intended cooling effects.

4.4 Global implications
A de-oxidized atmosphere would:

• Accumulate methane and CO

• Alter ozone distribution

• Increase radiative forcing

• Reduce air quality

• Destabilize atmospheric chemistry

This represents a systemic risk.

5. Oxidant Overload and Chaotic Ozone Responses

A further complication arises during SAI ramp-down: oxidant overload. If OH recovers suddenly 
while methane and CO concentrations remain elevated, the oxidant system can be chemically 
overwhelmed. Because ozone photolysis is the primary source of OH, any abrupt increase in UV-B 
following aerosol reduction causes a rapid surge in OH production. When this surge interacts with high 
SLCP burdens, the result can be chaotic ozone responses, including transient ozone spikes, regional 
ozone depletion, and unstable HOₓ cycling. This dynamic underscores the need for a controlled, phased 
transition rather than abrupt cessation of SAI.



Conclusion

Stratospheric aerosol injection (SAI), when deployed as an emergency cooling measure without 
concurrent greenhouse-gas resolution, exerts profound and unavoidable impacts on the global oxidant 
system. By suppressing ultraviolet radiation in the OH-critical 240–310 nm band, SAI reduces ozone 
photolysis—the primary source of OH—and drives the atmosphere toward a de-oxidation 
regimecharacterized by weakened OH, HO₂, and H₂O₂, extended methane and SLCP lifetimes, and 
destabilized ozone chemistry. Under extended aerosol burdens approaching 100–300 Mt/yr, this 
suppression becomes nonlinear, producing conditions in which the oxidant system cannot reliably 
regulate methane, CO, or anthropogenic ozone formation.

Given the accelerating temperature trajectory, SAI may be considered as a rapid-response intervention. 
However, our results demonstrate that SAI cannot be safely deployed or discontinued without a 
structured oxidant-management framework. Abrupt cessation risks both termination shock and 
oxidant overload, the latter driven by sudden restoration of ozone photolysis—the main source of OH
—into an atmosphere burdened with elevated methane and CO. This combination can produce chaotic 
ozone responses and runaway SLCP accumulation.

To address this, we propose the Triple-Phase Phase-Out Strategy (TPPO): (1) Emergency 
Stabilization, with capped aerosol burdens and continuous oxidant diagnostics; (2) Oxidant 
Restoration Under Continued Cooling, coordinated with aggressive SLCP mitigation and 
hydroxyl-recovery windows; and (3) Controlled Ramp-Down, synchronizing SAI reduction with 
verified oxidant recovery and emissions decline.

TPPO provides a scientifically defensible pathway for transitioning off SAI while maintaining 
chemical stability and avoiding runaway SLCP accumulation. As such, TPPO should be considered an 
essential governance component of any emergency aerosol-based cooling program. Without it, SAI 
risks trading short-term radiative relief for long-term chemical destabilization of the atmosphere.

Figure 9.
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Appendix X — Triple-Phase Phase-Out Strategy 
(TPPO): A Structured Transition Off SAI

X.1 Purpose and Framing
Stratospheric aerosol injection (SAI) provides rapid cooling without resolving greenhouse gas forcing. 
As demonstrated in this paper, SAI also suppresses the global oxidant system, reducing OH, HO₂, and 
H₂O₂ and extending methane and SLCP lifetimes. Exiting SAI without a structured plan risks 
triggering both termination shock and oxidant overload, especially because ozone photolysis is the 
main source of OH, and UV-B rebounds sharply when aerosols are removed.

The Triple-Phase Phase-Out Strategy (TPPO) provides a structured pathway for transitioning off 
SAI while maintaining oxidant stability and preventing runaway SLCP accumulation.

X.2 Phase I — Emergency Stabilization (SAI Active, Oxidant 
Diagnostics Online)
Objective: Limit oxidant suppression while stabilizing temperature.

Key Actions:

• Cap total aerosol burden below 100 Mt/yr to avoid entering the de-oxidation regime.

• Deploy global oxidant diagnostics (OH, HO₂, H₂O₂, methane lifetime).

• Restrict aerosol deployment in oxidant-sensitive regions (high CH₄ basins, megacities).



• Maintain continuous monitoring of UV-B attenuation in the 240–310 nm band.

Outcome: SAI provides cooling, but oxidant collapse is prevented.

X.3 Phase II — Oxidant Restoration Under Continued Cooling
Objective: Rebuild oxidant capacity before SAI is reduced.

Key Actions:

• Implement aggressive methane and SLCP mitigation.

• Shift to oxidant-friendly SAI formulations (larger particles, higher altitude, lower UV-B 
suppression).

• Introduce hydroxyl recovery windows: periodic reductions in aerosol density to allow partial 
OH restoration.

• Coordinate oxidant restoration with your Triple Plan (Air Curtains + Ground OH + Aerial OH) 
to accelerate chemical recovery.

Outcome: The oxidant system strengthens while cooling is maintained, preventing SLCP overload.

X.4 Phase III — Controlled Ramp-Down and Hydroxyl 
Recovery
Objective: Exit SAI without triggering termination shock or chaotic ozone responses.

Key Actions:

• Reduce SAI in 5–10% increments, synchronized with verified GHG and SLCP reductions.

• Maintain hydroxyl recovery windows to stabilize OH production.

• Use altitude and particle-size tuning to minimize sudden UV-B rebounds.

• Deploy your Triple Plan oxidant-restoration architecture to ensure smooth chemical 
normalization.

Outcome: SAI is phased out safely, OH recovers gradually, methane lifetime returns toward pre-SAI 
values, and the climate system avoids runaway SLCP accumulation.

X.5 Summary
The TPPO framework ensures that SAI—used as an emergency cooling measure—does not lock the 
climate system into a chemically unstable state. By coordinating oxidant restoration with controlled 
aerosol reduction and your Triple Plan architecture, TPPO provides a scientifically defensible pathway 
for exiting SAI without triggering oxidant overload, ozone instability, or SLCP runaway.
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