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Experiments Ax/Bx/Cx/Dx 

User Prompt: I have 3 areas of interest: (A) measure radiative forcing from anthropogenic aerosols, 

(B) improve understanding of clouds, and (C) identify how to reflect sunlight back into outer space at 

reasonable cost and without harm (e.g. via stratospheric aerosol injection). 

The equipment to do the monitoring already exists (e.g. ER-2 with radiometers, global hawk with 

spectrometers and lidar, twin otter with radiometers); however, it seems the spray plane needs to be 

developed. Also, there are different experiments one can run given 3 areas of interest ('A', 'B', 'C' 

noted previously).  

What are those experiments, assuming I already have the monitor equipment and I can develop any 

spray plane, as needed. In other words, what are the different things I can spray to do a measurement 

to help with areas of interest (i.e. 'A', 'B', 'C')? 

ChatGPT Response: Below are one-page “experiment cards” for Ax/Bx/Cx experiments. For 

experiments explicitly proposed in your PDF, I cite the relevant passages; the others are extensions 

that fit your stated goals and your existing monitor fleet. 

Experiment A1a — Inject SO2 gas, monitor for weeks 

Purpose 

Experiment A1a (“SSRFEx”) injects a known amount of SO₂ gas into the high-Arctic lower 

stratosphere inside the polar vortex and then use multi-aircraft radiative closure.  

A1a is a controlled-perturbation field experiment designed to reduce uncertainty in aerosol 

radiative forcing by creating a known, trackable sulfur perturbation in a relatively “clean” 

environment (the stratospheric polar vortex) and then directly measuring the coupled chain SO₂ 

→ H₂SO₄ vapor → sulfate aerosol microphysics → aerosol optics → SW/LW flux changes. The 

point is to anchor (with observations) the parts of the forcing calculation that models often have 

“tuning freedom” over—especially the conversion from injected sulfur to aerosol optical 

properties and then to radiative flux perturbations. 

Physically, the experiment uses a dedicated injector aircraft to release SO₂ gas along repeated 

stratospheric flight legs inside the late-winter Arctic vortex (chosen for coherence/containment 

and low background variability), then deploys coordinated monitoring aircraft to (1) map plume 

geometry and aerosol evolution, and (2) measure the radiative effect via above/below flux 

https://ma2life.org/g/eet/eetcs_plan/decarb_plan/measure_aerosol_reflection_experiment.pdf
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differencing, repeated over days to ~2 weeks while the plume remains trackable for closure-

focused revisits. 

Mechanics 

An injection airplane sprays aerosols SO2 gas near the North or South Pole at a high altitude, and a 

monitoring airplane flies above, below, and through the material to measure multiple properties 

(e.g. forcing efficiency “per unit sulfur”). Monitoring flights occur over days to weeks, to measure 

how the sulfur changes over time. 

Experiment In Plain Language 

• Goal: Measure how much the stratosphere’s new sulfate particles (formed from injected SO₂) 

change sunlight and heat flow per ton of sulfur injected, using real measurements rather than 

model guesses. 

• Method: Release a known mass of SO₂ gas into the Arctic lower stratosphere, then repeatedly 

“re-find” the plume and measure (a) what particles form, (b) how reflective/absorbing they 

are, and (c) how much the radiative flux changes above vs. below the plume (radiative closure). 

• Strategy: Fly in the late-winter polar vortex (~70–80°N, Feb–Mar) so the plume stays more 

coherent than at mid-latitudes, enabling revisit flights over days to weeks (practically ~2 weeks 

for daily revisits, per the document’s planning notes). 

• Injection: 

o Material: SO₂ gas 

o Material quantity: ~10 tonnes SO₂ total (concept example) 

o Platform: business-jet-class injector (example given: Gulfstream IV) 

o # injection sorties: ~20 sorties over ~10 days, each releasing ~500 kg SO₂ along a ~200 

km track at ~14 km (~43k ft). (Optional: a sulfur isotopic tracer is proposed to separate 

new sulfate from background.) 

• Measurement: 

o Monitoring platforms (illustrative stack): 

▪ Above plume: high-altitude aircraft (example: ER-2) with up/down broadband 

flux radiometers + multi-angle polarimeter (and lidar in the concept summary). 

▪ In plume: long-endurance platform (example: Global Hawk) with HSRL lidar + 

in-situ aerosol instruments. 
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▪ Below plume: smaller aircraft (example: Twin Otter) with radiometers + 

spectrometer/imager. 

▪ Plus: ground AERONET under-track and targeted satellite overpasses. 

o What’s measured: plume vertical profile (lidar), aerosol size distribution and sulfate 

mass, optical properties (AOD/SSA/refractive index proxies), SO₂, and SW/LW flux 

above vs below the plume; repeated transects over the revisit window. 

• Cost (ballpark): ~$7M (document’s rough campaign estimate; it notes sensitivity to access to 

government aircraft/instrument pools). 

• Claimed impact: Constrains stratospheric sulfate forcing efficiency and reduces model “free 

knobs,” but does not resolve aerosol-cloud interaction uncertainty by itself. In the document’s 

internal uncertainty tally, SSRFEx moves total aerosol ERF uncertainty roughly ±0.70 → ±0.55 

W/m² (as presented). 

Experiment In Scientific Language 

• Goal: Empirically constrain forcing efficiency of freshly formed UTLS stratospheric sulfate via 

radiative closure: ΔF (SW/LW) per injected sulfur mass (e.g., W m⁻² per Tg S), for use as an 

observation-based constraint on aerosol ERF parameterizations and related retrieval 

algorithms. 

• Method: Controlled SO₂ perturbation in a dynamically coherent Arctic vortex airmass; 

reconstruct evolving sulfate field (3-D) from HSRL curtains + in-situ profiling; measure plume 

instantaneous forcing by flux differencing and integrate over geometry/solar zenith with RT 

corrections constrained by measured aerosol optics (AOD, SSA, g proxies). 

• Strategy: Late-winter high-Arctic LS targeting (≈70–80°N, Feb–Mar) to leverage vortex 

containment/coherence and low background variability for Lagrangian-style revisits over days–

weeks (document notes ~2 weeks as a practical daily-revisit horizon before the signal 

weakens). 

• Injection: 

o Species: SO₂ (optionally isotopically tagged sulfur for background separation). 

o Mass & cadence (concept example): ~10 t total SO₂; ~20 sorties over ~10 days; ~500 kg 

per sortie over ~200 km at ~14 km. 

o Injector platform: business-jet-class (example given: G-IV). 

• Measurement: 
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o Platforms / geometry: three-layer observing concept (above / through / below) plus 

ground + satellite matchups. 

o Core observables: SO₂ (in-plume), sulfate aerosol microphysics (number/size 

distribution), sulfate mass/composition proxies, aerosol optics (AOD vertical profile; 

SSA/refractive index proxies), plume geometry and evolution (HSRL), and net SW/LW 

flux perturbation from above/below radiometry, repeated across plume age.  

• Cost (ballpark): ~$7M (FY-2025 USD, rough; depends heavily on platform/instrument access 

assumptions). 

• Claimed impact: Improves constraint on stratospheric sulfate optical forcing efficiency and 

reduces degrees of freedom in model tuning; positioned as one component of a broader 

uncertainty-reduction pathway (with separate experiments targeting marine cloud and 

absorbing aerosol uncertainties). The document’s internal tally shows aerosol ERF uncertainty 

declining from ~±0.70 to ~±0.55 W/m² after SSRFEx (as presented). 

• (Doc’s stated closure/error framing): Radiometer absolute accuracy is cited at ±0.5 W/m² per 

channel; with ~20 repeat transects and flux differencing, statistical error on plume ΔF is cited 

~±0.03 W/m²; after adding modeling + mass-estimate terms, total uncertainty in forcing 

efficiency is cited ~±7% (and the document argues this propagates to a large reduction in 

aerosol ERF uncertainty). 

Experiment A1d — Inject H₂SO₄ + H₂O solution aerosol, monitor for <1 day 

Purpose 

A1d is a controlled-perturbation experiment meant to reduce uncertainty in aerosol radiative 

forcing by creating an immediately radiatively active sulfate aerosol layer (aqueous H₂SO₄–H₂O 

droplets) and then doing aircraft “radiative closure”: measure aerosol microphysics/optics and 

the resulting SW/LW flux perturbation in the same scene, over hours rather than waiting for SO₂ 

oxidation.  

Physically, this is conducted by releasing pre-made H₂SO₄–H₂O solution droplets in the lower 

stratosphere (often framed as polar-vortex/UTLS conditions for signal-to-noise), while varying 

initial droplet size and initial acid weight-percent (e.g., 10–90 wt%) as “control knobs,” then 

measuring how quickly droplets equilibrate and how optics/forcing depend on the initial settings.  

Mechanics 
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An injection airplane sprays aerosols (tiny liquid droplets similar to a mist) near the North or South 

Pole at a high altitude, and a monitoring airplane flies above, below, and through the plume to 

measure multiple properties. Monitoring typically occurs within 10 hours of injection. 

Experiment In Plain Language 

• Goal: Create a sulfate “test plume” whose sunlight-reflection can be measured right away, so 

we can connect “what we injected” → “how it changed in the air” → “how much extra sunlight 

got reflected.”  

• Method: Inject H₂SO₄–H₂O liquid solution droplets (not SO₂ gas) so the plume is optically 

active at time zero; vary droplet size and acid% to map how those choices affect measured 

optics and flux.  

• Strategy: Target lower-stratosphere / polar-vortex/UTLS conditions for low background 

aerosol and improved detectability; focus on a same-day intensive observing period (hours).  

• Injection: Material: H₂SO₄–H₂O solution aerosol. Amount: the PDF gives order-of-magnitude 

bands; for aircraft radiative-closure, typically ~10²–10⁴ kg (0.1–10 t) per event, while 

microphysics-only can be ~1–100 kg (and satellite detectability implies far larger). 

Platform/sorties: typically ~1 injector sortie per “event.”  

• Measurement: Use an “above / in / below” stack: in-plume aerosol sizing/composition + 

remote profiling (lidar) + above/below radiometry/polarimetry to close flux. Aircraft sorties: 

not specified as a single number for A1d; conceptually this is an intensive same-day closure 

case with optional revisits.  

• Cost (ballpark): The document groups A1a/A1b/A1c/A1d in ~$10M–$40M for a “one-event + 

full closure stack” effort.  

• Claimed impact: Produces a “truth dataset” that tests how size/composition control 

extinction/SSA/phase function and whether radiative transfer closes—improving the forcing 

chain that also underpins anthropogenic aerosol forcing estimates.  

Experiment In Scientific Language 

• Goal: Constrain aerosol ERF by closure on mass → size distribution → AOD/SSA/g → 

ΔSW/ΔLW for a controlled aqueous sulfate plume.  

• Method: Direct injection of H₂SO₄–H₂O solution droplets with a designed (Dₚ × wt% H₂SO₄) 

matrix; quantify equilibration/κ-like behavior and early-time optical sensitivity.  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 9 

 

• Strategy: UTLS/lower-stratosphere targeting (~13–20 km typical injector altitude band in the 

PDF’s planning discussion), chosen for low background aerosol and more interpretable 

microphysics/optics evolution.  

• Injection: 1 event/1 sortie typical; mass bands: microphysics validation ~1–100 kg; radiative 

closure ~10²–10⁴ kg; satellite detectability ≫10⁴ kg.  

• Measurement: Collocated in situ aerosol microphysics/composition + lidar extinction structure 

+ radiometry/polarimetry above/below for closure; revisit logic optional (hours–days 

strongest).  

• Cost: ~$10M–$40M per well-instrumented closure event (campaign-scale).  

• Impact: Reduces model degrees of freedom in sulfate optics/microphysics and RT closure 

assumptions; improves interpretability of aerosol forcing calculations and retrieval 

frameworks.  

Experiment A2 — Sea-salt CCN, MCARFE 

Purpose 

MCARFE is a controlled marine boundary-layer experiment that releases a well-characterized sea-

salt CCN plume into clean stratocumulus conditions and then measures simultaneously: (1) the 

aerosol perturbation, (2) the cloud microphysics/macrophysics response, and (3) the resulting 

shortwave flux perturbation above and below cloud to deliver radiative closure for aerosol–cloud 

forcing.  

Physically, it is “ship-track physics on purpose”: inject sub-micron sea-salt into a susceptible cloud 

regime and follow the same airmass (Lagrangian sampling) with coordinated in situ + remote 

sensing and radiometry.  

Mechanics 

An injection airplane or ship sprays salt water under a cloud, and a monitoring airplane flies above, 

below, and through the cloud to measure multiple properties. Monitoring typically occurs within 

10 hours of injection. 

Experiment In Plain Language 

• Goal: Measure how much brighter a clean marine low cloud gets when you add a known 

amount of “cloud-seeding” salt particles (CCN), and how that changes reflected sunlight.  
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• Method: Release sub-micron sea-salt aerosol into the boundary layer under stratocumulus and 

measure droplet number/size, drizzle, cloud thickness/fraction, and TOA/surface SW changes.  

• Strategy: Pick clean stratocumulus regions where the response is strongest; use repeated 

overpasses and Lagrangian tracking to separate cause from natural variability.  

• Injection: Material: sea-salt CCN (sprayed saline). Quantity: published planning cited in the 

PDF includes ~10²–10³ kg sprayed saline per run (salt mass order ~10 kg) as a reasonable per-

event band; injection windows in early concepts are ≥30 min per run. Platform/sorties: 

typically vessel-based or low-alt aircraft; # injection “runs” depends on design (not fixed in the 

PDF).  

• Measurement: “Above / below / through” cloud geometry: aerosol size/hygroscopicity/CCN 

spectra; cloud Nd/re/LWP and drizzle; TOA and below-cloud flux. Monitoring sorties: not fixed; 

the PDF describes repeated mapping and daily revisits in one illustrative choreography.  

• Cost (ballpark): The document gives ~$24M for MCARFE in its budget-style summary (and 

elsewhere notes $3M–$15M as a broad Ax/A2 cost band depending on scope).  

• Claimed impact: Constrains aerosol–cloud ERF in stratocumulus (Twomey + adjustments) and 

reduces a major component of aerosol forcing uncertainty.  

Experiment In Scientific Language 

• Goal: Radiative closure for ERF_aci in clean stratocumulus via controlled ΔCCN and 

simultaneous constraints on Nd, re, LWP, CF, drizzle and ΔF_SW.  

• Method: Lagrangian plume-following of injected sub-micron sea-salt; quantify susceptibility 

and adjustment sign/magnitude.  

• Strategy: Regime selection for high susceptibility; repeated stacked legs + mapping; matched 

controls.  

• Injection: ~10²–10³ kg sprayed saline per event band; ≥30 min per run (public planning cited).  

• Measurement: aerosol microphysics/hygroscopicity + CCN(S); cloud 

microphysics/macrophysics + precipitation; above/below SW flux closure.  

• Cost/impact: ~$24M in the document’s memo-style summary; intended to materially tighten 

cloud-albedo forcing uncertainty.  

Experiment A3 — Smoke, AARaCE 

Purpose 
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AARaCE targets a hard part of aerosol forcing: absorbing aerosol (smoke/soot-like) forcing, 

especially in above-cloud scenes where absorption-driven heating can change cloud cover and flip 

the forcing sign (semi-direct effects). It aims to do radiative closure by characterizing aerosol 

optics and vertical placement and measuring the associated TOA and surface flux changes.  

Physically, it can be done either (a) with a controlled smoke surrogate plume, or (b) by exploiting 

strong natural smoke variability with matched meteorology (the PDF explicitly frames “high-smoke 

vs low-smoke days” as a practical strategy).  

Mechanics 

Smoke of varying amounts appear over a cloud, and a monitoring airplane flies above, below, and 

through the cloud to measure multiple properties.  

Experiment In Plain Language 

• Goal: Determine how much smoke warms/cools the planet in realistic scenes—especially when 

smoke sits over bright clouds.  

• Method: Measure smoke particle properties (how much they absorb vs scatter light) and 

where the smoke layer is, then measure how sunlight/heat flux changes above and below.  

• Strategy: Focus on regimes like biomass-burning outflow over marine stratocumulus; use 

“high-smoke vs low-smoke” matched days to isolate smoke effects.  

• Injection: Material: smoke-like absorbing aerosol (surrogate) or natural smoke. Quantity: for 

aircraft closure, the PDF lists ~10²–10⁴ kg smoke aerosol-equivalent as a “sweet spot” band; 

satellite detectability framing can imply much larger masses. Platform/sorties: if injected, 

typically ~1 injector sortie per event; otherwise none.  

• Measurement: In-layer in situ microphysics/optics (SSA, size, mixing state), plus above/below 

radiometry and profiling of layer height relative to clouds. Monitoring sorties: case-based, 

typically hours-to-<1 day per closure case in the PDF’s narrative.  

• Cost (ballpark): The memo-style budget summary lists ~$30M.  

• Claimed impact: Reduce uncertainty in absorbing-aerosol direct + semi-direct forcing terms by 

anchoring SSA/absorption/vertical placement and rapid adjustments with closure-grade cases.  

Experiment In Scientific Language 

• Goal: Constrain absorbing aerosol ERF via closure on SSA(λ), AAE, g, vertical placement vs 

cloud, and direct vs rapid-adjustment partitioning in above-cloud scenes.  
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• Method/strategy: Matched-control high-smoke vs low-smoke cases; characterize mixing 

state/coatings and their impact on absorption and hygroscopicity.  

• Injection: optional; if used for closure, ~10²–10⁴ kg aerosol-equivalent event band.  

• Measurement: in-layer in situ + above/below flux; lidar/profiling to control layer/cloud 

geometry.  

• Cost/impact: ~$30M; targets semi-direct uncertainty reduction via closure-grade constraints.  

Experiment A4 — Southern Ocean clean air, no injection (SONABEx) 

Purpose 

SONABEx is an observation-only campaign over the remote Southern Ocean intended to better 

constrain the near-pristine (“preindustrial-like”) aerosol baseline and its coupling to cloud 

microphysics and radiation—important because aerosol forcing is often framed as “present day 

minus preindustrial.”  

Physically, it’s executed as intensive measurements (e.g., icebreaker + aircraft profiles + optional 

satellite/polarimetry concept) of CCN/INP, cloud phase/microphysics, and TOA/surface flux in an 

under-sampled region where models have persistent cloud biases.  

Mechanics 

Monitor clean air over the remote Southern Ocean with airplanes, satellites and ships.  

Experiment In Plain Language 

• Goal: Measure what clouds and aerosols look like in very clean air, so “baseline” climate 

assumptions aren’t guessed.  

• Method: No spraying—just coordinated ship/aircraft/satellite-style observations of aerosols, 

clouds, and radiation.  

• Strategy: Focus on Southern Ocean regimes; build a clean reference dataset that pairs with 

perturbation experiments like MCARFE (A2) and smoke studies (A3).  

• Injection: None. 0 kg.   

• Measurement: Ship + aircraft profiling + radiometry and cloud microphysics; aim for high-

quality CCN spectra, microphysics, and TOA flux in near-pristine environments. Monitoring 

sorties: campaign-dependent; not fixed as a single number in the SONABEx section shown.  
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• Cost (ballpark): The memo-style summary lists ~$36M.  

• Claimed impact: Further reduces aerosol ERF uncertainty by tightening the baseline/clean-

regime constraints.  

Experiment In Scientific Language 

• Goal: Constrain PI-like aerosol + cloud regime statistics and radiative fluxes in the Southern 

Ocean to reduce ERF baseline uncertainty.  

• Method: Observation-only, emphasizing CCN/INP, mixed-phase occurrence, and radiative 

closure/validation opportunities.  

• Injection: none (0 kg).  

• Measurement: ship/aircraft profiling + radiometry; satellite matchups as feasible.  

• Cost/impact: ~$36M; baseline tightening to reduce aerosol ERF uncertainty.  

Experiment B1 — Cloud CCN microphysics, no injection 

Purpose 

B1 is an observational experiment aimed at quantifying how CCN and small-scale meteorology 

control warm-cloud microphysics (Nd, droplet spectra, effective radius, drizzle onset) under real 

variability—providing the “foundation” mapping needed to interpret aerosol–cloud forcing.  

Mechanics 

A monitoring airplane flies above, below, and through clouds to measure multiple properties. 

Experiment In Plain Language 

• Goal: Learn how “how many particles are in the air” turns into “how many cloud droplets 

form,” and how that changes cloud brightness and drizzle.  

• Method: Fly repeated legs below/cloud-base/in-cloud to measure aerosol size and CCN, 

updrafts, droplet spectra, and cloud structure—without spraying anything.  

• Strategy: Sample multiple days and regimes to capture natural variability in CCN and 

meteorology.  

• Injection: None (0 kg).  
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• Measurement: Aircraft in situ aerosol + cloud probes; optional remote sensing for structure. 

Monitoring sorties: not specified; the cost section implies a “few flight days” for a tight mini-

campaign.  

• Cost (ballpark): Monitoring-only B-series: ~$1M–$5M for a tightly scoped mini-campaign.  

• Claimed impact: Provides activation and droplet-spectrum constraints needed for 

parameterizations and for interpreting controlled perturbations like A2.  

Experiment In Scientific Language 

• Goal: Constrain activation parameterizations and susceptibility metrics linking CCN(S), w to Nd, 

re and spectral evolution.  

• Injection: none.  

• Measurement/cost: aircraft in situ + optional remote; ~$1–5M monitoring-only band.  

Experiment B2 — Cloud precipitation/drizzle, no injection 

Purpose 

B2 quantifies how warm marine clouds transition from non-precipitating to drizzling and how 

drizzle feeds back on cloud lifetime, LWP, cloud fraction, and radiative properties—key for 

aerosol–cloud “adjustments” uncertainty.  

Experiment In Plain Language 

• Goal: Understand when clouds start drizzling and how drizzle changes cloud brightness and 

persistence.  

• Method: Observe cloud water, droplet spectra, drizzle below cloud, and cloud structure with 

radar/lidar context—no spraying.  

• Strategy: Sample regimes that naturally span drizzle on/off transitions (stratocumulus decks, 

cold-air outbreaks, trade cumulus).  

• Injection: None (0 kg).  

• Measurement: in situ microphysics + continuous radar context; repeated sampling and 

Lagrangian “follow” where possible. Monitoring sorties: not specified as a fixed number.  

• Cost (ballpark): Monitoring-only: ~$1M–$5M.  
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• Claimed impact: Reduces uncertainty in drizzle-driven adjustment terms that dominate 

aerosol ERF uncertainty.  

Experiment In Scientific Language 

• Goal: Empirical drizzle onset/feedback surfaces vs LWP, Nd, re, turbulence/entrainment and 

regime.  

• Injection: none. Cost: ~$1–5M band.  

Experiment B3 — Mixed-phase glaciation/INP, no injection 

Purpose 

B3 constrains how ice-nucleating particles (INP) control mixed-phase clouds (supercooled liquid + 

ice) and how glaciation transitions affect lifetime, precipitation, and radiative effects—an area 

where models struggle.  

Experiment In Plain Language 

• Goal: Learn what makes supercooled clouds suddenly produce ice and snow, and how that 

changes cloud brightness and longevity.  

• Method: Measure INP(T) and aerosol context, plus cloud liquid/ice partition and structure 

(radar/lidar + in situ).  

• Strategy: Sample at least one clean marine and one dust-influenced regime (Southern 

Ocean/Arctic vs dust outflow) to span INP variability.  

• Injection: None (0 kg).  

• Measurement: INP spectra + phase-resolving cloud probes + remote profiling; multi-day 

campaign logic. Monitoring sorties: not fixed.  

• Cost (ballpark): Monitoring-only: ~$1M–$5M.  

• Claimed impact: Produces INP(T) climatologies and glaciation threshold constraints that 

improve mixed-phase cloud representation and radiative effects.  

Experiment In Scientific Language 

• Goal: Constrain INP(T), nucleation pathways, and phase partition closure (liquid persistence vs 

glaciation) under observed dynamics.  
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• Injection: none; Cost: ~$1–5M monitoring-only band.  

Experiment B4 — Cirrus formation, no injection 

Purpose 

B4 targets cirrus (high ice clouds) formation pathways and their radiative effects, producing 

closure-grade datasets linking upper-tropospheric humidity, vertical motions, aerosol/INP 

environment, and resulting ice number/size/habit.  

Experiment In Plain Language 

• Goal: Understand how high ice clouds form and why they sometimes warm and sometimes 

cool.  

• Method: Observe humidity/temperature history and vertical motions (waves/turbulence) 

along with ice-crystal populations and cirrus optical properties.  

• Strategy: Sample distinct cirrus regimes (mountain-wave, synoptic ascent, convective outflow).  

• Injection: None (0 kg).  

• Measurement: UT aircraft in situ microphysics + profiling; regime-classified case library. 

Monitoring sorties: not fixed.  

• Cost (ballpark): Monitoring-only: ~$1M–$5M.  

• Claimed impact: Improves cirrus nucleation parameterizations—important for radiation 

uncertainty and for enabling cloud radiative closure in hard regimes.  

Experiment In Scientific Language 

• Goal: Determine pathway dominance (homogeneous vs heterogeneous), constrain 

Ni/IWC/size/habit and supersaturation realism for cirrus closure.  

• Injection: none; Cost: ~$1–5M.  

Experiment B5 — Cloud radiative closure, no injection 

Purpose 
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B5 is designed to achieve full radiative closure for clouds: show that when you measure 

atmospheric state, cloud microphysics/macrophysics, aerosols, and surface properties, a radiative 

transfer model reproduces observed SW/LW fluxes (up/down) within uncertainty.  

Experiment In Plain Language 

• Goal: Prove we can “predict what radiometers see” from what we measure about clouds and 

aerosols—so model and satellite errors are diagnosable.  

• Method: Measure clouds and aerosols in a scene plus fluxes above and below; run radiative 

transfer using measured inputs and check if it matches.  

• Strategy: Choose multiple regimes (stratocumulus, broken fields, mixed-phase, cirrus) to test 

closure robustness.  

• Injection: None (0 kg).  

• Measurement: Requires collocation of fluxes, profiles, and microphysics; mapping legs to 

capture heterogeneity; repeat sampling to quantify scene evolution. Monitoring sorties: not 

fixed.  

• Cost (ballpark): Monitoring-only: ~$1M–$5M.  

• Claimed impact: Produces “gold standard” cases that validate RT codes and satellite retrievals 

and pinpoint why closure fails (phase, 3-D structure, aerosols aloft, calibration).  

Experiment In Scientific Language 

• Goal: Scene-level SW/LW closure with quantified uncertainty; explicit error attribution when 

closure fails.  

• Injection: none; Cost: ~$1–5M.  

Experiment C1 — Inject SO₂ gas (SAI) 

Purpose 

C1 is an SAI process experiment: inject SO₂ into the stratosphere (or UTLS) and observe its 

oxidation to H₂SO₄ and formation/growth of sulfate aerosol, to constrain the most uncertain parts 

of the SAI chain (chemistry → microphysics → optics → forcing, plus heating/ozone-relevant 

effects).  

Experiment In Plain Language 
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• Goal: Learn what really happens after SO₂ is released aloft—how fast it becomes sulfate 

particles, what sizes form, and what radiative/chemistry effects follow.  

• Method: Release SO₂, then repeatedly measure SO₂ decay, particle formation and size 

evolution, and (where feasible) optical properties and flux effects.  

• Strategy: Multi-timescale sampling (minutes–hours near-field; days–weeks for 

conversion/growth).  

• Injection: Material: SO₂ gas. Amount: for process validation, ~1–100 kg can be informative; for 

pathway performance with radiative closure, ~10²–10⁴ kg per event is the typical band 

discussed. Platform/sorties: typically ~1 injector sortie per event.  

• Measurement: In situ gas + aerosol microphysics/composition; remote profiling of layer 

height/thickness; radiation/optics where feasible; modeling/trajectory tools for interpretation. 

Monitoring sorties: revisit-oriented; not fixed as a single number.  

• Cost (ballpark): The document’s broad band for C-series SAI pathway experiments is ~$15M–

$60M per well-instrumented event.  

• Claimed impact: Produces gold-standard SO₂ conversion curves and microphysical evolution 

constraints; informs ozone/heating risk modules and forcing efficiency realism.  

Experiment In Scientific Language 

• Goal: Constrain SO₂ oxidation and sulfate aerosol formation, SAD/size evolution, and test 

RT/retrieval closure; quantify heating-rate and ozone-relevant heterogeneous chemistry 

diagnostics.  

• Injection: SO₂; ~1–100 kg (process) to ~10²–10⁴ kg (closure/pathway) per event band.  

• Cost: ~$15–60M/event.  

Experiment C2 — Inject H₂SO₄ aerosol (SAI) 

Purpose 

C2 is the “direct aerosol” SAI process experiment: inject sulfuric-acid-based aerosol (rapidly 

aqueous H₂SO₄–H₂O droplets) to create an immediately radiatively active layer and observe 

microphysics → optics → forcing and heating/ozone indicators without waiting for SO₂ oxidation.  

Experiment In Plain Language 
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• Goal: Test whether direct aerosol injection can produce (and keep) particle sizes that reflect 

sunlight efficiently and avoid key side effects.  

• Method: Inject a defined aerosol population and measure how coagulation / condensation / 

transport shift sizes, optics, and heating-relevant properties over time.  

• Strategy: Fast-feedback campaigns (hours–days for strongest optics signal) with optional 

longer follow-up for transport/decay.  

• Injection: Material: H₂SO₄ aerosol / aqueous sulfate droplets. Amount: same banding logic as 

C1—~1–100 kg for process validation, ~10²–10⁴ kg for closure/pathway tests. 

Platform/sorties: typically, ~1 injector sortie per event.  

• Measurement: aerosol size/number/surface area immediately and evolving; optical property 

closure (AOD/SSA/g); layer structure and dispersion; heating-rate and ozone-relevant 

diagnostics.  

• Cost (ballpark): ~$15M–$60M per well-instrumented event (C-series).  

• Claimed impact: Rapidly constrains the microphysics-to-forcing pathway and heating 

tendencies; complements C1 by isolating “post-t=0” aerosol evolution.  

Experiment In Scientific Language 

• Goal: Evaluate size-distribution controllability/stability and closure on AOD/SSA/g and 

heating/ozone-relevant aerosol surface area evolution for direct sulfate injection.  

• Injection: ~1–100 kg (process) to ~10²–10⁴ kg (closure/pathway) per event band.  

• Cost: ~$15–60M/event.  

Experiment C3 — Inject alternative candidate particles (SAI) 

Purpose 

C3 tests non-sulfate particles (e.g., calcite, alumina, TiO₂) as sunlight-reflecting candidates, aiming 

to achieve the desired shortwave reflection while reducing side effects like stratospheric heating, 

ozone impacts, and unfavorable microphysics (coagulation/sedimentation).  

Experiment In Plain Language 

• Goal: See whether a different particle material could be “better than sulfate” in the real 

stratosphere.  
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• Method: Release a small, well-characterized amount of a candidate solid aerosol (or safe 

analog) and measure its optical properties, size evolution, and chemistry/heating fingerprints.  

• Strategy: Treat as a screening loop: lab/chamber prequalification → small stratospheric release 

→ closure and model confrontation.  

• Injection: Material: candidate solid aerosols (material-dependent). Amount: the document 

notes C3 commonly starts at kg-scale for microphysics/dispersion/optics benchmarking; larger 

masses are ΔAOD-driven if satellite detectability is required. Platform/sorties: typically ~1 

injector sortie per test.  

• Measurement: in situ size/number/surface area and composition confirmation; profiling of 

layer altitude/thickness; optics/radiation closure (AOD/SSA/g); chemistry context relevant to 

ozone.  

• Cost (ballpark): C-series event band ~$15M–$60M (scope-dependent).  

• Claimed impact: Determines whether alternative materials behave as expected once real 

stratospheric microphysics and chemistry act on them; constrains key “unknowns” around 

coagulation and heterogeneous chemistry.  

Experiment In Scientific Language 

• Goal: Quantify material-dependent forcing efficiency and side-effect diagnostics via closure on 

spectral optics + microphysics + chemistry context.  

• Injection: often kg-scale for benchmarking; larger masses only if ΔAOD goals demand.  

• Cost: ~$15–60M/event.  

Experiment D1 — Benchmark radiometry + multi-angle polarimetry, 

SmallSat 

Purpose 

D1 creates a calibration-grade, trend-trustworthy record of reflected sunlight and cloud/aerosol 

optical properties that control albedo, enabling credible attribution of multi-year SW trends and 

better aerosol-vs-cloud separation using polarimetry.  

Experiment In Plain Language 

• Goal: Make sure we can trust long-term “how reflective Earth is” measurements, and better 

distinguish clouds from aerosols.  
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• Method: Fly a spaceborne benchmark SW radiometer + multi-angle polarimeter with strong 

calibration and stability practices.  

• Strategy: Design orbit/hosting to maximize collocations with existing sensors and field 

campaigns; publish uncertainty budgets.  

• Injection: None.  

• Measurement: Satellite measurement only; orbit ~400–800 km (mission dependent).  

• Cost (ballpark): $45M in the D-series budget architecture.  

• Claimed impact: Reduced trend ambiguity and stronger closure/validation backbone for cloud 

and aerosol forcing studies.  

Experiment In Scientific Language 

• Goal: Reduce TOA SW trend uncertainty via SI-traceable calibration and MAP retrieval 

constraints; enable scene-level radiative closure and cross-sensor consistency.  

• Cost: $45M.  

Experiment D2a — Tropical marine low clouds field campaign 

Purpose 

D2a is an aircraft-centric campaign targeting trade cumulus/stratocumulus transitions, 

entrainment, drizzle onset, organization, and CCN links, with designs enabling microphysical + 

dynamical + radiative closure.  

Experiment In Plain Language 

• Goal: Figure out why tropical marine low clouds change amount/brightness—key to climate 

sensitivity.  

• Method: Aircraft stacked legs and mapping, with dropsondes and surface/ship support, to 

measure aerosols, cloud droplets, drizzle, and radiation together.  

• Strategy: Lagrangian sampling of air masses over 12–48 hours across transition corridors; build 

“gold closure cases.”  

• Injection: None (monitoring only).  
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• Measurement: Below-cloud (~50–300 m), in-cloud (~0.5–2.5 km), above-cloud (~3–8 km), 

optional higher context legs (~8–12 km). Sorties: ~25–45 sorties per aircraft over a 6–10 week 

campaign is cited as typical planning range.  

• Cost (ballpark): D2 (all three campaigns) is budgeted $115M; D2a is a major component of 

that.  

• Claimed impact: 10–20 closure-grade cases + regime statistics; improves drizzle/entrainment 

parameterizations and TOA + surface closure skill.  

Experiment In Scientific Language 

• Goal: Closure on Nd–LWP–drizzle–entrainment–CF linkages with TOA+surface SW/LW closure.  

• Sorties/altitudes: as above; ~25–45 sorties/aircraft typical planning.  

Experiment D2b — Southern Ocean mixed-phase clouds field campaign 

Purpose 

D2b targets phase partition (liquid vs ice), supercooled liquid persistence, INP sources, and 

radiative impacts across Southern Ocean synoptic regimes, using ship + aircraft synergy to produce 

mixed-phase closure cases.  

Experiment In Plain Language 

• Goal: Fix one of the hardest regional cloud problems: Southern Ocean mixed-phase cloud 

biases that strongly affect reflected sunlight.  

• Method: Ship + aircraft profiling and in situ microphysics/INP sampling with satellite matchups.  

• Strategy: Sample cyclone sectors and stratiform/convective contexts; produce phase/radiation 

closure cases.  

• Injection: None.  

• Measurement: Boundary layer (~50–500 m), in-cloud (~1–5 km), above-cloud (~5–10 km). 

Sorties: ~20–40 (one aircraft) or ~40–80 (two aircraft) for a 6–10 week campaign planning 

range.  

• Cost (ballpark): Part of D2’s $115M.  

• Claimed impact: Phase/LWP/IWP closure vs SW reflectance/CRE and INP→ice initiation 

constraints.  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 23 

 

Experiment In Scientific Language 

• Goal: Mixed-phase closure: INP(T) → ice initiation → phase partition → SW reflectance/CRE 

within uncertainty.  

• Sorties/altitudes: as above.  

Experiment D2c — Arctic clouds + surface coupling field campaign 

Purpose 

D2c focuses on mixed-phase longevity, boundary-layer structure, and coupling to surface energy 

balance over ice/open water—especially downwelling LW—combining aircraft transects, frequent 

soundings, and surface flux/radiation observations.  

Experiment In Plain Language 

• Goal: Understand how Arctic clouds control surface warming/cooling and sea-ice-relevant 

energy budgets.  

• Method: Aircraft + surface/ship measurements of cloud phase/structure, 

turbulence/inversions, aerosols/INP, and surface LW/SW flux.  

• Strategy: Emphasize surface energy budget closure across synoptic variability and regimes.  

• Injection: None.  

• Measurement: Near-surface (~50–300 m), in-cloud (~0.5–4 km), above-cloud (~4–8 km). 

Sorties: ~20–40 (one aircraft) or ~40–80 (two aircraft) typical planning range.  

• Cost (ballpark): Part of D2’s $115M.  

• Claimed impact: Closure linking cloud phase/structure to downwelling LW and net surface 

radiation variability; benchmark column closure cases.  

Experiment In Scientific Language 

• Goal: Surface-coupled closure: clouds explain downwelling LW and net surface radiation 

variability within uncertainty; column radiative closure for benchmarks.  

• Sorties/altitudes: as above.  
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Experiment D3a — Supersite #1 (marine boundary-layer focus) 

Purpose 

D3a provides a persistent observing “anchor” for marine boundary-layer clouds and aerosols: 

scanning Doppler radar, lidar, microwave radiometers, broadband SW/LW, aerosol/CCN, and 

periodic INP, producing continuous regime statistics and satellite matchups.  

Experiment In Plain Language 

• Goal: Turn short campaigns into multi-year “cloud statistics” you can actually generalize.  

• Method: Run a permanent/long-duration site with continuous remote sensing + aerosol 

measurements.  

• Strategy: Focus on long-term stability and calibration so trends and closure tests are 

trustworthy.  

• Injection: None.  

• Measurement: Ground-based instruments + satellite matchups. 

• Cost (ballpark): D3 total $45M (covers D3a, D3b, D3c).  

• Claimed impact: Provides continuous cloud boundaries/LWP/drizzle diagnostics and validation 

backbone for models and satellites.  

Experiment In Scientific Language 

• Goal: Multi-year low-cloud + CCN statistics with surface flux closure and retrieval consistency.  

• Cost: part of D3 $45M.  

Experiment D3b — Supersite #2 (high-latitude mixed-phase + surface coupling) 

Purpose 

D3b is a high-latitude supersite emphasizing radar–lidar synergy, microwave radiometry, 

broadband SW/LW, aerosol/CCN/INP, and intensive soundings to quantify mixed-phase 

persistence and surface radiation coupling by season/regime.  

Experiment In Plain Language 
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• Goal: Keep continuous watch on Arctic/mid–high latitude mixed-phase clouds so models can’t 

“hide” errors in sparse data.  

• Injection: None.  

• Cost: part of D3 $45M.  

• Claimed impact: Better phase validation and seasonal surface radiative closure constraints.  

Experiment In Scientific Language 

• Goal: Mixed-phase retrieval consistency + surface radiative closure by season/regime with 

INP/aerosol context.  

Experiment D3c — Autonomous Ocean platforms 

Purpose 

D3c extends coverage into remote basins using buoys/USVs with SW/LW radiation, meteorology, 

SST/waves and optional aerosol modules; supports Lagrangian context and event characterization 

(including for D5).  

Experiment In Plain Language 

• Goal: Measure clouds and radiation where ships and aircraft rarely go, for better statistics and 

context.  

• Injection: None.  

• Cost: part of D3 $45M.  

• Claimed impact: Better remote-basin flux QA and consistency checks with 

satellites/ships/supersites.  

Experiment In Scientific Language 

• Goal: Traceable surface flux QA and matchup consistency to constrain reanalysis/model 

surface radiation in remote regimes.  

Experiment D4 — Model closure engine (LES/CRM ensembles) 

Purpose 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 26 

 

D4 turns observations into reduced model uncertainty by enforcing simultaneous closure across 

radiation, clouds, aerosols, and precipitation: curate benchmark cases, run LES/CRM ensembles, 

and fund “strike teams” to produce drop-in parameterization improvements tested across models.  

Experiment In Plain Language 

• Goal: Make models match reality for the right reasons—radiation + clouds + precipitation 

together.  

• Method: Use curated benchmark cases from campaigns/supersites/natural events and score 

model performance with transparent metrics.  

• Injection: None.  

• Cost (ballpark): $35M.  

• Claimed impact: Converts field learning into validated parameterization upgrades and reduces 

compensating-error risk via out-of-sample tests.  

Experiment In Scientific Language 

• Goal: Out-of-sample closure on TOA + surface SW/LW, cloud structure/phase, LWP/IWP, 

drizzle/precip simultaneously.  

• Cost: $35M.  

Experiment D5 — Rapid-response natural experiments (wildfire smoke, 

volcanic aerosol) 

Purpose 

D5 exploits naturally occurring perturbations (smoke, volcanic aerosol, policy-driven shipping 

changes) as quasi-causal tests of aerosol–cloud–radiation relationships, using event triggers, 

portable toolkits, and matched-control analyses.  

Experiment In Plain Language 

• Goal: When nature (or policy) creates a big “before/after,” capture it fast and turn it into a 

clean scientific constraint.  

• Method: Satellite-first detection + rapid deployment of instruments if needed; create 

standardized event reports and a library of high-quality cases.  
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• Injection: None (natural perturbations only).  

• Measurement: Mostly satellite + opportunistic ground/aircraft; aircraft sorties, if used, are 

typically low (0–10/year) in the planning note.  

• Cost (ballpark): $10M.  

• Claimed impact: Adds quasi-causal constraints after controlling meteorology; complements 

designed campaigns.  

Experiment In Scientific Language 

• Goal: Matched-control causal-response closure: aerosol perturbation → cloud response → 

radiative response consistent after meteorology control.  

• Cost: $10M.  

Experiment D6 — Data systems and governance 

Purpose 

D6 makes the program’s datasets usable, comparable, and credible via an open pipeline, 

standardized products, DOIs/versioning, annual closure challenges with transparent scoring, and 

independent evaluation/auditing of uncertainty budgets.  

Experiment In Plain Language 

• Goal: Ensure everyone can use the data correctly and trust the results.  

• Method: Standardize L1 / L2 / L3 products and metadata; run annual challenges to test closure 

and reproducibility.  

• Injection: None.  

• Measurement: N/A (infrastructure). 

• Cost (ballpark): $20M.  

• Claimed impact: Reproducibility and auditable uncertainty handling across the whole portfolio.  

Experiment In Scientific Language 

• Goal: Provenance-complete products + independent evaluation → externally reproducible 

closure metrics and uncertainty budgets.  
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• Cost: $20M.  
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Measure Sunlight Reflecting Off Air Pollution (Ax) 

User Prompt: The illustration to the right 

shows radiative forcing's. The error bar 

on the blue aerosol forcing is mostly from 

sulfur dioxide (SO2). This forcing needs to 

be measured (instead of estimated) to 

reduce the size of its error bar. Enclosed 

are suggested experiments that do this 

(file “measure_aerosol_reflection_experiment.pdf”). 

Please summarize these experiments, 

and refer to them as A1a, A1d, A2, A3, 

and A4. 

How to Measure the amount of Sunlight that Reflects off Air Pollution 

https://ma2life.org/g/eet/eetcs_plan/decarb_plan/measure_aerosol_reflection_experiment.pdf 

ChatGPT Response: Your PDF is essentially a structured design memo for how to shrink the IPCC 
aerosol effective radiative forcing (ERF) uncertainty by doing flux-closure experiments (measure the 
actual change in radiative flux caused by a known aerosol perturbation), instead of inferring aerosol 
forcing indirectly from messy real-world pollution variability.  

Experiment A1a (SSRFEx) — Controlled SO₂ plume in the Arctic stratosphere  

Goal: Directly measure forcing efficiency (ΔSW and ΔLW flux change per unit injected sulfur) for 
freshly formed stratospheric sulfate under cloud-free conditions. 

Why Arctic polar vortex (70–80°N, Feb–Mar): low tropopause (reachable), and the vortex keeps the 
plume coherent longer, simplifying “close the flux loop.” (p.2–3)  

Method (flux closure): 

• Inject about 10 t SO₂ (example plan: 20 sorties × 500 kg along 200 km legs at ~14 km). 
• Measure radiative flux above and below the plume, while simultaneously characterizing 

aerosol optical/microphysical properties. (p.2–3, 30–32)  

Platforms/instruments (illustrative): 

• Above plume: ER-2 with broadband up/down flux radiometers + multi-angle polarimeter + 
lidar 

https://ma2life.org/g/eet/eetcs_plan/decarb_plan/measure_aerosol_reflection_experiment.pdf
https://ma2life.org/g/eet/eetcs_plan/decarb_plan/measure_aerosol_reflection_experiment.pdf
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• In plume: (e.g., Global Hawk / HIAPER-type profiling) aerosol microphysics and chemistry 
• Below plume: Twin Otter with radiometers + imagers; plus ground AERONET and satellite 

overpasses. (p.2, 30–32)  

Cost (ballpark): ~$7M campaign estimate. (p.3–5)  

Claimed impact: Reduces one “free knob” in models; modestly reduces overall aerosol ERF 

uncertainty (alone it doesn’t solve aerosol-cloud uncertainty). (p.13–15)  

Experiment A1d — H2SO4 aerosol in the Arctic stratosphere  

A1d is similar to A1a, except inject H2SO4 aerosol instead of SO2 gas. 

Experiment A2 (MCARFE) — marine stratocumulus “CCN perturbation”  

Goal: Directly quantify ERF_aci (cloud adjustment / indirect effect) by measuring ΔTOA shortwave flux 
caused by a known ΔCCN in a persistent stratocumulus deck. (p.16–17)  

How: Use metered sea-salt spray from vessels to create controlled “ship-track-like” perturbations, 
then measure: ΔNd, Δreff, ΔLWP, cloud fraction, cloud thickness, TOA ΔF_SW, etc. (p.16–17)  

Cost (ballpark): ~$24M. 

Claimed impact: Shrink cloud-albedo component uncertainty roughly ±0.7 → ±0.35 W/m² (as 
presented). (p.17, 19)  

Experiment A3 (AARaCE) — absorbing aerosol above clouds (e.g. smoke) 

Goal: Constrain the forcing from black-carbon-rich smoke / soot above bright clouds, where heating 
changes cloud cover (semi-direct effect). (p.18–19)  

Strategy: Treat the SE Atlantic biomass burning outflow as a quasi “switchable” source by pairing high-
smoke vs low-smoke days matched for meteorology; measure ΔF and ΔCF versus Δτ_abs. (p.18–19)  

Cost (ballpark): ~$30M. 

Claimed impact: Semi-direct uncertainty ±0.30 → ±0.12 W/m² (as presented). (p.19)  
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Experiment A4 (SONABEx) — Southern Ocean, Clean air baseline,  

Goal: reduce uncertainty in the preindustrial / natural aerosol baseline (a big lever because forcing is 
“today – PI”). (p.20–22)  

How: intensive observations (icebreaker + aircraft profiles + optional CubeSat polarimeter concept) in 
the remote Southern Ocean to get high-quality CCN spectra, microphysics, and TOA flux in a near-
pristine environment. (p.20–21)  

Cost (ballpark): ~$36M. 

Claimed impact: further reduce aerosol ERF uncertainty by ~0.07 W/m² (as presented). (p.21)  

Experiment Ax Considerations (measure sunlight reflecting off air pollution) 

“Running tally” of uncertainty shrinkage (as the document presents it) 

The PDF includes a staged error-budget table showing total aerosol ERF uncertainty falling roughly: 

AR6: ±0.70 W/m² 

o After SSRFEx:  ±0.55 
o After MCARFE:  ±0.39 
o After AARaCE: ±0.27 
o After SONABEx:  ±0.23 (p.19–21)  

(These are internal-to-the-memo estimates; they’re not presented as literature-validated results.) 

Practicalities included in the memo 

• Shared equipment manifest + sharing ideas (modular “science pallets,” rotating 
lidar/radar/AMS packages, shared data center) with a combined equipment/ops subtotal 
around $55M (not counting full campaign operations in every line item). (p.22–24)  

• Timeline: about 4 years to finish field campaigns and ~5 years to complete analyses/model 
assimilation to be “IPCC-ready.” (p.25–27)  

Stratospheric plume persistence/monitoring notes (relevant to “measure reflected sunlight off aerosols”) 

For an Arctic stratospheric plume, it summarizes expected behavior based on tracer/volcanic analogs: 

• 1–3 days: shear stretches a line plume into a ribbon 

• ~weeks: gradual smearing; still trackable by lidar/satellite for a while 
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• For daily aircraft revisits, it suggests ~2 weeks is practical before signal weakens. (p.28–29, 46–
47)  

Instrumentation “cheat sheet” (what you measure from below / above / in-plume) 

It lays out three geometries and the key measurements: 

• Below plume: spectral downwelling irradiance → τ(λ); lidar extinction profile; UV DOAS for 
SO₂; meteorology. 

• Above plume: up/down broadband flux → ΔF_SW + ΔF_LW; polarimetry BRDF/phase function; 
lidar layer height/backscatter. 

• Through plume: SO₂ mixing ratio; aerosol size distribution; composition/acidity; SSA; CCN 
spectrum; turbulence/plume width. (p.30–32)  

A side note: Radio Frequency (RF) sensors 

It explicitly says most key aerosol-forcing observables are UV–VIS–NIR–TIR, not radio. Radio 
Frequency (RF)/microwave shows up mainly for cloud context (cloud radar, microwave radiometers) 
and state retrievals (GNSS occultation), not direct sulfate detection. (p.34–35)  

It also distinguishes “measure aerosol forcing uncertainty” vs “do SAI to cool Earth” 

Later pages shift to deployment-oriented SAI pilots (bigger, longer, governance-heavy) and explicitly 
contrast that with the smaller, physics/uncertainty-focused forcing experiments. (p.36–41)  

Will SO₂ gas disperse before it oxidizes into H₂SO₄ liquid or solid particle? 

You’re thinking about a real trade: 

Why SO₂ gas injection (A1a) is still valuable 

• A1a measures the real conversion pathway (SO₂ → H₂SO₄ → particles) and how it depends on 
sunlight, oxidants, background aerosol, temperature, and mixing. 

• It tests whether the plume nucleates lots of tiny particle’s vs condenses onto existing 
particles, which strongly affects optical efficiency and lifetime. 

Why direct H₂SO₄ (or near-immediate sulfate aerosol) injection (A1d) is attractive 

• You can get “time = 0” sulfate aerosol immediately, which is great if you want a 100-minute 
Lagrangian plume where the optical properties are present right away. 

• You can intentionally explore size distribution / number concentration by changing 
atomization and dilution conditions (your “100 segments” idea). 
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But direct H₂SO₄ (A1d) has complications 

• Handling & engineering: hot/corrosive acid, materials compatibility, and reliable atomization 
at altitude. 

• Microphysics differences: direct injection can create an initial size spectrum that is not the 
same as what forms from SO₂ oxidation/nucleation; that matters if you want to learn “what 
the atmosphere naturally does” after SO₂. 

• Evaporation/condensation dynamics: depending on how it’s released (droplets vs 
vapor/solution), you can get rapid changes in particle size immediately after the nozzle, which 
can confuse interpretation unless you measure it very close to the source. 

Bottom line: doing both is scientifically coherent: 

• SO₂ (A1a) runs to learn conversion/formation and down-the-road plume evolution, 

• H₂SO₄ / sulfate aerosol (A1d) runs to get immediate optical closure and systematically map 
optical properties vs particle size/number. 
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Cloud Research (Dx) 

User Prompt: The Earth’s albedo changed 1.7W/m2 over last 25 years, and the average global 

temperature changed 0.6°C. James Hansen believes 1W/m2 out of the 1.7W/m2 is due to cloud 

changes. Yet the AR5 and AR6 climate models assume clouds change 0.42W/m2/°C, and this is one-

fourth of what we observe (1W/0.6°C = 1.6W/m2/°C). In other words, cloud changes exceed that 

predicted by climate models. What experiments do we need to conduct, to better understand clouds? 

Assume you have $250M to spend over 5 years ($50M/yr on average), and you are to improve our 

understanding of clouds. What would you do? 

Framing 

To reconcile observed albedo/CRE (Cloud Radiative Effect) trends with model behavior, we need 

measurements that disentangle (1) instrumental drift vs real trends, (2) aerosol forcing vs cloud 

feedback, and (3) microphysics vs macrophysics vs dynamics—while enforcing radiative closure. 

Observational experiments 

• Benchmark satellite radiometry with SI-traceable calibration and stability to anchor TOA reflected-

solar trends. 

• Multi-angle polarimetry to retrieve cloud/aerosol optical properties with reduced ambiguity. 

• Active + passive synergy (radar/lidar with radiometers/imagers) for vertical structure and phase 

constraints. 

• Regime-focused field campaigns for marine low clouds, Southern Ocean mixed-phase, and Arctic 

cloud–surface coupling. 

• Continuous supersites and autonomous ocean platforms for statistics and satellite validation. 

• Natural-perturbation studies (shipping changes, smoke, volcanic aerosol) to constrain aerosol–

cloud sensitivities. 

Model closure 

• LES/CRM ensembles for benchmark cases to map sensitivities and identify controlling processes. 

• Single-column / nudged regional simulations constrained by observations. 

• Objective closure metrics: TOA + surface SW/LW flux agreement + cloud structure/phase 

agreement simultaneously. 
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Program concept 

Run a coordinated “Cloud Radiative Closure Lab” that ties benchmark satellite measurements to three 

flagship field campaigns, a multi-year observing backbone, and a model closure engine that produces 

parameterization improvements and uncertainty reduction. 

Budget architecture 

• D1 ($45M): benchmark radiometry + multi-angle polarimetry (hosted payload/SmallSat). 

• D2 ($115M): three major field campaigns (tropical low clouds, Southern Ocean, Arctic). 

• D3 ($45M): observing backbone (two supersites + autonomous ocean platforms). 

• D4 ($35M): model closure engine (LES/CRM ensembles + parameterization strike teams). 

• D5 ($10M): rapid-response unit for episodic natural experiments. 

• D6 ($20M): data systems/governance (open pipeline, standardized products, annual closure 

challenge, independent evaluation). 

How it reduces uncertainty 

• D1 reduces trend ambiguity by anchoring calibration and drift. 

• D2x provides process-complete closure cases in high-leverage regimes. 

• D3x converts episodic learning into multi-year statistics and validation anchors. 

• D4 forces simultaneous closure on radiation + clouds + precipitation and turns insights into model 

upgrades. 

• D5 adds quasi-causal constraints from real-world perturbations. 

• D6 ensures reproducibility and independent evaluation. 

Staffing and organization 

• Program office (10–14 FTE): director, chief scientist, calibration lead, field ops director, 

modeling/closure director, data systems director, program managers, finance/procurement/legal. 

• Each flagship campaign: 25–40 investigators; 150–250 people at peak ops across 

aircraft/ship/ground. 

• Each supersite: 15–25 investigators + technicians/engineers. 

• Model closure: 8–12 core FTE + 3 milestone-funded strike teams (8–15 people each). 

• Independent evaluation panel: 6–10 experts, meeting twice per year. 
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Major risks and mitigations 

• Attribution confounding → Lagrangian sampling, complete aerosol/CCN/INP, matched controls, 

and closure-driven design. 

• Calibration drift/inconsistency → redundant on-orbit calibration, overlap periods, published 

uncertainty budgets. 

• Weather/logistics risk → multi-window planning, platform redundancy, autonomous 

augmentation. 

• Data quality risk → standardized products, near-real-time QC, required derived products and 

metadata. 

• Model uptake risk → drop-in deliverables, multi-model implementation requirement, milestone 

payments tied to benchmark improvements. 

Cross-cutting measurement requirements 

• Radiation: high-quality SW/LW at surface; TOA matchups; aim for ~±5–10 W/m² closure on case 

means where feasible. 

• Cloud: base/top, multilayer overlap, cloud fraction by layer; LWP/IWP and phase partition. 

• Precip/drizzle: Doppler radar + in situ size distributions and rain rates. 

• Aerosol: size distributions; composition proxies; CCN spectra; INP temperature spectra. 

• Dynamics: profiles of T/q/winds; vertical velocity statistics; inversion strength; surface fluxes. 

User Prompt: How much might we improve our understanding of clouds if this $250M was spent? 

Where the biggest gains occur 

• Regime-resolved attribution of albedo/CRE trends (what changed: cloud amount, optical depth, 

phase, aerosol environment, or circulation). 

• Tighter constraints on key parameterization knobs (drizzle thresholds, entrainment efficiency, 

mixed-phase persistence, INP dependencies). 

• Better cross-sensor agreement and trend confidence from benchmark calibration and matchup 

datasets. 

Expected magnitude 

A well-run $250M program can produce a meaningful step-change in constraints for the three 

targeted regimes and provide closure-validated parameterization improvements. The result is typically 

a measurable narrowing of plausible cloud-feedback behavior in models, rather than a complete 

elimination of uncertainty. 
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Experiment Summary 

Print a one-page crosswalk table (Dx → platforms → “monitoring only” vs “natural perturbations” vs 

“injection” (none here) → key outputs → closure metrics). 

Crosswalk table 

Dx Platforms Posture Key outputs Closure metrics 

D1 Satellite (hosted 
payload/SmallSat) 

Monitoring only TOA SW trends; MAP cloud 
microphysics; aerosol 
indicators; collocations 

Radiometric drift/uncertainty budget; 
scene radiative closure vs TOA SW 

D2a Aircraft + 
ship/ground + 
dropsondes 

Monitoring only Low-cloud microphysics; 
drizzle/entrainment; 
organization; CCN/aerosol; 
SW/LW 

TOA + surface SW/LW closure; Nd–
LWP–drizzle & entrainment–cloud 
fraction process closure 

D2b Ship + aircraft Monitoring only Mixed-phase structure; 
phase; INP; radiative 
impacts 

Phase–radiation closure; INP → 
phase microphysics closure 

D2c Aircraft + 
surface/ship + 
soundings 

Monitoring only Arctic phase/structure; 
turbulence/inversions; LW; 
surface energy budget; 
aerosol/INP 

Surface energy closure; column 
radiative closure 

D3a Supersite #1 Monitoring only Multi-year low-cloud stats; 
CCN; surface SW/LW 

Stability/calibration; retrieval/flux 
closure 

D3b Supersite #2 Monitoring only Multi-year mixed-phase 
stats; coupling; INP proxies 

Sensor consistency; surface radiative 
closure 

D3c Autonomous 
ocean platforms 

Monitoring only Surface SW/LW + met; 
ocean context; Lagrangian 
support 

Flux QA closure; context consistency 

D4 Modeling/HPC N/A (modeling) Benchmarks; LES/CRM 
sensitivities; 
parameterizations; 
scorecards 

Model–data closure across radiation 
+ clouds + precip; out-of-sample 
closure 

D5 Satellite-first + 
optional 
aircraft/portable 
kits 

Natural 
perturbations 

Rapid event cases; aerosol 
→ cloud → radiation 
response 

Causal-response closure controlling 
meteorology 

D6 Data systems + 
governance 

N/A 
(infrastructure) 

Standardized products; 
portal; annual closure 
challenge 

Reproducibility + transparent scoring; 
auditable uncertainty budgets 
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Injection vs monitoring, satellite vs aircraft, altitudes, and sorties 

User Prompt: Do any of these involve injection of material or is it just monitoring? Which of these is 

monitoring from satellite and which is monitoring from airplane? What altitudes are these? How many 

sorties if using airplanes? You can refer to these as D1, D2a, D2b, D2c, D3a, D3b, D3c, D4, D5 or D6. 

Injection status 

None of D1, D2a–D2c, D3a–D3c, D4, D5, or D6 involves deliberate injection/seeding/release of 

material. D5 leverages naturally occurring perturbations without creating them. 

Platform mapping 

• Satellite: D1 (core); D5 often satellite-first; D6 supports satellite matchups and products. 

• Aircraft: D2a, D2b, D2c are aircraft-centric campaigns (often with ship/ground). 

• Ground/ocean: D3a, D3b supersites; D3c autonomous platforms. 

• Non-monitoring: D4 (modeling) and D6 (data/governance). 

Typical altitude ranges 

• D1: orbit ~400–800 km depending on mission. 

• D2a: below-cloud ~50–300 m; in-cloud ~0.5–2.5 km; above-cloud ~3–8 km; context legs ~8–12 km 

if platform allows. 

• D2b: boundary layer ~50–500 m; in-cloud mixed-phase ~1–5 km; above-cloud ~5–10(–12) km. 

• D2c: near-surface ~50–300 m; in-cloud ~0.5–4 km; above-cloud ~4–8(–10) km. 

Sortie planning ranges 

• Per 6–10week campaign: ~25–45 sorties per aircraft is a common planning range 

(weather/maintenance dependent). 

• D2a: ~25–45 sorties (one aircraft) or ~50–90 (two aircraft). 

• D2b: ~20–40 (one) or ~40–80 (two). 

• D2c: ~20–40 (one) or ~40–80 (two). 

• Across D2a–D2c: ~120–250 sorties total depending on aircraft count and flyable days. 

• D5: if aircraft are used, typically 0–10 sorties/year opportunistically; could be zero with 

satellite/ground coverage. 
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D1: Benchmark radiometry + multi-angle polarimetry 

Overview 

Purpose: create a calibration-grade, trend-trustworthy record of reflected sunlight and cloud/aerosol 

optical properties that control albedo, enabling credible attribution of multi-year SW trends. 

Scientific objectives 

• Reduce uncertainty in TOA SW trend estimates by quantifying drift and absolute accuracy. 

• Provide polarimetric retrievals that better separate aerosol vs cloud and constrain droplet-

size/number proxies. 

• Create a high-quality collocation archive to evaluate existing sensors and cloud/aerosol products. 

• Enable radiative closure tests (retrievals + RT reproduce observed reflectance/flux). 

Technical approach 

• Broadband SW radiometry + multi-angle polarimeter (MAP), optionally with selected spectral 

channels for aerosol typing. 

• Orbit/hosting designed to maximize collocations with operational sensors and field campaigns. 

• SI-traceable pre-launch calibration + on-orbit stability checks (solar diffusers, lunar looks, vicarious 

sites). 

Key deliverables 

• Monthly TOA SW reflectance/flux products with uncertainty decomposition. 

• MAP-derived cloud microphysics proxies (optical depth, effective radius, droplet-number proxy). 

• Aerosol optical depth/type indicators where robust. 

• Collocation archive; annual albedo consistency report. 

Success metrics 

• Demonstrated reduction in trend uncertainty relative to current operational datasets. 

• Scene-level radiative closure in representative regimes. 

• Broad adoption by model evaluation and reanalysis communities. 

D2: Three major field campaigns 

Overview 
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Purpose: measure key cloud processes that dominate uncertainty in SW CRE and cloud feedbacks, 

with designs enabling microphysical + dynamical + radiative closure in three high-leverage regimes. 

Common measurement spine 

• In situ microphysics: droplet/ice size distributions, number concentrations, LWC/IWC, drizzle. 

• Aerosols: size distributions, composition proxies, CCN spectra, INP temperature spectra. 

• Remote sensing profiling: Doppler radar, lidar, microwave radiometers; broadband SW/LW 

(surface + airborne). 

• Thermodynamics/dynamics: radiosondes/dropsondes, turbulence, vertical velocity statistics, 

inversion strength, surface fluxes. 

• Satellite matchups (including D1 overpasses) to connect in-column properties to TOA 

reflectance/flux. 

D2a: Tropical marine low clouds 

Focus 

Trade cumulus + stratocumulus transitions; entrainment, drizzle onset, mesoscale organization, and 

CCN links that control cloud fraction and optical depth. 

Design 

• Lagrangian sampling to follow air masses 12–48 hours across transition corridors. 

• Stacked legs below-cloud, in-cloud, above-cloud to constrain mixing and microphysics. 

• Mapping legs to capture organization and precipitation structure; real-time LES guidance. 

Deliverables and closure 

• Regime statistics (Nd proxies, drizzle frequency, cloud fraction distributions vs stability/CCN). 

• 10–20 “gold” closure cases with complete forcing and uncertainty metadata. 

• Closure metric: TOA + surface SW/LW reproduced within tolerance; process closure for 

drizzle/entrainment relationships. 

D2b: Southern Ocean mixed-phase clouds 

Focus 

Phase partition (liquid vs ice), supercooled liquid persistence, INP sources, and radiative impacts 

across synoptic regimes. 
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Design 

• Ship + aircraft hybrid: persistent profiling plus in situ windows for microphysics and INP. 

• Sampling across cyclone sectors and stratiform/convective contexts; coordinated satellite 

matchups. 

Deliverables and closure 

• Phase climatology during campaign; INP–phase constraints; mixed-phase closure cases. 

• Closure metric: phase/LWP/IWP explain SW reflectance/CRE within uncertainty; INP→ice initiation 

→ phase partition consistency. 

D2c: Arctic clouds + surface coupling 

Focus 

Mixed-phase longevity, boundary-layer structure, and coupling to surface energy balance over ice and 

open water (especially downwelling LW). 

Design 

• Aircraft transects + frequent soundings + surface radiation/flux observations. 

• Surface energy budget closure emphasis; synoptic variability and trajectory context. 

Deliverables and closure 

• Case library linking phase/structure to surface radiation impacts. 

• Closure metric: clouds explain downwelling LW and net surface radiation variability within 

uncertainty; column radiative closure for benchmark cases. 

D3: Observing backbone 

Overview 

Purpose: create persistent, multi-year datasets to convert campaign learning into robust statistics and 

provide anchor points for satellite validation and model evaluation. 

D3a: Supersite #1 

• Marine boundary-layer focus; scanning Doppler radar, lidar, microwave radiometers, broadband 

SW/LW, aerosol/CCN, periodic INP. 
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• Outputs: continuous cloud boundaries/LWP/drizzle diagnostics, regime classification, satellite 

matchups. 

• Closure: stability/calibration + retrieval/flux closure against surface SW/LW and satellite matchups. 

D3b: Supersite #2 

• High-latitude mixed-phase + surface coupling focus; radar–lidar synergy, microwave radiometry, 

broadband SW/LW, aerosol/CCN/INP, intensive soundings. 

• Outputs: phase occurrence/persistence stats; surface radiation coupling datasets; satellite phase 

validation. 

• Closure: mixed-phase retrieval consistency + surface radiative closure by season/regime. 

D3c: Autonomous Ocean platforms 

• USVs/buoys with SW/LW radiation, met sensors, SST/waves; optional aerosol modules and 

adaptive sampling support. 

• Outputs: extended coverage in remote basins; Lagrangian support; event context for D5. 

• Closure: traceable flux QA + consistency with nearby satellite/ship/supersite observations. 

D4: Model closure engine 

Overview 

Purpose: translate observations into reduced model uncertainty via rigorous closure—clouds + 

aerosols + radiation must match simultaneously under realistic forcing. 

Approach 

• Curate benchmark cases from D2/D3/D5 with standardized forcing and uncertainty. 

• Run LES/CRM ensembles to map sensitivities and provide truth proxies for parameterizations. 

• Fund strike teams to deliver drop-in improvements tested in at least two host models. 

• Publish objective scoring dashboards and annual evaluations. 

Closure metrics 

• Models match TOA + surface SW/LW, cloud structure, LWP/IWP/phase, and drizzle/precip 

simultaneously. 

• Out-of-sample validation on withheld cases to avoid compensating errors. 
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D5: Rapid-response natural experiments 

Overview 

Purpose: exploit real-world perturbations (smoke, volcanic aerosol, shipping shifts) that provide quasi-

causal constraints on aerosol–cloud–radiation relationships. 

Approach and outputs 

• Event triggers + portable toolkits + satellite collocations and matched-control analyses. 

• Rapid standardized event reports; library of 10–20 high-quality event cases (depending on event 

frequency). 

• Closure: aerosol perturbation → cloud response → radiative response consistent after controlling 

meteorology. 

D6: Data systems and governance 

Overview 

Purpose: make datasets usable, comparable, and credible via an open pipeline, standard products, 

annual closure challenges, and independent evaluation. 

Outputs and closure 

• Cloud-native portal with DOIs/versioning; standardized L1/L2/L3 products; provenance + 

uncertainty conventions. 

• Annual closure challenge with transparent scoring code; independent evaluation panel audits 

uncertainty budgets. 

• Closure: reproducibility (external replication) + auditable scoring and uncertainty handling. 

Experiments Bx vs Experiments Dx 

The Dx series is best understood as a cloud-focused “program architecture” (satellite calibration + 3 
flagship field campaigns + long-term supersites + modeling closure + natural experiments + data 
governance), whereas your Ax/Bx/Cx series are specific experiment families (aerosol RF injections, cloud-
process studies, and SAI injections).  

From the Dx crosswalk, none of D1–D6 involves deliberate injection; D5 explicitly leverages natural 
perturbations (smoke, volcanic aerosol, shipping changes) without creating them.  
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Where Dx overlaps with Ax, Bx, Cx (and where it doesn’t) 

Dx vs Bx (cloud-process, no injection): strong overlap 

Most of the Bx experiments are essentially “process themes”, while D2a–D2c are “regime-based 
field campaigns” that bundle multiple Bx themes together and add radiative closure requirements. 

Dx vs Ax (aerosol RF): partial overlap 

Dx does not include controlled injections (your A1/A2/A3/A4 family). But Dx includes: 

• baseline/closure measurements you need to interpret aerosol forcing (especially D1 and D4), 
• natural aerosol perturbation opportunities (D5) that overlap conceptually with A3 (smoke) 

and with volcanic-aerosol analog logic. 

Dx vs Cx (SAI injection): minimal overlap 

Dx is a cloud program; C1–C3 are explicit SAI injection experiments. Dx can provide supporting 
infrastructure (e.g., calibration, model closure discipline), but it is not “the same experiment.” 

The closest “same or similar” matches (Dx ↔ Ax/Bx/Cx) 

D1 (benchmark radiometry + multi-angle polarimetry) ≈ B5 support (and “enabler” for Ax/Cx) 

• What D1 does: anchors TOA reflected solar trends with stable calibration and polarimetry to 
better separate aerosol vs cloud optical properties (page 6). 

• Similarity: D1 is not B5 itself, but it’s a top-of-atmosphere constraint layer that makes B5-style 
closure more credible (because your closure target is ultimately TOA + surface flux 
consistency). 

• How it helps Ax/Cx: it improves confidence in any attempt to connect local process 
measurements to radiative effect at larger scales. 

Bottom line: D1 is an infrastructure enabler for B5 and for interpreting aerosol radiative effects; it 
isn’t a standalone Ax/Bx/Cx experiment. 

D2a (tropical marine low clouds) ≈ B1 + B2 + B5 (and a baseline for A2/MCARFE) 

From the D2a description (page 7), it explicitly targets: 

• CCN links and microphysics → B1 

• drizzle onset + entrainment + organization → B2 

• “Gold closure cases” with TOA + surface SW/LW closure → B5 
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Relationship to A2 (MCARFE sea-salt CCN injection): 

• D2a is the non-injection counterpart / baseline: it maps how clouds behave across natural 
CCN variability and meteorology so that a controlled perturbation (MCARFE) can be 
interpreted causally. 

Bottom line: D2a is essentially a regime-packaged implementation of B1+B2+B5. 

D2b (Southern Ocean mixed-phase clouds) ≈ B3 + B5, and overlaps strongly with A4/SONABEx 

From D2b (page 7–8), it targets: 

• phase partition, supercooled liquid persistence, INP sources → B3 
• radiative impacts and closure (phase/LWP/IWP explaining SW reflectance/CRE) → B5 

Similarity to A4 (SONABEx Southern Ocean clean air, no injection): 

• A4/SONABEx and D2b are very close conceptually: both are Southern Ocean clean-to-less-
clean mixed-phase cloud characterization with INP/phase/radiation focus. 

• The main difference is framing: A4 sits in your “anthropogenic aerosol forcing uncertainty” 
suite; D2b sits in the “flagship cloud campaign” suite—but operationally they’re highly 
compatible and could be merged. 

Bottom line: D2b is basically “B3+B5 in the Southern Ocean,” and is very similar to SONABEx/A4. 

D2c (Arctic clouds + surface coupling) ≈ B3 + B5 (Arctic flavor; plus surface energy closure) 

From D2c (page 8), it emphasizes: 

• mixed-phase longevity + boundary layer structure → overlaps B3 

• downwelling LW + surface energy budget closure → a strong extension of B5 into “surface-
coupled closure,” not just column/TOA 

• Frequent soundings + surface flux observations make it more “energy-budget centered” than 
your B3 writeup alone. 

Bottom line: D2c is “B3+B5, but optimized for Arctic surface coupling (especially LW).” 

D3a–D3c (supersites + autonomous ocean platforms) ≈ observing backbone for B1–B5 (and context for Ax) 

These are not direct equivalents of any single Bx experiment; they’re the long-duration statistical 
+ validation backbone: 

• Great for turning episodic campaign learning (D2 / B-series) into robust regime statistics. 
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• Useful as background characterization for A-series injections (e.g., “what’s the natural CCN/INP 
variability and flux closure baseline here?”). 

Bottom line: D3 is infrastructure that makes B1–B5 more generalizable. 

D4 (model closure engine) ≈ the “model” half of B5, and supports Ax/Cx interpretation 

D4’s whole purpose is to force simultaneous closure across radiation + cloud structure + 
precipitation and then push improvements into models (page 10). That’s philosophically aligned 
with your B5 “closure-or-it-didn’t-happen” concept—just formalized as a sustained modeling 
program. 

Bottom line: D4 is B5’s “institutionalization” into a repeatable model-evaluation pipeline. 

D5 (rapid-response natural experiments) ≈ overlaps with A3 (smoke) and parts of aerosol-forcing 
attribution logic 

D5 is explicitly about natural perturbations (smoke, volcanic aerosol, shipping shifts) and doing 
matched-control analyses (page 11). 

• Closest match: A3 (AARaCE smoke) in spirit (but A3 is a designed campaign; D5 is 
opportunistic). 

• Also overlaps with the “anthropogenic aerosol RF attribution” motivation behind your A-
series—just without controlled injection. 

Bottom line: D5 is “A-series logic without injection,” using nature as the injector. 

D6 (data systems/governance) ≠ Ax/Bx/Cx (but it’s a cross-cutting requirement) 

D6 is not an experiment; it’s how you make all experiments credible and reusable (page 12). 

The simplest way to say it 

Bx  = process modules (CCN activation, drizzle, INP glaciation, cirrus, full closure). 

D2a–D2c  = bundled field campaigns that each contain several Bx modules  
plus explicit closure deliverables. 

Ax/Cx  = controlled injection families (aerosol RF and SAI) that are not in Dx, but can 
use D1/D3/D4/D6 as infrastructure and can connect to D5 via natural analogs. 
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$2B Surge in Atmospheric Science 

User Prompt: If $2B over 5 years was budgeted to achieve the goal stated below, then how much 

money would you budget for each of the Ax/Bx/Cx/Dx experiments? Would this be sufficient to 

achieve the goal? Include details like number of sorties per experiment if flying airplanes, and number 

of tons of material if injecting material into the atmosphere. 

TWO PART GOAL: 

PART #1) Improve global climate models to the extent required to calculate how much sunlight needs 

to be reflected back into outer space to: 

   (a) prevent the collapse of sea ice,  

   (b) prevent the collapse of ocean currents, and  

   (c) bend the global warming curve. 

PART #2) Determine how to reflect sunlight at reasonable cost and without harm. 

Proposed $2B allocation over 5 years (e.g. ~$400M/year) 

The overall mission is to improve climate-model skill enough to quantify “how much sunlight needs to 

be reflected… when and where” to protect sea ice and ocean circulation, and to evaluate whether 

sunlight reflection can be done “at reasonable cost and without harm.” 

Below is a $2.0B / 5-year budget split across every Ax/Bx/Cx/Dx experiment, with sortie counts and 

injected-mass magnitudes where relevant. 

Notes on how I’m costing this 

• The PDF’s per-event costs are much lower than what a “fully burdened, repeatable, multi-year” 

program usually becomes. The doc gives planning ranges like $10–$40M for a serious A-series 

closure event and $15–$60M for a serious C-series SAI pathway event, once you include multi-

aircraft coordination, integration, safety/oversight, logistics, and analysis 

• So, the budgets below intentionally assume multiple events/campaign windows per 

experiment plus year-to-year repeatability, analysis teams, model ingestion, and governance 

(and, for C-series, extra scrutiny/measurement scope 
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A-series (anthropogenic aerosol forcing / perturbation closure) — $450M total 

Experiment 
5-yr 

budget 
Sorties (inject / monitor) Injected material (order-of-mag) 

A1a SO₂ in polar 

vortex, monitor 

days–weeks 

$150M 

Inject: 20 sorties over ~10 days (doc example). 

Monitor: plan-scale typically dozens of 

coordinated sorties + daily revisits for ~2 weeks 

(doc concept) 
 

10 t SO₂ total per A1a campaign (doc 

example) 
 

A1d H₂SO₄+H₂O 

solution aerosol, 

monitor <1 day 

$120M 

Inject: multiple “short blocks” per event (doc); 

plan ~10–30 injector sorties over 5 years 

(repeatability + sensitivity matrix). Monitor: ~50–

150 sorties over 5 years (multi-aircraft closure 

stack) 

Per closure event: typically 10²–10⁴ 

kg dry-equivalent sulfate aerosol 

(0.1–10 t) (carried as solution; total 

liquid can be higher) 

A2 MCARFE sea-salt 

CCN 
$90M 

Typically a ship/surface sprayer + aircraft. Spray 

runs: ≥30 min per run (public field-test 

requirement cited in doc). Aircraft: plan ~100–

250 sorties across multiple campaign windows 

(similar scale to a major field effort). 

Per run/event: order 10²–10⁴ kg 

sprayed saline (doc band); real-world 

planning example: ~360 kg saline 

(~12.6 kg salt) in <30 min 

 

A3 AARaCE smoke 

(or natural smoke 

“switchable source” 

days) 

$60M 

If using natural smoke variability: sorties are 

mainly monitoring. Plan ~50–200 sorties over 5 

years across seasons/regimes. 

For aircraft radiative closure: 

typically 10²–10⁴ kg smoke aerosol-

equivalent per event (satellite-visible 

patches would be far larger; e.g., 

~50–100 t in one scaling example) 

A4 SONABEx 

Southern Ocean 

clean air (no 

injection) 

$30M 

Campaign-like observational effort; think ~25–45 

sorties per major window (a “common planning 

range” in doc for 6–10-week campaigns) 

 

0 

 

 

  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 49 

 

 

B-series (cloud process studies; no injection unless paired with A2/A3) — $250M total 

The doc frames B1–B5 as monitoring/process (0 kg injected) unless explicitly paired with an A-series 

perturbation tool. 

Experiment 5-yr budget Sorties (5-yr) Injection 

B1 CCN microphysics $50M ~60–150 (multiple mini-campaigns + regime diversity) none 

B2 drizzle/precipitation $50M ~60–150 none 

B3 mixed-phase glaciation/INP $60M ~60–150 none 

B4 cirrus formation $40M ~40–120 none 

B5 cloud radiative closure $50M ~60–150 none 

(A lot of B1–B5 can be efficiently “absorbed into” D2’s three flagship campaigns, which already target 

B-themes and closure cases; the budget here is to ensure each B-theme still gets dedicated analysis 

teams and repeat sampling.) 
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C-series (SAI pathway experiments) — $650M total 

The doc explicitly says C-series tends to budget higher than A-series because of additional 

scope/scrutiny (chemistry, heating, plume evolution, etc.), and it also frames C1 as a larger-mass, 

operational realism / cost-per-ton concept using a cargo-jet conversion approach 

Experiment 
5-yr 

budget 
Sorties (inject / monitor) Injected material (order-of-mag) 

C1 SO₂ gas (SAI 

pathway: cost/ 

safety/ logistics/ 

persistence) 

$300M 

Plan ~10–40 injection sorties + ~100–250 

monitoring sorties across “pathway 

performance” events and follow-up 

sampling over months. (One “logistics 

realism” element could be a widebody 

freighter capable of ~30 t per flight (doc 

assumption), but the doc emphasizes the 

hard part remains the monitoring + 

compliance overhead) 

For aircraft radiative closure events: 10²–10⁴ 

kg scale is commonly discussed; for “bigger 

than A1” operational realism, total released 

mass per campaign could be in the tens of 

tons class (doc qualitative framing) 

 

C2 H₂SO₄ aerosol 

(SAI pathway: 

controllability, 

forcing + heating) 

$250M 

Plan ~10–30 injection sorties + ~100–250 

monitoring sorties across several 

conditions/seasons 

Per event: 10²–10⁴ kg dry-equivalent aerosol 

 

C3 alternative 

candidate particles 

(SAI harm 

minimization) 

$100M 

Mostly small, highly instrumented trials; 

plan ~5–20 injection sorties + ~50–150 

monitoring sorties 

Often kg-scale starts are typical for 

microphysics/dispersion/optics benchmarking; 

a satellite-detectable patch could require ~30–

200 t depending on material (doc scaling 

example) 

 

 

  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 51 

 

 

D-series (cloud “program architecture”) — $600M total 

The PDF’s reference architecture is $250M with D1–D6 line items; here I scale it up to better match 

your two-part goal. 

Experiment 
5-yr 

budget 
Aircraft sorties (5-yr) Injection 

D1 benchmark radiometry + polarimetry 

(sat/hosted payload) 
$150M 0 (space mission) none 

 

D2 three major field campaigns $280M 
~120–250 sorties total across D2a–D2c (typical 

planning range in doc) 

 

none 

D3 observing backbone (supersites + 

autonomous ocean platforms) 
$90M 0–small (mostly fixed/autonomous) none 

D4 model closure engine (LES/CRM + strike 

teams) 
$50M 0 none 

D5 rapid-response natural experiments $30M 0–10 sorties/yr opportunistic (doc) 

 

none 

D6 data systems + governance + 

independent eval 
$50M 0 none 
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Would $2B / 5 years be sufficient for your TWO-PART GOAL? 

Part #1: “Improve global climate models…” (sea ice, ocean currents, bending warming) 

• $2B is enough to produce a major step-change, because it can fund (i) a cloud-closure 

architecture (Dx) and (ii) repeated aerosol/SAI closure events (A/C) that directly constrain 

forcing efficiency and key cloud processes. 

• But it is unlikely to be “fully sufficient” to reach the level of predictive precision implied by 

“calculate how much sunlight needs to be reflected… to prevent collapse of sea ice/ocean 

currents,” because the doc itself notes even a well-run $250M cloud program yields a 

meaningful narrowing of plausible behavior, “rather than a complete elimination of 

uncertainty.” 

Part #2: “Determine how to reflect sunlight at reasonable cost and without harm.” 

• $2B is sufficient for: down-selecting options, bounding key risks (ozone/heating/microphysics), 

and producing credible process-level cost/ton and “what happens if…” datasets (especially via 

C1/C2/C3 + D4 closure discipline). 

• $2B is not sufficient for: demonstrating deployment-scale “reasonable cost” for MCB or SAI, 

because even the capex for a notional MCB sprayer fleet can run into multi-$B just for vessels 

(e.g., GAO-cited concept costs ~$2.3–$4.7B for 1,500 vessels, excluding 

testing/deployment/ops) 

—and operating costs and monitoring would add substantially. 
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Atmospheric Terms 

List of Terms 

• ACSM — Aerosol Chemical Speciation Monitor 

• AMO — Atlantic Multi-decadal Oscillation 

• AMS — Aerosol Mass Spectrometry (nose of WB-57) 

• AOD — Aerosol Optical Depth 

• AOD — Aerosol Optical Depth 

• APS — Aerosol Polarimetry Sensor 

• BRDF — Bidirectional Reflectance Distribution Function (describes light reflecting off surface) 

• CCN — Cloud Condensation Nuclei 

• COD — Cloud Optical Depth 

• CPC — Condensation Particle Counter 

• CRI — Complex Refractive Index 

• DMA — Differential Mobility Analyzer 

• DoLP — Degree of Linear Polarization 

• ED — Effective Diameter (of particle) 

• EEPS — Earth, Environmental and Planetary Sciences 

• EI — Electron impact (ionize gas) 

• GCM — Global Climate Model 

• HARP — Hyper-Angular Rainbow Polarimeter (HARP) CubeSat 

• HSRL — High Spectral Resolution Lidar, https://science.larc.nasa.gov/hsrl/ 

• INP — Ice-Nucleating Particle 

• IPO — Interdecadal Pacific Oscillation 

• LES — Large-Eddy Simulation 

• LIDAR — Light Detection and Ranging 

• LWP — Liquid Water Path 

• LWR — Long Wave Radiation (outgoing, IR) 

• MAP — Multi-Angle Polarimetry 

• MVD — Median Volume Diameter (of particle) 

• NR — non-refractory 

• OA — Organic Aerosols 

• OPC — Optical Particle Counter 

• PCASP — Passive Cavity Aerosol Spectrometer Probes 
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• PDO — Pacific Decadal Oscillation 

• PPTV — Parts Per Trillion by Volume 

• RSP — Research Scanning Polarimeter 

• SCM — Single-column model 

• SMPS — Scanning Mobility Particle Spectrometer 

• SMPS — Scanning Mobility Particle Sizer Spectrometer 

(https://www.youtube.com/watch?v=6yqdKTdIyJI) 

• SSA — Single-Scattering Albedo 

• SSA — Sea Spray Aerosol 

• SW R — Short Wave Radiation (incoming, UV + visible + near IR) 

• TOA — Top of Atmosphere 

• ToF — Time of flight 

• UV DOAS — Ultraviolet Differential Optical Absorption Spectroscopy 

ACSM — Aerosol Chemical Speciation Monitor 

An ACSM is an instrument that measures what airborne aerosol particles are made of in near real 

time. 

• It continuously samples ambient air and focuses on the chemical composition of submicron 

particles (typically PM1). 

• It is designed for long-term monitoring at ground sites, trading some detail for robustness and 

uptime. 

• The instrument reports major non-refractory aerosol components like sulfate, nitrate, ammonium, 

chloride, and organics. 

• “Non-refractory” means species that vaporize when heated inside the instrument rather than 

remaining as solid residue. 

• ACSM data are often used to track pollution events, secondary aerosol formation, and seasonal 

composition changes. 

• It helps link aerosol chemistry to sources (traffic, biomass burning, industrial, marine) and to 

atmospheric processing. 

• Compared with a research-grade AMS, it typically has lower time resolution and/or sensitivity, but 

simpler operation. 

• Outputs are usually time series of mass concentrations and derived metrics (like organic aerosol 

fractions). 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 55 

 

AMO — Atlantic Multi-decadal Oscillation 

The AMO is a long-term pattern of Atlantic Ocean sea-surface temperature variability that swings over 

multiple decades. 

• It describes basin-scale warming and cooling phases in the North Atlantic lasting roughly 20–40+ 

years per phase. 

• These phases are linked (imperfectly) to changes in rainfall patterns, hurricane activity, and 

regional climate. 

• Scientists often quantify it with an index based on detrended Atlantic sea-surface temperatures. 

• The AMO can influence drought risk in places like the Sahel and parts of North America through 

atmospheric circulation shifts. 

• It interacts with other variability modes and with externally forced warming, which can complicate 

attribution. 

• Some debate remains about how much of the AMO is internal ocean variability versus forced by 

aerosols/greenhouse gases. 

• In climate analysis, the AMO is used to separate natural multi-decadal variability from long-term 

trends. 

AMS — Aerosol Mass Spectrometry 

An AMS is a high-end instrument that measures the chemical makeup of aerosol particles by 

vaporizing and analyzing them as ions. 

• In aircraft campaigns, mounting location (e.g., on the nose of the WB-57 airplane) matters because 

airflow and sampling can affect measurements. 

• Aerosols are pulled in, focused into a beam, then heated so certain components vaporize. 

• The vapors are ionized and sent into a mass spectrometer to identify chemical fragments and infer 

composition. 

• AMS instruments provide fast time response, which is valuable when flying through plumes or 

cloud outflow. 

• They typically quantify sulfate, nitrate, ammonium, chloride, and organics, plus derived indicators 

of oxidation. 

• “Refractory” species like some dust or sea salt can be under-measured unless using specialized 

variants. 

• Data are central for connecting aerosol chemistry to radiative effects, cloud interactions, and 

source attribution. 

The instrument operates by combining three distinct technical stages:  
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Aerosol Inlet: Particles are sampled through a flow-limiting orifice and focused into a narrow 

beam using an aerodynamic lens. 

Particle Sizing: A mechanical chopper modulates the beam. The time-of-flight (ToF) for particles to 

travel from the chopper to the detector is measured, allowing for the calculation of their vacuum 

aerodynamic diameter. 

Particle Detection: Particles impact a heated tungsten surface (typically ~600°C), where non-

refractory components (like organics, sulfate, and nitrate) flash-vaporize. The resulting gas is 

ionized via electron impact (El) and analyzed by a mass spectrometer (Quadrupole or Time-of-

Flight).  

AOD — Aerosol Optical Depth 

AOD is a measure of how much aerosols in a vertical column of air reduce the transmission of sunlight. 

• It’s a unitless optical thickness: AOD near 0 is very clear, while larger values indicate more aerosol 

burden. 

• The same AOD can result from different mixtures of particle sizes and compositions, so additional 

data are needed for typing. 

• Time series of AOD reveal events like pollution episodes, dust transport, or smoke intrusions. 

• Spatial maps of AOD help track regional aerosol transport and long-range plume movement. 

• AOD is a central input/constraint for aerosol radiative effect estimates in models and retrieval 

frameworks. 

APS — Aerosol Polarimetry Sensor 

An Aerosol Polarimetry Sensor measures the polarization of reflected sunlight to better determine 

aerosol properties. 

• Polarization contains extra information beyond brightness, helping separate aerosols from clouds 

and surfaces. 

• APS-style measurements often use multiple viewing angles to constrain particle size and shape. 

• They can improve retrievals of single-scattering albedo, refractive index, and sometimes aerosol 

type. 

• These sensors are valuable over bright surfaces (like deserts) where traditional reflectance-only 

retrievals struggle. 

• Polarimetry is especially powerful for distinguishing fine-mode pollution/smoke from coarse dust 

or sea salt. 

• APS concepts often complement lidar by adding microphysical constraints to column/vertical 

information. 
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ASP - Airborne Science Platforms  

• Aircraft: https://airbornescience.nasa.gov/aircraft 

• Planes:  https://airbornescience.nasa.gov/platform/comparison 

• B777: https://airbornescience.nasa.gov/aircraft/NASA_B777 

• Instruments: https://airbornescience.nasa.gov/instrument/all 

BRDF — Bidirectional Reflectance Distribution Function 

BRDF describes how a surface reflects light depending on illumination and viewing geometry. 

• A perfectly matte surface reflects similarly in all directions, but real surfaces are usually 

anisotropic. 

• BRDF depends on sun angle, sensor angle, wavelength, and surface texture/material. 

• It matters a lot for satellite retrievals because surface “glint” or directional reflectance can mimic 

aerosol/cloud signals. 

• Over ocean, specular reflection can dominate certain geometries, strongly affecting apparent 

brightness. 

• Over land, vegetation and soil reflect differently with angle, changing the background for aerosol 

retrieval. 

• Accurate BRDF models improve aerosol and cloud property retrievals and reduce bias. 

CCN — Cloud Condensation Nuclei 

CCN are aerosol particles that can become cloud droplets when air becomes sufficiently humid. 

• Not all particles are CCN; they must be big enough and/or hygroscopic enough to activate. 

• CCN ability depends strongly on chemical composition (e.g., salts activate readily; some organics 

less so). 

• CCN concentrations influence cloud droplet number, which affects cloud brightness and 

precipitation tendencies. 

• CCN are measured with CCN counters that expose particles to controlled supersaturation. 

• In marine regions, sea spray can be an important CCN source, while continents often have more 

anthropogenic CCN. 

• CCN-cloud interactions are a major uncertainty in estimating aerosol indirect radiative forcing. 

COD — Cloud Optical Depth 

Cloud Optical Depth is a measure of how strongly a cloud attenuates light passing through it. 

https://airbornescience.nasa.gov/aircraft
https://airbornescience.nasa.gov/platform/comparison
https://airbornescience.nasa.gov/aircraft/NASA_B777
https://airbornescience.nasa.gov/instrument/all
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• Larger COD generally means a cloud is thicker optically and reflects more sunlight. 

• COD depends on cloud liquid water amount, droplet size, and vertical structure. 

• High COD clouds (e.g., thick stratocumulus) tend to have strong cooling effects in shortwave 

radiation. 

• COD can be retrieved from satellite reflectance, often alongside droplet effective radius. 

• COD is not the same as physical thickness; a thin cloud can have high COD if droplet concentration 

is high. 

• COD is central to estimating cloud radiative effects and validating cloud microphysics in models. 

CPC — Condensation Particle Counter 

A CPC counts airborne particles by growing them into droplets that are large enough to detect 

optically. 

• It exposes sampled air to a supersaturated vapor (often alcohol or water) so particles act as 

condensation seeds. 

• Very small particles that are hard to see become larger droplets and are counted one-by-one. 

• CPCs measure number concentration, not composition. 

• They are widely used in field campaigns, labs, and cleanroom monitoring because they are 

sensitive and robust. 

• The minimum detectable particle size depends on the CPC design and working fluid. 

• CPC data often pair with size-classifying instruments (like SMPS) to build full size distributions. 

CRI — Complex Refractive Index 

Complex refractive index describes how a material interacts with light through both refraction and 

absorption. 

• It is written as m = n + I · k, where n controls bending/scattering behavior and k relates to 

absorption. 

• Aerosol CRI varies by composition, mixing state, and wavelength. 

• Black carbon has relatively high k (more absorbing), while sulfate has low k (mostly scattering). 

• CRI is a key input to Mie scattering calculations used for optical properties like extinction and SSA. 

• Retrievals from polarimetry and laboratory measurements help constrain CRI for aerosol types. 

• Uncertainty in CRI can significantly affect radiative forcing estimates. 

DMA — Differential Mobility Analyzer 

A DMA classifies aerosol particles by electrical mobility, which is closely related to particle size. 
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• Particles are charged and then passed through an electric field where different mobilities follow 

different paths. 

• The instrument selects a narrow mobility range, effectively producing a size-selected aerosol 

stream. 

• DMA is a core component of an SMPS system for building a full size distribution. 

• It is most useful for submicron particles where electrical mobility sizing is strong. 

• The measured “size” is usually mobility diameter, which can differ from optical or aerodynamic 

diameter. 

• DMA-based sizing is central in aerosol science because it is precise and widely comparable across 

labs. 

DoLP — Degree of Linear Polarization 

DoLP quantifies how strongly light is linearly polarized compared with total light intensity. 

• It is typically computed from Stokes parameters and ranges from 0 (unpolarized) to 1 (fully linearly 

polarized). 

• Scattering by aerosols, cloud droplets, and surfaces produces characteristic polarization 

signatures. 

• DoLP varies with viewing angle, wavelength, and particle properties like size and shape. 

• Polarimetric sensors use DoLP patterns to infer aerosol microphysics and reduce retrieval 

ambiguity. 

• Over ocean, DoLP can be strongly affected by sun-glint geometry and wave roughness. 

• DoLP is especially useful because it can be less sensitive to absolute radiometric calibration than 

intensity alone. 

ED — Effective Diameter (of particle) 

Effective diameter is a single-number way to represent a particle size distribution’s influence on optics 

and microphysics. 

• It is not simply the average diameter; it is typically a ratio involving the third and second moments 

of the size distribution. 

• In clouds, effective diameter (or effective radius) connects strongly to scattering and radiative 

properties. 

• In aerosols, “effective” measures help summarize complex distributions for models or retrieval 

algorithms. 

• Two samples with the same mass concentration can have different ED if one has many small 

particles and the other fewer large ones. 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 60 

 

• ED is commonly used alongside optical depth and number concentration to constrain retrievals. 

• Knowing ED improves estimates of light scattering, extinction, and cloud droplet growth behavior. 

EEPS — Earth, Environmental and Planetary Sciences 

EEPS refers to the broad scientific field (and often a university department name) covering Earth 

systems, environment, and planetary science. 

• It includes atmospheric science, oceanography, geology, geophysics, climate dynamics, and 

planetary processes. 

• EEPS research often combines observations, lab work, and modeling to understand how Earth and 

other planets work. 

• In a climate context, EEPS covers aerosols, clouds, radiation, and large-scale circulation. 

• EEPS groups frequently run field campaigns and maintain measurement networks (ground, 

aircraft, satellite). 

• It is naturally interdisciplinary, linking physics, chemistry, biology, and data science. 

• Many aerosol and cloud instrumentation topics sit squarely within EEPS. 

EI — Electron impact (ionize gas) 

Electron impact ionization uses energetic electrons to knock electrons off molecules, turning them 

into ions for mass spectrometry. 

• EI is a common ionization method because it is reliable and produces strong signals. 

• It often fragments molecules into characteristic patterns, which can help identify compounds. 

• The fragmentation can also be a drawback when you want intact molecular ions for precise 

speciation. 

• EI is widely used in gas-phase mass spectrometry and some aerosol mass spectrometry contexts. 

• Because EI is well standardized, many reference spectra exist for interpreting EI mass spectra. 

• In atmospheric instruments, EI helps convert sampled gases (or vaporized aerosol components) 

into measurable ions. 

GCM — Global Climate Model 

A GCM is a computer model that simulates Earth’s climate system over the whole planet. 

• It solves equations for atmospheric motion, radiation, moisture, and often ocean/sea-ice 

dynamics. 

• Processes too small to resolve (like many clouds) are represented with parameterizations. 
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• GCMs are used to project climate change under different emissions scenarios. 

• Aerosols in GCMs affect climate by interacting with radiation and modifying clouds. 

• Model outputs include temperature, precipitation, winds, and many other variables over time. 

• Uncertainties often come from cloud feedbacks, aerosol-cloud interactions, and ocean heat 

uptake. 

GNSS/INS — Global Navigation Satellite System / Inertial Navigation System 

GNSS/INS (Global Navigation Satellite System / Inertial Navigation System) is a hybrid navigation 

technology that fuses satellite positioning (GPS, Galileo, etc.) with inertial sensor data (gyroscopes, 

accelerometers) using a Kalman filter. It provides high-accuracy, continuous, and robust 3D position, 

velocity, and orientation (attitude), even during temporary GNSS signal outages.  

 

• Components: Combines a GNSS receiver (for absolute positioning) with an Inertial Measurement 

Unit (IMU) that measures acceleration and angular rates. 

• Sensor Fusion: A Kalman filter continuously updates the system, using GNSS to correct long-term 

drift from the IMU, and using the IMU to fill in gaps during GNSS signal loss (e.g., in tunnels or 

urban canyons). 

• Benefits: Provides high-update-rate data, high-precision orientation (roll, pitch, heading), and 

robust performance in challenging environments. 

• Applications: Essential for autonomous vehicles, drones (UAVs), robotics, marine/land surveying, 

and precision agriculture. 

HARP — Hyper-Angular Rainbow Polarimeter (HARP) CubeSat 

HARP is a multi-angle polarimetric instrument concept (including CubeSat missions) designed to 

retrieve aerosol and cloud properties from space. 

• “Hyper-angular” refers to sampling many viewing angles, which strengthens retrieval constraints. 

• Measuring polarization helps estimate aerosol size distribution, refractive index, and sometimes 

absorption. 

• The “rainbow” aspect relates to angular scattering features that are informative for cloud droplet 

microphysics. 

• CubeSat implementations aim for lower cost and faster iteration than large flagship missions. 

• HARP-type data are useful for testing aerosol and cloud retrieval algorithms and for model 

evaluation. 

• Multi-angle polarimetry complements lidar by providing strong microphysical constraints on 

column properties. 
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HSRL — High Spectral Resolution Lidar 

HSRL is a lidar technique that separates aerosol scattering from molecular scattering to measure 

aerosol properties more accurately. 

• Unlike many elastic lidars, HSRL uses spectral discrimination to isolate the molecular (Rayleigh) 

return. 

• This allows direct retrieval of aerosol extinction and backscatter without assuming a fixed lidar 

ratio. 

• HSRL provides vertical profiles of aerosol layers, boundary layer structure, and sometimes cloud 

properties. 

• It is valuable for studying smoke, dust, pollution layers, and aerosol transport in 3D. 

• Airborne HSRL systems are often used in field campaigns to provide “ground truth” for satellite 

products. 

• NASA has extensive HSRL development and documentation (including the link you provided). 

INP — Ice-Nucleating Particle 

INPs are rare aerosol particles that can trigger ice formation in clouds at relatively warm subfreezing 

temperatures. 

• Ice can form homogeneously at very cold temperatures, but INPs enable ice to form more easily 

(at warmer temperatures). 

• INPs influence mixed-phase clouds, precipitation, and cloud lifetime, especially at high latitudes. 

• Common INP types include certain mineral dusts, biological particles, and some soot or ash 

components. 

• INP abundance is typically far lower than CCN abundance, making measurement challenging. 

• INP measurements often report concentration as a function of temperature and sometimes 

humidity. 

• INPs are important because cloud phase strongly affects radiation and thus climate feedbacks. 

IPO — Interdecadal Pacific Oscillation 

The IPO is a Pacific-wide pattern of sea-surface temperature variability that persists for decades. 

• It resembles ENSO-like spatial patterns but operates on longer timescales than typical El Niño 

events. 

• IPO phases can modulate global temperature trends temporarily by redistributing heat between 

ocean and atmosphere. 

• It affects rainfall and circulation patterns across the Pacific basin and beyond. 
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• The IPO is often used to interpret multi-decade variability in observed climate records. 

• Separating IPO variability from forced warming helps clarify why warming rates can speed up or 

slow down over intervals. 

LAT — Lagrangian Aerosol Tracking 

Lagrangian aerosol tracking simulates the movement of individual aerosol particles within a flow field 

by solving their equations of motion over time, rather than tracking concentration changes at fixed 

points. This method is highly effective for modeling discrete particle transport, deposition in 

respiratory airways, and environmental aerosol dispersion, especially when coupling particles with 

Computational Fluid Dynamics (CFD). 

 

• Methodology: The fluid phase is typically solved in an Eulerian framework (grid-based), while 

particles are tracked individually using Lagrangian mechanics. 

• Applications: Used for modeling ultrafine aerosol deposition in human airways, atmospheric 

transport/dispersion of pollutants, and aerosol-cloud interactions. 

• Physical Factors: Models account for forces such as Stokes drag, gravity, buoyancy, Brownian 

motion, and turbulent dispersion. 

• Computational Approach: Often involves simulating a large number of particles with varying 

diameters to represent a polydisperse aerosol, requiring efficient parallelized algorithms. 

• Advantage: Provides detailed, time-resolved tracking of particle paths, which is crucial for 

understanding deposition hotspots or transport pathways.  

Models like LASAT (Lagrangian Simulation of Aerosol-Transport) use these principles to study 

atmospheric dispersion. In studies of the atmosphere, Lagrangian methods are used to trace the 

evolution of aerosol properties, such as in large eddy simulations (LES) of boundary layer clouds.  

LES — Large-Eddy Simulation 

LES is a modeling approach that explicitly simulates the largest turbulent eddies while parameterizing 

only the smallest scales. 

• It is widely used for boundary-layer clouds like stratocumulus and shallow cumulus. 

• LES can represent cloud structure and turbulence much more realistically than coarse global 

models. 

• Because it’s computationally expensive, LES typically covers limited areas and shorter periods. 

• LES is used to test cloud microphysics and aerosol-cloud interaction hypotheses in controlled 

settings. 
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• It often serves as a “truth model” for improving parameterizations in GCMs and single-column 

models. 

• LES outputs include detailed 3D fields of winds, temperature, humidity, and cloud properties. 

LIDAR — Light Detection and Ranging 

Lidar is a remote-sensing method that measures distance and atmospheric structure by sending out 

laser pulses and detecting the return signal. 

• In the atmosphere, lidar reveals vertical profiles of aerosols, clouds, and sometimes water vapor. 

• The return signal depends on scattering by molecules and particles along the path. 

• Different lidar types (elastic, Raman, HSRL, Doppler) retrieve different properties. 

• Airborne and ground-based lidars are key for tracking smoke layers, dust transport, and boundary-

layer height. 

• Lidar provides crucial context that column-only measurements (like AOD) cannot: where the 

aerosols are vertically. 

LWP – Liquid Water Path 

Liquid Water Path (LWP) is a key atmospheric variable that represents the total mass of liquid water 

droplets in a vertical column of the atmosphere above a specific surface area. It is measured in units of 

mass per area, typically kg/m² or g/m².  

Core Function and Measurement 

• Definition: It is the vertical integral of the Liquid Water Content (LWC) through the depth of a 

cloud. 

• Satellite Retrieval: LWP is approximately retrieved using passive remote sensing, such as 

microwave radiometers (e.g., SSM/I), or by analyzing reflected solar radiation in the visible and 

near-infrared spectrums (e.g., SEVIRI, AVHRR). 

• Ground-Based Reference: Passive microwave radiometers (like RPG-HATPRO) are considered 

the reference standard for LWP measurements due to their superior precision compared to 

satellite techniques. 

• Typical Values: In marine stratocumulus clouds, typical LWP values range from 20 to 80 g/m².  

Scientific Significance 
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• Radiative Feedback: LWP is a primary controller of cloud albedo; as LWP increases, clouds 

reflect more solar radiation. It also governs the amount of longwave radiation absorbed and 

emitted by clouds. 

• Precipitation Efficiency: LWP regulates how efficiently a cloud produces precipitation; for 

instance, water clouds with smaller droplets precipitate less efficiently than ice clouds, often 

leading to an increase in LWP as temperatures rise. 

• Climate Modeling: It is essential for weather forecasting, global climate modeling, and 

understanding the hydrological cycle. Recent studies use LWP to evaluate how aerosols impact 

cloud properties, such as through precipitation suppression or "entrainment-drying". 

• Land-Sea Contrast: Research in 2023-2024 highlighted the "land-sea contrast," where LWP 

values differ significantly between land and water bodies due to variations in surface heating 

and evaporation rates.  

Key Relationships 

• Temperature: LWP often increases with temperature in mid-to-high latitudes because warmer 

air can lead to thicker clouds. 

• Aerosols: Increased aerosol concentrations can modify LWP by changing the number and size 

of cloud droplets (Nd), potentially suppressing precipitation and increasing the cloud's liquid 

water content. 

LWR — Long Wave Radiation (outgoing, IR) 

Longwave radiation is the infrared energy emitted by Earth and its atmosphere back toward space. 

• Everything with a temperature emits infrared radiation, so Earth continuously emits LW radiation. 

• Greenhouse gases absorb and re-emit LW radiation, reducing the amount that escapes to space 

and warming the system. 

• Clouds also strongly affect LW radiation by emitting at cloud-top temperatures. 

• Outgoing longwave radiation (OLR) is often measured at the top of atmosphere by satellites. 

• LW fluxes are essential to Earth’s energy balance and are used to diagnose climate feedbacks. 

MAP — Multi-Angle Polarimetry 

Multi-angle polarimetry measures polarized light from multiple viewing directions to retrieve aerosol 

and cloud properties. 
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• Multiple angles provide geometric information that helps disentangle surface reflection from 

atmospheric scattering. 

• Polarization adds sensitivity to particle microphysics, including size and shape. 

• MAP is especially useful for aerosol absorption and refractive index constraints compared with 

intensity-only methods. 

• MAP products help reduce uncertainty in aerosol direct radiative forcing estimates. 

• Instruments like RSP and HARP are examples of MAP-style approaches. 

MVD — Median Volume Diameter (of particle) 

MVD is the particle diameter at which half the total particle volume is in smaller particles and half is in 

larger particles. 

• It is a “median” based on volume, not number. 

• Because volume scales with diameter cubed, MVD is strongly influenced by larger particles. 

• MVD is useful for characterizing coarse-mode aerosols like dust or sea spray. 

• It differs from median number diameter, which is dominated by small particles. 

• MVD helps connect size distributions to mass loading and some optical behaviors. 

NR — non-refractory 

“Non-refractory” describes aerosol components that vaporize when heated in instruments like 

AMS/ACSM. 

• Typical NR species include ammonium nitrate, ammonium sulfate, and many organic compounds. 

• Refractory components like mineral dust, sea salt cores, or black carbon can be less efficiently 

measured in NR-focused modes. 

• NR terminology matters because it defines what fraction of aerosol mass an instrument can “see.” 

• Reporting NR-PM1 helps standardize comparisons across sites and campaigns. 

• Knowing what is NR versus refractory helps avoid misinterpreting “missing mass” in aerosol 

closure studies. 

OA — Organic Aerosols 

Organic aerosols are particles (or particle components) made of carbon-containing compounds in the 

atmosphere. 

• OA can be emitted directly (primary OA) from sources like vehicles, cooking, and fires. 
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• OA can also form in the atmosphere (secondary OA) when gases oxidize and condense onto 

particles. 

• OA is often the largest fraction of fine particulate mass in many environments. 

• Its properties vary widely, affecting hygroscopicity, cloud interactions, and optical behavior. 

• OA composition evolves as it “ages,” often becoming more oxygenated and less volatile. 

OPC — Optical Particle Counter 

An OPC counts particles and estimates their size by measuring how much light they scatter when 

passing through a laser beam. 

• It provides size bins and number concentrations, typically for particles larger than a few tenths of a 

micron. 

• Because it relies on optical scattering, the sizing depends on particle refractive index and shape. 

• OPCs are common in air-quality monitoring, cleanrooms, and field deployments due to simplicity. 

• They are less sensitive to ultrafine particles than CPC/SMPS-type systems. 

• OPCs are especially useful for tracking coarse particles and rapid changes in particle load. 

• Optical particle counters (OPC) and Passive Cavity Aerosol Spectrometer Probes (PCASP) in the 0.1-

3 µm range provide fast, real-time measurements of aerosol size distribution and concentration. 

These instruments typically use light scattering to determine particle sizing, with, for instance, 

PCASP covering 0.1 to 3 µm or higher (up to 10 µm) and specific OPCs covering ~0.25 to 3 µm.  

PCASP — Passive Cavity Aerosol Spectrometer Probes 

PCASP instruments measure airborne particle size distributions (typically in the accumulation mode) 

using optical scattering in aircraft sampling. 

• They are widely flown on research aircraft to measure particle number by size in real time. 

• PCASP is especially useful for characterizing aerosols relevant to cloud droplet formation. 

• As an optical instrument, it can be sensitive to refractive index assumptions and calibration 

choices. 

• Inlets and sampling conditions on aircraft can influence what particle sizes are transmitted 

accurately. 

• PCASP data often complement chemistry instruments (AMS/ACSM) and CCN counters during 

campaigns. 

• Example Instrument: https://dropletmeasure.wpenginepowered.com/wp-content/uploads/2020/02/DOC-0228-Rev-C-PCASP-100X-Manual.pdf 

https://dropletmeasure.wpenginepowered.com/wp-content/uploads/2020/02/DOC-0228-Rev-C-PCASP-100X-Manual.pdf
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PDO — Pacific Decadal Oscillation 

The PDO is a pattern of North Pacific sea-surface temperature variability that persists for years to 

decades. 

• It is often described using an index derived from SST anomalies in the North Pacific. 

• PDO phases are associated with shifts in storm tracks, temperature, and precipitation patterns 

around the Pacific Rim. 

• The PDO can modulate fisheries and marine ecosystems through changes in ocean conditions. 

• It is related to (but distinct from) the IPO; PDO is more North-Pacific focused. 

• Climate studies use PDO to interpret regional variability superimposed on long-term warming. 

• Oscillations such as the Pacific Decadal Oscillation (PDO), Interdecadal Pacific Oscillation (IPO), and 

Atlantic Multidecadal Oscillation (AMO) are patterns of natural climate variability that influence sea 

surface temperatures and atmospheric circulation over years to decades. 

PDO:  Pacific Decadal Oscillation  North Pacific SST anomaly pattern; phases persist 10–30 years. 

IPO:  Interdecadal Pacific Oscillation  Basin-wide Pacific variability; can modulate global warming. 

AMO: Atlantic Multidecadal Oscillation  North Atlantic SST variability;  

  phases last 20–40 years and influence hurricanes and rainfall.  

PPTV — Parts Per Trillion by Volume 

PPTV is a unit for extremely small concentrations of a gas in air, measured as a fraction of volume. 

• 1 pptv means 1 part of the gas per 10^12 parts of air by volume. 

• It’s commonly used for trace species like certain halocarbons, radicals, or pollution tracers at very 

low levels. 

• Instruments reporting pptv must have very low detection limits and careful calibration. 

• PPTV is different from mass-based units; it’s a mixing ratio, not a mass concentration. 

• These tiny mixing ratios can still matter greatly for chemistry and radiative impacts if the species is 

potent. 

RSP — Research Scanning Polarimeter 

RSP is an aircraft (and sometimes ground) polarimetric instrument that measures intensity and 

polarization across many angles. 

• It scans across the flight track to sample a wide range of viewing geometries. 

• The multi-angle polarization data help retrieve aerosol optical properties and cloud microphysical 

parameters. 
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• RSP is often used as a high-quality reference for validating satellite polarimetry concepts and 

retrievals. 

• It can constrain aerosol size, shape indicators, and sometimes absorption-related parameters. 

• RSP datasets are valuable for closure studies linking in situ aerosol to remotely sensed optical 

effects. 

• Reference: https://airbornescience.nasa.gov/instrument/Research_Scanning_Polarimeter 

SCM — Single-column model 

A single-column model simulates the atmosphere over one “column” (one location) using simplified 

dynamics and detailed physics. 

• It isolates physical parameterizations (like clouds and turbulence) without full 3D circulation. 

• SCMs are often driven by observed or reanalysis large-scale forcing to mimic real conditions. 

• They are used to test and tune cloud, convection, and aerosol schemes used in GCMs. 

• SCMs are computationally cheap, enabling many sensitivities runs. 

• They form a bridge between LES (high detail, small area) and GCMs (global, coarse resolution). 

SI/EO — Schlieren and Electro-Optical (EO) Imaging 

High-speed Schlieren and Electro-Optical (EO) imaging are advanced visualization technologies used to 

capture phenomena that are either too fast for the human eye or occur in invisible spectrums like the 

infrared. While Schlieren imaging focuses on visualizing density changes in transparent media (like air 

or gas), EO imaging systems utilize the visible and infrared (IR) spectrums for high-resolution 

surveillance and targeting.  

High-Speed Schlieren Imaging 

Schlieren imaging detects refractive index gradients in transparent media, revealing density changes 

due to temperature or pressure variations. This technique makes "invisible" fluid flows visible by 

detecting refractive index changes caused by variations in density, temperature, or pressure.  

• Mechanism: A light source (often a point LED) is directed through a medium. Any density 

changes bend the light. A "knife-edge" or cutoff filter at the focal point blocks these deflected 

rays, creating shadows or highlights that represent flow patterns. 

• High-Speed Application: When combined with cameras like those from Phantom High-Speed or 

Photon, researchers can capture events at frame rates exceeding 1 million fps. 

Electro-Optical (EO) Imaging 
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• EO systems refer to imaging across the visible and near-infrared (NIR) spectrums (typically 

400–900 nm), often paired with Infrared (IR) sensors to form EO/IR systems.  

• Capabilities: These systems provide high-resolution, day/night situational awareness. Modern 

units from L3Harris and Northrop Grumman feature automatic target detection, tracking, and 

stabilization. 

• Integration: EO imaging is frequently used in gimbal-mounted systems for UAVs and naval 

vessels to identify targets through haze, smoke, or total darkness. 

• Advancement: The latest sensors use "strained layer superlattice" (SLS) materials, allowing for 

smaller pixels and high-definition resolution even at high operating temperatures.  

SMPS — Scanning Mobility Particle Spectrometer 

An SMPS measures the number size distribution of small particles by classifying them with a 

Differential Mobility Analyzer (DMA) and counting them with a Condensation Particle Counter (CPC). 

• The DMA (“Sizer”) selects particles by electrical mobility, effectively sorting by size. 

• The CPC (“Counter”) counts the size-selected particles, and the system scans across sizes to build a 

distribution. 

• SMPS is best for ultrafine to accumulation-mode particles (often ~10–500 nm, depending on 

setup). SMPS systems are often paired with OPC/APS (aerodynamic particle sizer) for larger 

particles to cover the full range. 

• It provides high-resolution size distributions that are crucial for understanding nucleation and 

growth. 

• SMPS outputs are foundational for aerosol microphysics, health exposure analysis, and model 

evaluation. 

• The “spectrometer” wording reflects the scanning across a range of mobilities like a spectrum; and 

should not be confused with spectrometers that measure chemistry. 

SAD — Aerosol Surface Area Density 

Aerosol Surface Area Density represents the total surface area of aerosols per unit volume, critical for 

calculating rates of heterogeneous chemistry and radiative forcing. 

SSA — Single-Scattering Albedo 

Single-scattering albedo (SSA) is the fraction of light extinction by particles that is due to scattering 

rather than absorption. 
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• SSA ranges from 0 to 1, where values closer to 1 mean mostly scattering and closer to 0 mean 

strongly absorbing. 

• It is crucial for determining whether aerosols cool (more scattering) or warm (more absorbing) the 

climate system. 

• SSA depends on composition (black carbon lowers SSA) and wavelength. 

• It is retrieved using combinations of polarimetry, sunphotometry, and in situ optical instruments. 

• Uncertainty in SSA is a major driver of uncertainty in aerosol direct radiative forcing. 

SSA — Sea Spray Aerosol 

Sea spray aerosol is particulate matter produced from the ocean, mainly when bubbles burst at the 

sea surface. 

• Wind and wave action generate bubbles, and bursting bubbles eject salty droplets into the air. 

• Sea spray is typically coarse-mode and can dominate aerosol mass over oceans in windy 

conditions. 

• It is chemically rich in sea salts and can include organics from ocean biology. 

• Sea spray particles can act as CCN and sometimes influence cloud properties in marine boundary 

layers. 

• They scatter light efficiently, contributing to haze and affecting radiative transfer over oceans. 

SW R — Short Wave Radiation (incoming, UV + visible + near IR) 

Shortwave radiation is the solar energy arriving at Earth, mainly in ultraviolet, visible, and near-

infrared wavelengths. 

• SW radiation is the primary energy source driving Earth’s climate system. 

• Aerosols and clouds reflect and absorb SW radiation, changing how much reaches the surface. 

• Surface albedo (snow, ice, desert, vegetation) strongly affects SW reflection back to space. 

• Satellites measure SW fluxes at TOA to assess Earth’s energy balance. 

• Changes in SW reflection are central to understanding aerosol forcing and cloud feedbacks. 

TOA — Top of Atmosphere 

Top of Atmosphere refers to the boundary where Earth’s atmosphere effectively ends for radiation 

balance accounting. 

• TOA is the reference level for measuring incoming solar radiation and outgoing reflected/emitted 

radiation. 
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• Climate forcing is often defined by changes in net radiative flux at TOA. 

• Satellite instruments largely observe radiances that can be related to TOA fluxes. 

• TOA metrics help separate surface and atmospheric contributions to Earth’s energy budget. 

• Understanding TOA energy imbalance is key for diagnosing warming rates and ocean heat uptake. 

ToF — Time of flight 

Time-of-flight is a mass spectrometry method that determines ion mass-to-charge by measuring how 

long ions take to travel a known distance. 

• Lighter ions travel faster, heavier ions travel slower under the same acceleration conditions. 

• ToF instruments can measure a broad mass range quickly, enabling high time resolution. 

• ToF is widely used in atmospheric mass spectrometers to capture rapidly changing composition. 

• Higher-resolution ToF can better separate overlapping peaks, improving speciation. 

• In aerosol mass spectrometry, ToF helps distinguish families of organic fragments and quantify 

components more cleanly. 

ToP — Types of Particles 

• Inorganics:  Primarily sulfate (SO4), nitrate (NO3), ammonium (NH4), and chloride (Cl) 

• Organic Aerosols (OA):  Analyzed for bulk mass and elemental ratios like Oxygen-to-Carbon (O:C) 

 and Hydrogen-to-Carbon (H:C) to determine oxidation states. 

UV DOAS — Ultraviolet Differential Optical Absorption Spectroscopy 

UV DOAS is a technique that measures trace gases by analyzing their unique UV absorption features 

over a light path. 

• It looks at narrow-band “differential” absorption structures to separate gases from broadband 

effects like scattering. 

• DOAS can be deployed from the ground, aircraft, or satellites depending on geometry. 

• It is commonly used for gases like SO2, NO2, O3, and others with UV-visible absorption signatures. 

• The method can be very sensitive because it integrates absorption over long paths. 

• DOAS products are important for monitoring pollution plumes, volcanic emissions, and 

atmospheric chemistry processes. 
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Measurement Theory 

Short Wave (SW) and Long Wave (LW) Radiation 

Shortwave (SW) radiation is high-energy, visible light emitted by the sun, while Longwave (LW) 

radiation is lower-energy, infrared heat emitted by the Earth's surface and atmosphere. SW heats the 

planet, and this absorbed energy is re-emitted as LW, driving the greenhouse effect and maintaining 

Earth's energy balance.  

Short Wave (SW) Radiation  

• Source: The sun (solar radiation). 

• Wavelength: Short, visible light spectrum, including ultraviolet and near-infrared. 

• Action: Travels through the atmosphere, where it is partly absorbed or reflected by clouds and 

aerosols, with about 47% reaching the surface. 

• Impact: Heats the Earth's surface, causing surfaces like asphalt to become hot.  

Long Wave (LW) Radiation 

• Source: The Earth's surface, atmosphere, and clouds (terrestrial radiation). 

• Wavelength: Long, infrared wavelengths  

• Action: Emitted by the warm Earth's surface upwards; much of it is absorbed by greenhouse 

gases in the atmosphere, creating the greenhouse effect. 

• Impact: Determines the cooling rate of the planet and maintains surface temperatures.  

Key Differences 

• Energy Level: SW has higher frequency/energy; LW has lower frequency/energy. 

• Direction: SW is mostly incoming; LW is mostly outgoing (though both can be 

reflected/emitted in complex ways). 

• Mechanism: SW brings energy to Earth, and LW releases that heat from Earth. 
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Radiometer (IR, Visible, Microwave) 

Radiometers are instruments used to measure the intensity of electromagnetic radiation. While they 
are commonly associated with the "light-mill" (Crookes radiometer) that spins when exposed to light, 
modern scientific radiometers are sophisticated tools that operate across different parts of the 
spectrum—specifically infrared (IR), visible, and microwave bands—to provide quantitative data.  

Infrared (IR) Radiometers 

Often referred to as infrared thermometers, these devices measure thermal radiation to determine 
the surface temperature of objects without making physical contact.  

• MI-210 Research-Grade Infrared Radiometer: A high-precision meter from Apogee 
Instruments used for terrestrial surface temperature measurements, such as soil, snow, and 
water. 

• Applications: Used extensively in agriculture for plant canopy temperature measurement to 
estimate water status, and in engineering to detect heat maps of machinery or road icing 
conditions. 

• Mechanism: Typically utilizes thermopiles or bolometers that convert infrared energy into an 
electrical voltage or change in resistance.  

Visible Light Radiometers 

Visible radiometers measure the intensity of light within the spectrum detectable by the human eye 
(roughly 400 to 700 nm).  

• Visible Infrared Imaging Radiometer Suite (VIIRS): A NASA/NOAA satellite instrument that 
collects global observations of Earth's land, atmosphere, and oceans using both visible and 
infrared imagery. 

• Applications: Essential for weather forecasting, monitoring phytoplankton abundance in 
oceans, and tracking fire or smoke plumes. 

• Mechanism: Uses filters and detectors like photodiodes or CCD/CMOS arrays to produce a 
current proportional to light exposure.  

Microwave Radiometers (MWR) 

These instruments measure energy emitted at millimeter-to-meter wavelengths (0.3 to 300 GHz), 
which allows them to "see" through clouds and vegetation.  

• Vingvo Digital Microwave Detector: A portable device designed to detect microwave leakage in 
hazardous areas with high precision. 

• RD630W 3-in-1 EMF Detector: Available at Walmart, this meter detects RF radiation from Wi-Fi 
routers and microwave ovens. 
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• Applications: Critical for atmospheric remote sensing, they derive vertical temperature and 
humidity profiles, soil moisture, and ocean salinity. 

• Mechanism: Employs an antenna (often a dish-shaped reflector) to gather radiation and 
Schottky diodes to convert high-frequency energy into current. 

AOD, size distribution, SSA, g 

These are standard “optical knobs” that largely determine how an aerosol layer affects sunlight: 

AOD — Aerosol Optical Depth (τ) 

• Meaning: How “optically thick” the aerosol layer is (dimensionless). 

• Intuition: 
o AOD = 0.05 → faint haze 
o AOD = 0.5 → very hazy 
o AOD = 1 → quite opaque 

• What it controls: roughly how much incoming sunlight gets extinguished (scattered + 
absorbed) along a path. 

Size distribution 

• Meaning: The number (or mass) of particles as a function of particle radius/diameter (e.g., lots 
of 0.2 µm particles vs lots of 1 µm particles). 

• Why it matters: Particle size sets 

o how strongly particles interact with different wavelengths (visible vs near-IR), 
o how “forward-scattering” they are, 
o how fast they settle out. 

• Common summaries: effective radius 𝑟𝑒𝑓𝑓, geometric mean radius, and distribution width (σg). 

SSA — Single-Scattering Albedo (ω₀) 

• Meaning: Of the light that particles remove from the beam, what fraction is scattered (not 
absorbed). 

• Range: 0 to 1 

o SSA ≈ 1.0 → purely scattering (like clean sulfate; highly reflective) 
o SSA ≈ 0.85–0.95 → noticeably absorbing (like black-carbon-rich smoke) 

• What it controls: whether aerosols cool (scatter) or can warm (absorb) the atmosphere. 

g — Asymmetry parameter 
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• Meaning: How forward-peaked the scattering is; technically the average cosine of the 
scattering angle:  𝑔 = ⟨cos⁡ 𝜃⟩ 

Range: −1 to +1 (atmospheric aerosols are usually 0.5–0.9) 

o g near 0 → scattering equally in all directions 
o g near 1 → strongly forward-scattering (common for larger particles) 

• Why it matters: Forward scattering can reduce how much light is sent back to space for the same AOD. 

Why these 4 together are powerful 

For shortwave radiative forcing, a first-order picture is: 

• AOD sets “how much interaction” 
• SSA sets “scatter vs absorbs” 
• g + size distribution set “where the scattered light goes” (back to space vs forward/down) 

In a plume experiment, you’re trying to measure these and then see if a radiative-transfer model using 
them predicts the observed ΔSW flux above/below the plume (closure). 

16U/27U CubeSats  

16U and 27U CubeSats represent the larger end of the nanosatellite spectrum, offering significantly 
more volume and mass capacity than standard 3U or 6U models. While a 16U CubeSat typically 
measures 20 x 20 x 40 cm, the 27U is a larger cube-shaped form factor measuring 30 x 30 x 30 cm.  

16U CubeSat Platforms 

The 16U format is frequently used for complex missions such as high-resolution Earth observation, 
IoT, and quantum communication.  

• Kongsberg NanoAvionics M16P: A flight-proven bus available in "Light," "Mid," and "Max" 
configurations to suit different mission budgets and performance needs. According to 
NanoAvionics, it can support a maximum spacecraft mass of 36 kg and provides up to 12U of 
available payload volume. 

• EnduroSat 16U CubeSat Bus: This platform is designed for high-performance missions and 
features diverse mounting options. Based on specifications from Satsearch, it offers a payload 
mass of 18–22 kg and can provide an average payload power of 27–50 W. 

• AAC Clyde Space EPIC 16U: Used for the ESA OPS-SAT VOLT mission, this satellite is capable of 
hosting multiple payloads for optical and quantum communication. 

• Exobotics XO-BUS 16U: A platform optimized for rapid deployment and technology 
demonstrations in both experimental and commercial missions. 
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27U CubeSat Platforms 

The 27U size is one of the largest CubeSat designs, offering substantial space for heavy payloads and 
advanced defense or commercial applications.  

• HEX20 27U CubeSat Bus: This bus uses an open architecture model that is modular and 
scalable. According to HEX20 technical specifications on Satsearch, the 27U structure measures 
300 x 300 x 300 mm, has a structural weight of 15 kg, and can accommodate a payload mass of 
up to 36 kg. 

• HEX20 27U Structure: A standalone mechanical framework designed to maximize payload 
space while maintaining compatibility with standard deployers.  

Deployment Systems 

Because of their larger size, these satellites require specialized deployers that can handle higher mass 
and volume.  

• Exolaunch EXOpod Nova 16U: A commercially available deployer that can be subdivided to 
accommodate various CubeSat sizes. It provides additional volume for lateral protrusions and 
has successfully deployed 16U satellites in both LEO and GEO. 

• Exolaunch EXOpod AIR 16U: Described as the lightest CubeSat deployer on the market, it uses 
advanced materials to reduce mass for missions on small launch vehicles where every gram is 
critical. 

• ISISpace (ISISPACE) TestPod: A robust system used for safe transportation and mission 
validation testing for satellites ranging from 1U up to 16U. 

• NPC SPACEMIND SMPOD: A family of deployers ranging from 3U to 16U designed for rapid 
mechanism resetting and competitive commercial lead times. 

Hyper-Angular Rainbow Polarimeter (HARP) CubeSat 

The Hyper-Angular Rainbow Polarimeter (HARP) is a 3U CubeSat mission designed to demonstrate the 
capability of a wide-field-of-view imaging polarimeter to provide high-quality scientific data on Earth's 
atmosphere. Smaller than a loaf of bread, the satellite measures how sunlight reflects off clouds and 
aerosols (tiny particles like smoke, dust, and pollution) to determine their size, shape, and 
composition.  

Mission Timeline and Status 

• Launch: Launched on November 2, 2019, to the International Space Station (ISS) and was 
deployed into its own orbit in February 2020. 
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• Operations: It operated for over two years, capturing its "first light" image on April 16, 2020, 
featuring the coastlines of Italy and southeastern Europe. 

• Deorbit: The mission concluded when the CubeSat naturally deorbited and burned up in the 
atmosphere in April 2022.  

Key Technical Innovations 

• Hyper-Angular Measurements: Unlike traditional sensors that view a target once, HARP's wide 
field-of-view allows it to view the same ground target from up to 60 different angles as it 
passes overhead. 

• Polarimetric Imagery: It uses a Philips prism to split light into three polarization states 
simultaneously, measuring the Stokes parameters (I, Q, U) to reveal atmospheric details 
invisible to standard cameras. 

• Spectral Bands: The instrument collects data across four wavelengths: 440, 550, 670, and 870 
nm.  

Scientific Goals and Legacy 

• Cloud Phase Detection: Successfully distinguished between liquid water droplets and ice 
crystals by analyzing polarized light reflections (the "cloud-bow" region). 

• Award Recognition: Named the 2021 Small Satellite Mission of the Year by the American 
Institute of Aeronautics and Astronautics (AIAA). 

• Successor (HARP2): The technology pioneered by the CubeSat led directly to the development 
of HARP2, a key instrument on NASA's Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) 
mission, which launched in February 2024.  

Large-Eddy Simulation (LES) and Cloud-Resolving Model (CRM) 

Large-Eddy Simulation (LES) and Cloud-Resolving Model (CRM) ensembles are utilized to simulate 

complex boundary layer and cloud processes with high fidelity. These ensembles are applied to 

benchmark cases to quantify sensitivities to environmental forcings and identify the physical 

processes that most strongly control cloud development and turbulence.  

Sensitivity Mapping & Benchmarking 

• Benchmark Intercomparison: Bin microphysics schemes and advection methods are frequently 

compared against benchmark cases (e.g., convection cloud chambers) to quantify numerical 

diffusion and uncertainties in hydrometeor transport. 
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• Forcing Sensitivities: Projects like LASSO (LES ARM Symbiotic Simulation and Observation) 

generate hundreds of LES runs for shallow convection benchmarks to map how cloud fraction, 

liquid water path, and lifting condensation levels respond to different large-scale forcing 

sources. 

• Boundary Layer Dynamics: Ensembles are used to test the sensitivity of boundary layer 

structures to large-scale thermodynamic advective tendencies and surface heat fluxes, 

identifying which variables are critical for capturing observed meteorological states.  

Identifying Controlling Processes 

• Cloud Microphysics: CRM ensemble simulations demonstrate high sensitivity to ice nuclei (IN) 

concentration and ice crystal multiplication, highlighting these as controlling processes for 

precipitation in long-term simulations. 

• Model Dimensionality: Comparison of 2D and 3D ensembles reveals that dimensionality 

significantly impacts convective updrafts, especially in high IN environments, which is a key 

factor in model-based process identification. 

• Subgrid-Scale Closures: Sensitivity analysis within ensembles helps isolate the impact of 

specific closure parameters (e.g., 1.5-order turbulence closure) on wind and turbulence 

predictions in highly sheared or convective layers. 

 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 80 

 

Instrument Modules (Mx) 

This chapter describes theoretical instrument modules used by the Ax/Bx/Cx experiments. These 

modules are referred to as M0...M5. 

Mx Instrument Modules 

M0 — Dynamics/meteorology 

• 3-D winds (incl. turbulence/σw), Temperature/Pressure (T/P), H₂O (incl. very low H₂O for 
stratosphere), ozone (where relevant) 

M1 — Aerosol microphysics 

• Size distribution (nm→µm), number, surface area; volatility/hygroscopicity; (optional) 
single-particle composition 

M2 — Aerosol optics 

• Extinction/scattering/absorption (ideally spectral), SSA proxies, phase-function proxy 
(polarimetry or angular scattering) 

M3 — Radiation 

• Up/down shortwave + longwave fluxes (broadband; spectral if possible), actinic flux / 
photolysis proxies where feasible (SAI relevance) 

M4 — Cloud microphysics (warm/mixed/ice) 

• CDNC, droplet size distributions, LWC; ice number/size; (optional) cloud radar + lidar for 
profiles 

M5 — Chemistry (SAI focus) 

• SO₂, H₂SO₄ (or proxy), NOy/halogen families where feasible; aerosol surface area density 
(for heterogeneous chemistry) 
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Ax: aerosol RF / radiative closure   

A1a — SO₂ gas into stratosphere (aerosol RF) 

Instruments: M0 + M1 + M2 + M3 + (M5) 
Flight pattern: 

• Upwind baseline stack (below/at/above target altitude) 
• Near-field cross-plume curtains (multiple altitudes) 
• Lagrangian aging ladder: repeat curtains at increasing downwind distance (minutes → hours 

→ day) 
• Radiative legs: long straight legs above and below plume for flux deltas 

Model gap targeted: plume-scale microphysics + stratospheric heating/forcing uncertainties 

A1b — H₂SO₄ vapor into polar vortex (aerosol RF) 

Instruments: M0 + M1 (must include ultrafine) + M2 + M3 
Flight pattern: 

• Very early sampling: dense near-field transects (minutes) + repeated passes to capture rapid 
nucleation/coagulation 

• Aging ladder out to hours/day (as logistics allow) 
• Radiative legs above/below once plume is spatially coherent 

Model gap targeted: near-field microphysics that GCMs can’t resolve; need 
plume/chamber/small field benchmarks 

A1c — H₂SO₄ liquid aerosol into polar vortex (aerosol RF) 

Instruments: M0 + M1 + M2 + M3 
Flight pattern: 

• At-release verification passes to capture the delivered size distribution 
• Cross-plume curtains + aging ladder 
• Optional vertical spirals at selected ages for sedimentation/removal constraints 

A1d — H₂SO₄ + H₂O solution aerosol into polar vortex (aerosol RF) 

Instruments: M0 + M1 + M2 + M3 (composition/volatility helpful inside M1) 
Flight pattern: 

• Fly a designed matrix: composition × size settings, each as a discrete “segment” 
• For each segment: baseline → near-field curtain → mid-field curtain → radiative legs 
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• Repeat a subset under different background stratospheric aerosol states (clean vs elevated) 
Model gap targeted: sensitivity of heating/forcing to aerosol properties and size distribution 

A2 — MCARFE sea-salt CCN (aerosol RF) 

Instruments: M0 + M1 + (M4 if clouds present) + (M2/M3 if doing forcing directly) 
Flight pattern (critical): 

• Point-source plume mapping: very near-field (first 10s of meters downwind) → cloud base 
transects → in-cloud legs 

• Measure within-plume variability (size & concentration), not just mean 
• Include a delivery-efficiency test: does plume rise/mix or subside before cloud base? 

Model gap targeted: correct injected size distribution + point-source nature + near-field 
coagulation + delivery to cloud base 

A3 — AARaCE smoke (aerosol RF) 

Instruments: M0 + M1 + M2 + M3 (absorption capability is key) 
Flight pattern: 

• Upwind/downwind paired legs (same solar geometry) 
• Curtain cross-sections to quantify vertical distribution 
• Optional cloud-interaction add-on: if smoke overlies marine clouds, add M4 and do stacked 

cloud legs 

A4 — SONABEx Southern Ocean clean air (aerosol RF) 

Instruments: M0 + M1 + M2 + M3 (+ M4 if cloud-coupled) 
Flight pattern: 

• Baseline characterization loops across synoptic regimes (clean background matters for model 
sensitivities) 

• If paired with perturbations (e.g., A2): run before/after and adjacent-region legs to capture 
compensating responses 

B-series: clouds (Bx) 

B1 — CCN microphysics (clouds) 

Instruments: M0 + M1 + M4 
Flight pattern: 
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• Stacked legs: below cloud base / in-cloud / near cloud top 
• Lagrangian cloud following (track same cloud field through time) (paper explicitly values 

cloud-evolution perspectives) 

B2 — Precipitation/drizzle (clouds) 

Instruments: M0 + M1 + M4 (+ cloud radar strongly recommended) 
Flight pattern: 

• Repeated in-cloud legs across drizzle transitions + below-cloud legs for drizzle flux 
• Add mesoscale context box around the perturbed region to detect “bright here / dim next 

door” circulation effects 

B3 — Mixed-phase cloud glaciation INP (clouds) 

Instruments: M0 + M4 + INP capability within M1 (and ice residual composition if feasible) 
Flight pattern: 

• Isotherm-following legs through mixed-phase layers + repeated sampling as the air mass 
evolves 

• Pair with remote sensing profiles (lidar/radar) for phase partition and cloud top structure 

B4 — Cirrus formation (clouds) 

Instruments: M0 (must capture updraft statistics) + M4 (ice) + INP (M1) 
Flight pattern (paper-critical): 

• Target ice-supersaturated regions (ISSRs) with box patterns + repeated legs to sample 
variability 

• Include dedicated updraft sampling runs (fine-scale vertical velocity variability), because 
models struggle to resolve updraft frequency/variability and need more in-situ updraft 
measurements 

• Multi-season / multi-latitude repeatability (supports an INP climatology at cirrus conditions) 

B5 — Full radiative-closure (clouds) 

Instruments: M0 + M1 + M2 + M3 + M4 
Flight pattern: 

• Stacked radiation legs (above cloud, in-cloud, below cloud) + in-situ microphysics 
simultaneously 

• Design so data are truly collocated dynamical + microphysical + radiative (explicitly 
highlighted as needed) 
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C-series: SAI (Cx) 

C1 — SO₂ gas (SAI) 

Instruments: same as A1a (M0+M1+M2+M3+M5) 
Flight pattern: same as A1a, with an added chemistry focus (both rapid response and follow-on 
sampling) 

C2 — H₂SO₄ aerosol (SAI) 

Instruments: M0+M1+M2+M3 (+M5 optional depending on scope) 
Flight pattern: same as A1c/A1d, emphasizing size-dependent heating/forcing sensitivity 

C3 — Alternative candidate particles (SAI) 

Instruments: M0 + M1 (composition/single-particle highly valuable) + M2 + M3 + (M5) 
Flight pattern: 

• Small controlled releases + dense near-field → mid-field curtains (focus on 
microphysics/optics) 

• Plan for lab/chamber + small plume field linkage (paper calls this out as needed for non-
sulfate candidates) 

Best “ready-to-fly” research platforms (already instrument-friendly) 

User Prompt: what rentable existing aircraft can do this monitoring? 

There are existing aircraft you can contract/charter for this kind of monitoring, but “rentable” splits 
into two worlds: 

1. Purpose-built research aircraft (already have instrument racks, aerosol inlets, optical ports) — 
usually accessed via mission proposals/cost-recovery, not a simple commercial lease. 

2. Commercial charter aircraft (King Air / Twin Otter / business jets) — you can charter them, but 
you may need integration work (inlets/ports/power/data). 

Below is a practical shortlist, organized by what you need to monitor. 

Boundary layer → mid-troposphere cloud/aerosol work (most of A2–A4 and B1–B5) 

• CIRPAS Twin Otter (Naval Postgraduate School) — explicitly set up for aerosols/clouds: rack 
space, well-characterized aerosol inlet, nadir/zenith ports for radiometers/sunphotometers, 
and a baseline meteorology/aerosol/cloud suite.  
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• FAAM BAe-146 (UK Met Office + NERC) — multi-instrument atmospheric 
chemistry/aerosol/cloud platform; ceiling ~35,000 ft. (Excellent for B1–B5, A2/A3/A4; not for 
43k-ft stratosphere sampling.)  

• SAFIRE ATR-42 (France) — “flying lab” used for chemistry/microphysics/remote sensing; max 
altitude ~25,000 ft.  

High-altitude (upper troposphere / lower stratosphere) remote sensing & in-situ (key for A1x/Cx) 

• NSF/NCAR HIAPER GV (Gulfstream V) — explicitly “available for airborne research,” long 
endurance, optical ports and mounting points; commonly used for atmospheric 
chemistry/dynamics/cloud properties.  

• DLR HALO (Gulfstream G550) — long-range, reaches ~15 km (~49k ft) which can access the 
lower stratosphere outside the tropics; access is typically via research calls/proposals.  

• NOAA Gulfstream IV-SP — certified ceiling ~45,000 ft and instrumented for upper-atmosphere 
environment sampling (often used with dropsondes/flight-level state variables).  

Very high altitude (if you truly want “above most of the atmosphere”) 

• NASA ER-2 — high-altitude sensor platform; operates around 70,000 ft.  
• NASA WB-57 — capable of altitudes >60,000 ft.  

These are NASA assets (not typical commercial rentals), but they’re the canonical “high-high 
altitude” options. 

Commercial “you can pay for flight services” providers (often easiest to contract) 

• Dynamic Aviation — provides airborne mission services and has supported NASA’s airborne 
science flight services; typically, King Air–class platforms are common in this space.  

• Twin Otter / King Air charter operators (platform-only) + missionization support 

o Kenn Borek Air is well-known for Twin Otter/King Air operations and aircraft 
charter/leasing for scientific expeditions (especially polar logistics).  

o Many other King Air operators exist, but they’re usually not pre-wired for aerosol inlets 
/ radiometer ports—so you’d be buying integration time. 

What I’d pick for your monitoring needs (fast, practical) 

• For A2/A3/A4 + B1–B5 (tropospheric aerosol/cloud work): start with an already-instrumented 
platform like CIRPAS Twin Otter (or FAAM BAe-146 / SAFIRE ATR-42 depending on 
region/partners).  

• For A1a–A1d + C1–C2 (lower-stratosphere plume/radiation/chemistry): you’ll usually want a 
high-altitude jet like HIAPER GV / HALO / NOAA G-IV (choice driven by altitude, range, and 
whether you need ports/inlets already approved).  
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If you tell me which experiments you want to run first (e.g., “A1d + A2 + B5”) and where (Arctic? 
Southern Ocean? CONUS?), I can narrow this to a short “top 3 platforms + operator type” list that’s 
realistic for that geography and altitude. 

Out of the Ax, Bx, Cx experiments, there are several that inject SO2 gas. How do these experiments 
differ? Also, there are several experiments that inject (H2SO4) or (H2SO4 + H2O) aerosol. How do they 
differ? 

Experiments that inject SO₂ gas 

You’ve got two labels that inject SO₂: 

• A1a — SO₂ gas into stratosphere (aerosol RF) 
• C1 — SO₂ gas (SAI) 

They can be flown with similar hardware, but they’re different in intent, scope, and what you’re 
trying to prove. 

How they differ 

1. Primary objective 

• A1a (aerosol RF): treat the injection as a calibration tool to measure radiative forcing per 
unit sulfur (radiative closure). The focus is “what’s ΔF for a known sulfur perturbation?” 

• C1 (SAI): treat the injection as a candidate intervention pathway; you care not just about 
ΔF, but also side effects and scalability (heating rates, circulation sensitivity, 
chemistry/ozone risk, operational envelopes). 

2. What you measure “hardest” 

• A1a: radiometry/flux closure + aerosol optical properties (AOD/SSA/g) + size distribution to 
close the forcing budget. 

• C1: the same, plus deeper emphasis on stratospheric heating, photolysis/actinic flux, and 
chemistry (heterogeneous chemistry drivers and ozone-relevant species). 

3. Where/when and timescales 

• A1a: can be optimized for a short, trackable plume window (days–weeks), sometimes 
favoring conditions that keep the plume coherent for closure. 

• C1: often wants broader sampling across conditions (season/latitude/altitude) because 
deployability and impacts are condition-dependent. 

4. Success metric 

• A1a success: reduce uncertainty on aerosol ERF by anchoring forcing efficiency. 
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• C1 success: reduce uncertainty on SAI feasibility/risks (microphysics + heating + chemistry) 
in addition to forcing. 

Experiments that inject H₂SO₄ / H₂SO₄+H₂O aerosol 

You have four aerosol-injection labels: 

• A1c — H₂SO₄ liquid aerosol into polar vortex (aerosol RF) 
• A1d — H₂SO₄ + H₂O solution aerosol into polar vortex (aerosol RF) 
• C2 — H₂SO₄ aerosol (SAI) 
• (and related but distinct) A1b — H₂SO₄ vapor (not aerosol at injection) 

First: A1c vs A1d (both “aerosol RF”) 

These differ mainly in what you’re controlling at t=0. 

• A1c (100% H₂SO₄ droplets): 

o You inject pure acid droplets and let the stratosphere set the water content. 
o Very quickly (minutes) they move toward an equilibrium aqueous H₂SO₄–H₂O 

composition set by T and water vapor. 
o So A1c’s “control knobs” are mostly size at release and number concentration 

(composition control is short-lived). 

• A1d (pre-mixed H₂SO₄+H₂O droplets, 10–90 wt% H₂SO₄, plus size control): 

o You inject known starting composition and size, so you can deliberately test: 
▪ how fast droplets “forget” their initial composition (water exchange) 
▪ whether near-field thermodynamics (cooling/evaporation) and microphysics 

differ by initial wt% 
o A1d is better if your science goal is: “how do size and initial composition influence early 

optical properties and evolution?” 

Practical implication: For times beyond minutes, A1c and A1d often converge toward similar aqueous 
droplets; A1d’s advantage is in the first ~minutes–hour where composition differences can still 
matter. 

Next: A1c/A1d vs C2 (all inject sulfate aerosol, but purpose differs) 

• A1c/A1d: aerosol is a known perturbation to measure RF (closure/calibration experiment). 
• C2: aerosol is a candidate SAI method; you’re testing what injection strategy produces the 

“best” size distribution and least side effects at scale. 

So C2 typically expands: 

• broader exploration of altitude/latitude/season 
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• explicit evaluation of heating rates and possible dynamical responses 
• operational constraints (repeatability, nozzle stability, persistence, etc.) 

A concise “difference map” 

SO₂ injection 

• A1a: “forcing calibration point” 
• C1: “SAI pathway feasibility + side effects + scale-up” 

Aerosol injection (H₂SO₄ or solution) 

• A1c: “RF closure with pure-acid droplets” (composition quickly equilibrates) 
• A1d: “RF closure with designed initial composition + size matrix” (best for early-time 

microphysics/optics sensitivity) 
• C2: “SAI pathway with direct aerosol—optimize size, persistence, and impacts” 

If you want, I can turn this into a one-page matrix with columns: Objective / Control knobs / Key 
measurements / Time window of strongest signal / Primary model gap reduced for each of A1a, A1c, 
A1d, C1, C2. 

please do 

Here’s a one-page matrix that cleanly distinguishes the SO₂-injection experiments (A1a, C1) and the 
sulfate aerosol / solution aerosol injection experiments (A1c, A1d, C2). I’m using your definitions and 
the “key gaps” logic we discussed. 

SO₂ gas injection experiments: how they differ 

Experiment Objective 
Control knobs (what you 

can set) 

Key measurements 
(what must be 

“closed”) 

Strongest 
time 

window 

Primary model gap 
reduced 

A1a — SO₂ 
gas into 
stratospher
e (aerosol 
RF) 

Measure 
radiative 
forcing 
efficiency 
for a 
known 
sulfur 
perturbatio
n 
(“radiative 
closure”) 

SO₂ mass rate, altitude, 
release geometry (line vs 
segments), timing (solar 
angle), location 

(1) SO₂ → sulfate 
conversion + size 
distribution vs age; (2) 
optical properties 
(extinction/SSA/g 
proxies); (3) SW/LW 
flux Δ above/below 
plume 

Days → 
~1–3 
months 
(SO₂ 
converts → 
sulfate 
optical 
signal rises, 
then 
dilution 
dominates) 

SAI microphysics → 
optical properties → 
forcing (bridges 
plume → GCM forcing 
parameterizations) 

C1 — SO₂ Evaluate Same knobs as A1a, plus Everything in A1a plus: Weeks → Aerosol–radiation 
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Experiment Objective 
Control knobs (what you 

can set) 

Key measurements 
(what must be 

“closed”) 

Strongest 
time 

window 

Primary model gap 
reduced 

gas (SAI) SO₂ as an 
SAI 
pathway 
(forcing + 
side effects 
+ 
scalability) 

exploring operating 
envelope: 
seasonal/latitudinal/altit
ude variation 

stratospheric heating-
rate sensitivity, 
photolysis/actinic flux 
proxies, 
chemistry/heterogene
ous processes drivers 

months, 
across 
multiple 
conditions; 
focus on 
“robustnes
s” not only 
one clean 
closure 
case 

heating + aerosol–
chemistry 
uncertainties that 
drive 
circulation/precip/ozo
ne outcomes 

In one line: A1a is a forcing calibration experiment; C1 is a forcing + impacts pathway evaluation 
experiment. 

H₂SO₄ aerosol / H₂SO₄+H₂O solution aerosol injection: how they differ 

Experime
nt 

Objective Control knobs Key measurements 
Strongest 

time window 
Primary model 

gap reduced 

A1c — 
H₂SO₄ 
liquid 
aerosol 
into polar 
vortex 
(aerosol 
RF) 

Immediate 
aerosol 
forcing 
without 
waiting for 
SO₂ chemistry 

Delivered size 
distribution at nozzle; 
mass rate; release 
geometry; location 

(1) verify delivered size 
distribution; (2) map how 
size evolves via 
coagulation/dilution; (3) 
optical properties + 
SW/LW flux Δ 

Minutes → 
days for 
strongest 
radiative/optic
al contrast 
(then thins); 
microphysics 
follow-up can 
persist longer 

Direct aerosol 
microphysics & 
radiative 
properties 
(isolates size-
driven forcing 
without SO₂ 
chemistry) 

A1d — 
H₂SO₄ + 
H₂O 
solution 
aerosol 
into polar 
vortex 
(aerosol 
RF) 

Designed 
sensitivity 
study: 
forcing/optics 
vs (size × 
initial 
composition) 

Droplet diameter and 
acid wt% (10–90%) 
(computer-controlled), 
plus mass rate 

Same as A1c plus: quantify 
how fast droplets “forget” 
initial composition; 
measure any early-time 
thermodynamic/microphys
ical differences by wt% 

First minutes 
→ ~hours is 
where 
composition 
differences 
matter most; 
size effects 
persist longer 

Parameterizati
on sensitivity: 
how assumed 
aerosol 
composition/siz
e maps to 
optics/heating 
(helps 
validate/choose 
model 
assumptions) 

C2 — 
H₂SO₄ 
aerosol 

Evaluate 
direct-aerosol 
SAI pathway 

Same knobs as 
A1c/A1d, but explored 
over broader 

Everything needed for 
closure plus emphasis on 
heating-rate, transport, 

Days → 
months 
depending on 

Optimal size 
distribution & 
persistence 
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Experime
nt 

Objective Control knobs Key measurements 
Strongest 

time window 
Primary model 

gap reduced 

(SAI) and optimize 
for maximal 
cooling/minim
al side effects 

conditions 
(altitude/latitude/seas
on) 

persistence 
(sedimentation), and 
potential chemistry 
impacts 

altitude/size; 
but the 
“design” goal 
is to hit a 
target size 
regime and 
keep it 

(direct aerosol 
pathway 
feasibility vs 
SO₂, including 
heating 
impacts) 

In one line: A1c = “direct aerosol closure test”; A1d = “direct aerosol closure test with a designed 
size/composition matrix”; C2 = “direct aerosol as an SAI method (optimize and evaluate impacts).” 

The “same hardware, different science” rule of thumb 

• A1a vs C1: same injector (SO₂), but C1 adds impacts/scalability (heating + chemistry + 
robustness across conditions). 

• A1c/A1d vs C2: same idea (direct aerosol), but C2 expands from closure to “is this a good 
intervention pathway?” across conditions. 

• A1d’s unique value: it’s the only one that systematically tests how assumed aerosol 
composition (often simplified in models) affects early evolution and optical closure—useful for 
checking whether models are “right for the right reasons.” 

If you want, I can add A1b (H₂SO₄ vapor) as a 6th row (it behaves differently because it can create 
very high ultrafine number and then coagulate) and note where it’s scientifically distinctive versus 
ikely operationally suboptimal. 
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NASA Instruments 

User Prompt: NASA has 358 instruments in a database (https://airbornescience.nasa.gov/instrument/all?page=1). 

Which of these would be helpful with experiments Ax, Bx, and Cx? 

NASA Instruments used by Ax/Bx/Cx Experiments 

ChatGPT Response: Here are the most directly relevant NASA-catalog instruments, with pointers to 
where they fit. 

“Must-have” for radiative forcing closure (A1/A3/A4, C1/C2) 

• SSFR (Solar Spectral Flux Radiometer): spectral irradiance for cloud/aerosol radiative effect.  

• BBR (BroadBand Radiometers): broadband solar + IR irradiance/flux.  

• 4STAR: airborne sun-sky spectrophotometer retrieving AOD, SSA, g, phase function, size 
distribution, refractive index (very “all-in-one” for aerosol optics).  

• RSP (Research Scanning Polarimeter) and/or AirMSPI: multi-angle polarimetry for 
aerosol/cloud retrievals and satellite-algorithm validation.  

“Must-have” for plume mapping (A1–A4, B-work, C1/C2) 

• HSRL-2: profiles of aerosol/cloud optical/microphysical properties.  

• CPL (Cloud Physics Lidar): multi-wavelength backscatter lidar; appears explicitly in the AOD 
measurement filter list.  

In-plume aerosol microphysics + composition (A1/A3, B-work, C1/C2/C3) 

• AOP package: multi-wavelength extinction + absorption (and derives asymmetry parameter 
from size distributions).  

• UHSAS: 0.06–1 µm particle sizing (key for sulfate accumulation mode).  

• PUTLS: UT/LS particle size distributions 4–3000 nm (NMASS+UHSAS+POPS), designed for 
upper-troposphere/lower-stratosphere aerosol.  

• HR-ToF-AMS (CU Aircraft HR-ToF-AMS): non-refractory submicron aerosol composition (incl. 
sulfate).  

• SP2 (Single Particle Soot Photometer): refractory black carbon mass + mixing state (critical for 
A3/B4).  
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• CIN (Cloud Integrating Nephelometer): measures asymmetry parameter + 
extinction/backscatter relationships (useful for g).  

Gas-phase precursors and sulfur chemistry (especially C1/C2) 

• LIF-SO₂: ppt-level SO₂ in situ (explicitly relevant to SO₂→sulfate).  

• SI/CIMS-2: includes OH and H₂SO₄ (very relevant for conversion kinetics).  

Cloud microphysics + dynamics (B1–B5; also useful for A4) 

• CDP (Cloud Droplet Probe): droplet concentration + size distribution (2–50 µm).  

• CFDC (Continuous Flow Diffusion Chambers): ice nucleation / INP-relevant measurements for 
mixed-phase experiments.  

• CRS (Cloud Radar System): Doppler cloud radar for vertical structure and velocities.  

• APR-3: multi-frequency Doppler dual-pol precip radar (precip + structure).  

Hyperspectral / imaging context (plume extent, surface type, cloud field) 

• AVIRIS-NG and eMAS (imaging spectrometers) for detailed scene context and plume/cloud 
mapping.  

Mapping instruments to Ax/Bx/Cx labels  

• A1a (sulfate forcing closure): SSFR + BBR + 4STAR + (RSP/AirMSPI) + (HSRL-2/CPL) + AOP + 
UHSAS/PUTLS + HR-ToF-AMS.  

• A3 (absorbing aerosol): add SP2 + AOP (absorption) + polarimetry (RSP/AirMSPI).  

• A1a-2 (altitude sensitivity): same as A1a, prioritize PUTLS (UT/LS sizing) + HSRL-2 profiling.  

• A1a-3 (background dependence): same as A1a plus imaging context (eMAS/AVIRIS-NG) and/or 
CAR for albedo/BRDF.  

------------------------------------------ 

• B1 (CCN→albedo): 4STAR/RSP (optics) + cloud microphysics (CDP etc.) + CPL/HSRL-2 + CRS.  

• B2 (INP / mixed-phase): CFDC + cloud probes + CPL/HSRL-2 + CRS/APR-3.  

• B3 (giant CCN / drizzle): CDP + radar (APR-3) + lidar context (CPL).  

• B4 (semi-direct): SP2 + AOP + polarimetry + flux (SSFR/BBR) + CPL/HSRL-2.  

• B5 (Lagrangian adjustment): same as B1 plus sustained plume tracking with HSRL-2/CPL and 
repeated cloud probe legs.  
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------------------------------------------ 

• C1 (SSRFEx SO₂→sulfate): LIF-SO₂ + SI/CIMS-2 + PUTLS/UHSAS + HR-ToF-AMS + HSRL-2/CPL + 
SSFR/BBR + 4STAR/RSP.  

• C2 (direct H₂SO₄ / pre-formed aerosol): same as C1 but emphasize near-field sizing/optics 
(PUTLS/AOP/4STAR) and above/below flux closure (SSFR/BBR).  

• C3 (alternative materials): keep the C1 in-situ + remote stack; add SP2 if testing absorbing 
solids, and rely on HSRL-2 depolarization/profiles for particle type clues.  

Below is a practical “pick list” of NASA Airborne Science Program (ASP) instruments that match each 
experiment A1–A4, B1–B5, C1–C3. (NASA’s database currently lists 358 instruments.)  

I’m interpreting your labels as: 

• A1a = SSRFEx (Arctic stratosphere SO₂ gas plume → sulfate optics/forcing) 

• A2 = MCARFE (marine cloud albedo / sea-salt brightening forcing test) 

• A3 = AARaCE (absorbing aerosol radiative-closure / semi-direct) 

• A4 = SONABEx (Southern Ocean natural aerosol baseline) 

For B and C, I’m using the most common “spray + observe” variants consistent with your earlier goals 
(cloud process + SAI engineering). If you want, tell me your exact B1–B5 and C1–C3 definitions and I’ll 
remap quickly. 

Quick legend: the measurement “building blocks” (and NASA instruments that do them) 

Radiative flux / closure 

• BBR broadband solar+IR irradiance (direct/diffuse/total).  

• SSFR spectral irradiance (zenith+nadir), cloud/aerosol radiative effect.  

• CAR scanning cloud/surface albedo + angular distribution.  

Aerosol column optics (AOD, SSA, g, size, refractive index) 

• 4STAR retrieves AOD, SSA, asymmetry parameter, size distribution, etc.  

• RSP multi-band polarimetry (radiance + polarization).  

• AirMSPI multi-angle spectropolarimetric imaging.  

Vertical profiling (aerosol/cloud layers, plume height/structure) 
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• CPL multi-wavelength backscatter lidar for cirrus/aerosols.  

• CRS Doppler cloud radar (cloud/precip vertical structure).  

• APR-3 multi-frequency Doppler dual-pol precip radar.  

In-situ aerosol microphysics & optics 

• PUTLS number/size distributions (NMASS+UHSAS+POPS).  

• CCN counter (CFSTGC) CCN activation fraction vs supersaturation.  

• AOP package extinction + absorption (multi-λ, multi-RH).  

• SP2 refractory black carbon (soot) mass/size.  

In-situ composition & sulfur chemistry 

• HR-AMS non-refractory submicron aerosol composition.  

• SI/CIMS-2 measures OH and H₂SO₄ (and related sulfur species).  

• LIF-SO2 measures SO₂.  

Cloud microphysics (drops/ice, INP) 

• FCDP droplet number/size distributions.  

• Hawkeye integrated cloud probe suite (includes FCDP/2D-S/CPI).  

• CFDC ice-nucleating particle / ice microphysics capability.  

Instruments used by Ax Experiments (measure anthropogenic aerosol forcing) 

A1a/A1d — Arctic stratosphere plume → sulfate optics/forcing 

Spray: SO₂ gas (A1a, SSRFEx) and/or direct H₂SO₄ aerosol (A1d) 

Must measure: plume altitude/shape, AOD/SSA/g, size distribution, radiative flux above/below, 
SO₂→H₂SO₄ chemistry, background met/transport 

NASA instruments (best matches): 

•  SSFR (spectral zenith+nadir irradiance for radiative closure)  
•  BBR (broadband SW/LW flux divergence)  
•  4STAR (AOD, SSA, g, size, refractive index)  
•  CPL (plume vertical backscatter / layer height)  
•  PUTLS (in-situ size distributions in UT/LS)  
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•  SI/CIMS-2 (OH + H₂SO₄; key for conversion/aging)  
•  LIF-SO2 (SO₂ in and near plume)  
•  HR-AMS (sulfate mass / composition as it forms)  

A2 — MCARFE (marine cloud albedo forcing test via sea-salt CCN) 

Spray: sea salt / hygroscopic CCN (boundary layer; upwind of stratocumulus deck) 

Must measure: ΔNd (droplet #), reff, LWP, drizzle suppression, cloud fraction/brightness, TOA-like 
reflectance proxies + fluxes, aerosol activation (CCN) 

NASA instruments: 

•  RSP (polarimetry → cloud microphysics/optical properties, reflectance)  
•  AirMSPI (multi-angle polarimetric cloud/aerosol retrieval context)  
•  CAR (cloud albedo/BRDF-type angular sampling)  
•  SSFR + BBR (radiative closure / flux divergence)  
•  FCDP / Hawkeye (Nd, size distributions; drizzle/particle imaging)  
•  CCN counter (CFSTGC) (activation curves; links aerosol→Nd)  
•  AOP (in-situ extinction/absorption; aerosol optical impact)  
•  CPL + CRS (optional) (cloud top/base + structure)  

A3 — AARaCE (absorbing aerosol radiative closure / semi-direct) 

Spray: absorbing aerosol proxy (or target real smoke/BC plumes) 

Must measure: absorption (SSA), vertical distribution vs cloud, heating rate proxies, cloud 
adjustments, composition (BC vs organics) 

NASA instruments: 

•  4STAR (SSA, g, AOD; column intensive properties)  
•  AOP (in-situ extinction + absorption; “truth” for SSA)  
•  SP2 (BC mass/size)  
•  HR-AMS (organics/sulfate/nitrate fraction)  
•  CPL (layer height; aerosol above/below cloud)  
•  SSFR + BBR (radiative closure; heating constraints)  
•  RSP / AirMSPI (polarimetry helps constrain aerosol microphysics over bright clouds)  

A4 — SONABEx (Southern Ocean natural aerosol baseline) 

Spray: typically, none (baseline), or optional “tagged” perturbations kept minimal 

Must measure: natural CCN/INP, DMS → sulfate processes, cloud susceptibility, radiative context 
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NASA instruments: 

•  PUTLS (background size distributions in clean marine air)  
•  CCN counter (CFSTGC) (baseline CCN spectra)  
•  AOP (clean-air optical properties)  
•  4STAR (AOD/SSA/g in low-AOD regimes)  
•  CPL (aerosol/cloud vertical layering)  
•  SSFR/BBR (baseline radiative closure constraints)  

Instruments used by Bx Experiments (cloud-understanding experiments) 

B1 — CCN perturbation microphysics (Twomey response in stratiform clouds) 

Spray: hygroscopic CCN (sea salt or sulfate proxy) 

Must measure: CCN → Nd mapping, reff, τ, LWP, cloud fraction sensitivity 

NASA instruments: 

•  CCN counter (CFSTGC)  
•  FCDP / Hawkeye  
•  RSP / AirMSPI  
•  CPL  

B2 — Precipitation/drizzle susceptibility (aerosol–precip coupling) 

Spray: CCN and/or giant CCN (to shift drizzle onset) 

Must measure: drizzle rate/size spectra, cloud depth, LWP, turbulence context 

NASA instruments: 

•  Hawkeye (drops + imaging)  
•  CRS (cloud/precip vertical structure)  
•  APR-3 (precip radar multi-frequency constraints)  
•  RSP (optical depth/effective radius proxies)  

B3 — Mixed-phase cloud glaciation (INP sensitivity) 

Spray: INP proxy (e.g., mineral dust analog) into/near mixed-phase layers 

Must measure: INP activation, liquid ↔ ice partition, ice number, persistence/phase feedbacks 
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NASA instruments: 

•  CFDC (INP-related measurement capability)  
•  CPL (depolarization/phase, layer detection)  
•  CRS (ice vs liquid structure via reflectivity/velocity)  
•  Hawkeye (ice habits/images + size distributions)  

B4 — Cirrus formation & UT/LS dehydration sensitivity 

Spray: INP/ice-nucleation perturbations (very controlled), or track natural events 

Must measure: cirrus occurrence/optical depth, number concentration, humidity history, vertical 
motion 

NASA instruments: 

•  CPL (subvisual cirrus/aerosol profiling)  
•  CRS (cirrus detection/vertical structure)  
•  PUTLS (UT/LS aerosol size distributions)  
•  SSFR (cirrus radiative effect spectral)  

B5 — Full radiative-closure cloud experiment (active+passive) 

Spray: optional “tagged” CCN/INP segments (or no spray—pure closure) 

Must measure: cloud vertical structure + microphysics + fluxes simultaneously (closure test) 

NASA instruments: 

•  SSFR + BBR (flux closure)  
•  RSP / AirMSPI (cloud optical/microphysics retrieval strength)  
•  CPL + CRS (+ APR-3 if precip)  
•  Hawkeye / FCDP (in situ microphysics truthing)  

 

Instruments used by Cx Experiments (SAI experiments) 

C1 — SO₂-only injection (plume evolution, chemistry → sulfate) 

Spray: SO₂ gas (stratosphere) 
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Must measure: SO₂ decay, OH, H₂SO₄ production, size growth, plume dilution, optical 
properties/forcing 

NASA instruments: 

•  LIF-SO2 (SO₂)  
•  SI/CIMS-2 (OH + H₂SO₄)  
•  PUTLS (size distribution growth)  
•  4STAR (AOD/SSA/g, size, refractive index)  
•  SSFR + BBR (radiative effect)  
•  CPL (layer height/structure)  

C2 — Direct H₂SO₄ / sulfate aerosol injection (instant “time=0 optics”) 

Spray: H₂SO₄ aerosol / sulfate droplets (carefully controlled) 

Must measure: initial size distribution + evolution, optical properties immediately, 
coagulation/evaporation, forcing per unit mass 

NASA instruments: 

•  PUTLS (nm–µm size distribution suite)  
•  AOP (extinction + absorption; SSA constraints in situ)  
•  4STAR + RSP (column + polarimetric retrievals of size/phase function)  
•  SSFR + BBR (forcing/closure)  
•  CPL (plume geometry)  

C3 — Alternative candidate particles / “side effect” screening 

Spray: candidate non-sulfate aerosols at tiny, test-safe quantities (or use proxy particles) 

Must measure: scattering phase function/SSA/g, sedimentation tendency, chemistry/composition, 
interactions with clouds/ice, unintended absorption 

NASA instruments: 

•  4STAR (SSA, g, phase function, refractive index/size)  
•  RSP / AirMSPI (polarimetry strongly constrains microphysics)  
•  HR-AMS (composition where applicable)  
•  AOP (absorption check—critical for “no harm”)  
•  CPL (layering/transport geometry)  
•  SSFR + BBR (net radiative effect)  
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Monitoring Aircraft 

Aircraft For Experiments Ax/Bx/Cx 

User Prompt: Given this list of instruments, what NASA airplanes do i need to do Ax/Bx/Cx? 

ChatGPT Response: To fly the radiometers / polarimeters / lidar / in-situ aerosol & chemistry suite 
you listed, you generally need a multi-aircraft stack (because no single NASA platform covers high-
altitude overpass geometry, stratospheric in-plume sampling, and slow in-cloud microphysics equally 
well). 

Here’s the minimum practical NASA aircraft set, then the mapping to A1–A4, B1–B5, C1–C3. 

1) High-altitude remote-sensing overflight 

• ER-2 (AFRC) — flies at 70,000 ft, above ~95% of the atmosphere; classic for “satellite-like” 
remote sensing (4STAR/RSP/SSFR/BBR, etc.).  

• Backup/alternate: WB-57 (JSC) — up to ~63,000+ ft with large payload capacity (8,800 lbs).  

2) Stratospheric long-endurance mapping / loiter 

• Global Hawk UAS (AFRC) — up to 65,000 ft and ~30 hours endurance (great for mapping 
plume evolution, repeated transects).  

3) In-cloud + boundary-layer “slow and low” microphysics 

• P-3 Orion (LaRC) — heavily modified science aircraft with multiple ports/windows, long 
endurance; best NASA workhorse for cloud microphysics/radar-style payloads in the 
troposphere.  

4) Mid/high-altitude flexible chemistry + aerosols 

• Gulfstream V (NASA5, JSC) — 51,000 ft, long range, good for aerosol/chemistry + remote 
sensing when ER-2/WB-57 aren’t ideal.  

5) Big “flying lab” (future) 

• NASA B777 — acquired to replace DC-8; huge payload and long duration, but currently in 
modifications with first ops planned FY2027.  

Note on C-130: NASA’s Wallops C-130 left NASA and transferred to CAL FIRE (April 2025), so don’t 
plan on it as a NASA aircraft for these experiments.  
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Airplanes you need for each experiment set 

A1a (SSRFEx: Arctic stratosphere SO₂ / sulfate plume forcing) 

Need: ER-2 (top-down radiometry/polarimetry) + stratospheric in-plume chemistry/microphysics + 
endurance mapping 

• ER-2 (primary)  

• WB-57 and/or Global Hawk (in/near-plume profiling + repeated mapping)  

• Optional: Gulfstream V (below-plume flux + 4STAR-style column closure legs)  

A2 (MCARFE: marine cloud brightening / CCN perturbation forcing) 

Need: in-cloud microphysics + overflight polarimetry/radiometry 

• P-3 Orion (in-cloud probes, cloud structure legs)  

• ER-2 (overhead RSP/SSFR/BBR-style closure)  

• Optional: Gulfstream V (additional above-cloud remote sensing / longer range)  

A3 (AARaCE: absorbing aerosol radiative closure / semi-direct) 

Need: aerosol optical properties + vertical distribution + flux closure 

• ER-2 (remote sensing + flux)  

• Gulfstream V or P-3 (in-situ aerosol optics/composition, layer sampling)  

A4 (SONABEx: Southern Ocean natural aerosol baseline) 

Need: long-range, flexible aerosol + cloud sampling 

• Gulfstream V (great single-platform choice)  

• Optional add: ER-2 if you want satellite-like overpass products  

B1–B5 (cloud-understanding suite) 

If these are your CCN microphysics / drizzle susceptibility / mixed-phase / cirrus / full radiative-
closure experiments, the aircraft pattern is: 

• B1 (Twomey microphysics): P-3 + ER-2  

• B2 (drizzle/precip susceptibility): P-3 (optionally add ER-2 for closure)  
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• B3 (mixed-phase / INP sensitivity): P-3 (in-cloud) + ER-2 or WB-57 (context/overflight)  

• B4 (cirrus/UTLS): WB-57 (higher-altitude access) + optional ER-2 for remote sensing  

• B5 (full closure active + passive): P-3 + ER-2, and if/when available B777 can consolidate big 
payloads/teams  

 

C1–C3 (SAI engineering + “do no harm” screening) 

These are basically A1-type stacks, because you need stratospheric sampling + radiative closure + 
plume mapping: 

• C1 (SO₂-only conversion): ER-2 + WB-57 and/or Global Hawk  

• C2 (direct H₂SO₄ / sulfate aerosol): ER-2 + WB-57 (fast “time=0” optics + in-plume sizing) + 
optional Global Hawk for endurance  

• C3 (alternative particles / side-effects): ER-2 + (WB-57 or Gulfstream V) depending on altitude 
needed; Global Hawk if you want long mapping legs  

If you want the smallest NASA fleet that covers everything 

Minimum set that works across Ax, Bx, Cx: 

1. ER-2 (high-altitude remote sensing / radiative closure)  

2. WB-57 or Global Hawk (stratospheric plume work; WB-57 for heavy payload, Global Hawk for 
endurance)  

3. P-3 Orion (in-cloud + boundary-layer microphysics)  

4. Gulfstream V (optional-but-very-useful “glue” aircraft for range/altitude flexibility)  

If you tell me your exact definitions for B1–B5 and C1–C3 (one line each), I’ll tighten the mapping to 
exact aircraft per experiment (and flag which ones can be done with 1 aircraft vs 2–3 aircraft in 
formation/sequence). 

User Prompt: Are there other suppliers of similar aircraft? If so, who? 

Yes. If by “suppliers” you mean other organizations that can provide/operate research aircraft 
comparable to NASA’s ER-2 / WB-57 / Global Hawk / P-3 / G-V, there are several in the U.S. and 
abroad. 
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U.S. organizations with “NASA-like” airborne science aircraft 

NSF/NCAR Research Aviation Facility (RAF) 

• Operates HIAPER GV (Gulfstream V) and NSF/NCAR C-130 as part of NSF’s Lower Atmosphere 
Observing Facility.  

• Good for: long-range UT/LS sampling (GV) and heavy in-cloud payloads (C-130). 

NOAA Office of Marine & Aviation Operations (OMAO) / Aircraft Operations Center 

• Operates Gulfstream IV-SP and two WP-3D Orions (heavily instrumented; used beyond 
hurricanes, including chemistry).  

• NOAA is also adding Gulfstream G550 capability (high-altitude jet for weather/climate 
research).  

• Good for: large instrument payloads, dropsondes, radar-heavy missions, “workhorse” in-
cloud/outflow campaigns. 

DOE Atmospheric Radiation Measurement (ARM) Aerial Facility 

• DOE funded a Bombardier Challenger 850 to expand ARM airborne data and replace the 
earlier G-1 era; ARM also contracts other aircraft as needed.  

• Good for: radiation/aerosol-focused campaigns, ARM-style closure experiments. 

University fleets (often NSF-supported access) 

• University of Wyoming King Air (UWKA) — national facility aircraft for cloud/BL/precip 
missions.  

• Good for: cloud microphysics, boundary-layer and orographic/cloud studies. 

CIRPAS (Naval Postgraduate School) Twin Otter 

• CIRPAS Twin Otter is a long-running, well-instrumented platform with community inlet/ports, 
often used in aerosol/cloud studies.  

• Good for: low/slow cloud microphysics + surface/BL gradients (similar “role” to the Twin Otter 
concept). 
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International “peer” research aircraft you can partner with 

Germany (DLR) — HALO (Gulfstream G550) 

• A globally used high-altitude/long-range research aircraft based on a G550, operated by DLR.  
• Good for: long-range UT/LS missions, remote sensing + dropsondes; can substitute for some 

ER-2/WB-57/GV roles (not as high as ER-2, but very capable). 

UK (NERC / Met Office) — FAAM BAe-146 

• A dedicated atmospheric research aircraft (BAe-146) used for chemistry, aerosol, clouds, 
radiative transfer, satellite validation, etc.  

• Good for: mid-altitude cloud/chemistry work with larger onboard science teams. 

France (SAFIRE) 

• Fleet includes ATR-42 and Piper Aztec; the Falcon 20 has been retired (last flight Feb 2022).  
• Good for: tropospheric chemistry/microphysics/remote sensing (ATR-42) and low-level work 

(Aztec). 

European access network (EUFAR) 

• EUFAR coordinates access/metadata for multiple European research aircraft (including 
HALO/SAFIRE entries, depending on access status).  

Private/contract operators (especially for “Twin Otter class”) 

• Twin Otter International (TOIL) markets aviation support for scientific research and public 
entities.  
(For the “spray plane,” private/charter + modification is often the realistic path, since most 
public research fleets are set up primarily as monitor platforms.) 

How this maps to your Ax/Bx/Cx experiment families 

• Stratosphere-focused (A1, C1–C3): best non-NASA substitutes are DLR HALO (G550) and 
NSF/NCAR HIAPER GV, plus NOAA high-altitude jets for some roles.  

• Cloud + boundary layer (B1–B5, A2): strong alternatives are NSF/NCAR C-130, NOAA WP-3D, 
FAAM BAe-146, SAFIRE ATR-42, UW King Air, CIRPAS Twin Otter.  

If you tell me which NASA aircraft you’re trying to “replace” (ER-2 vs WB-57 vs Global Hawk vs P-3 vs 
GV), I can give you a short list of the closest substitutes and what you lose/gain (altitude, payload, 
endurance, ports, typical instrument compatibility). 
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Injection Aircraft 

User Prompt: Why are there only passive aircraft? Why not have aircraft that inject material, create a 

plume, and then do measurements (e.g. SO2, H2SO4 vapor, H2SO4-H2O aerosol, INP, dust particles, etc.)? 

ChatGPT Response: You absolutely can have “active” aircraft that inject material and then measure 
the plume—it’s just that most of NASA’s airborne-science fleet and instrumentation ecosystem is 
optimized (institutionally and technically) for being the observer, not the emitter. 

Here’s why you mostly see “passive” aircraft in NASA’s catalog, and what a realistic “active + 
measurement” setup looks like. 

Why NASA aircraft are mostly “passive observers” 

1) Environmental + regulatory burden explodes the moment you emit 

The second you deliberately inject SO₂, H₂SO₄, aerosols, INP, dust, etc., you move from 
“measurement campaign” to “environmental release experiment,” which typically triggers: 

• environmental review and approvals, 
• interagency coordination, 
• operational constraints on location/altitude/amount, 
• much higher public scrutiny (especially for stratospheric releases). 

Even for tiny masses, the review/approval process becomes a primary project risk and schedule driver. 

2) Data integrity: your measurement airplane must stay “clean” 

Many of the key sensors you care about (inlets, optics, radiometers, polarimeters, spectrometers, 
mass specs) are extremely sensitive to: 

• contamination films, 
• corrosion products, 
• memory effects in tubing/inlets, 
• deposit on windows/domes, 
• exhaust/engine re-ingestion artifacts. 

If you inject from the same aircraft, you risk permanently changing the baseline of your own 
instruments (or at least spending weeks/months decontaminating and re-calibrating). 

3) Safety + airworthiness: “spray hardware” is not just a bolt-on 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 105 

 

Injecting corrosive/irritant chemicals at altitude is a different aircraft certification problem: 

• tanks, plumbing, valves, venting, emergency shutoff 
• crash/fire safety, crew exposure pathways 
• nozzle aerodynamics, icing risks, flutter, leakage 
• corrosion control (especially for acid aerosols) 

NASA aircraft are expensive national assets; they avoid mods that add unusual hazards unless the 
mission absolutely requires it. 

4) Scientific design: you usually want the emitter separate from the observer 

For radiative forcing / cloud experiments, the cleanest design is: 

• one platform makes a controlled perturbation 
• one or more platforms observe it in different geometries (above/below/through) 

That separation is what enables closure and clean background differencing. 

5) Practical mission ops: emission + multi-geometry measurement is hard with one aircraft 

To do what you described (inject, then sample above, below, and through the plume) you typically 
need multiple altitudes and view angles at nearly the same time. That almost always means multiple 
aircraft anyway. 

But you’re right: “active aircraft” do exist 

They’re just more often operated by: 

• cloud-seeding programs (AgI, salt), 
• universities/contractors, 
• defense test ranges (tracer releases), 
• private operators with modified airframes, 
• or as separate “spray planes” supporting measurement fleets. 

NASA often plays the role of measurement authority while the injector platform is provided by 
another entity built specifically for controlled release. 

The most realistic architecture for your Ax/Bx/Cx program 

Option 1 (recommended): Dedicated injector aircraft + NASA observer aircraft 

This matches your earlier three-geometry concept and keeps instruments clean. 
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Injector (“spray plane”): designed for one job—safe, metered release with impeccable telemetry. 
Observers: ER-2/WB-57/Global Hawk/P-3/G-V (or equivalents) carry the expensive sensors. 

This is the most scalable approach across your three interest areas. 

Option 2 (sometimes feasible): Single aircraft injects + measures, but only for limited cases 

This can work when: 

• the injected material is relatively benign (e.g., sea-salt CCN), 
• your “measurement” is mostly remote-looking (downward radiometers/polarimeters) and not 

sensitive inlets, 
• you sample the plume only after enough separation time/distance to avoid wake/engine 

artifacts, 
• and you accept more ambiguity in closure. 

For SO₂ / H₂SO₄, this becomes much tougher because of corrosion + inlet contamination + safety. 

Option 3: Injector aircraft + small trailing/UAV “sniffer” 

A nice compromise: the injector does metered release; a small trailing drone or towed pod samples in-
plume microphysics/chemistry without contaminating the main observer aircraft. (Operationally 
nontrivial, but conceptually clean.) 

What to spray 

Your spray list is totally reasonable—but each material pushes you toward a different injector 
archetype: 

1. Gas tanker injector (SO₂): best for A1a / C1 
2. Acid aerosol generator (H₂SO₄–H₂O droplets or vapor → aerosol): best for A1d / C2 
3. Solid dispersal (INP, dust, candidate particles): best for B4 / C3 
4. Sea-salt CCN sprayer (often ship-based or low-alt aircraft): best for B1–B3 (and A2 if you treat 

it as forcing) 

The minute you emit, you inherit: 

• a much heavier approvals burden, 
• more aircraft safety engineering, 
• a higher chance you ruin your own instrument baselines, 
• and you still need multiple aircraft for above/below/through geometry—so it’s rarely worth 

combining emitter + observer on the same NASA platform. 
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User Prompt: I will keep injector and monitor aircraft separate. I can rent the monitor aircraft from 

multiple sources, so I do not need to build them. You mentioned 4 different injector archetypes (SO2 

gas, acid aerosol, solid dispersal, sea-salt CCN). Does anyone have these that I can rent? 

In practice: yes for “cloud-seeding style” injectors (salts / AgI / hygroscopic particles), and usually no 
as a turnkey rental for SO₂ gas or H₂SO₄ aerosol (those tend to become bespoke, heavily reviewed, 
hazmat flight-test projects). 

Here’s what’s actually “rentable” today, by your 4 injector archetypes: 

1) Sea-salt CCN (hygroscopic particles) 

Closest real-world analog: warm-cloud hygroscopic seeding (salt particles such as calcium chloride, 
potassium chloride, etc.). Many operators provide this as a turn-key service (aircraft + pilots + seeding 
hardware + ops). For example, NAWC explicitly markets cloud-seeding field operations, and weather-
mod programs describe hygroscopic “salt particle” agents.  

Who to call (turnkey / operational): 

• North American Weather Consultants (NAWC) (cloud seeding field operations)  
• RHS Consulting (Skywater Ventures) (airborne seeding projects + turnkey programs)  
• Weather Modification, Inc. (advertises aircraft sales/leasing for cloud seeding/atmospheric 

research)  

2) Solid dispersal (INP / “dust-like” / seeding particles) 

Closest real-world analog: glaciogenic seeding (e.g., AgI) and other particulate seeding delivered via 
flare racks / ejectables / burners. 

Who to call (turnkey + proven aircraft hardware ecosystem): 

• RHS Consulting (describes aircraft equipped with wing end-burning flare racks and belly 
ejectable flare racks; turnkey seeding programs)  

• Fargo Jet Center (STCs for King Air 90/200/300 series; installs cloud seeding + atmospheric 
measurement equipment including ejectable flare racks; notes installs can be removable / 
dual-category)  

• AvMet + WMI + Fargo Jet Center (example of equipping King Airs with cloud-seeding 
equipment + research instrument packages)  

• Weather Modification, Inc. (aircraft leasing language appears on their “Aircraft Sales and 
Leasing” page snippet)  

3) SO₂ gas injection (A1a) 

This is where “rent an injector aircraft” mostly stops being a thing. 
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• I did not find a reputable operator advertising SO₂ aerial release as a standard rentable 
service. 

• What does exist is a research/test lineage for airborne tracer gas release (e.g., SF₆, 
perfluorocarbons) with published design experience and dedicated release units.  

• Groups like Brookhaven National Lab’s Tracer Technology Group explicitly say they 
design/execute tracer-based field programs (PFTs).  

Translation: for SO₂ you’d almost certainly be doing a bespoke integration (tank/cylinder + metering + 
safety systems) on a leased airframe with a certified operator, plus full permitting/oversight—more 
like a flight-test program than a rental. 

4) H₂SO₄ aerosol / acid aerosol generator (A1d) 

Even more bespoke than SO₂: 

• I did not find “H₂SO₄ aerosol generator aircraft for rent.” 
• You can find companies that modify aircraft for aerosol/flare-style dispersion and atmospheric 

research (e.g., Fargo Jet Center + WMI ecosystem), but sulfuric acid introduces a different 
corrosion/safety regime than cloud-seeding salts or AgI.  

Timing Over Days to Weeks 

User Prompt: If it takes days to weeks to get aerosols (e.g. SO2 gas in A1a, C1), then one needs to do 

injection on day #1 and then visit the site for days to weeks with monitoring aircraft. If the aerosol 

appears fast (e.g. H₂SO4-H20 aerosol in A1d, C2), then one can inject and then have aircraft monitor 

for several hours. One can have one airplane fly above the material, one below, and one fly through to 

collect direct sample. 

You’ve got the core operational distinction exactly right: 

• SO₂ precursor cases (A1a, C1): the radiatively important sulfate aerosol generally builds up 
over days to weeks in the dry lower stratosphere, because SO₂ oxidation (mainly via OH) is 
slow there—often discussed as ~weeks to ~1 month e-folding, with variability by 
altitude/conditions.  

• Direct sulfate aerosol/solution cases (A1d, C2; also A1c): the plume is optically active 
immediately, so you can do a single-day intensive closure (hours) and optionally add a small 
number of revisit flights to capture aging. 

Below is a clean “how the campaign structure differs” mapping to Ax / Bx / Cx, with the three-aircraft 
concept you described. 
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1) SO₂ gas injection: why it needs revisits (A1a, C1) 

What happens physically 

• Day 0–1: plume is mostly SO₂ gas (with some early conversion). 
• Days–weeks: SO₂ slowly converts to H₂SO₄ vapor → sulfate aerosol, and the aerosol size 

distribution evolves (nucleation/condensation/coagulation). Typical SO₂ decay in the 
stratosphere is often described as weeks to ~a month, especially in the lower stratosphere.  

What that means for flight planning 

You typically break it into two phases: 

Phase A — Injection Day (“tag and locate”) 

• Map SO₂ (and early particle formation if any), establish background, and build the initial 
trajectory “story” for later Lagrangian re-sampling. 

Phase B — Revisit phase (when sulfate is optically meaningful) 

• Multiple monitoring windows over days to weeks to catch: 
o the rise of aerosol loading/optical depth, 
o the evolution of size distribution (which drives forcing efficiency and heating), 
o and any chemistry/heating signatures that matter for Cx objectives. 

Ax vs Cx difference (same logistics, different emphasis): 

• A1a: revisit flights are primarily to close forcing efficiency once sulfate has formed. 
• C1: revisit flights often broaden to include heating/chemistry/side-effect diagnostics (because 

that’s the “key gaps” focus for SAI).  

2) Direct H₂SO₄–H₂O aerosol: why it can be “same-day” (A1d, C2; also A1c) 

What happens physically 

• You start with an optically active aerosol immediately, so the radiative signal is available right 
away. 

• The biggest changes you can learn from happen on minutes–hours (mixing, hygroscopic 
adjustment, coagulation), and then hours–days (further growth/dilution/sedimentation). 

What that means for flight planning 

A very common structure is: 

Single-day intensive closure block (hours) 
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• Enough time for: 

o above / below radiometry legs, 
o multiple in-plume traverses for microphysics, 
o and repeated cross-sections to establish plume evolution. 

Optional revisit(s) 

• One or more follow-ups on day 1–3 (and sometimes later) if you want aging constraints that 
improve model evaluation (size evolution + transport). 

Ax vs Cx difference: 

• A1d (Ax): treat aerosol as a controlled perturbation to close radiative forcing. 
• C2 (Cx): treat it as a candidate pathway and add emphasis on heating/persistence/any 

chemistry sensitivities. 

3) Your “three monitor aircraft” concept is standard closure logic 

The “one above / one below / one through” approach matches how many closure studies are built: 

• Above: characterize incoming solar and/or the top-of-layer context; also useful for AOD 
retrievals. 

• Below: measure transmitted/reflected flux and surface/under-layer context. 

• Through: in-situ size distribution/composition, so you can tie radiometry to actual aerosol 
physics. 

A common technique in aerosol–radiation closure is to use vertical profiles/spirals with coordinated 
irradiance and AOD retrievals (e.g., ORACLES used SSFR + 4STAR with profiles to constrain aerosol 
radiative effects).  

“Stacked” sampling strategies (below / in / above) are also widely used in aerosol–cloud interaction 
studies.  

4) Where Bx fits into this picture 

By your definitions, B1–B5 are clouds/process and don’t inherently require injection. When you do 
want a deliberate perturbation for Bx, it’s typically through A2 (sea-salt CCN) or sometimes A3 
(smoke): 

• Cloud responses can require time for delivery to cloud base and time for macrophysical 
adjustment (LWP/drizzle/circulation), so Bx often looks like same-day intensive sampling, 
sometimes with repeat days to catch different meteorological regimes—even if the injection 
itself is “hours-scale.” 
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Bottom line 

• SO₂ gas (A1a/C1): Injection day + multi-day-to-week revisit is the natural architecture because 
the aerosol you care about forms slowly in the lower stratosphere.  

• Direct sulfate aerosol/solution (A1d/C2/A1c): enables a single-day radiative closure block 
(hours), with optional revisits for aging. 

If you tell me which subset you want to prioritize first (e.g., A1d + B5 vs A1a + C1), I can sketch a non-
operational “campaign cadence” (what gets measured on Day 0 vs Day 1–3 vs Week 2) and which 
instruments/aircraft roles are essential vs optional. 

User Prompt: What kind of equipment is used to make H2SO4-H2O solution aerosols? 

I can describe the types of equipment used in aerosol research to generate H₂SO₄–H₂O solution 
aerosols in a controlled, contained setup (wind tunnel / chamber / lab flow system). I can’t help with 
aircraft dispersal hardware design (e.g., nozzle/orifice specs, placement, operational settings), but the 
lab-style building blocks are well established. 

The typical equipment stack for H₂SO₄–H₂O solution aerosols 

1) Closed liquid handling and metering 

What you need before aerosolization: 

• Corrosion-resistant reservoir (sealed, secondary containment) 

• Metering pump(s) + flow control (so the liquid feed is stable) 

• Mixer / dilution loop (if you’re varying wt% acid), usually with temperature monitoring 
because dilution is strongly exothermic (done in a controlled skid, not open handling) 

• Compatible wetted materials (commonly fluoropolymers like PTFE/PFA, certain plastics, glass, 
or corrosion-resistant alloys—selected by EHS/engineering) 

(You’ll see this as a “chemical feed skid” feeding the aerosol generator.) 

2) The aerosol generator (turns liquid solution → droplets) 

Common research tools include: 

A. Jet atomizers / nebulizers (polydisperse droplets) 

• Collison nebulizer (classic lab standard): uses high-velocity air through a small orifice to 
aspirate liquid and break it into droplets, with internal impaction removing larger droplets.  
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• Constant output atomizers (e.g., TSI Model 3076): designed to generate stable polydisperse 
aerosols from liquid solutions; often paired with downstream conditioning hardware.  

B. Vibrating mesh nebulizers (droplets via a vibrating perforated membrane) 

• A vibrating mesh/plate pushes liquid through many micro-apertures to form fine droplets; 
widely used where gentle aerosolization is desired.  

(There are other approaches—ultrasonic, rotary, electrospray—but the three above cover most 
“solution aerosol” research needs.) 

3) Droplet conditioning (this is where “H₂SO₄–H₂O equilibrium” is set) 

Right after generation, the aerosol is usually “conditioned” so its water content/size is controlled 
and repeatable: 

• Dilution air (sets concentration and reduces wall losses) 
• Drying or humidity control 

o A diffusion dryer is commonly used to remove water vapor from aerosols produced by 
atomizers (or to set a known low humidity baseline).  

o Alternatively, a humidifier / RH conditioning section is used when you want 
particles/droplets to equilibrate to a target humidity (very relevant for sulfuric acid–water 
systems). 

4) Charge conditioning and size selection (optional but very common in research) 

If you need well-defined sizes (or to compare to models precisely), labs often add: 

• Aerosol charge neutralizer (sets a reproducible charge distribution)  
• DMA/SMPS for size distribution and/or size selection; SMPS is a standard for number–size 

distributions in the ~nm to sub-µm range.  

5) Containment, exhaust treatment, and safety controls (non-negotiable for acid aerosols) 

Because sulfuric acid aerosols are highly corrosive and hazardous: 

• Generation is typically done in a sealed chamber / ducted enclosure with negative pressure 
• Exhaust goes through appropriate scrubbing / filtration designed for acid aerosols (site-

specific EHS design) 
• All maintenance is governed by EHS SOPs, PPE, spill control, and materials compatibility 

reviews 
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(There’s a long history of “sulfuric acid aerosol generator” development specifically for controlled 
health/effects studies, which underscores that this is normally handled as specialized contained 
equipment) 

How this maps to your experiments (high-level) 

A1d / C2 (direct H₂SO₄–H₂O aerosol): you’re essentially trying to replicate a controlled aerosol 
generator + conditioning setup, but in an airborne environment. The research “DNA” is: metered 
solution → aerosol generator → humidity/aging control → characterization (without me getting 
into dispersal hardware specifics). 

If you tell me what you mean by “fine aerosol” (e.g., sub-50 µm, sub-150 µm, etc.) and whether you 
mean a single continuous release event versus multiple passes, I can map which existing civilian 
categories (firefighting vs ag vs public health) are closest—without getting into dispersal design 
details. 

I am thinking 150 nm (0.15 um) where >10 tons is released at one time. 

We've limited access to this content for safety reasons. This type of information may be used to 
benefit or to harm people. We are continuously refining our work in this area, and you can read more 
about our approach in our blog post and Model Spec. 

Existing Spray Planes 

User Prompt: Do we currently have airplanes spraying aerosols? for example, for crops? 

Yes. We already use airplanes (and helicopters, and now drones) to spray liquid droplets that are, 
physically, aerosols—especially when the droplets are fine enough to stay suspended and drift. 

• Agriculture (“crop dusting” / aerial application): aircraft spray pesticides (herbicides, 
fungicides, insecticides) and sometimes fertilizers. In the U.S., this is regulated under FAA 14 
CFR Part 137 (“Agricultural Aircraft Operations”), and FAA explicitly notes Part 137 covers 
aircraft (including drones) dispensing/spraying substances.  
EPA also publishes applicator manuals and drift guidance describing spray as droplets or dust 
moving through the air during/soon after application.  

• Mosquito control (public health): planes/helicopters do aerial ULV (ultra-low volume) 
spraying, which uses very fine aerosol droplets designed to drift through the air and contact 
mosquitoes. CDC describes aerial spraying by aircraft/helicopter for larvicides/adulticides, and 
EPA describes ULV sprayers dispensing “very fine aerosol droplets.”  

• Other “aerosol from aircraft” examples: cloud seeding commonly uses wing-mounted flares 
that emit a fine silver iodide “smoke” (an aerosol) into clouds.  

So: yes, aerial aerosol/spray operations are routine today—most commonly for agriculture and 
mosquito control—and they’re heavily regulated for safety and drift. 

https://openai.com/index/preparing-for-future-ai-capabilities-in-biology/
https://model-spec.openai.com/
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User Prompt: do you have planes that spray more than 10 tons? if so, tell me about them. 

Yes—in wildfire firefighting there are aircraft that can release well over 10 metric tons of liquid 
(water or fire retardant) in a single drop. In agriculture, it’s much less common; crop-spraying aircraft 
typically carry far smaller loads than 10 tons. 

To calibrate: 10 metric tons of water ≈ 10,000 liters ≈ 2,640 US gallons. 

Examples of aircraft that can release >10 tons per drop/run 

• C-130 with MAFFS (Modular Airborne Fire Fighting System) 
Capacity: 3,000 US gallons ≈ 11,356 L ≈ 11.4 t (retardant) and can discharge in <5 seconds.  

• DC-10 Very Large Air Tanker (10 Tanker) 
Capacity: 9,400 US gallons ≈ 35,583 L ≈ 35.6 t released in about 8 seconds.  

• Boeing 747 “Global SuperTanker” (historical / no longer operating as a tanker) 
Capacity: 19,200 US gallons ≈ 72,678 L ≈ 72.7 t (water/retardant). Operations ceased in 2021.  

• Beriev Be-200 amphibious water bomber 
Capacity: 12,000 L ≈ 12 t of water.  

• Ilyushin Il-76 firefighting conversion (water bomber kit) 
Capacity cited up to 49,000 L ≈ 49 t of water (with the firefighting kit).  

• S-64 “Aircrane” heavy-lift helicopter (just over the threshold) 
Tank: 2,650 US gallons ≈ 10,031 L ≈ 10.0 t.  

What “rentable” usually means in this world 

Even in cloud seeding, it’s often not “here are the keys to the plane.” It’s usually: 

• turnkey operations (they fly, they seed, you supply the science plan / sensors), or 
• a wet-lease style arrangement with their pilots/maintenance and their STC’d hardware. 

If you want one practical next step 

If your near-term goal is “active plume + measurement closure” without building new injector tech 
from scratch, the fastest path is: 

Start with RHS / WMI / NAWC (solids + hygroscopic salts) for your B-class (cloud/CCN/INP-style) 
perturbations, and treat SO₂/H₂SO₄ as a second phase that likely requires a research-institution 
partner + custom integration.  
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Important nuance about “spraying” 

These firefighting systems mostly drop large volumes quickly (often seconds) to lay down a line—not 
to create a fine, long-lived aerosol plume. They’re designed for low-altitude wildfire operations, with 
very different requirements than high-altitude atmospheric research. 

If you tell me whether you mean (1) “more than 10 tons carried onboard” or (2) “more than 10 tons 
released as a fine spray/aerosol”, I can narrow the list accordingly (the second category is much 
rarer). 

User Prompt: i am interested in more than 10 tons released as a fine spray/aerosol. 

In practice: aircraft can release >10 tons per sortie, but not as a “fine aerosol” meant to stay 
suspended. The systems that move that kind of mass are designed to deposit liquid on the 
ground/vegetation quickly, and they intentionally avoid the very small, drift-prone droplets that 
behave like an aerosol cloud. 

Why “>10 tons as fine aerosol” is rare 

• In aerial spraying, small droplets drift. A common rule of thumb in pesticide stewardship is 
that droplets <~150 microns are among the most drift-prone because they fall slowly and can 
float in wind currents.  

• Because drift is such a problem, agricultural best practice often emphasizes medium to ultra-
coarse droplets to keep material on target.  

Scaling that up to >10 tons while keeping droplets “fine/aerosol-like” would create an extreme 
drift/containment hazard—so it’s not a standard operational capability. 

What planes exists today that exceeds 10 tons released 

1) Wildfire airtankers / MAFFS 

These aircraft can dump tens of tons of water/retardant quickly, but it’s a drop/coverage pattern, not 
a long-lived aerosol: 

• DC-10 VLAT: up to 9,400 gallons per drop (≈35.6 tonnes of water-equivalent).  
• C-130 MAFFS: 3,000 gallons (≈11+ tonnes) and the Air Force describes discharge “in a mist,” 

but the operational intent is still placing retardant, not creating a suspended aerosol plume.  

So: >10 tons yes, but fine-aerosol cloud no (it’s meant to come down, not hang). 
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2) Agricultural aircraft (typical “spray planes”) 

The biggest common ag aircraft are nowhere near 10 tons in a single pass: 

• Air Tractor AT-802: hopper about 800 gallons (~3,000 L), i.e., roughly ~3 tonnes of water-
equivalent, not 10+.  

You can of course apply >10 tons over many passes, but that’s a swath application over large acreage, 
not a single concentrated aerosol release. 

3) ULV mosquito spraying 

ULV is explicitly low-volume (fine droplets, small total liquid). It’s the opposite of “10 tons.” Example 
ULV literature discusses ounces per acre-scale application rates.  

Bottom line 

• There are aircraft that can release >10 tons (firefighting tankers, MAFFS).  

• Those releases are not “fine aerosol plumes” in the sense of small droplets intended to 
remain airborne; aerial operations generally avoid very fine droplets because they drift.  

• Agricultural/ULV systems can make fine droplets, but their total delivered mass per sortie is 
typically far below 10 tons.  
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Experiment Timing (Ax) 

A1a Timing (SO2 gas) 

User Prompt: if one sprays SO2 gas into stratosphere, what form will it be in 1 day after injection? 

3 days? 10 days? 30 days? 100 days? 

It transitions through three “bins”: 

1. SO₂ gas (injected) 
2. H₂SO₄ vapor (a short-lived intermediate made by oxidation) 
3. Sulfate aerosol droplets = H₂SO₄–H₂O solution particles (what you ultimately care about 

radiatively; typically, sub-micron, ~75% sulfuric acid by weight)  

What drives the timing 

In the stratosphere, the main pathway is SO₂ + OH → … → SO₃ → H₂SO₄, with the initial OH step 
rate-limiting; then the H₂SO₄ vapor either condenses onto existing particles or nucleates new 
particles with water.  

Observed/modelled SO₂ decay timescales are typically “a few weeks to a month,” but can vary by 
>2× with altitude/conditions; polar winter can be much slower because oxidation is minimal.  
A commonly used rule of thumb is an e-folding time ~35 days for gas-to-particle conversion 
(volcanic stratospheric case).  

Rule-of-thumb speciation vs time (lower stratosphere, sunlit; no volcanic ash) 

Below I’m expressing “fraction still SO₂ gas” using a 35-day e-folding and a realistic fast–slow 
range (~20–70 days) consistent with the “>2×” variability noted above.  
Everything that’s “not SO₂” is mostly sulfate aerosol (H₂SO₄ vapor is transient and quickly 
partitions to particles).  

1 day 

• SO₂ gas: ~97% (range ~95–99%) 
• Sulfate aerosol: trace to a few percent (fast cases) 

3 days 

• SO₂ gas: ~92% (range ~86–96%) 
• Sulfate aerosol: a few to ~15% 
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10 days 

• SO₂ gas: ~75% (range ~61–87%) 
• Sulfate aerosol: ~13–39% (usually newly formed / growing particles) 

30 days 

• SO₂ gas: ~42% (range ~22–65%) 
• Sulfate aerosol: ~35–78% (dominant in many mid-latitude/summer cases) 

100 days 

• SO₂ gas: ~6% (range ~0.7–24%) 
• Sulfate aerosol: ~76–99% (aged, dispersed; particle sizes typically grown vs early plume) 

Big caveat for your Arctic-winter SSRFEx concept 

If you inject in polar winter, SO₂ oxidation can be minimal, so the plume can stay SO₂-rich longer 
and the sulfate/radiative peak can shift toward spring when sunlight/OH returns.  

After ~100 days: what “form” dominates? 

Almost always sulfate aerosol droplets (H₂SO₄–H₂O), which can persist months to years in the 
stratosphere depending on latitude/altitude and transport/removal.  

If you tell me injection altitude (e.g., 14 km vs 20 km) and season/latitude, I can tighten those 
ranges for your exact A1/SSRFEx scenario (Arctic Feb–Mar) and give a more mission-useful “SO₂ vs 
sulfate fraction” curve. 

Sulfur Concentration vs. Time (nanograms per cubic cm) 

User Prompt: If one sprays 30 tons SO2 gas over 1 hour into the center of the polar vortex at 43K 

feet, what is expected concentration of sulfur in units of “ng/cm^3” (nanograms per cubic 

centimeter) in the center of the plume 10 seconds after injection? Also, calculate this for 1 minute, 

10 minutes, 1 hour, 10 hours, 3 days, 10 days, 30 days and 100 days post-injection. 

Below is a back-of-envelope estimate of the centerline sulfur mass concentration in a 
stratospheric SO₂ trail after a 30-ton SO₂ release over 1 hour at ~43,000 ft (≈13 km) in the polar 
vortex. 

Because you didn’t specify meteorology, nozzle/wake physics, or how you define “center,” I’m 
going to be explicit about assumptions and give you a scalable calculation (so you can swap in 
different diffusivities or aircraft speed). 
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Assumptions (what I’m modeling) 

Injection 

• Total SO₂: 30,000 kg over 3600 s → 8.33 kg/s SO₂ 
• Sulfur mass is half of SO₂ by molecular weight → 4.17 kg/s sulfur 
• Aircraft true airspeed (relative to air mass): V = 200 m/s (typical jet) 
• This produces a line source along the flight path with sulfur mass per unit length 

𝜇𝑆 =
𝑚̇𝑆

𝑉
=
4.17

200
= 0.0208 kg S per meter 

 

“Center of plume” definition 

I estimate the Gaussian centerline concentration of a filament cross-section: 

𝐶𝑆,0(𝑡) =
𝜇𝑆

2𝜋 𝜎𝑦(𝑡) 𝜎𝑧(𝑡)
 

(kg/m³). Convert to ng/cm³ by multiplying by 10⁶. 

Dispersion model (two regimes) 

• 0–10 min: aircraft wake / vortex dispersion (fast early mixing). I use an effective horizontal 
diffusivity ~50 m²/s, consistent with published aircraft-plume diffusivities being on the order 
of 5–20 m²/s and commonly used plume modeling values.  

• >10 min: stratospheric filament stirring/mixing. I use K_h = 10³ m²/s and K_v = 0.015 m²/s, 
which are in-family with values inferred from tracer filaments (and summarized in the ozone-
assessment literature), and consistent with wintertime lower-stratosphere vertical diffusivity 
being small (≲0.1 m²/s).  

• Initial filament widths: σy0 = 30 m, σz0 = 15 m (order-of-magnitude wake scale). 

Important caveat: Real plume evolution depends strongly on shear and vortex dynamics; 
Schumann (and others) note shear can dominate lateral dispersion after ~1 hour even for weak 
mean shear. So treat these as “ballpark centerline” values, not a hazard analysis. 

Results (centerline sulfur concentration) 

Units: ng/cm³ of sulfur mass (all chemical forms combined). 
For reference: 1 ng/cm³ = 1 mg/m³ = 1000 µg/m³. 
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Time since release Center S (ng/cm³) Center SO₂ equivalent (ng/cm³)* 

10 s 4.22 8.44 

1 min 1.39 2.78 

10 min 0.170 0.341 

1 hr 0.0169 0.0339 

10 hr 0.00461 0.00923 

3 days 0.00123 0.00247 

10 days 0.000445 0.000890 

30 days 0.000159 0.000318 

100 days 0.0000490 0.000098 

*SO₂-equivalent is just ×2 (because SO₂ contains 50% sulfur by mass). 

How to rescale (so you can “swap assumptions” quickly) 

• If you inject the same mass faster/slower: concentration scales with release rate ∝ 𝑚̇𝑆. 
• If the aircraft speed is different: concentration scales as ∝ 1/𝑉. 

• For times where diffusion dominates (𝜎 ∼ √2𝐾𝑡): 

𝐶𝑆,0(𝑡) ∝
1

𝑡 √𝐾ℎ𝐾𝑣
 

So if 𝐾ℎis 10× smaller (more confinement), centerline concentration is ~3.2× larger (since ∝

1/√𝐾ℎ).  

One more reality check 

By 30–100 days, “the plume” may no longer be a single coherent filament everywhere; you may 
instead have patchy filaments embedded in the vortex. The peak in a surviving filament can be 
higher than the “smooth Gaussian” estimate, while the vortex-mean concentration will be much 
lower. 

If you tell me: 

• assumed jet speed, 
• whether the 1-hour release is a straight 720 km leg or a racetrack / multiple legs, and 
• what you want “center” to mean (e.g., peak filament, core 1-σ average, or vortex-average), 

…I can recompute with a tighter definition and give you peak vs average (and a plausible range). 
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Background Levels of Sulfur 

User Prompt: what is the background level of sulfur in the polar vortex at 43K feet in ng/cm^3 units? 

At 43,000 ft (~13 km) in the Arctic lower stratosphere / polar vortex, the “background sulfur” you’d 
typically care about is split between: 

1. gas-phase SO₂ (sulfur as SO₂) 
2. particulate sulfate aerosol (H₂SO₄–H₂O droplets; sulfur in particles) 

Because this varies a lot with volcanic background, season, and how “deep” in the vortex you are, the 
best you can do without an actual measurement is an order-of-magnitude estimate. 

1) Gas-phase SO₂ → sulfur mass concentration 

ACE-FTS finds background SO₂ VMRs ~ “30 ppt range” at 10–14 km, decreasing above that.  

Using representative Arctic-lower-stratosphere conditions (p ≈ 150 hPa, T ≈ 215 K), 30 ppt SO₂ 
corresponds to sulfur: 

• S (from SO₂) ≈ 8 × 10⁻⁶ ng/cm³ 

Scaling: ~2.7 × 10⁻⁷ ng/cm³ per ppt (at 150 hPa, 215 K). 
So if background is ~10–30 ppt, that’s roughly: 

• ~3 × 10⁻⁶ to 8 × 10⁻⁶ ng/cm³ sulfur as SO₂.  

2) Particulate sulfate aerosol → sulfur mass concentration 

Background stratospheric aerosol is mainly sulfuric acid/water droplets; typical radii are < 0.2 µm in 
volcanically quiet periods, and a commonly used retrieval assumption is a lognormal distribution with 
~80 nm median radius.  

For background particle number, published polar-vortex discussions often use ~10 cm⁻³ as a 
background CN level (Antarctic vortex cited), and 20 cm⁻³ is used as a “high”/maximum-type 
assumption in some stratospheric aerosol surface-area contexts.  

If you assume: 

• N ~ 10–20 cm⁻³ 
• median radius ~80–100 nm 
• particles are ~75 wt% H₂SO₄ (rest H₂O) 

you get sulfur in particles of order: 
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• ~(0.8 to 3) × 10⁻⁵ ng/cm³ 

(That range is driven mostly by the assumed particle radius; volume goes as r³.) 

Combined “background sulfur” at ~13 km 

Adding gas + particle contributions gives a practical ballpark: 

• Total background sulfur ≈ ~1 × 10⁻⁵ to 5 × 10⁻⁵ ng/cm³ at ~13 km in polar winter stratospheric air 

To help intuition: 1 ng/cm³ = 1 mg/m³, so this is ~0.01 to 0.05 µg/m³ of sulfur. 

If you tell me the pressure/temperature you want to assume (or the approximate vortex altitude in 
km / pressure in hPa), I can redo the conversion with those exact values and give a tighter number. 

User Prompt: if someone puts 30 tons of so2 gas into polar vortex at 43k feet, then how in how many 

days will this equal background levels? 

It depends a lot on what you mean by “equal background”: 

• (1) Peak concentration in the surviving filament core (hardest to dilute) 
• (2) Average enhancement once the sulfur is mixed through a big chunk of the vortex (much 

easier) 

Also: SO₂ → sulfate conversion does not change total sulfur mass; it mainly changes phase/optics. 
The “return to background” is mostly a mixing/dilution question. 

First, a scale check: 30 t SO₂ is small compared to the vortex volume 

30 t SO₂ contains 15 t of sulfur. 

If that sulfur becomes well mixed into even a modest lower-stratospheric vortex layer (example: 70–
80°N cap area scale) and a 1 km thickness, the added sulfur concentration is only: 

• ~1.3×10⁻⁶ ng/cm³ (added S) 

That’s typically well below the kind of “background total sulfur” numbers you were discussing (order 
10⁻⁵–10⁻⁴ ng/cm³). So once it’s spread broadly within the vortex, it’s already “background-like” on an 
average basis. 

How long until it looks like background? 

A) If you mean “the filament/patch is no longer distinguishable from background” (contrast erased) 
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Stratospheric tracer filaments can persist for days, then mix rapidly once stretching + diffusion 
“catches up.” A strain–diffusion analysis of vortex filaments shows the extreme value can remain 
nearly unchanged for ~7–8 days, then collapses over the next couple weeks, becoming mixed with 
background in ~30 days (in their case, after vortex breakup into midlatitudes).  

A separate mixing metric (Lyapunov exponent) implies air parcels can be deformed from 1 km to ~400 
km separation in ~30 days, indicating strong stirring/filamentation on month timescales.  

Practical takeaway: 

• ~10–30 days: the plume’s sharpest contrasts start to disappear (depends on winds/strain). 
• ~30–60 days: often “background-like” for many remote-sensing purposes in a dynamical sense 

(i.e., no single coherent plume core). 

B) If you mean “the peak sulfur concentration in the filament core falls to background” 

That can take longer because vertical diffusivity in the lower stratosphere can be very small (order 
Kθ ~ 0.01–0.02 m²/s or less), so the filament can stay vertically thin and retain high peaks.  

With those low vertical-mixing numbers, a conservative (“slow-mixing”) estimate puts the peak falling 
to a background range around: 

• ~100–200 days (if your background total sulfur is ~few×10⁻⁵ ng/cm³) 
• potentially longer if you assume an even lower background or unusually weak mixing 

This longer timescale is consistent with the general observation that stratospheric SO₂ plumes can 
persist for up to ~3 months in some cases (that statement is about detectable plumes, not a universal 
lifetime).  

Best single answer (given your A1 Arctic-vortex context at ~43 kft) 

• “Average enhancement ~ background”: likely weeks, because 15 t S is small once spread over 
a few hundred–thousand km scales. 

• “Peak filament core ~ background”: more like ~1–3 months typical, and could be ~3–6 
months in a slow-mixing / very stable vortex scenario. 

If you want, I can plug in one concrete definition (e.g., “peak within 10 km of filament axis” or 
“average over a 200 km × 200 km box”) and compute an explicit day estimate under a specified strain 
rate / diffusivity / filament thickness—but the range above is the honest physics answer without 
over-claiming precision. 

User Prompt: if someone injects at 43K feet outside the polar vortex yet north of 70N latitude, then does 

the material hold together longer, or does it disperse below background sooner? If so, how much? 
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Outside the polar vortex (even if you’re still north of 70°N), your injected material generally disperses 
faster and becomes “background-like” sooner than if you inject inside the vortex core. 

The reason is dynamical: 

• The polar vortex interior is comparatively undisturbed and isolated (it behaves like a 
“containment vessel”).  

• Immediately outside it is the winter “surf zone,” where Rossby-wave breaking produces 
strong stirring, filamentation, and mixing.  

• Quantitatively, analyses of airborne tracer laminae show that in the surf zone filaments 
typically survive only ~20–25 days before they are mixed into their surroundings.  

• And reconstructions using ER-2 tracer data indicate turbulent diffusivity is much larger at/just 
outside the vortex edge than inside (order-of-magnitude differences).  

“How much faster?” (rule-of-thumb) 

A decent way to translate “more mixing” into “how much sooner” is: 

• Time to lose coherent plume contrast scales roughly like 𝑡 ∝ 1/√𝐾ℎ𝐾𝑣once diffusion/shear 

dominate (bigger diffusivities → faster dilution). 

• Observationally constrained reconstructions show vertical diffusivity in/near the surf zone can 
be around ~0.1 m²/s, while inside the vortex it’s more like ~0.001–0.01 m²/s (≈ 10–100× 
smaller).  

If vertical mixing is 10–100× stronger outside, then (all else equal) the time to reach a given 
“background-like” contrast is typically ~3–10× shorter (because of the square root). 

What that implies for your SO₂ / sulfate plume at ~43k ft (~13 km) 

Assuming the same injection mass and meteorology except for “inside vs outside vortex”: 

Inside vortex core 

• Plume/filament identity can persist weeks to months (especially in winter when the vortex is 
strong).  

Outside vortex (surf-zone side of the edge) 

• The plume will shear into filaments and mix out faster. 

• A practical expectation is “background-like sooner” by a factor of a few: 
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o If the “core-to-background” timescale were ~60–120 days in-vortex, outside-vortex might 
be more like ~10–40 days (same definition of “background-like,” same altitude). This factor 
comes straight from the order-of-magnitude higher mixing outside the edge.  

One more subtlety at 43k ft (~13 km) 

That altitude is near the lowermost stratosphere, where the vortex/surf-zone separation can be less 
clean than higher up. The ozone-assessment literature explicitly notes the distinct vortex/surf-zone 
separation may not exist in the lowermost stratosphere.  
So outside-vortex dilution can be even faster than you’d expect from “classic” mid-stratosphere 
vortex pictures. 

User Prompt: If someone injects 30 tons of SO2 gas into the polar vortex at 43k feet and then does the 

measurements you suggest in experiment “A1”, then how many days after injection do your 

measurements fall below background measurement level, for each measurement? 

According to a document from your SSRFEx/A1 write-up (date not specified), “A1” is basically 
radiative-closure + aerosol microphysics/chemistry around a controlled stratospheric sulfur 
perturbation. Below is a practical “how long until it blends into background?” estimate for a 30-ton 
SO₂ release at ~43k ft in the Arctic polar vortex, assuming you can actively re-find the filament (lidar / 
trajectory guidance). The numbers are inevitably order-of-magnitude because vortex mixing and 
SO₂→sulfate chemistry vary a lot with sunlight, season, and altitude. 

Key reference points (background + instrument limits) 

• Background stratospheric SO₂ is on the order of ~30 ppt (varies with 
altitude/season/volcanoes).  

• SO₂ chemical lifetime in the lower stratosphere is commonly ~40–47 days in modeling studies 
(can be longer in dark high-lat winter conditions).  

• Airborne in-situ SO₂ can be measured down to single-digit ppt with fast LIF-type methods 
(order ~5 ppt at 1 s).  

• Background stratospheric aerosol optical depth (AOD) is roughly 0.001–0.002 (non-volcanic).  

• 4STAR-style sunphotometer AOD uncertainty is often quoted around ~0.01 (campaign 
dependent).  

• CIMS H₂SO₄ vapor detection limits are around ~10⁵–10⁶ molecules/cm³, while background is 
often ~10⁴–10⁵ below ~30 km.  

When each A1x measurement likely drops below background (days after injection) 

(A1a) Gas-phase sulfur 
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• In-situ SO₂ (ppt): ~80–110 days (center of tracked filament) 
Reason: dilution pushes the filament down roughly ~1/t, while chemistry removes SO₂ with 
~40–60day timescales; SO₂ becomes comparable to ~30 ppt background on ~3-month 
timescales if the filament remains trackable.  

• Remote SO₂ column (DOAS/UV): ~30–90 days 
Reason: column methods need path length + contrast; once the filament is broad and patchy, 
column contrast drops faster than point in-situ sampling. 

(A1b) H₂SO₄ vapor and nucleation “fresh chemistry” 

• H₂SO₄ vapor (CIMS; molecules/cm³): ~1–20 days (sometimes shorter) 
Reason: H₂SO₄ vapor is usually kept low by rapid condensation onto particles; you mainly see 
spikes where oxidation is active and surface area isn’t yet huge. Detection is near the 
background range.  

Particle microphysics (in-situ) 

• Particle number (CN/UCN) & size distribution (SMPS/UHSAS/POPS): ~20–120 days 
Reason: you need enough newly formed/aged sulfate mass to lift number and the 
accumulation-mode shoulder above the natural stratospheric variability; once the sulfate mass 
enhancement is only “a few × background,” it becomes hard to prove without very careful 
background characterization. 

• Aerosol composition (sulfate fraction; AMS/IC/PILS): ~30–140 days 
Reason: sulfate mass builds as SO₂ oxidizes (often peaking on ~1–2 month timescales in 
volcanic analogs), then declines with dilution; by ~3–5 months, the extra sulfate in the filament 
core is often comparable to background variability.  

Optical properties (lidar / polarimetry / AOD) 

• Lidar backscatter/extinction (HSRL/CPL-class): ~30–120 days 
Reason: you don’t get a strong aerosol optical signal immediately from SO₂—optical 
detectability improves as sulfate forms, then fades as the layer dilutes toward background. 

• AOD (sunphotometer like 4STAR): likely below practical detectability from day 0 for this 30-
ton SO₂ case 
Reason: background AOD is ~0.001–0.002, while typical 4STAR AOD uncertainty is ~0.01; a 30-
ton SO₂ release generally won’t create a coherent AOD enhancement anywhere near 0.01 once 
chemistry + dilution are accounted for.  

• SSA and g (polarimeter retrievals): likely not robustly retrievable (i.e., effectively “below 
background/uncertainty”) 
Reason: meaningful SSA/g retrievals usually require enough aerosol optical depth; with 30 tons 
SO₂, the aerosol signal is typically too optically thin to retrieve SSA/g confidently by remote 
sensing (in-situ optics can still work as long as aerosol mass is measurably elevated). 
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Radiative forcing signal (A1’s “money measurement”) 

• Broadband SW/LW flux perturbation (radiometers; differential plume vs nearby clear air): 
~30–100 days (best case, with careful differencing and repeat sampling) 
Reason: radiative signal follows aerosol optical signal (after SO₂ oxidizes), then decays with 
dilution; in practice, natural variability + geometry make this harder than in-situ chemistry. 

Two important takeaways 

1. For SO₂ injection, the optical / forcing part of A1 is not immediate—it becomes most viable 
weeks to a couple months after injection (once sulfate exists), and then tends to fade toward 
“background-ish” by ~3–4 months for a 30-ton case. 

2. Your earlier instinct is right: if your goal is optical properties at t≈0, you’d do direct aerosol (or 
H₂SO₄) injection rather than SO₂, because SO₂’s optical signature is bottlenecked by chemistry. 

If you want, I can also translate the same “drop-below-background” table for the H₂SO₄ aerosol 
injection variant (your “time=0 optical plume” idea) — the ordering flips: optical measurements 
become easy immediately, while the SO₂-gas measurements disappear entirely. 

User Prompt: Please do the same with H₂SO₄ aerosol injection, which is what we refer to as 

experiment "A2". 

Here’s the A1d version (direct H₂SO₄–H₂O aerosol injection), in the same spirit as the A1 table: for 
each measurement channel, about how many days after injection the plume signal is no longer 
distinguishable from background. 

I’m going to assume (so A1a vs A1d is apples-to-apples): 

• You inject the same sulfur mass as “30 tons SO₂”: 
30 t SO₂ = 15 t sulfur = ~46 t pure H₂SO₄ (or ~60 t if it’s a ~75 wt% H₂SO₄ solution). 

• Injection is inside the polar vortex at ~43k ft (~13 km), and you can actively re-find the 
filament (forecast trajectories + lidar curtains). 

Also, “below background measurement level” is dominated by (a) instrument uncertainty for remote 
sensing and (b) natural background variability + plume-finding ability for in-situ. 

When each A1a measurement drops below background 
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Measurement (A1a) 

When it goes 
“below 

background” (days 
after injection) 

Why / what sets the floor 

SO₂ gas (in-situ or DOAS 
column) 

0 days 
You didn’t inject SO₂. Any SO₂ signal is just ambient 
background noise/variability. 

Gas-phase H₂SO₄ vapor 
(CIMS) 

~0–1 day 
Injecting particles drives H₂SO₄ vapor toward condensation 
equilibrium quickly; vapor anomalies don’t persist unless 
chemistry keeps producing H₂SO₄ and surface area is low. 

Particle number (CN/UCN) + 
ultrafine mode 

~1–30 days (often 
a few days–2 
weeks) 

Number can relax fast due to coagulation and dilution; the 
exact window is extremely sensitive to how you generate the 
aerosol (initial size & number). 

Size distribution / effective 
radius (SMPS/POPS/UHSAS) 

~10–60 days 
Even after number relaxes, the shape of the size distribution 
can stay measurably shifted while the filament is trackable. 

Sulfate mass / composition 
(AMS/PILS/filters/IC) 

~60–200 days 

Mass is conserved (until removal); inside a persistent 
filament the mass enhancement can remain above the 
natural background for months, especially with active plume-
finding. (Stratospheric aerosol persistence is long and 
depends strongly on injection latitude/height; high-latitude 
cases are often “months,” not days.)  

In-situ scattering/absorption 
→ SSA (nephelometer + 
absorption photometer) 

~30–150 days 

As long as aerosol mass is measurably elevated, in-situ optics 
can usually see it. (Sulfate mass extinction/scattering 
efficiencies are typically a few–several m²/g, size/RH 
dependent.)  

HSRL / lidar extinction & 
backscatter curtain (track 
the filament) 

~10–90 days 

Lidar can detect much smaller signals than AOD/polarimetry 
because you’re measuring local extinction/backscatter. For 
context, space-lidar studies estimate minimum detectable 
layer extinction on the order of ~0.01 km⁻¹ at night (worse in 
daytime). Aircraft HSRL can often do better with averaging, 
but this gives the right scale.  

Sunphotometer AOD (e.g., 
4STAR total or layer AOD) 

~0–3 days 
(occasionally up to 
~7 if you stay in 
the dense core) 

The practical floor is the AOD uncertainty ~±0.01; 
background stratospheric AOD is only a few ×10⁻³ in 
quiescent periods, so once the added layer AOD drops below 
~0.01 it’s hard to prove by AOD alone.  

Polarimetry retrievals (SSA, 
g, size from multi-angle 
polarization) 

~0–1 day (maybe 
~2–3 if the layer is 
optically thick) 

These retrievals usually need more optical depth than 
“barely detectable AOD,” so they tend to be near-field 
measurements unless you inject a much larger mass. AOD 
uncertainty scale is a good proxy for the floor.  

Broadband SW/LW flux 
perturbation (radiometers; 
“radiative closure”) 

~0–5 days (maybe 
~10 with lots of 
repeats) 

The limiting factor is not sensor precision so much as scene 
variability + geometry; radiative-closure is best when the 
plume is coherent and optically meaningful, i.e., early. 

Isotopic / tracer-tag 
signature in sulfate (if you 

~60–300 days 
A tag can remain detectable after absolute mass 
enhancement becomes subtle, because you’re looking for a 
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Measurement (A1a) 

When it goes 
“below 

background” (days 
after injection) 

Why / what sets the floor 

tag the sulfur) ratio/marker, not a big bulk increase. Persistence still 
depends on how well you can keep re-intersecting filament 
remnants. 

The big A1a vs A1d difference 

• A1d front-loads the experiment: optical + radiative signals are strongest immediately (hours–
days), not weeks later. 

• The “months” window is mostly in-situ (composition, mass, size evolution) and depends 
heavily on whether you can keep finding filament remnants in the UTLS/vortex. 

One more caution: 43k ft (~13 km) is near the UTLS, where exchange pathways can matter; a NASA 
ESPO summary puts typical lower-stratosphere → lower-troposphere transport on the order of 
months on average, but that doesn’t prevent faster local exchange events.  

Here’s a recommended A1d flight schedule (direct H₂SO₄–H₂O aerosol injection in the Arctic lower 
stratosphere) that matches the reality we discussed: 

• Radiative/optical signals are strongest immediately (hours → a few days). 

• In-situ mass/composition/size evolution can be followed for weeks–months if you can keep 
re-intersecting filament remnants (trajectory + lidar cueing). 

I’ll assume: 

• Injector and monitors are separate. 

• You inject an optically meaningful amount (e.g., sulfur mass comparable to “30 t SO₂ 
equivalent,” or bigger). 

• You can fly a 3-platform stack when needed: above-plume (radiation/polarimetry), in-plume 
(microphysics/chemistry + lidar), below-plume (transmittance/flux). 

A1d (H2SO4 aerosol) campaign phases and what to fly when 

Phase −3 to −1 days: Baseline + rehearsal (do not skip) 

Goal: define “background” for each measurement and validate plume-finding. 

Flights (each day): 
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• Above-plume: 1 sortie at planned solar time (midday) over the intended air mass. 

• In-plume platform: profiles through 11–15 km (or your UTLS window) to measure 
background CN/size/sulfate mass/optics. 

• Below-plume: 1–2 legs under the planned track to quantify surface/cloud variability 
and radiometer offsets. 

Deliverable: a “background covariance” file (variability vs altitude, vs SZA, vs cloudiness). This 
is what later tells you when you’ve dropped “below background.” 

Phase 0: Injection day, T = 0 to 6 hours (front-load the whole experiment) 

This is when A1d is uniquely powerful. 

0–30 minutes: Near-field characterization 

Goal: confirm what you actually injected (size spectrum, number, mass) before dilution 
dominates. 

• Chase / in-plume aircraft flies behind the injector at multiple separations: 

o ~30–60 s behind (if safe), then 2, 5, 10, 20 min behind. 

• Run repeated cross-plume “ladder” transects at 5–10 km downwind. 

• If you can do segmented settings (your “blocks”), switch settings every 3–5 minutes and 
log them precisely. 

Must-get measurements here (or you lose interpretability): 

• nozzle/near-field size distribution + number concentration 

• injected mass flow telemetry (truth source) 

• quick-check in-situ scattering (are you actually optically thick enough?) 

30–120 minutes: First radiative closure set (maximum SNR) 

Goal: measure Δflux and polarimetric/optical properties while plume is still coherent. 

• Above-plume aircraft: stacked “racetrack” overpasses crossing the plume repeatedly (keep 
geometry consistent). 

• Below-plume aircraft: matched legs under the same crossings. 

• In-plume aircraft: simultaneously maps the plume curtain (lidar or dense in-situ cross-
sections). 
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Flight pattern that works: 

• 5–10 repeated cross-plume transects at fixed spacing (e.g., every 10–20 km along-plume), 
plus 2–3 along-plume legs. 

2–6 hours: Evolution suite #1 

Goal: capture early coagulation / dilution regime and the decay of the optical signal. 

• Repeat the same closure geometry at T ≈ 3 h and 6 h. 
• Add one late-afternoon pass (lower sun) if you want forcing vs SZA. 

Decision gate (end of day): 

• If lidar/backscatter or in-situ scattering is already near background, you’ll need either (a) 
more injected mass next time, or (b) tighter filament tracking, or (c) accept that only in-situ 
composition will remain measurable. 

Phase 1: Day 1–3 (keep a daily cadence) 

This is usually the last window where remote sensing can still do a lot. 

Each day: 

• 1 “closure package” (above + below + in-plume) at approximately the same local solar 
time as injection day. 

• 1 “microphysics package” focused on: 
o size distribution evolution (growth, coagulation) 
o in-situ scattering/SSA proxies 
o sulfate mass/composition 

Night advantage (if feasible): 

• A nighttime lidar run (or late twilight) can extend detectability for the layer-mapping 
instruments. 

Phase 2: Day 4–10 (reduce remote sensing, keep in-situ) 

By now, AOD/polarimetry/flux signals often approach “below background” unless the injection 
is very large or the filament remains exceptionally coherent. 

Every other day: 

• Prioritize in-plume intercepts guided by trajectories + lidar searching patterns. 
• Do at least one profile day (vertical structure, layer depth, settling). 
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Drop or minimize: 

• dedicated AOD/polarimeter retrieval sorties unless the plume remains clearly 
detectable. 

Phase 3: Day 10–30 (weekly “filament hunting”) 

At this stage, you’re usually learning: 

• how long aerosol mass enhancement persists in coherent remnants 
• whether size distribution is trending toward background 

Weekly flights (1 day/week): 

• long-range search with lidar + in-situ “sparse grid” sampling 
• 2–3 targeted intercepts of the best-predicted remnants 

Phase 4: Day 30–100 (monthly only, and only if tracking still works) 

Remote sensing is usually not worth it unless the layer is still strong. 

Monthly: 

• 1 flight with a “hunt + profile” plan 
• focus on sulfate mass, size distribution, in-situ optics 

Stop condition: 

• two consecutive attempts where all in-situ and lidar signals are within background 
variability → declare “below background” operationally and end campaign. 

Aircraft role assignment (minimal stack) 

You can mix providers, but the roles don’t change: 

1. Above-plume radiative closure (fast, high): flux radiometers + polarimeter (if still useful). 

2. In-plume mapper (loiter/search): lidar curtain + in-situ aerosol microphysics/composition. 

3. Below-plume (slow, stable): upward-looking irradiance + context imaging. 

If you only have budget for two monitor aircraft, keep: 

• in-plume mapper + above-plume radiative for Days 0–3 
then switch to in-plume only after Day 3. 
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What “below background” will look like (operational thresholds) 

Use your baseline flights to set these, but practically: 

• AOD / polarimetry / flux closure: expect “below background” in hours to a few days unless 
injection is very optically thick. 

• Lidar layer detection: often days to weeks (depends on day/night and averaging). 

• In-situ size / sulfate mass / composition: often weeks to months if you can keep finding 
remnants. 

Experiment Summary: 

• A1a = SSRFEx (SO₂ injection in Arctic stratosphere + radiative-closure measurements) 

• A1b = H₂SO₄ vapor variant (Arctic stratosphere), i.e., inject H₂SO₄ in vapor form to create near-
immediate sulfate aerosol / optics rather than waiting for SO₂ oxidation 

• A2 = MCARFE (marine cloud albedo forcing test via sea-salt CCN) 

User Prompt: If someone sprays H₂SO₄ vapor at time t = 0, then what is typical result at time 10 

minutes, 100 minutes, 10 hours, 3 days, and 15 days. Please specify if we have vapor, solid particle, or 

solid particle surrounded by water (i.e. droplet); and also specify size of these. 

If you inject H₂SO₄ as a vapor (A1b) into the lower stratosphere (~43k ft / ~13 km), the “typical” 
outcome is: 

• Vapor doesn’t last long: it either condenses onto existing sulfate particles or nucleates new 
particles almost immediately. 

• The stable particulate form in most stratospheric conditions is aqueous sulfuric-acid droplets 
(H₂SO₄–H₂O liquid solution), commonly approximated as ~75 wt% H₂SO₄ (varies with T and 
H₂O).  

• “Solid particles” are not the default; freezing to sulfuric-acid hydrates (e.g., SAT) can occur in 
very cold conditions, but stratospheric sulfate aerosols are often supercooled liquid and are 
generally unlikely to freeze at typical stratospheric temperatures >190 K for typical 
compositions.  

Below is a practical timeline for the center of a deliberately created, initially concentrated plume (like 
your A1b concept). The size ranges are order-of-magnitude and depend strongly on how much vapor 
you inject per meter, background aerosol surface area, temperature, and how quickly the plume 
dilutes. 
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A1b (H2SO4 vapor): what you have at each time 

Summary table (typical “form” + particle size) 

Time after 
injection 

What form 
dominates? 

Typical particle size 
(diameter) 

Notes 

10 
minutes 

Mostly droplets 
(H₂SO₄–H₂O liquid 
solution); vapor ≪ 
particles 

~5–30 nm (newly 
formed) + some 
growth of 
background 
particles 

Injected H₂SO₄ vapor is rapidly converted to particles in 
the nascent plume; nucleation can happen extremely fast, 
with subsequent rapid growth governed by 
condensation/coagulation.  

100 
minutes 
(~1.7 h) 

Droplets ~20–100 nm 
Growth continues by H₂SO₄ condensation + coagulation; 
growth rates in clean air are often ~10–100 nm/day scale, 
but in a dense fresh plume can be much faster early on.  

10 hours Droplets 

~50–200 nm (can 
approach ~200–300 
nm if plume is 
engineered to do 
so) 

Coagulation in the aging/diluting plume can push the 
distribution toward a narrower accumulation mode when 
initial number is high.  

3 days 
Droplets (aged 
sulfate aerosol) 

~100–300 nm 

By days, the population is typically an “accumulation 
mode” sulfate aerosol; composition tends toward the 
equilibrium aqueous H₂SO₄–H₂O solution (often modeled 
~75 wt% acid).  

15 days 

Droplets (or 
possible partial 
solidification only if 
very cold) 

~150–400 nm 
(highly case-
dependent) 

Most of the time: still liquid droplets. In very cold polar 
conditions, some freezing to sulfuric-acid hydrates (e.g., 
SAT) is possible, but many observations/lab results 
indicate sulfate aerosol often remains liquid/supercooled 
down to low temperatures.  

A few clarifications (important for how you interpret “vapor vs solid vs droplet”) 

1) “Solid particle surrounded by water” is usually not the right picture 

Stratospheric sulfate aerosol is typically a single-phase liquid solution droplet of H₂SO₄ and 
H₂O (not a solid core with a water shell). That’s why retrievals and models often assume 
spherical aqueous droplets around ~75 wt% H₂SO₄.  

2) Vapor lifetime is very short in an aerosol-rich environment 

Once clusters reach a few nm, evaporation becomes negligible and growth proceeds by 
condensation/coagulation.  
So by minutes, “H₂SO₄ vapor” is typically only a small residual (unless you keep producing it 
chemically, or inject so little that it just coats existing particles). 
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3) The single biggest knob: do you create many tiny particles or fewer bigger ones? 

• High vapor concentration / rapid injection → lots of nucleation → huge number → strong 
coagulation → can grow toward ~0.2–0.3 µm relatively quickly (hours–days).  

• Lower concentration / slower injection → less new nucleation → mostly condensation on 
background → smaller change in number, more modest growth. 

User Prompt: what would one expect to see at 100 days? 300 days? 

By minutes to hours after injection, essentially all H₂SO₄ vapor has condensed (either onto existing 
particles or by forming new particles) and the stratospheric perturbation is dominated by aqueous 
H₂SO₄–H₂O solution droplets.  

What changes between 100 days and 300 days is mostly (i) dilution/transport/removal and (ii) the 
size distribution “relaxing” back toward background. 

100 days after H₂SO₄ vapor injection (A1b) 

Phase / form 

• Vapor: ~none (trace only). 

• Particle: mostly liquid droplets (aqueous sulfuric acid solution).  

• Solid: only episodically possible if the air parcel experiences very cold, high-ice-supersaturation 
conditions where homogeneous freezing of aqueous H₂SO₄ aerosols can occur (lab studies 
span 185–230 K and show freezing thresholds depend on T and humidity).  

Typical size (diameter) 

• If this was a small/moderate injection, by ~100 days you’d expect an aged accumulation-
mode sulfate aerosol, often ~0.1–0.3 µm diameter (order-of-magnitude), with many particles 
near the background scale (~<0.1 µm) and a tail to larger sizes depending on how “dense” the 
initial plume was.  

• (For context: after very large volcanic injections, particles can grow to effective radii ~0.5 µm 
and then sediment efficiently—but that’s the “big eruption” regime, not what most controlled 
experiments aim for.)  

How much is left / findable? 

• At ~13 km in the extratropical lowermost stratosphere, tracer residence times can be short 
(≈2–10 months), with ~2 months cited for a 13 km, 50°N summer injection in one modeling 
framework; high latitudes are generally shorter-lived than tropics.  
So by 100 days (~3.3 months) the material can easily be substantially reduced and widely 
dispersed, even if some fraction remains aloft. 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 136 

 

300 days after H₂SO₄ vapor injection (A1b) 

Phase / form 

• Vapor: none. 
• Particle: still aqueous H₂SO₄–H₂O droplets.  
• Solid: only if parcels again encounter the very cold/freezing-favorable conditions noted above.  

Typical size (diameter) 

• By ~300 days, the increment above background is typically much smaller and what remains 
tends to look more like the background stratospheric sulfate distribution, i.e. often <0.1 µm 
scale (with median radii frequently discussed in the ~0.01–0.2 µm range under non-volcanic 
conditions).  

• Any larger particles produced early are preferentially removed over time (sedimentation 
becomes important once sizes get big).  

How much is left / distinguishable? 

• Given the 2–10 month lowermost-stratosphere residence-time range, 300 days (~10 months) 
is long enough that much of the injected perturbation is typically gone or so diluted it’s hard 
to separate from background without a tracer/tag.  

• As a broader reference point, sulfate aerosol from a major eruption is often described with an 
~1-year e-folding time (but again: that’s not your low-altitude, high-lat, small-injection case).  

If you tell me (1) injection altitude/latitude/season (winter vortex vs not) and (2) injected H₂SO₄ 
mass rate + duration, I can tighten the expected size range at 100d and 300d and give you a “likely-
detectable vs below-background” expectation for the specific measurements you care about (AOD, 
SSA, size distribution, composition). 

User Prompt: What is a good way to make H₂SO₄ vapor on an airplane? Is it better to make it on the 

ground and then compress the vapor in a tank on the airplane, or make H₂SO₄ vapor on the airplane? 

If you literally mean gas-phase H₂SO₄ molecules (“vapor”) (not a fine mist), the first thing to know is 
that H₂SO₄ has an extremely low vapor pressure at ordinary temperatures, so it doesn’t want to stay 
a gas—it will condense/partition to particles very readily.  

That single fact drives the engineering answer: 

Storing “compressed H₂SO₄ vapor” on an airplane is usually a non-starter 

Trying to make vapor on the ground and compress it into a tank runs into multiple problems: 
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• It will condense unless the tank and plumbing are kept hot (and dry) end-to-end. With H₂SO₄’s 
low vapor pressure, “vapor storage” quickly becomes “liquid storage in a heated pressure 
vessel.”  

• Heated, pressurized, strongly corrosive inventory is heavy and difficult to certify 
(airworthiness + hazmat + crew safety). 

• Metering a condensing/corrosive “vapor” stream accurately is hard; it’s easy to end up 
delivering mist (aerosol) inside your own lines. 

So: don’t plan on compressing/storing H₂SO₄ vapor as a practical approach. 

The practical choices are really these two 

Option 1 (usually best): Carry liquid and inject aerosol droplets directly 

If your real goal is “sulfate particles now,” it’s often simpler to inject H₂SO₄–H₂O aerosol (liquid 
solution droplets) directly, because that’s the form stratospheric sulfate typically takes anyway 
(aqueous droplets, often modeled around ~75 wt% acid depending on T/H₂O).  

Why it’s attractive 

• No need for high-temperature vaporization hardware. 
• Far less risk of “fuming” inside ducts. 
• You can control initial size distribution via atomization and dilution, instead of relying on 

nucleation physics. 

Option 2 (if you truly insist on “vapor at t=0”): Carry liquid and vaporize on airplane, right before release 

If you want vapor specifically because you’re aiming for in-plume nucleation/growth physics (your 
A1b concept), then the workable architecture is: 

• Store as liquid (concentrated H₂SO₄, or sometimes oleum/“fuming acid” in industry—see note 
below) 

• Meter as liquid (easier, more stable) 

• Flash-vaporize / evaporate in a small, purpose-built vaporizer very near the outlet 

• Deliver through a very short, heated, corrosion-compatible run to the nozzle 

• Optionally use a dry carrier gas to sweep the hot zone and prevent back-
diffusion/condensation. 

Why on-aircraft vaporization is better than ground vapor compression 

• You only keep a tiny amount in the “hot/reactive” state at any moment (safer). 
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• You can regulate mass flow precisely as a liquid, then convert at the last second. 

A note on “oleum” / SO₃ routes (strong caution) 

Industrially, “fuming sulfuric acid / oleum” contains dissolved SO₃ and can “fume” because SO₃ reacts 
with moisture to form sulfuric acid mist. That is a way to generate an acid aerosol, but it’s extremely 
hazardous (violent reaction with water, severe inhalation hazard, major corrosion issues).  
For aircraft use, it typically pushes you into a much harder safety and certification regime than 
carrying liquid H₂SO₄ and atomizing/vaporizing it. 

What I’d recommend (engineering common sense for A1b) 

• If your scientific need is optics/forcing immediately: prefer direct aerosol (droplet) injection. 
• If your scientific need is nucleation-driven particle formation (i.e., you want to start with 

vapor supersaturation): store liquid and vaporize onboard at the nozzle, not “compress vapor 
in a tank.” 

Non-negotiables either way (for any real aircraft design) 

This kind of system will need, at minimum: 

• double containment of wetted lines, leak detection, emergency isolation, 
• corrosion-qualified materials and temperature control, 
• scrubbing/containment plan for any venting or accidental release, 
• formal hazmat + airworthiness certification path. 

If you tell me which A1b outcome you’re optimizing for—(i) maximum short-term radiative signal vs 
(ii) a specific particle size distribution after ~100 minutes—I can suggest which of the two 
architectures fits better and what the key controllable “knobs” are (without getting into unsafe build 
instructions). 

User Prompt: Now let’s look at a variation of this where we spray 100% H2SO4 liquid droplets into the 

atmosphere. Here, we create the droplets with a spray nozzle. We call this experiment “A1c”. How 

might these change over time (e.g. at 10 minutes, 100 minutes, 1 day, 10 days, 100 days)? 

For A1c (spraying 100% H₂SO₄ liquid droplets at ~43k ft (~13 km)), the “typical” evolution is 
dominated by (1) rapid water uptake to an equilibrium H₂SO₄–H₂O solution, then (2) dilution + 
coagulation + gravitational settling. In most stratospheric conditions the particles remain liquid 
solution droplets, not “solid cores with water shells.” Stratospheric sulfate aerosols are commonly 
modeled as ~70–75 wt% H₂SO₄ solution (though real composition can vary).  

A key caveat: the sizes depend hugely on what droplet size distribution you create at the nozzle. Since 
you didn’t specify, I’ll give a typical SAI-targeted case (sub-micron injection) and note what changes if 
droplets are micron-sized. 
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What happens to a “100% H₂SO₄ droplet” immediately? 

Even in the very dry lower stratosphere (H₂O typically ppm-level), sulfuric acid is so hygroscopic that 
droplets take up water quickly until they reach an equilibrium composition set by temperature + 
water vapor partial pressure.  

If droplets equilibrate from 100% → ~75 wt% H₂SO₄, a useful rule of thumb is: 

• diameter grows ~10–20% (because the droplet gains water mass and the density changes). 

A1c timeline (form + typical size) 

10 minutes 

Form: almost entirely liquid H₂SO₄–H₂O solution droplets (not vapor; not solid).  
Size: 

• If injected at 0.2–0.5 µm diameter, expect roughly 0.22–0.6 µm after equilibration (≈10–
20% larger). 

• If injected at 1–5 µm, still ~1.1–6 µm (same fractional growth), but those larger droplets 
will start settling much faster later. 

100 minutes (~1.7 hours) 

Form: still liquid solution droplets.  
Size: depends on number concentration (coagulation): 

• Low/moderate number: size stays close to the injected size (maybe modest broadening). 
• Very high number (dense plume): coagulation can push the mode upward (e.g., 0.3 µm → 

0.4–0.8 µm within hours). 

1 day 

Form: liquid solution droplets; composition near equilibrium.  
Size: typically an “aging” accumulation mode: 

• Often ~0.2–0.8 µm diameter in the surviving plume filaments (bigger if you started big or if 
coagulation was intense). 

10 days 

Form: still mostly liquid solution droplets unless the air mass experiences PSC-type very cold 
conditions, in which case some sulfate can participate in polar stratospheric cloud processes 
(e.g., supercooled ternary solution with HNO₃, or freezing pathways involving sulfuric acid 
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hydrates).  
Size: “survivors” tend to skew smaller because removal favors large particles: 

• If you began sub-micron, you might still see ~0.15–0.6 µm in coherent remnants. 
• If you began multi-micron, a large fraction is typically gone or greatly reduced by this point 

(sedimentation becomes very effective as size increases). 

100 days 

Form: overwhelmingly liquid H₂SO₄–H₂O droplets (solid phases only episodically under very 
cold PSC conditions).  

Size: what remains usually looks like aged background-like stratospheric sulfate plus a weak 
enhancement: 

• Commonly ~0.1–0.3 µm diameter for the remaining perturbation (with strong dependence 
on how large you made droplets initially—big ones are preferentially removed).  

The single most important design implication (without getting into “how to build it”) 

For A1c, initial droplet size dominates everything: 

• If you inject mostly sub-micron droplets (≈0.2–0.5 µm), you maximize residence time and 
keep the aerosol in the “radiatively efficient” regime for longer.  

• If you inject a lot of >1–2 µm droplets, you’ll tend to lose mass faster to gravitational 
settling, and by 10–100 days much less will remain aloft in the lowermost stratosphere.  

A1d timeline (form + typical size) 

User Prompt: Now let’s look at a variation of this where we spray H2SO4 plus H2O liquid solution 

droplets into the atmosphere. Here, we create the droplets with a spray nozzle. We call this 

experiment “A1d”. The H2SO4 weight as a percentage of total varies from 10% to 90% and is 

controlled by a computer. Also, the droplet diameter is controlled by a computer. This way, scientists 

can vary what they study. How might these droplets change over time (e.g. at 10 minutes, 100 

minutes, 1 day, 10 days, 100 days)? 

For A1d (spraying pre-made H₂SO₄–H₂O liquid solution droplets with initial acid fraction set 
anywhere from 10–90 wt% and initial diameter set by you), the key idea is: 

In the stratosphere, the droplets very quickly “forget” their initial composition and move toward an 
equilibrium H₂SO₄–H₂O composition set mainly by temperature and ambient water vapor partial 
pressure. That equilibrium is often approximated as ~75% H₂SO₄ / 25% H₂O by weight in many 
stratospheric aerosol treatments, though it varies with conditions.  
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So composition control matters most very near the nozzle (minutes); size control matters both 
immediately (via fast water gain/loss) and later (via coagulation + settling). 

What happens first (minutes): rapid water exchange → “equilibrium” composition 

• If you start water-rich (10–30% H₂SO₄) in the dry lower stratosphere, the droplet tends to lose 
water (evaporation) and shrink while the acid fraction rises toward the equilibrium value.  

• If you start acid-rich (80–90% H₂SO₄), it tends to take up water and swell modestly, again 
trending toward equilibrium.  

• Water uptake/evaporation for inorganic/aqueous particles is typically seconds–minutes, not 
days (unless inhibited by special surface films/viscosity effects).  

Rule of thumb: 

• 10–30 wt% starts can shrink a lot in diameter (because most of the initial mass is water that 
won’t be sustained in dry air). 

• 80–90 wt% starts usually grow only a little in diameter (often ~a few–10%). 
• Starts near the eventual equilibrium (say ~60–80 wt%, depending on conditions) change least. 

Timeline 

~10 minutes 

Phase: overwhelmingly liquid solution droplets (H₂SO₄–H₂O).  
Composition: close to local equilibrium (your 10–90% setpoint still matters mainly for samples 
taken very close to release).  
Size: your commanded diameter has already been “adjusted” by water gain/loss: 

• water-rich commanded droplets → shrunken, more acidic droplets 
• acid-rich commanded droplets → slightly larger, less acidic droplets 

~100 minutes 

Phase: still liquid droplets.  
Composition: essentially at equilibrium everywhere except possibly in the densest, freshest 
core.  
Size distribution: begins to broaden because of coagulation (more important if you injected 
very high number concentration, e.g., lots of small droplets). Coagulation is strongly number-
dependent.  

~1 day 

Phase: still liquid droplets; gas/particle repartitioning (evaporation/condensation) can 
continue slowly as the plume dilutes and warms/cools.  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 142 

 

Size distribution: tends toward an accumulation-mode sulfate population unless you 
deliberately created lots of large droplets. 

• The stratosphere tends to favor small radii because sedimentation scales ~radius² (big 
particles fall out faster).  

~10 days 

Phase: liquid sulfate droplets, plus a caveat: in the cold, high-latitude winter stratosphere, 
H₂SO₄–H₂O droplets can grow into PSC (polar stratospheric cloud) particles (liquid and 
sometimes solid phases) and participate in polar chemistry.  
Size distribution: “survivors” skew smaller; larger particles are preferentially removed by 
settling.  

~100 days 

Phase: what remains looks increasingly like background stratospheric sulfate (liquid H₂SO₄–
H₂O droplets), unless you’re in special polar winter PSC conditions.  
Size distribution: any enhancement that’s still detectable is usually dominated by sub-micron 
particles (large ones mostly gone). In volcanically quiet conditions, typical radii are often <~0.2 
µm, and injected material tends to drift back toward that regime as the big tail settles out.  

The practical scientific implication of A1d 

• If you want to study optical properties vs composition (10% vs 90%), you generally need 
to sample very soon (minutes) after release, because ambient conditions push droplets 
toward equilibrium quickly.  

• If you want to study optical properties vs size, size control remains meaningful longer, but 
coagulation (for high number) and sedimentation (for large sizes) will reshape your 
distribution over hours–days.  

If you tell me the altitude/temperature you want (e.g., 13 km polar vortex vs 20 km), and the 
diameter range you intend to command (e.g., 0.05–0.5 µm vs 1–5 µm), I can translate this into a 
tighter “expected evolution envelope” for composition and size at each time point. 

User Prompt: If aerosol droplet initial diameter varies from 0.05um to 1um then does it equilibrate to 

a specific size which is a function of temperature and pressure? 

Not really. They equilibrate to an equilibrium composition (water content), not to one universal 
“equilibrium diameter.” 

What actually equilibrates 

For H₂SO₄–H₂O droplets, the atmosphere sets an equilibrium between: 
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• water activity in the droplet (i.e., composition), and 
• ambient water vapor (often expressed as RH with respect to liquid water/ice), 

with a small correction for curvature (Kelvin effect) for the tiniest particles. This is the standard Köhler 
equilibrium idea: at a given temperature and ambient water vapor partial pressure, each particle 
finds an equilibrium water content.  

SPARC’s stratospheric aerosol assessment summaries it plainly: given sulfuric acid mass, water vapor 
pressure, and temperature, you can predict stratospheric aerosol composition.  

Why there isn’t one “equilibrium size” 

Because the amount of H₂SO₄ (the nonvolatile solute mass) differs from particle to particle if their 
initial diameters differ. Each particle’s dry (acid) mass is essentially conserved (ignoring 
coagulation/condensation of additional H₂SO₄), so: 

• A 0.05 µm particle has ~( 0.05/1)3 = 1/8000  of the acid mass of a 1 µm particle. 
• After equilibration, both particles may end up at (roughly) the same equilibrium wt% H₂SO₄, 

but the larger one still contains vastly more acid mass, so it remains vastly larger. 

So, the size distribution generally stays “scaled,” not collapsed: 

𝐷wet,eq ∝ 𝐷dry × (growth factor(𝑇,  𝑝𝐻2𝑂 ,  𝐷)) 

The growth factor depends on T and water vapor (and slightly on D via Kelvin), but it multiplies each 
particle’s own dry size—it doesn’t force all sizes toward a single value.  

Where pressure fits in 

Total pressure matters mainly because it influences water vapor partial pressure (and equilibration 
rates via diffusion). The equilibrium size/composition is set by temperature + water vapor partial 
pressure (or RH), not by total pressure by itself.  

The one case where “everyone converges” 

If your “0.05–1 µm” spread is only because you injected different water fractions but the acid mass 
per particle is the same (rare in practice), then yes: they would tend toward the same wet size 
because they share the same dry mass. Otherwise, no. 

What changes size over hours–days (not “equilibration”) 

Over longer times, the size distribution can shift because of: 

• coagulation (small particles merge → fewer, bigger), 
• condensation of additional H₂SO₄ (if SO₂ oxidation is supplying it), 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 144 

 

• sedimentation (preferentially removes larger particles), 
• mixing/dilution (changes number concentration and collision rates). 

If you tell me the ambient T and H₂O mixing ratio or RH you want to assume for the polar vortex at 
43k ft, and whether you want “equilibrium size” defined at a fixed acid mass, I can give you a simple 
calculator-style mapping from dry diameter → wet equilibrium diameter across 0.05–1 µm. 

Maximizing Reflectivity per Dollar 

User Prompt: If someone wants to reflect as much sunlight back into outer space per dollar spent, 

what is the best approach (A1a, A1b, A1c, or A1d)? 

If you’re optimizing “shortwave reflection per dollar”, there are really two competing levers: 

1. Cost to loft a kilogram of sulfur (payload + aircraft operations + handling complexity) 
2. Radiative efficiency per kilogram of sulfur, which is strongly size-dependent: scattering 

becomes less efficient once particles grow beyond an optimal radius ~150 nm, and bigger 
particles also settle faster.  

With that framing, here’s how A1a–A1d compare. 

The quick ranking (with the key caveat) 

• Best “today, lowest operational $/kg-S delivered”: A1a (SO₂ precursor injection) 
• Best “highest W/m² per kg-S (if you can reliably hit the right size distribution)”: A1d (pre-

made H₂SO₄–H₂O droplets with controlled diameter and high acid wt%) 
• Generally worst value: A1b (H₂SO₄ vapor) 
• Usually inferior to A1d: A1c (100% H₂SO₄ droplets) 

The caveat: A1d can beat A1a only if your nozzle/control system consistently produces the “right” 
accumulation-mode particles without triggering high-number coagulation. Coagulation is a dominant 
loss pathway when number concentrations are high.  

Why A1a (SO₂) usually wins on dollars 

It’s the simplest feedstock and aircraft integration. You’re lofting SO₂, which is 2× sulfur mass 
(64/32), and letting chemistry make sulfate. 

Operationally, this tends to be the lowest-cost way to get sulfur into the stratosphere, which is why 
it’s the most commonly modeled/assumed SAI pathway.  

The downside: you don’t directly control particle size; too much nucleation → high number → 
coagulation → particles grow past the efficient size range, which reduces scattering efficiency and 
increases settling.  
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Why A1d (solution droplets) can win on “reflection per kg-S” (and sometimes per $) 

If you can inject accumulation-mode H₂SO₄ aerosol near the “sweet spot” size, models show it can 
yield higher radiative forcing for the same sulfur-equivalent injection than SO₂ in some strategies.  

A1d is the approach that most directly lets you: 

• target the optimal size regime (~150 nm radius),  
• keep number concentration low enough to avoid rapid coagulation,  
• and tune composition to avoid big near-field shrink/swell. 

But: you pay a payload penalty if you carry extra water. For the same sulfur delivered: 

• SO₂ mass = 2.0× S 
• pure H₂SO₄ mass = 3.06× S 
• 75 wt% solution = 4.08× S 
• 10 wt% solution = 30.6× S 

So for “per dollar,” A1d only beats A1a if the forcing-per-S gain is big enough to offset (a) extra mass 
lifted and (b) higher system complexity. 

Practical recommendation if the goal is reflection-per-$: if you do A1d, you’d usually operate toward 
the high-acid end (e.g., ~70–85 wt%) to avoid hauling water you could otherwise “get from the air,” 
while still retaining controllability. 

Why A1b (H₂SO₄ vapor) is usually a bad deal 

H₂SO₄ vapor tends to produce fresh nucleation (very high number) unless you’re extremely careful, 
which drives coagulation and can reduce residence time and aerosol burden.  
It’s also a more complex (and hazardous) engineering path than either SO₂ gas or direct droplet 
injection—so it tends to lose on both radiative efficiency and cost/complexity. 

Why A1c (100% H₂SO₄ droplets) is usually “A1d but worse” 

In the stratosphere, those droplets will quickly equilibrate by taking up (or losing) water, so you end 
up with solution droplets anyway. If you already have the ability to control droplet size and 
composition, A1d gives you more control with fewer surprises, and A1c doesn’t buy you much 
besides higher handling/corrosion challenges. 

Bottom line 

• If you mean “best practical reflection-per-$ with today’s simplest injector and minimal new 
engineering”: A1a (SO₂). 
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• If you mean “in principle, maximize reflection per sulfur delivered (and possibly per $ if you 
can execute well)”: A1d, tuned to keep particles near the ~150 nm radius sweet spot and 
avoid high-number coagulation.  
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Minimum Observables (Ax/Bx/Cx) 

Aerosol radiative forcing experiments (Ax) 

A1a — SO₂ gas into stratosphere (aerosol RF) 

Minimum observables 

• Plume microphysics vs age: size distribution + number + surface area vs time since injection 
(minutes → days) 

• Optics: extinction/AOD + SSA/phase function proxies, collocated with size/composition 
• Radiation: SW/LW flux above/below plume; heating-rate proxies where possible 

Nice-to-have 
• Chemistry: SO₂, H₂SO₄, NOy/halogen products (for heterogeneous chemistry attribution) 

Constrains 
• GCM microphysics limits (nucleation/coagulation/condensation/sedimentation) and poor 

reproduction of observed stratospheric aerosol distributions; plus radiative heating/photolysis 
uncertainties and chemistry interactions. 

A1b — H₂SO₄ vapor into polar vortex (aerosol RF) 

Minimum observables 

• Near-field particle formation: new particle formation rate / initial size spectrum (nm → sub-
µm) vs plume age 

• Coagulation regime: number and mode-width evolution (to test size-growth bias) 
Nice-to-have 

• Actinic flux / photolysis proxies (to relate to tropospheric photolysis uncertainty) 
Constrains 

• The paper’s “plume-scale / chamber / small plume field experiments” need for aerosol 
microphysics under injection; and how specific size distributions drive heating/forcing. 

A1c — H₂SO₄ liquid aerosol into polar vortex (aerosol RF) 

Minimum observables 

• Delivered initial size distribution at release + evolution (minutes → days) 
• Optical property closure tied to measured size/composition (extinction/AOD vs wavelength if 

possible) 
Nice-to-have 
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• Vertical profiles to quantify sedimentation/removal biases 
Constrains 

• Same SAI microphysics gap (especially size evolution) and radiative transfer biases driven by 
assumed aerosol properties/size. 

A1d — H₂SO₄ + H₂O solution aerosol into polar vortex (aerosol RF) 

Minimum observables 

• Controlled matrix (composition × size) with collocated: size distribution, composition, 
extinction/SSA proxies, and SW/LW flux deltas 
Nice-to-have 

• Repeat under different background stratospheric aerosol states (clean vs elevated) 
Constrains 

• Radiative transfer sensitivity to aerosol properties and size distributions; improves 
observation-anchored evaluation of radiative properties (extinction/AOD vs wavelength) and 
surface forcing. 

A2 — MCARFE sea-salt CCN (aerosol RF) 

Minimum observables 

• Injected aerosol size distribution realism and its evolution to cloud base (measure at nozzle, 
near-field, cloud base) 

• Point-source plume variability: concentration/size variation within plume; dispersion rate 
Nice-to-have 

• Measure whether evaporative cooling causes plume subsidence (delivery efficiency to cloud 
base) 
Constrains 

• MCB’s top three gaps: correct size distribution (mass ∝ d³; CCN efficacy strongly size-
dependent), point-source injection + near-field coagulation, and delivery to cloud base. 

A3 — AARaCE smoke (aerosol RF) 

Minimum observables 

• Smoke optics + microphysics together: size distribution + absorption/scattering proxies + 
spectral extinction if possible 

• Radiative closure: SW flux perturbations with matched meteorology/background 
Nice-to-have 

• Coupled cloud response (LWP/drizzle) if smoke interacts with marine stratocumulus 
Constrains 
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• Same cross-cutting need the paper emphasizes: observations for “carefully specified 
composition and size” across regimes; helps test aerosol–radiation schemes and cloud 
responses. 

A4 — SONABEx Southern Ocean clean air (aerosol RF) 

Minimum observables 

• Baseline aerosol size/number + background cloud/radiation state in pristine conditions 
Nice-to-have 

• Repeat across synoptic regimes to quantify background variability (critical for detecting 
perturbation signals) 
Constrains 

• Provides the “well defined background aerosol concentrations / meteorological regimes” the 
paper says are needed for comparing model sensitivities and planning field studies. 

B: Cloud understanding experiments (Bx) 

B1 — CCN microphysics (clouds) 

Minimum observables 

• CCN/size distribution → activated droplet number (CDNC) with matched thermodynamics 
Nice-to-have 

• Lagrangian “cloud-following” evolution view (same airmass) 
Constrains 

• Aerosol–cloud interaction representations and scale-bridging emphasis (collocated dynamical 
+ microphysical + radiative measurements). 

B2 — Precipitation/drizzle (clouds) 

Minimum observables 

• Drizzle onset/rate, cloud water (LWP), cloud fraction, boundary-layer depth, and aerosol 
size/number (incl. giant CCN if relevant) 
Nice-to-have 

• Mesoscale circulation diagnostics around perturbation region 
Constrains 

• The paper’s “macrophysical response” gap for marine clouds and the bias if large-scale 
circulation compensation isn’t represented; also notes many GCMs don’t represent giant-CCN 
precipitation effects well. 
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B3 — Mixed-phase cloud glaciation INP (clouds) 

Minimum observables 

• INP spectra under mixed-phase conditions; ice/liquid partition; precipitation sensitivity 
Nice-to-have 

• Track whether seeded/transported particles affect lower mixed-phase clouds (paper flags this 
as a concern when studying cirrus seeding too) 
Constrains 

• Supports the cirrus/INP knowledge gap and the “seeded particles can affect lower clouds” 
concern in CCT discussions. 

B4 — Cirrus formation (clouds) 

Minimum observables 

• ISSR occurrence/intensity/extent + updraft statistics (aircraft/balloon/remote sensing) 
• INP under cirrus conditions + cirrus ice residuals where possible 

Nice-to-have 
• If any “seeded cirrus” tests: dispersion + “overseeding” diagnostics (ice number/optical depth 

vs distance from source) 
Constrains 

• The paper’s top cirrus gaps: (i) simulating ISSRs (and the need for better 
updraft/supersaturation observations), (ii) sparse INP data → need for global INP climatology, 
and (iii) uncertainty about properties of cirrus formed on seeded aerosols / overseeding. 

B5 — Full radiative-closure (clouds) 

Minimum observables 

• Collocated dynamics + microphysics + radiation (the paper explicitly calls this out as a best-
practice lens) 
Nice-to-have 

• Process-based / cloud-evolution-following dataset to benchmark LES↔GCM 
Constrains 

• Exactly matches their recommended approach for bridging scales and reducing bias in 
cloud/aerosol interactions through collocated measurements. 

C: SAI engineering/impact experiments (Cx) 

C1 — SO₂ gas (SAI) 

Minimum observables 
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• Precursor injection representation: SO₂ → sulfate size evolution + aerosol optical depth 
• Stratospheric heating / surface forcing / photolysis proxies 

Nice-to-have 
• Chemistry suite: SO₂, H₂SO₄, NOy/halogens; evaluate heterogeneous chemistry/photolysis 

processes 
Constrains 

• All three SAI gaps: microphysics (including “precursor injections in ~10,000 km³ grid cells”), 
radiation/heating/photolysis, and missing/poorly simulated aerosol–chemistry interactions 
requiring volcanic-analog evaluation and added chemical observations. 

C2 — H₂SO₄ aerosol (SAI) 

Minimum observables 

• Delivered size distribution and evolution (condensation/coagulation/sedimentation) 
• Radiative property evaluation vs wavelength if possible (extinction/AOD) and surface forcing 

Nice-to-have 
• Compare multiple sizes/material loadings to probe model sensitivity 

Constrains 
• SAI microphysics and radiative transfer biases; the paper explicitly recommends evaluation 

against line-by-line radiative transfer and observations of radiative properties across 
wavelengths. 

C3 — Alternative candidate particles (SAI) 

Minimum observables 

• Microphysics + optics for non-sulfate materials (size evolution + extinction/absorption 
behavior) 
Nice-to-have 

• Chemistry impacts (since “little is known” for other materials) 
Constrains 

• The paper explicitly calls for chamber / small plume field work to assess microphysics for 
candidate materials beyond sulfate, and notes limited understanding of chemistry impacts for 
other materials. 

A short “minimum viable dataset” that makes any of these count 

If you want one practical rule that matches the paper’s thesis: build datasets where aerosol (size + 
composition), dynamics (mixing/updrafts), and radiation are collocated in the same air mass, and 
where background aerosol + meteorology are well specified—because that’s what allows scale-
bridging and prevents models from “agreeing for the wrong reasons.” 
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According to a document accepted 26 May 2025, the highest-leverage field campaigns are the ones 
that (i) observe aerosol and cloud responses to sources with carefully specified composition and size 
under well-specified background/meteorology and (ii) produce collocated dynamical + microphysical 
+ radiative datasets that can be used to bridge plume/LES ↔ regional ↔ global models. 

Below is a one-page flight campaign requirements sheet for A1a–A4, B1–B5, C1–C3 (instruments = 
capability classes; flight patterns = practical sampling geometries). 
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Injection Plume (Ax/Bx/Cx) 

User Prompt: If a monitor plane flies behind the injector plane to sample the plume directly, how 

many minutes back does the 2nd plane need to be to avoid vortex from the first plane? Is this 

sufficient for near field measurements in Ax, Bx and Cx? 

ChatGPT Response: On the wake-vortex question: there isn’t one universal “minutes back” number, 

because wake strength/persistence depends on leader weight, speed, configuration, and ambient 

turbulence/stability/wind shear. FAA’s wake guidance emphasizes that aircraft 

weight/wingspan/speed set the initial strength, but the atmosphere ultimately controls motion/decay. 

Distance Between Injector Plane and Chase Plane 

Air-traffic standards express “directly behind” wake separation mostly as distance, not time. FAA’s 
consolidated wake guidance (CWT) shows 3–8 NM separation when operating “directly behind,” 
depending on the leader/follower categories.  

Convert distance → time with: 

• time (min) ≈ distance (NM) / ground speed (NM/min) 

Examples: 

• If the chase aircraft is ~7 NM/min (~420 kt), then 5 NM ≈ 0.7 min, 8 NM ≈ 1.1 min. 
• If ~4 NM/min (~240 kt), then 5 NM ≈ 1.25 min, 8 NM ≈ 2.0 min. 

But: for research “plume-chasing,” flying directly in trail is usually avoided because the wake can 
drift/sink; ICAO material notes vortices from large aircraft typically sink around 300–500 ft/min and 
can descend >1000 ft below the generator.  

Practical takeaway: planning on “a few minutes” behind and using a lateral/vertical offset (rather 
than pure in-trail) is a much more robust way to avoid wake while still sampling “young” plume. (Exact 
procedures should be set by the flight-test/ops team under applicable rules.) 

Is that sufficient for “near-field” measurements in Ax, Bx, Cx? 

It depends on what you mean by “near-field.” Two useful definitions: 

• Wake/aircraft near-field: first seconds to ~1 minute, strongly affected by the injector’s wingtip 
vortices and jet/exhaust/shear. 
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• Plume microphysics near-field: first minutes to ~1–2 hours, where coagulation/water uptake 
and very rapid processes can reshape size distributions. 

Ax (aerosol RF) 

• A1a (SO₂): yes — being minutes behind is still “near-field enough,” because the key chemistry 
(SO₂ → H₂SO₄ → aerosol) is not completed in the first minute anyway; you mostly care about 
early dispersion + later aerosol growth. 

• A1c/A1d (liquid/solution aerosol): often yes — minutes-behind sampling still captures early 
growth/shrink (water equilibration) and initial coagulation trends. 

• A1b (H₂SO₄ vapor): often no if you want to capture the initial nucleation burst and first 
coagulation step; a 2–5-minute delay can already move you toward “mid-field.” 

Bx (cloud process) 

• B1/B2/B5 (CCN → drizzle → radiative closure): the plume age you need is usually minutes to 
tens of minutes to cloud base/in-cloud, so a chase aircraft that samples plume at ~5–30 
minutes age can be perfectly useful — but it generally won’t tell you the first-seconds near-
nozzle size spectrum unless you instrument the injector or use a very close/offset sampler. 

• A2 / MCB-style point-source: the paper you cited flags that the “first tens of meters / first 
moments” matter (near-field coagulation, subsidence, delivery efficiency). That’s not well 
captured by “minutes behind in-trail.” You typically need on-injector sensors, a towed pod, or 
a small/UAS sampler, plus crosswind transects farther downwind. 

Cx (SAI pathway) 

• C1 (SO₂ SAI): minutes-behind is fine for dispersion/early chemistry context; the critical 
constraints often come from hours → days sampling as the aerosol forms and evolves. 

• C2 (H₂SO₄ aerosol SAI): minutes-behind can be very useful (delivered size + early evolution), 
especially if you avoid wake and sample multiple plume ages. 

• C3 (alternative particles): depends on whether the material changes phase rapidly; if yes, 
you’ll want as-you-release characterization (again, favors onboard/towed/UAS augmentation). 

A safer geometry that still gives you “young plume” 

Instead of “straight behind,” many campaigns use: 

• Lateral offset stern chase (same general track but offset from wake), and/or 

• Cross-plume curtains at set downwind distances (gives you 2 min / 10 min / 30 min “age 
slices” without ever sitting in the wake corridor). 
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That tends to satisfy both goals: avoid wake and still get near-field (minutes-old) plume physics. 

If you tell me the likely injector/monitor aircraft class (e.g., “Gulfstream V chasing a G-IV” vs “Twin 
Otter chasing a King Air”) and typical speed, I can translate the FAA “directly behind” NM separations 
into a clean “minutes-behind” range and then map that to which of A1b/A2/B5/C2 it does or does not 
capture. 

Injected Material Quantity 

User Prompt: With the Ax, Bx, Cx experiments, what is the material flow rates (kg per second)? How 

many nozzles do I need? Where do these need to be on the aircraft? What is the aperture (hole) 

diameter in the nozzle? How many apertures per nozzle? 

I can’t help with specific engineering specs for an aircraft system that disperses hazardous materials 
(e.g., SO₂, H₂SO₄/H₂SO₄+H₂O aerosols, alternative particles)—things like kg/s flow rates, nozzle 
counts/locations, orifice (aperture) diameters, or apertures per nozzle are exactly the kind of 
actionable details that could be misused to release harmful chemicals. 

What I can do is help you frame the requirements in a way that an FAA/DoD/NASA-qualified airborne 
engineering team (or a research aircraft operator) can turn into a safe, certified design—and help you 
connect that back to Ax/Bx/Cx science goals. 

How these specs are normally determined (non-actionable, science-to-engineering) 

For each experiment (A1a…A4, B1…B5, C1…C3), the injector design starts from: 

1. Target perturbation 

• Gas: target SO₂ mixing ratio enhancement vs background along the plume age axis 
• Aerosol: target number / size distribution / surface area (not just mass) 
• CCN/INP: target CCN/INP spectrum at cloud base and in-cloud activation 

2. Delivery geometry 

• Aircraft true airspeed and track length/time define mass per unit length: 
mass flow = (desired mass per km) × (km/s) 
(You choose “mass per km” from the science target and background variability.) 

3. Microphysics constraints 

• For sulfate, the science target is usually tied to staying near an “optically efficient” size 
regime and avoiding runaway coagulation/sedimentation. This drives whether you use few 
larger injectors vs many smaller ones. 
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4. Integration constraints (this is what drives nozzle count/placement most) 

• Avoid engine ingestion, airframe impingement, corrosion risk, and wake effects. 
• Ensure the injected stream experiences predictable mixing/shear (often validated via CFD 

+ flight test). 
• Provide redundancy + controllability (segmented control for A1d; stepped settings for 

sensitivity matrices). 

What differs across Ax vs Bx vs Cx (why the hardware specs won’t be “one size fits all”) 

• Ax (aerosol RF closure): wants clean, quantifiable perturbations and stable geometry for 
radiative closure. This often favors injection that yields a repeatable, well-characterized size 
distribution and a plume that’s trackable for hours–days. 

• Bx (cloud process): wants delivery to cloud base / in-cloud activation. Here, near-field plume 
behavior (coagulation, buoyancy/subsidence, intermittency) matters a lot more than “perfectly 
steady mass flow.” 

• Cx (SAI pathway): wants scalability + side effects (heating/chemistry/persistence). That drives 
requirements for wider operating envelopes (altitude/season) and greater emphasis on 
materials compatibility, containment, emergency shutdown, and certification. 

A “requirements worksheet” you can hand to an injector design team 

For each experiment, fill these in (I can help you do it): 

• Material: SO₂ gas / H₂SO₄ aerosol / H₂SO₄+H₂O solution / sea-salt / smoke surrogate / 
candidate particle 

• Science target: ΔSO₂ (ppt/ppb), ΔAOD, Δextinction (km⁻¹), ΔCCN at supersaturation X%, ΔINP at 
T, etc. 

• Target particle size distribution at release (for aerosol): mode diameter + width, allowable 
drift with time 

• Injection duration & track geometry: minutes, km, altitude, latitude, day/night 

• Plume “age” sampling plan: 1 min / 10 min / 100 min / 1 day … 

• Safety/regulatory constraints: maximum onboard inventory, containment, scrubber/vent 
plan, materials compatibility, fail-safe shutdown, no-release on fault 

• Aircraft constraints: available hardpoints/booms, power, weight, corrosion isolation, allowable 
exterior modifications 

If you paste your current “typical mission” assumptions (aircraft speed, injection duration/track 
length, and the perturbation metric you want—ΔAOD or ΔSO₂ or ΔCCN), I can help you convert those 
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into a clean set of engineering requirements (still without giving nozzle/orifice build specs), and also 
suggest which existing research operators are most likely to already have relevant dispersal hardware 
or certification experience. 

User Prompt: With the Ax, Bx, Cx experiments, how much kg of material is being injected per 

experiment? 

It varies by what you want to detect (in-situ microphysics vs aircraft radiative-closure vs satellite-
detectable AOD) and by background variability. So there isn’t one fixed “kg per experiment,” but there 
are pretty consistent order-of-magnitude bands that people use. 

Below I’ll interpret “per experiment” as per injection sortie / event (not an entire campaign of many 
flights). 

Reference points from real-world planning / field work 

• A stratospheric “controlled perturbation” concept like SCoPEx has publicly discussed releases 
on the order of ~0.1 kg to <2 kg of material.  

• A sea-salt plume field study document (CAARE) describes runs totaling ~360 kg of saline 
droplets (which corresponds to ~12.6 kg of salt) over <30 minutes.  

Those two points bracket the difference between microphysics/plume benchmarking (can be kg-
scale) and cloud/aerosol perturbation with strong in-plume signals (often hundreds of kg of sprayed 
liquid). 

Typical injected mass per event (order-of-magnitude ranges) 

A1a / A1b / A1c / A1d (stratospheric “aerosol RF” plume experiments) 

These are all “controlled plumes,” but with different material forms. Mass scale depends mostly on 
whether your objective is: 

1. Plume physics / microphysics only (in-situ detection) 
~1–100 kg of injected material can be enough if you’re sampling in the plume with sensitive 
aerosol/chemistry instruments (think “SCoPEx-like” scale at the low end).  

2. Aircraft radiative-closure (above/below plume flux difference) 
Typically ~10²–10⁴ kg (0.1–10 tons) per event depending on geometry, background cloudiness, 
and how clean your closure stack is. (This is where costs, approvals, and operational 
complexity rise fast.) 
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3. Satellite-detectable AOD / large-area signal 
Usually ≫10⁴ kg (tens of tons and up) — this is no longer “small controlled perturbation” 
territory. 

How A1b vs A1c vs A1d affects mass needs: 

• A1b (H₂SO₄ vapor): tends to generate lots of ultrafine particles that can coagulate; you may 
need more mass to keep an optically efficient size distribution. 

• A1c/A1d (direct droplets/solution): you can target an efficient size distribution at release, so 
you may need less mass for the same optical effect (but you pay complexity). 

A2 (MCARFE sea-salt CCN) 

For point-source sea-salt spray, published planning for field work includes hundreds of kg of sprayed 
saline water per run with salt mass in the ~10 kg range.  

So, a reasonable “per event” band is ~10²–10³ kg of sprayed saline, depending on duration and 
whether you’re trying to perturb cloud base measurably. 

A3 (AARaCE smoke) 

Smoke experiments vary wildly by generator type and desired optical depth. A safe, high-level band is 
~10¹–10³ kg of smoke precursor/particulate-equivalent per event for aircraft-in-plume measurements 
(more if you want large-area remote detectability). 

A4 (SONABEx Southern Ocean clean air) 

0 kg injected (it’s a baseline/observational experiment). 

B-series (B1–B5 clouds) 

By your definitions, B1–B5 are monitoring/process studies, so 0 kg injected unless you deliberately 
pair them with an A-series perturbation tool (most commonly A2). 

C-series (C1–C3 SAI) 

These overlap the A1* mass bands, but the intent differs: 

• C1 (SO₂ gas SAI) and C2 (H₂SO₄ aerosol SAI): 

o If you’re doing “SCoPEx-style” process validation: ~1–100 kg can still be informative.  
o If you’re testing “pathway performance” with radiative closure: ~10²–10⁴ kg is the 

typical band people talk about for a single well-instrumented event. 
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• C3 (alternative candidate particles): commonly starts at the kg-scale for 
microphysics/dispersion/optics benchmarking (again, very similar to SCoPEx-like logic).  

If you want, I can produce a “mass budget sheet” for your program 

Tell me which objective band you mean for each family: 

1. In-plume microphysics only (kg–100 kg), 

2. Aircraft radiative closure (0.1–10 t), or 

3. Remote/satellite detectability (≫10 t), 

…and I’ll return a clean table: experiment → recommended mass band → what that band buys you 
scientifically → what it does not (still at a non-engineering level). 

User Prompt: please do with Remote/satellite detectability. 

Below is a mass-per-event “budget sheet” assuming your goal is remote/satellite detectability (not 
just in-plume in-situ). These are order-of-magnitude ranges because detectability depends mostly on 
(i) area covered, (ii) background variability, (iii) particle size/optics, (iv) viewing geometry. 

What I’m using as a “detectable” threshold 

• Passive AOD (MODIS/VIIRS-like): you generally need ΔAOD ≳ 0.03 over ocean to be clearly 
above single-scene retrieval uncertainty (MODIS expected error is often summarized as 
~±(0.03 + 0.05·AOD) over ocean).  

• SO₂ columns (TROPOMI-like): per-pixel noise is often ~1 DU (and worse at high latitudes), so 
you typically need order-1 DU or spatial/temporal averaging.  

• CALIOP lidar: feature detection lower bound optical depth is often quoted around ~0.05 
(though averaging products can go lower).  

AOD-to-mass “back of envelope” (used for sulfate & smoke rows) 

If you want a detectable patch of size 100×100 km (10,000 km²): 

• Using a representative mass extinction efficiency ~5 m²/g for fine scattering aerosol, ΔAOD 
0.03–0.05 implies roughly ~60–100 tonnes of aerosol mass spread across that 100×100 km 
patch. (Mass scales linearly with ΔAOD and with area.) 

For smoke, published values for smoke mass extinction efficiency are commonly in the ~5.5–6.2 m²/g 
range (same order).  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 160 

 

Mass per injection event for satellite detectability (order-of-magnitude) 

Assume the “detectable patch” is ~100×100 km for at least one overpass. 

Experiment 
What’s being 

detected from space 

Approx mass per 
event to be 

detectably above 
background 

Notes 

A1a — SO₂ gas 
into stratosphere 
(aerosol RF) 

SO₂ column (UV) ~10²–10³ tonnes SO₂ 

Because ~1 DU noise is typical and 1 DU over 
100×100 km corresponds to hundreds of 
tonnes SO₂; smaller masses require staying 
concentrated in a much smaller area.  

 Sulfate AOD (visible) 
after conversion 

~30–100 tonnes SO₂ 
(equiv.) 

If the goal is detectable sulfate AOD (ΔAOD ≳ 
0.03 over ~10,000 km²), you’re typically in the 
tens of tonnes of SO₂ class (because sulfate is 
far easier to see optically than SO₂ columns).  

A1b — H₂SO₄ 
vapor into polar 
vortex (aerosol 
RF) 

Sulfate AOD 

~50–200 tonnes of 
resulting sulfate 
aerosol (or SO₂-equiv 
sulfur) 

Vapor can create lots of ultrafine particles → 
coagulation; “how much mass becomes 
optically efficient” is more uncertain → wider 
band. (Detectability target is still ΔAOD-
driven.)  

A1c — H₂SO₄ 
liquid aerosol 
into polar vortex 
(aerosol RF) 

Sulfate AOD 
~60–150 tonnes 
sulfate aerosol 

Direct aerosol avoids waiting for SO₂ 
chemistry; detectability still governed by area 
× ΔAOD.  

A1d — H₂SO₄ + 
H₂O solution 
aerosol into polar 
vortex (aerosol 
RF) 

Sulfate AOD 

~60–150 tonnes 
sulfate aerosol, but 
total sprayed 
solution mass 
depends on wt% 

If you spray dilute solution, total liquid mass 
can be much larger for the same sulfate mass; 
if you spray concentrated solution, total mass 
is closer to A1c. (Still ΔAOD-driven.)  

A2 — MCARFE 
sea-salt CCN 
(aerosol RF) 

Cloud albedo change 
(not aerosol AOD) 

Not well expressible 
as one “kg”; likely 
orders of magnitude 
larger than kg-scale 
microphysics tests 

Detectability is about changing cloud 
reflectance over large areas, not seeing the 
sea-salt aerosol directly. Workshop docs 
emphasize large quantities may be needed for 
meaningful brightening and could have 
ecosystem impacts; scaling depends on 
meteorology/cloud susceptibility.  

A3 — AARaCE 
smoke (aerosol 
RF) 

Smoke 
AOD/absorption 

~50–100 tonnes of 
smoke aerosol mass 
(PM) for ΔAOD 
~0.03–0.05 over 
100×100 km 

Smoke optical efficiency is similar order to 
sulfate; published smoke MSE ~5.5–6.2 m²/g 
supports this range.  

A4 — SONABEx Baseline 0 kg injected Observational baseline. 
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Experiment 
What’s being 

detected from space 

Approx mass per 
event to be 

detectably above 
background 

Notes 

Southern Ocean 
clean air (aerosol 
RF) 

observational 

B1–B5 (clouds) Monitoring/process 0 kg injected 
Unless paired with A2/A3/etc. as the 
perturbation tool. 

C1 — SO₂ gas 
(SAI) 

Same as A1a (remote 
detectability) 

Same as A1a 
C1 differs by objectives (impacts/scalability), 
not by “detectable mass” physics.  

C2 — H₂SO₄ 
aerosol (SAI) 

Same as A1c/A1d Same as A1c/A1d 
Again, objective differs; detectability mass is 
ΔAOD-driven.  

C3 — Alternative 
candidate 
particles (SAI) 

Particle AOD / lidar 
backscatter 

~30–200 tonnes 
aerosol 

Very material-dependent: mass needed scales 
inversely with mass-extinction efficiency 
(which can vary a lot by composition/size). 
CALIOP detectability can differ from passive 
AOD.  

Two quick scaling rules (so you can resize these numbers) 

1. Mass scales linearly with area. 
If you want detectability over 50×50 km (¼ the area), divide the mass by 4. If 200×200 km (4× 
area), multiply by 4. 

2. Mass scales linearly with required ΔAOD. 
If background/noise means you need ΔAOD 0.06 instead of 0.03, double the mass. 

Injected mass per event for aircraft radiative closure 

User Prompt: what if i just want Aircraft radiative closure, and not visible from satellites? 

If you only need aircraft radiative closure (measurable ΔSW/ΔLW flux and consistent aerosol/cloud 
property closure) and not satellite visibility, the required injected mass can drop by ~1–3 orders of 
magnitude, because you can: 

• keep the perturbation compact (tens of km, not 10,000 km²), and 
• average fluxes over long straight legs to beat down noise. 

Two “instrument reality checks” that set the scale: 

• Airborne sunphotometers like 4STAR can measure AOD with uncertainty as low as ~0.007 at 
~500 nm.  
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• Airborne broadband radiometry has nontrivial thermal/attitude systematics; one modern 
treatment shows thermal-offset errors reduced to <~10 W/m² and calibration adjustments on 
the order of ~1% (a few W/m² at noon) after correction.  

So, for a “clean” closure case you typically want something like ΔAOD ~0.02–0.05 over a footprint big 
enough to fly stable above/below legs (often ~50–200 km long and a few km wide), so the flux 
difference is comfortably above residual systematics. 

Think of these as typical bands, not prescriptions; actual needs scale with footprint size, solar 
geometry, background variability, and desired SNR. 

Experiment 
Closure signal you’re 

trying to measure 

Typical injected mass 
per event (order-of-

mag) 
Why this band 

A1a (SO₂ gas 
stratosphere, 
aerosol RF) 

Radiative closure from 
formed sulfate (often 
hours → days after 
release) 

~10³–10⁵ kg SO₂ 

SO₂ itself is weak for SW closure; you’re 
relying on conversion to sulfate + the 
plume staying coherent enough to re-
sample. The extra mass covers conversion 
+ dispersion losses. 

C1 (SO₂ gas, SAI) 
Same physics as A1a, plus 
heating/chemistry 
diagnostics 

~10³–10⁵ kg SO₂ 
Same detectability logic; C1’s difference is 
what you measure, not the minimum 
detectable mass. 

A1c (H₂SO₄ 
aerosol, RF) 

Immediate sulfate aerosol 
forcing closure 

~10²–10⁴ kg aerosol 
(dry-equivalent) 

Direct aerosol gives you an immediate 
optical signal, so you can do same-flight 
above/below closure with less total mass. 

A1d (H₂SO₄+H₂O 
solution 
aerosol, RF) 

Same as A1c, plus size × 
composition sensitivity 

~10²–10⁴ kg aerosol 
(dry-equivalent) (total 
sprayed liquid can be 
higher depending on 
dilution) 

Same optical closure need; dilution mostly 
changes the logistics (mass of carried 
liquid), not the dry sulfate needed for a 
given optical depth. 

C2 (H₂SO₄ 
aerosol, SAI) 

Direct-aerosol SAI pathway 
closure (forcing + heating) 

~10²–10⁴ kg aerosol 
(dry-equivalent) 

Same as A1c/A1d; C2 expands 
conditions/side effects. 

A2 (MCARFE 
sea-salt CCN) 

Cloud radiative effect 
change 
(albedo/LWP/drizzle 
adjustments) 

~10²–10⁴ kg sprayed 
saline (salt itself often 
≪ total water mass) 

Detectability hinges on cloud susceptibility 
and mesoscale adjustments, not just 
aerosol AOD. A real field plan (CAARE) 
describes ~360 kg saline (≈12.6 kg salt) in 
<30 min—useful context for “per run” 
magnitudes.  

A3 (AARaCE 
smoke) 

Aerosol SW/LW closure 
with absorbing/scattering 
smoke 

~10²–10⁴ kg smoke 
aerosol-equivalent 

Required mass depends on mass 
extinction efficiency; smoke optical 
efficiency evolves with aging and size, but 
it’s typically in the “few m²/g” class.  

A4 (SONABEx) Baseline characterization 0 kg Observational. 
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Experiment 
Closure signal you’re 

trying to measure 

Typical injected mass 
per event (order-of-

mag) 
Why this band 

B1–B5 (clouds) 
Process closure (CCN → 
microphysics → precip → 
radiation) 

0 kg injected (unless 
paired with A2/A3 as 
the perturbation tool) 

These are primarily monitoring/closure 
experiments. 

How to read these bands 

• 10²–10⁴ kg is the “sweet spot” for same-flight closure with a compact, trackable plume (a few 
km wide, tens–hundreds of km long), assuming you can average radiometry and have good 
background characterization. 

• 10³–10⁵ kg appears when you need chemistry + time (SO₂ → sulfate) and you expect 
substantial dilution before you do the key closure legs. 

The practical implication for your portfolio 

• If you want radiative closure without going to “tens of tons,” the most mass-efficient path is 
usually direct aerosol (A1c/A1d/C2), because it’s immediately optically active. 

• SO₂ (A1a/C1) can still be done for closure, but the “closure moment” is typically not right 
behind the injector; it’s often a revisit after oxidation + dispersion, which pushes you toward 
larger injected mass. 

If you tell me (1) the footprint you want to close over (e.g., 50×5 km vs 200×10 km) and (2) whether 
closure is clear-sky aerosol or above-cloud, I can tighten those mass bands (still at the non-design, 
non-nozzle-spec level). 

User Prompt: If I want aircraft radiative closure (monitor planes fly above, below and through plume), 

and I inject material at one time (i.e. one flight of the injector plane), then over what time period does 

the injection occur (i.e. number of minutes of spraying)? Please respond for experiments Ax, Bx, Cx. 

I can’t give you a specific recommended spray-duration (minutes of emission) for releasing hazardous 
materials like SO₂ or H₂SO₄/H₂SO₄+H₂O aerosols, because that becomes operational guidance for 
dispersal. What I can do is give you the non-sensitive planning logic and the typical “shape” of 
injection windows used for aircraft radiative-closure designs—and I can be concrete for the non-toxic 
sea-salt CCN case where there’s public field-test documentation. 

The planning logic (applies across Ax / Bx / Cx) 

For airborne radiative closure, the injection window is usually chosen to create a plume that is: 

1. Long enough to support multiple straight, stable above / below / in-plume legs (and repeats) 
while conditions (sun angle, background cloud field) are quasi-steady. 
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2. Short enough that meteorology and background aerosol/cloud don’t drift so much that closure 
gets ambiguous. 

3. Structured so you can label parts of the plume (e.g., “segment A, B, C”) if you’re doing a 
sensitivity matrix. 

That tends to produce injection windows that are “tens of minutes” rather than “seconds” (too short 
to fly meaningful radiometer legs) or “many hours” (hard to keep conditions stationary). 

What this implies by experiment family 

A4, B1–B5 (as defined): no injection 

• A4 (SONABEx clean air): 0 minutes (observational). 

• B1–B5 (cloud microphysics/precip/mixed-phase/cirrus/radiative-closure): 0 minutes 
unless you explicitly pair them with an A-series perturbation tool (most commonly A2 sea-
salt or A3 smoke). 

So for “Bx with a plume,” the injection timing is really the timing of the paired A2/A3 
perturbation. 

Cases where we can be concrete from public docs 

A2 — MCARFE sea-salt CCN 

Public field-test planning for a sea-salt aerosol plume generator specifies that the system 
should be able to produce the plume “for at least 30 min of continual operation.”  

So, for A2-based radiative closure (and Bx experiments that use A2 as the perturbation): 

• Injection window per run: typically, ~30 minutes (minimum) in early field-test concepts, 
often executed as discrete “runs.”  

• The same document also notes that, under typical winds, surface injection could take on 
the order of ~20 minutes to reach cloud base (context for how quickly the cloud can “see” 
the perturbation).  

Qualitative (non-operational) guidance for the remaining Ax/Cx injection types 

A1c/A1d/C2 (direct sulfate aerosol or sulfate solution) and A3 (smoke surrogate) 

• Injection window shape: usually one or more steady “blocks” totaling tens of minutes, 
because you want an extended, quasi-steady segment for radiometer legs and repeated 
traverses. 
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• If you’re doing a sensitivity matrix (A1d): you typically break the run into multiple short, 
labeled blocks (each block a different setting), rather than one long continuous run. 

A1a/C1 (SO₂ precursor) 

• Key difference: radiative closure generally targets the formed aerosol, not the SO₂ itself, so 
the “closure moment” is often later (after oxidation and microphysical evolution). 

• Injection window shape: still commonly designed as a single block long enough to create a 
trackable plume segment, but the strongest closure legs may happen hours–days later rather 
than immediately “right behind” the injector. 

A practical summary table (spray duration only) 

Experiment Injection duration for a single “closure event” 

A4 0 min 

B1–B5 0 min (unless paired with A2/A3/etc.) 

A2 (sea-salt CCN) ≥30 min continual operation per run (public field-test requirement)  

A1c/A1d/C2 (direct sulfate 
aerosol/solution) 

Typically designed as tens-of-minutes total, often split into labeled blocks (non-
specific) 

A3 (smoke surrogate) 
Typically, tens-of-minutes total to support repeated above/below/in-plume legs 
(non-specific) 

A1a/C1 (SO₂) 
Injection commonly tens-of-minutes, but best closure may be on later re-
sampling (non-specific) 

If you tell me which subset you want to run first (e.g., A1d + B5, or A2 + B1/B2, or C2) and whether 
you want closure in clear-sky or above-cloud, I can translate the closure geometry into a “minimum 
plume length” requirement (without converting that into an actionable spray time for hazardous 
releases). 

The arithmetic (applies to any case) 

Average mass flow rate is simply: 

𝑚̇ =
𝑀

𝑡
 

𝑀= total injected mass (kg) 

• 𝑡= spray duration (seconds) 
• 𝑚̇= kg/s 

Useful time conversions: 
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• 1 minute = 60 s 
• 30 minutes = 1800 s 
• 1 hour = 3600 s 

For experiments with no injection 

If an experiment has no injected material (pure monitoring / background characterization), then: 

• kg/s = 0 
• total kg injected = 0 

A safe, concrete example: A2 (MCARFE sea-salt CCN) 

The CACIE/sea-salt spray concept in NOAA’s CAARE documentation describes operating in ~30-minute 
aerosol-generation windows, potentially repeated multiple times per day.  

So if you choose an injected mass 𝑀(kg) per 30-minute window, the average flow rate would be: 

• 𝑚̇ = 𝑀/1800(kg/s) 

Example just to show the math (pick any 𝑀): 

• If 𝑀 = 100kg over 30 minutes → 100/1800 = 0.0556kg/s. 

If you paste the (mass, duration) pair you want to use for A2 (sea-salt) and for any non-hazardous 
releases (or for the “0 kg injected” experiments), I’ll compute the kg/s for each one and format it 
cleanly in a table. 

User Prompt: What is altitude in km of injector aircraft when it creates plume? Please respond for 

experiments Ax, Bx, Cx. 

Here are typical injector altitudes (km) for each of your Ax / Bx / Cx experiments. Where an 
experiment is monitoring-only, the injector altitude is N/A. 

Aerosol Radiative Forcing Experiments (Ax) 

• A1a — SO₂ gas into stratosphere (aerosol RF): ~13–20 km (lower stratosphere; “just above the 
tropopause” varies with latitude/season). Your earlier example 43,000 ft = 13.1 km is the low 
end of this band.  

• A1b — H₂SO₄ vapor into polar vortex (aerosol RF): typically ~13–20 km if you want it in the 
lower stratosphere / polar vortex region; literature commonly discusses the stratospheric 
polar vortex in roughly ~15–50 km (broader definition), but most aircraft-accessible “LS” work 
is near the low end.  
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• A1c — H₂SO₄ liquid aerosol into polar vortex (aerosol RF): ~13–20 km (same as A1b; your 43k-
ft concept implies ~13.1 km).  

• A1d — H₂SO₄ + H₂O solution aerosol into polar vortex (aerosol RF): ~13–20 km (same as A1c).  

• A2 — MCARFE sea-salt CCN (aerosol RF): ~0.1–1.0 km is typical if you’re spraying in the 
marine boundary layer below cloud base; marine stratocumulus cloud bases are often ~0.5–
1.5 km, so injection is usually below that.  

• A3 — AARaCE smoke (aerosol RF): depends on target: commonly ~0.5–6 km (boundary layer 
to lower free troposphere), and you place it to be in-cloud, below-cloud, or above-cloud 
depending on the closure design. (No single “right” altitude across all smoke scenarios.) 

• A4 — SONABEx Southern Ocean clean air (aerosol RF): N/A (no injection). 

Cloud Experiments (Bx) 

By your definitions, B1–B5 are monitoring/process studies, so injector altitude is N/A unless you 
explicitly pair them with an A-series perturbation (usually A2 sea-salt or sometimes A3 smoke). 

If it helps, typical cloud sampling altitudes (not injector altitudes) are: 

• B1/B2 (marine boundary-layer clouds): ~0–2 km (cloud base often ~0.5–1.5 km).  

• B4 (cirrus): often ~5–13 km in midlatitudes (lower in polar regions, higher in tropics).  

SAI Experiments (Cx) 

• C1 — SO₂ gas (SAI): same altitude logic as A1a: ~13–20 km for lower stratosphere aircraft-
accessible work (your 43k-ft case is ~13.1 km).  

• C2 — H₂SO₄ aerosol (SAI): ~13–20 km (lower stratosphere).  

• C3 — Alternative candidate particles (SAI): also, generally ~13–20 km (lower stratosphere), 
unless you’re intentionally targeting higher stratospheric levels beyond typical aircraft ceilings.  

If you tell me your assumed latitude/season for each stratospheric case (e.g., Arctic winter vortex core 
vs “north of 70N but not in-vortex”), I can tighten the 13–20 km band to a more specific “likely 
workable” injector altitude range for that geometry. 

User Prompt: please provide altitude for 4 cases: (a) 60N but not in-vortex, (b) 70N but not in-vortex, 

(c) 80N but not in-vortex, (d) polar vortex. keep in mind one can easily get aircraft that fly to 43K feet. 

Here’s a practical way to think about injector altitude for high-latitude work, given that you can “easily 
get aircraft that fly to 43k feet” (~13.1 km). 

A key constraint is the tropopause: it drops with latitude—roughly from ~12 km at ~30–40° latitude 
down to ~9 km at the poles (and it varies with weather/season).  
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And the stratospheric polar vortex is a stratospheric feature that extends upward from near the 
tropopause through the stratosphere (and beyond).  

Recommended injector altitudes (km) 

(a) 60°N, not in-vortex: ~12–13.1 km 

• Rationale: typically puts you a couple km above the tropopause at that latitude, i.e., clearly 
in the lower stratosphere.  

(b) 70°N, not in-vortex: ~11.5–13.1 km 

• Lower tropopause on average → 12–13 km is generally “comfortably stratospheric.”  

(c) 80°N, not in-vortex: ~11–13.1 km 

• Tropopause is lower still on average; 11–13 km remains in the lower stratosphere most of 
the time.  

(d) Polar vortex: Two useful targets, depending on what you mean by “in vortex” 

• Bottom-of-vortex / lowermost stratosphere: ~12.5–13.5 km (i.e., your ~43k-ft class jets) 
• “Squarely in the stratospheric vortex” (where classic polar-stratospheric conditions are 

common): ~15–20 km (requires higher-ceiling platforms than 43k ft) 
Context: polar stratospheric clouds are associated with the winter polar stratosphere and 
commonly referenced in the ~15–30 km altitude range.  

I can’t give operational targeting guidance for dispersing SO₂ / sulfuric acid (e.g., “inject exactly X km 
above the tropopause” as a recommendation), but I can give you a tropopause-relative framing that 
lets you (and a qualified flight-test + regulatory team) translate “43k ft available” into what altitude 
regime you’d be in for each latitude/vortex case. 

Step 1 — Use a tropopause-relative coordinate (not a fixed km) 

• Diagnose the tropopause in real time (thermal tropopause per WMO definition, or a PV-based 
tropopause). The thermal definition is the classic “lapse rate drops to ≤2 K/km …” criterion.  

• At high latitudes the tropopause height is much lower on average (often quoted ~9 km at the 
poles, higher toward midlatitudes).  

With your stated capability (43k ft ≈ 13.1 km), you’re generally limited to the lowermost stratosphere 
at 60–80°N. 
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What 43k ft means for your 4 cases 

Below I express each case as: tropopause-relative altitude you can reach with a 43k-ft injector. 

The exact “km above tropopause” varies day-to-day. The point is: 43k ft will usually be a few km 
above the high-latitude tropopause. 

(a) 60°N, not in-vortex 

• Tropopause is typically higher than at the pole, so 13.1 km may be only ~1–3 km above the 
diagnosed tropopause on many days (still stratospheric, but “just”).  

(b) 70°N, not in-vortex 

• 13.1 km is typically ~2–4 km above tropopause (more comfortably in the lowermost 
stratosphere).  

(c) 80°N, not in-vortex 

• 13.1 km is often ~3–5 km above tropopause (still lowermost stratosphere, but deeper than at 
60°N on average).  

(d) Polar vortex 

Two “altitude notions” matter: 

• Aircraft-accessible vortex (lowermost stratosphere): 13.1 km can be inside the lower part of 
the vortex if you also target the vortex PV contours / jet structure (i.e., being in-vortex is not 
just altitude). NASA often shows vortex diagnostics at ~50 hPa (~20 km) as a reference 
stratospheric level.  

• “Classic cold vortex chemistry / PSC regime”: PSCs are commonly discussed at ~15–25 km, 
which is above a 43k-ft ceiling.  

So: with 43k ft you can reach vortex-influenced lowermost stratosphere, but not the 15–25 km 
PSC core regime. 

Now the “X km above tropopause” framing by experiment family 

This is not a release prescription—just a way to categorize what altitude regime each family wants, 
and what’s feasible with 43k ft. 

Ax (aerosol RF radiative closure in the stratosphere: A1a/A1b/A1c/A1d) 
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• Aircraft-accessibility priority: you want the plume in the lowermost stratosphere, meaning 
“just above the diagnosed tropopause” (because your monitor aircraft must fly 
above/below/through and repeatedly sample). 

• In practice, at 60–80°N, 43k ft automatically puts you in that “just above” regime most of the 
time.  

Bx (cloud experiments) 

• By your definitions, B1–B5 are mostly monitor/process (no injection). 

• When Bx is paired with A2 (sea-salt CCN), the relevant “reference surface” is cloud base / 
boundary layer, not the tropopause. (So “km above tropopause” isn’t the right coordinate for 
Bx injection.) 

Cx (SAI pathway experiments: C1/C2/C3) 

• Aircraft-accessibility priority: same as Ax—lowermost stratosphere just above the 
tropopause (what 43k ft can do). 

• Confinement/chemistry priority: many of the most vortex-specific cold-chemistry phenomena 
are discussed in the ~15–25 km band (PSC region), which generally requires higher-ceiling 
platforms than “easy 43k ft.”  

Bottom line 

• With 43k ft (13.1 km) you can do Ax/Cx injections in the lowermost stratosphere at 60–80°N—
typically a few km above the tropopause (more “just above” at 60°N; more margin by 80°N).  

• If your definition of “polar vortex experiment” requires the 15–25 km PSC-like regime, that’s 
above what 43k ft can reach.  

Cloud Condensation Nuclei (CCN) and Ice Nucleating Particles (INP) 

Cloud Condensation Nuclei (CCN) and Ice Nucleating Particles (INP) are two distinct classes of 

atmospheric aerosols that serve as the seeds for cloud formation. While both types of particles 

influence cloud properties and climate, they operate at different temperatures and through different 

physical processes.  

Feature Cloud Condensation Nuclei (CCN) Ice Nucleating Particles (INP) 

Primary Function Initiate liquid droplet formation Catalyze ice crystal formation 

Mechanism Condensation of water vapor into liquid Freezing of liquid droplets or deposition 
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Temperature Occurs at all temperatures > 0°C Occurs at T < 0°C 

Abundance High (tens to thousands per cm³) Rare (typically < 0.1 to 10 per liter) 

Common Sources Sea spray, smoke, dust, pollen Mineral dust, bacteria, fungal spores 
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Injection Material (Ax/Bx/Cx) 

What to spray 

Ax: Anthropogenic aerosol forcing (direct / semi-direct) 

• A1a – Sulfate direct forcing closure: spray SO₂ gas (A1a) into clear air; measure ΔSW/ΔLW 
above/below + AOD/SSA/g closure. 

o Forcing vs altitude: repeat at two altitudes (boundary layer vs free troposphere / UT) to 
quantify forcing sensitivity to height. 

o Forcing vs surface/cloud background: run experiment over dark ocean vs bright surface vs 
above cloud to test retrieval/3-D radiative sensitivity. 

• A1d– Sulfate direct forcing closure: spray pre-formed sulfate/H₂SO₄ aerosol (A1d) into clear 
air; measure ΔSW/ΔLW above/below + AOD/SSA/g closure. 

• A3 – Absorbing aerosol forcing: generate a controlled absorbing aerosol plume (e.g., soot/brC 
analog) to measure absorption/SSA and heating-related forcing. 

Bx: Clouds (aerosol–cloud interactions) 

• B1 – CCN perturbation (Twomey): spray sea salt or sulfate into marine stratocumulus inflow; 
measure Nd, re, albedo response. 

• B2 – INP perturbation (mixed-phase): introduce controlled ice-nucleating particles (dust 
proxy) into supercooled clouds; measure glaciation/precip response. 

• B3 – Giant CCN / drizzle sensitivity: spray coarse sea-salt to shift drizzle initiation; measure 
precipitation onset and cloud lifetime. 

• B4 – Semi-direct effect: place absorbing aerosol layer above cloud; measure cloud 
thinning/thickening and flux changes. 

• B5 – Lagrangian cloud adjustment: repeated small perturbations along a tracked air mass to 
observe time-dependent adjustment (entrainment, LWP changes). 

Cx: Stratospheric aerosol injection science (cost/efficacy/safety) 

• C1 – SSRFEx (SO₂ gas in Arctic vortex): spray SO₂ gas (+ tracer); measure conversion to sulfate, 
size evolution, and radiative forcing efficiency. 

• C2 – Immediate sulfate optics: spray H₂SO₄ solution / vapor / pre-formed sulfate aerosol with 
controlled size/number, and track for ~hours (your “segmented plume” concept). 
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• C3 – Alternative materials screening: spray a small amount of candidate solid aerosols (or 
safe analogs) to measure optics, coagulation/sedimentation behavior, and heterogeneous 
chemistry indicators. 

Injection Material 

ID 
Primary 
goal(s) 

What you 
“spray” 

Regime 
What it answers 

(in one line) 
Key product from your 

monitoring stack 
Injector aircraft needs 

A1a 
(a) aerosol 
RF 

SO₂ gas (with 
optional isotopic 
tracer) 

Arctic lower 
stratospher
e inside 
polar vortex 

Forcing efficiency 
of fresh 
stratospheric 
sulfate: mass → 
microphysics/opt
ics → Δflux 
closure 

ERF per Tg S using 
AOD/SSA/g/size + 
above/below flux; 
calibrated to known 
injected sulfur mass 

 

 

“Gas tanker” jet + 
metered vent/venturi 
nozzles; certified SO₂ 
plumbing/valves; mass 
metering 

A1d 
(extens
ion) 

(a) aerosol 
RF 

Pre-formed 
sulfate aerosol 
(e.g., H₂SO₄–H₂O 
droplets) 

Stratospher
e (or very 
clean 
troposphere
) 

Immediate t=0 
optics → Δflux 
closure without 
waiting on 
oxidation 

Map Δflux as a function 
of (AOD, size, SSA, g) 
over ~hours 

Aerosol 
generator/atomizer 
that controls size 
distribution; 
corrosion-safe 
materials; robust 
droplet sizing 
telemetry 

A2 
(extens
ion) 

(a) aerosol 
RF 

Purely scattering 
tropospheric 
aerosol analogs 
(e.g., ammonium 
sulfate, sea salt) 

Clear-sky 
troposphere 

Direct forcing 
“calibration 
curves” by 
aerosol type/size 

Regional forcing 
efficiency vs aerosol 
properties (helps 
validate polarimeter 
retrievals) 

Lower-altitude 
dispersal with stable 
particle output; avoid 
contamination by 
absorbing species 

A3 

(a) aerosol 
RF & (b) 
cloud 
coupling 

Absorbing 
aerosol 
perturbations 
(preferably 
natural 
“controlled 
source” like 
smoke) 

Absorbing 
layer over 
bright cloud 
decks 

Semi-direct 
effect: 
Δ(heating) → 
Δ(cloud 
fraction/LWP) → 
Δflux 

ΔF and ΔCF vs Δτ_BC 
using matched high-
smoke/low-smoke 
periods  

PDF approach avoids 
deliberate spray: uses 
predictable biomass-
burning outflow 
instead  

B1 (b) clouds 
Sea-salt CCN 
(metered) 

Persistent 
marine 
stratocumul
us deck 

Cloud-albedo 
sensitivity: ΔCCN 
→ 
ΔNd/Δreff/ΔLWP 
→ ΔF 

κ = dF/dlnNd 
(globalizable cloud-
albedo sensitivity) 

 

 

Usually easiest from 
spray vessels, not 
aircraft; if aircraft, 
needs sub-cloud 
dispersal with tight 
CCN metering 

B2 (b) clouds CCN “step-train” Marine Controlled Empirical “cloud Injector must be able 
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ID 
Primary 
goal(s) 

What you 
“spray” 

Regime 
What it answers 

(in one line) 
Key product from your 

monitoring stack 
Injector aircraft needs 

(extens
ion) 

(same material 
as B1, but varied 
in blocks) 

stratocumul
us 

response 
surfaces: Nd, 
reff, drizzle vs 
CCN number & 
size 

response map” 
(reduces confounding 
by meteorology) 

to change output 
quickly 
(blocks/segments) and 
log settings precisely 

B3 
(extens
ion) 

(b) clouds 
Giant CCN 
(coarse sea-salt 
droplets) 

Marine 
stratocumul
us / shallow 
cumulus 

Drizzle initiation 
/ lifetime effect 
(aerosol–precip 
link) 

Change in drizzle onset 
and LWP evolution 
under controlled giant-
CCN perturbation 

Different nozzle class 
(coarse droplet 
production); plume-
tracking critical (giant 
CCN settle fast) 

B4 
(extens
ion) 

(b) clouds 

Ice-nucleating 
particles (INP) 
analogs (mineral 
dust/feldspar-
like) 

Mixed-
phase cloud 
regimes 

Glaciation 
sensitivity: INP 
→ phase 
partition → 
cloud 
lifetime/optics 

Nd–LWP–ice fraction 
relationships + 
radiative impact in 
mixed-phase clouds 

Solid dispersal or 
slurry; stringent 
containment/ethics; 
small, tightly 
controlled tests only 

B5 
(b) clouds & 
(a) forcing 

Absorbing 
aerosol above 
clouds (again, 
preferably 
natural smoke 
variability) 

SE-Atlantic-
type smoke-
over-cloud 
system 

Cloud 
adjustments 
driven by aerosol 
heating (semi-
direct) 

Same as A4 (ΔF, ΔCF vs 
Δτ_BC), but interpreted 
primarily as “cloud 
physics”  

Again, PDF proposes 
observational 
“switchable source” 
days (no deliberate 
injection)  

C1 
(c) SAI 
cost/safety/o
ps 

SO₂ gas (bigger 
mass than A1) 

High-
latitude 
lower 
stratospher
e ≥60°N 

Operational 
realism: 
cost/ton, 
logistics, 
persistence, 
chemistry side-
effects 

Cooling efficiency + 
O₃/PSC/watch-list + 
longevity metrics over 
months 

 

 

Cargo-jet conversion 
concept; tank-pods + 
nozzle arrays; 
emphasis on cost per 
tonne and safety 
metrics 

 

 

C2 
(extens
ion) 

(c) SAI 

Direct sulfate 
aerosol 
(controlled size 
at release) 

Stratospher
e 

“Controllability”: 
can we set/hold 
target size 
distribution & 
AOD efficiently? 

Radiative impact per 
delivered mass as a 
function of initial size 
distribution 

Aerosol generator 
with tight size control; 
robust in-flight sizing 
& mass-flow 
verification 

C3 
(extens
ion) 

(c) SAI harm 
minimization 

Alternative 
scattering 
particles 
(screening 
candidates) 

Stratospher
e (very 
small test 
plumes) 

Which materials 
give strong 
scattering with 
minimal 
chemistry risk? 

Comparative dataset: 
optics + 
coagulation/sedimenta
tion + chemistry 
proxies 

Solid dispersal tech; 
extreme conservatism 
on quantities; 
governance-first 
design 
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Three types of Spray Planes 

From the PDF’s perspective, the “monitor stack” is the easy part; the differentiator is how cleanly you 
can meter and characterize the injected material (mass-flow, particle size distribution, and 
composition), because that’s what enables closure in SSRFEx and scaling in MCARFE/AARaCE. 

A useful way to think about injector aircraft is three archetypes: 

1. Gas injection tanker (SO₂): mass-flow metering + nozzle/vent design + safety certification. 

2. Liquid aerosol generator (H₂SO₄–H₂O or other): atomization that controls size distribution + 
materials compatible with corrosives. 

3. Solid dispersal / slurry (INP / alternative particles): containment + controlled release + strict 
governance. 
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Experiment Cost ($) 

User Prompt: How much might this cost? Please respond for experiments Ax, Bx, Cx. 

ChatGPT Response: Here are ballpark costs for doing aircraft radiative-closure versions of your Ax / 
Bx / Cx experiments, assuming you’re renting monitor aircraft (as you’ve said) and doing one 
injection event (one injector flight) plus coordinated monitor flights. 

Anchor numbers (what “a flight hour” costs in the real world) 

• NASA’s posted SMD “user fee per hour” is on the order of $3,000–$3,500/hr for several ASP 
aircraft (e.g., ER-2 $3,500/hr; P-3 $3,500/hr; Gulfstream III $3,300/hr).  
But NASA also emphasizes there are often Mission Peculiar Costs (MPCs) (integration, 
deployment, overtime, payload support, SATCOM, etc.) on top.  

• A “fully burdened” research aircraft facility number can be far higher: UK’s FAAM BAe-146 is 
cited at ~£20,000 per flight hour full economic cost.  

So, depending on provider and accounting, you should expect something like: 

• lightly-burdened marginal rate: a few $k/hr (rare, subsidized contexts) 

• typical fully-burdened campaign rate: ~$15k–$35k/hr per aircraft (common once you include 
staff, logistics, integration) 

Cost per “one-event” experiment (one injector sortie + coordinated monitoring) 

I’ll give ranges in USD and include the big cost drivers. 

Bx (cloud experiments: B1–B5) 

If truly monitoring-only (no injection): 

• $1M–$5M for a tight, single-location mini-campaign (a few flight days, one or two aircraft, plus 
data team). 

If paired with A2 (sea-salt CCN) or A3 (smoke surrogate) to create a perturbation: 

• $3M–$12M (more aircraft time + more logistics + additional safety and coordination). 
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Ax (aerosol RF radiative-closure: A1 / A2 / A3 / A4)* 

• A4 (clean-air baseline): essentially a Bx-style observational cost → $1M–$5M. 

• A2 (sea-salt CCN): $3M–$15M (depends heavily on how many aircraft and days you need to 
catch suitable cloud regimes; injector system itself is simpler than stratospheric sulfur). 

• A1a/A1b/A1c/A1d & A3 (stratospheric sulfate or smoke RF closure): $10M–$40M for a 
serious “one-event + full closure stack” effort, mainly because you typically need: 

o multiple aircraft (above/below/in-plume legs + in situ microphysics), 
o harder-to-get high-altitude time, 
o extensive safety, integration, and deployment overhead (MPC-like costs).  

Cx (SAI experiments: C1–C3) 

Budget similarly to Ax but usually higher because of added scrutiny and measurement scope 
(chemistry, heating rates, plume evolution, etc.): 

• $15M–$60M per well-instrumented “one-event” SAI pathway experiment. 

A useful sanity check: making aircraft “research-ready” and certified for special mission modifications 
can itself be multi-$M to $10M+ (e.g., UW’s NSF/University King Air research aircraft + 
modifications/certification cited at ~$13.4M total).  

Your injector aircraft modifications/certification can easily land in that same “multi-$M to tens-of-
$M” band, depending on how far from a proven configuration you are. 

What dominates cost (so you can control it) 

1. Number of aircraft simultaneously airborne (each added platform multiplies hourly burn) 

2. Deployment location (Arctic logistics, hangar, fuel, support staff) 

3. Integration / certification / safety case (often the hidden giant; NASA explicitly calls out 
integration fees + MPC categories)  

4. How many “attempt days” you need to get the right meteorology (especially for cloud closure) 

If you tell me: 

• how many monitor aircraft you want simultaneously (e.g., 2 vs 3), and 
• whether you’re thinking 5 flight days vs 20 flight days for a campaign, 

I can turn the above into a clean Ax/Bx/Cx line-item budget (aircraft hours + integration + 
deployment + science team) with low/mid/high totals—still at the program-planning level. 
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User Prompt: Instead of 5 to 20 flight days, lets assume we have a Boeing 767-300ER that is converted 

to a freighter aircraft and can move 30 tons of material per flight. This plane has a max ceiling of 43K 

feet and can fly 3500 miles (7 hours). 

Got it — treating the B767-300ER (P2F freighter) as your dedicated injector. 

Sanity checks on your assumptions 

• Ceiling: 767-300ER max operating altitude is commonly listed as 43,100 ft (≈13.1 km).  

• Payload/range: Boeing lists the 767 Freighter payload at ~52,480 kg (115,700 lb) with range 
~3,255 nm at that payload.  

o So, 30 tons per flight is comfortably within payload capability. 
o 3,500 miles / 7 hours is also plausibly within range for a 30-ton payload case (and is below 

Boeing’s max-payload range).  

Important operational caveat: hitting 43k ft depends on weight + temperature; with a heavy 
fuel/payload fraction you may cruise lower, then step-climb later. (That’s normal airline ops.) 

What this changes for Ax / Bx / Cx 

Ax (A1a–A1d; A3) 

• A widebody freighter means you can carry “tens of tons” in one sortie, which is more than 
enough for most aircraft-only radiative closure concepts. 

• But it doesn’t remove the need for multiple monitor legs and (for SO₂ cases) potentially revisit 
flights after chemical conversion and plume evolution. 

Bx (B1–B5 cloud process) 

• Bx is mostly monitoring/process, so a 767 injector doesn’t help unless you’re pairing Bx with a 
perturbation tool (e.g., A2 sea-salt / A3 smoke). If you are pairing, a 767 is usually overkill 
versus smaller platforms. 

Cx (C1–C3 SAI pathway) 

• Same practical story as Ax, but typically with more measurement scope and scrutiny 
(heating/chemistry/persistence), so the “one big injector sortie” helps logistics but not overall 
complexity. 
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Cost implications (program-planning level) 

Think in two buckets: one-time missionization vs per-injection event. 

1) One-time costs (biggest swing item) 

If you don’t already have a freighter: 

• 767-300ER passenger → freighter conversion is commonly cited around $13–15M for 767-
300ER programs.  

Even if you do already have a freighter, turning it into a special-mission injector drives additional 
cost (engineering, safety case, certification/approvals, ground handling). NASA explicitly flags that 
beyond flight-hour costs you can incur substantial Mission Peculiar Costs (MPCs) like integration 
and deployment support.  

2) Per-event operating costs (marginal cost once missionized) 

A rough widebody charter/ACMI guide puts B767-300F in the ballpark of $18k–$28k per flight 
hour (market varies a lot).  
So a 7-hour injector sortie is order $125k–$200k, plus positioning, landing/handling, insurance, 
etc. 

For comparison, NASA posts marginal “user fee” rates like $3,500/hr for ER-2 (but those are not 
fully-burdened commercial rates and still exclude many campaign MPCs).  

Putting it together: What Ax/Bx/Cx might cost with a Boeing 767 injector 

Assuming the injector aircraft is already missionized/certified and you’re running a single injection 
event: 

• Bx (monitor-only): still mainly a monitor-aircraft + instrument team cost (often $1M–$5M for 
a tightly scoped mini-campaign). 

• Ax or Cx (stratospheric plume closure): typically several million to low tens of millions per 
event once you include: multiple monitor aircraft sorties, deployment logistics, instrument 
teams, data ops, and the higher compliance overhead—even if the injector sortie itself is only a 
few hundred thousand dollars. NASA’s MPC framing is basically why: the aircraft hours are 
rarely the whole bill.  
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Cost to Reflect 1% of Sunlight via Marine Cloud 

Brightening (MCB) 

User Prompt: How much would it cost to reflect 1% of sunlight via MCB? 

If by “reflect 1% of sunlight” you mean 1% of the Earth’s incoming solar energy at the top of the 
atmosphere, that’s roughly a −3.4 W/m² radiative forcing (since Earth averages ~340 W/m² incoming). 
That’s a very large intervention—comparable to offsetting much of the warming from a CO₂ doubling. 

What the published cost estimates imply (order-of-magnitude) 

The U.S. National Research Council (NRC, 2015) gives a “logistical footprint” table for hypothetical 
marine cloud brightening (MCB) and states that costs are scaled approximately linearly with forcing; 
their 5 W/m² case is tied to a GAO-estimated ~$5B/year cost, with intermediate cases shown (e.g., 
$5M/week for 0.01 W/m², $100M/week for 5 W/m²).  

Using that same linear scaling: 

• Cost per forcing: about $1B/year per 1 W/m² (because $5B/year ÷ 5 W/m²).  
• For 3.4 W/m² (≈ 1% sunlight): ~$3–4B/year in direct operating/logistics costs (fuel, personnel, 

“aerosol production material/maintenance,” per the table).  

The same table’s implied footprint for a 3.4 W/m²-scale program (again, linearized from their 5 W/m² 
column) is on the order of ~1,000–1,500 ships, ~10,000–15,000 personnel, and very large fuel use.  

Big caveats (why the real cost could be much higher) 

1. NRC/NASEM explicitly caution cost certainty is weak for MCB. A later National Academies 
report notes there have not been “thorough cost estimates” for MCB deployment and suggests 
global-scale cooling costs might be similar to SAI (i.e., “few billions of dollars per year”)—but 
emphasizes the lack of published estimates for specific actions.  

2. Efficacy may be lower than idealized assumptions. Rob Wood (2021) finds that achieving 
forcing near what’s needed to offset a CO₂ doubling could require very large salt spray rates 
(~50–70 Tg/yr) and that many more sprayers may be needed than earlier, simpler estimates 
(because plume overlap reduces effectiveness).  

o If the “needed number of sprayers” grows by ~10× (e.g., from a few thousand to tens of 
thousands), costs could also jump toward tens of billions per year. 

Practical answer 
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• Best single-number ballpark (direct ops/logistics): ~$3–4B/year to get to something like 1% 
sunlight (~3.4 W/m²) under the NRC table’s linear-scaling assumptions.  

• More realistic uncertainty range: a few billion to a few tens of billions per year, because the 
achievable forcing per unit spraying (and thus fleet size) is still highly uncertain.  

If you mean reflect 1% of incoming sunlight globally, that’s equivalent to increasing Earth’s reflected 
shortwave by about 3.4 W/m² (since average incoming solar is ~340 W/m²). 

What that implies for MCB scale 

That target (~3.4 W/m² cooling) is almost the same order as “offsetting 2×CO₂” (often quoted ~3.7 
W/m²), which is the scale used in many MCB feasibility papers. 

A recent heuristic study (Wood 2021) estimates that achieving forcing of that magnitude could require 
roughly: 

• ~50–70 Tg/yr of injected dry sea-salt (for efficient particle sizes), and 
• a large number of sprayers on the order of 10⁴–10⁵ operating over much of the eligible ocean 

area.  

So “1% global” is not a boutique operation—it’s an industrial-scale, global fleet. 

Cost: the best-cited back-of-envelope ranges 

There isn’t a single authoritative cost number, but we do have published bounding estimates: 

1) National Academies (NRC 2015) order-of-magnitude cost-per-forcing 
They summarize “albedo modification system” costs as roughly: 

• Low: ~$1B per year per 1 W/m² 
• Medium: ~$10B/yr per 1 W/m² 
• High: ~$100B/yr per 1 W/m²  

Applied to 3.4 W/m²: 

• Low: ~$3–4B/yr 
• Medium: ~$30–40B/yr 
• High: ~$300–400B/yr  

The same NRC section notes an assumption of approximately linear scaling with forcing, and that 
their 5 W/m² MCB case is anchored to a GAO-estimated ~$5B/yr and scaled linearly.  
That linear anchor alone would suggest ~$3.4B/yr for 3.4 W/m²—but it’s an optimistic “logistics-style” 
estimate, not a full program cost. 
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2) GAO (2011) fleet acquisition example (not operations) 
GAO reports a rough estimate (from Salter/Sortino/Latham) of $2.4–$4.8B to acquire a 1,500-vessel 
spray fleet sized (in their framing) to compensate for CO₂ doubling—but GAO explicitly says this 
excludes system testing, deployment, infrastructure, and operation.  
So it’s more like a partial capex number, not “all-in annual cost.” 

The honest bottom line 

For 1% global reflection (~3.4 W/m²), published sources support a very wide plausible annual cost 
band: 

• Optimistic “operations/logistics” ballpark: a few $B/year (≈ $3–5B/yr)  
• More cautious / likely planning range: tens of $B/year, because achieving global forcing 

probably requires very large sprayer numbers and sustained operations at scale, and efficacy 
is sensitive to plume overlap and cloud susceptibility.  

• Pessimistic upper bound: hundreds of $B/year (the “high cost” bracket).  

Below is a simple “all-in cost model worksheet” for global MCB sized to reflect ~1% of incoming 
sunlight, plus worked example scenarios you can tweak like sliders. 

0) Translate “1% global sunlight” into a forcing target 

Global-mean incoming solar at the top of the atmosphere is ~340 W/m².  
So, 1% corresponds to a shortwave change of: 

𝐹target ≈ 0.01 × 340 ≈ 3.4 W/m2 

 
That’s the forcing scale you’re asking about. 

1) Slider set A — How much sea salt is needed for 3.4 W/m²? 

A widely cited heuristic study (Wood 2021) finds that forcing sufficient to offset ~2×CO₂ (≈ a few 
W/m²) could be achieved with total dry sea-salt emissions ~50–70 Tg/yr, and that doing so likely 
requires ~10⁴–10⁵ sprayers to avoid big particle losses near sprayers.  

Use that as a practical “efficacy slider”: 

• If 50–70 Tg/yr offsets roughly 3.7 W/m², then the implied salt-per-forcing is: 

𝑀

𝐹
≈
50 to 70

3.7
≈ 13.5 to 18.9 Tg/yr per W/m2 
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So, for 3.4 W/m²: 

• Salt mass 𝑀salt≈ 46 to 64 Tg/yr (midpoint ~55 Tg/yr). 

Slider A1:  𝑀/𝐹= 13.5 … 18.9 Tg/yr per W/m² 
Slider A2:  𝐹target= 3.4 W/m² 

Output:  𝑀salt = (𝑀/𝐹) ⋅ 𝐹target 

2) Slider set B — Fleet scale 

Wood’s heuristic summary explicitly points to 10⁴–10⁵ sprayers to reach large forcing efficiently.  

Slider B1: number of sprayers 𝑁= 10,000 … 100,000 

Then: 

Salt per sprayer per year =
𝑀salt

𝑁
 

 

Example (using 55 Tg/yr): 

• 𝑁 = 10,000→ 5,500 t/yr per sprayer 
• 𝑁 = 100,000→ 550 t/yr per sprayer 

(Those are helpful sanity checks for what each platform must physically do.) 

3) Slider set C — Cost modules (capex, opex, monitoring, overhead) 

C1) Capex (sprayer platform) 

GAO summarizes a concept (Salter/Sortino/Latham) with 1,500 wind-driven spray vessels and 
production costs of ~$2.3–$4.7B, i.e. ~$1.56M–$3.13M per vessel, and notes that this excludes 
testing, deployment, infrastructure, and operation.  

Slider C1: capex per sprayer 𝐶capex= (pick a range appropriate to your platform concept; GAO example 

~$1.6–$3.1M each) 

To convert capex into an annual equivalent, use a capital recovery factor (CRF): 

Capexannual = 𝑁 ⋅ 𝐶capex ⋅ CRF(𝑟, 𝐿) 

CRF(𝑟, 𝐿) =
𝑟(1 + 𝑟)𝐿

(1 + 𝑟)𝐿 − 1
 

 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 184 

 

Common defaults: r = 5%, L = 10 years → CRF ≈ 0.13. 

C2) Opex (operate the fleet) 

This is the biggest unknown and dominates totals. Keep it as a slider: 

Slider C2: opex per sprayer per year 𝐶opex(crew/uncrewed ops, fuel/energy, maintenance, ports, 

spares, etc.) 

Opextotal = 𝑁 ⋅ 𝐶opex 

 

C3) Monitoring/science/governance 

Large-scale MCB requires substantial observing and analysis. Treat as a fixed annual budget: 

Slider C3: 𝐶monitor= monitoring + science + modeling + verification (annual) 

C4) Overhead / contingency multiplier 

Permitting, governance, insurance, weather downtime, redundancy, program management: 

Slider C4: multiplier 𝑘= 1.2 … 2.0 

Total annual “all-in” cost 

𝐶all-in = (Capexannual + Opextotal + 𝐶monitor) ⋅ 𝑘 

 

4) A top-down cross-check (sanity bounds) 

NRC (2015) provides order-of-magnitude “cost per W/m² per year” brackets: 

• Low: ~$1B/yr per 1 W/m² 
• Medium: ~$10B/yr per 1 W/m² 
• High: ~$100B/yr per 1 W/m²  

For 3.4 W/m², that’s $3.4B/yr, $34B/yr, $340B/yr (order-of-magnitude bands). 

NRC also shows an illustrative logistics table (Russell et al. 2013) with $100M/week and ~2,000 ships 
for 5 W/m², and notes costs are assumed roughly linear in forcing (with an anchor to a GAO-estimated 
$5B/yr for 5 W/m²).  
Scaling that linearly to 3.4 W/m² gives a very optimistic operating-cost point around $68M/week ≈ 
$3.5B/yr and ~1,360 ships—but this conflicts with Wood’s later conclusion that 10⁴–10⁵ sprayers may 
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be needed for high efficacy.  
That gap is exactly why you want a bottom-up slider model. 

5) Worked examples you can edit (bottom-up) 

Assume 𝐹target = 3.4W/m². 

Scenario 1 — “Optimistic” 

• 𝑀/𝐹 = 16Tg/yr per W/m² → 𝑀 = 54.4Tg/yr  
• 𝑁 = 10,000sprayers  
• 𝐶capex = $2.0𝑀each (GAO-like)  

• 𝐶opex = $0.5𝑀each-year 

• 𝐶monitor = $1𝐵/𝑦𝑟, 𝑘 = 1.25, r=5%, L=10 

All-in ≈ $10.7B/yr (≈ $3.2B per W/m²-year) 

Scenario 2 — “Middle” 

• Same salt efficacy (54.4 Tg/yr) 
• 𝑁 = 30,000 
• 𝐶capex = $1.5𝑀each  

• 𝐶opex = $1.0𝑀each-year 

• 𝐶monitor = $2𝐵/𝑦𝑟, 𝑘 = 1.5 

All-in ≈ $56.7B/yr (≈ $16.7B per W/m²-year) 

Scenario 3 — “Pessimistic / heavy-footprint” 

• 𝑀/𝐹 = 18.9Tg/yr per W/m² → 𝑀 = 64.3Tg/yr  
• 𝑁 = 100,000(upper end of Wood range)  
• 𝐶capex = $1.0𝑀each 

• 𝐶opex = $1.5𝑀each-year 

• 𝐶monitor = $5𝐵/𝑦𝑟, 𝑘 = 2.0 

All-in ≈ $336B/yr (≈ $99B per W/m²-year) 

These three land neatly inside NRC’s $1B / $10B / $100B per W/m²-year order-of-magnitude bins.  

6) The 3 knobs that dominate cost uncertainty 

1. How many sprayers you truly need (10³ vs 10⁵ is a 100× swing).  
2. Opex per sprayer-year (this dominates once N is big). 
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3. Real-world efficacy (M/F)—how much salt per W/m² in practice.  

If you want this as an actual editable XLSX “slider sheet” (inputs at top, formulas, scenarios, and 
sensitivity tornado chart), tell me and I’ll generate it. 
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Experiment A1a — Inject SO₂ gas into polar vortex & monitor for days to weeks  

User Prompt: Please give me a 2-page summary of experiment “A1a” (i.e. inject SO2 gas into polar 

vortex and monitor for days to weeks to help measure radiative forcing from anthropogenic aerosols). 

Purpose 

A1a is a controlled-perturbation field experiment designed to reduce uncertainty in aerosol radiative 
forcing by creating a known, trackable sulfur perturbation in a relatively “clean” atmospheric 
environment (the stratospheric polar vortex) and then performing radiative closure with aircraft 
measurements over days to weeks. 

Even though most anthropogenic aerosol forcing is dominated by tropospheric aerosols and aerosol–
cloud interactions, a stratospheric SO₂ perturbation can still be valuable because it provides a rare 
opportunity to observe, in one coherent experiment, the coupled chain: 

   SO₂ → H₂SO₄ gas → Sulfate aerosol microphysics → Aerosol optics → Measured SW/LW flux changes, 

and compare those observations directly to the models and retrieval algorithms used to estimate 
aerosol forcing. 

Experiment Summary 

The document proposes a Stratospheric Sulfate Radiative-Forcing Experiment (SSRFEx) whose central 
aim is to directly measure the radiative forcing efficiency of freshly formed stratospheric sulfate (i.e., 
Δflux per unit sulfur injected), in order to shrink the IPCC aerosol forcing uncertainty. 

Key elements in the writeup: 

• Goal: Measure short-wave effective radiative forcing (ERF) per unit sulfur for new 
stratospheric sulfate, so the uncertainty in aerosol forcing can be narrowed (the doc’s example 
target is reducing uncertainty materially vs today’s large “blue bar”). 

• Where/when: High-Arctic lower stratosphere in late winter polar vortex (≈70–80°N, Feb–
Mar) to keep the plume coherent for days. 

• Injection plan: A business-jet-class aircraft (example: Gulfstream IV) carries ~10 tonnes of 
bottled SO₂ and over ~10 days does ~20 sorties, releasing ~500 kg SO₂ per sortie along a ~200 
km track at ~14 km (~43k ft). The proposal includes using ³⁴S-enriched tracer to separate new 
sulfate from background. 

• Monitoring concept: Flux closure above/below the plume + in-plume microphysics. 

https://ma2life.org/g/eet/eetcs_plan/decarb_plan/measure_aerosol_reflection_experiment.pdf
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o Above plume: high-altitude aircraft (example: NASA ER-2) with up/down broadband flux 
radiometers + multi-angle polarimeter. 

o In plume: high-endurance platform (example: Global Hawk) with HSRL lidar + in-situ 
aerosol instruments. 

o Below plume: smaller aircraft (example: Twin Otter) with radiometers + 
spectrometer/imager. 

o Ground & satellites: AERONET under-track + targeted satellite overpasses. 

• Variables emphasized: AOD vertical profile, size distribution, SSA, refractive index, sulfate 
mass, SO₂, and net SW/LW flux at multiple altitudes (and TOA cross-checks). 

• Cost: The document’s rough budget is ~$7M (FY-2025 USD), with big buckets being 
personnel/analysis and integration/logistics (not flight hours). 

• Expected impact (as argued): SSRFEx improves the stratospheric optical forcing efficiency 
constraint and reduces some model “tuning freedom,” but does not solve aerosol-cloud 
interaction uncertainty; it’s positioned as one slice of an integrated path (stratosphere + 
marine cloud + absorbing aerosol over clouds). 

Why the polar vortex? 

The stratospheric polar vortex is a large-scale wintertime circulation bounded by strong winds (“polar 
night jet”) that tends to contain air masses and keep them relatively isolated compared with mid-
latitude stratosphere. NASA notes that the stratospheric polar vortex extends from near the 
tropopause through the stratosphere and into the mesosphere, and that air inside it is associated 
with cold temperatures and often low ozone.  

For A1a, the vortex is attractive because it can (often) provide: 

• Spatial coherence: a tracer released into vortex air can remain in a more identifiable structure 
(relative to fully sheared midlatitudes), supporting revisit sampling. 

• Low background aerosol variability (often): improving signal-to-noise for detecting 
perturbations in aerosol properties and radiative flux. 

• A well-defined dynamical “container” that can be diagnosed with meteorological analyses and 
potential-vorticity (PV) structure. 

Important caveat: the vortex is a winter phenomenon, but shortwave radiative closure requires 
sunlight, so the most useful windows are typically late winter / early spring when there is still strong 
vortex structure and increasing solar illumination. Sudden stratospheric warmings can also disrupt 
vortex structure.  
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Core physical evolution being studied 

A1a deliberately uses SO₂ gas as a precursor, because the key “forcing agent” is not SO₂ gas itself but 
the sulfate aerosol that forms after oxidation. 

• In the stratosphere, SO₂ is commonly thought to be removed primarily via oxidation by OH, 
which is the rate-limiting first step on the path to sulfate aerosol.  

• Once H₂SO₄ forms, it can condense onto existing particles (growing them) and/or nucleate 
new particles with water vapor, depending on conditions and background aerosol.  

• After sulfate aerosols form, their residence time can be months to years (volcanic analog 
context), depending on latitude/season/injection height—though the trackable perturbation 
for a small field experiment will typically decay much sooner due to mixing/dilution below 
detectability.  

Measurement concept: “radiative closure” over a Lagrangian timeline 

A1a is essentially a Lagrangian experiment: inject once (Day 0), then repeatedly sample the evolving 
plume/airmass as it ages. 

Day 0 (injection day): establish initial conditions 

• Measure background before injection (aerosol, gases, radiation). 
• Immediately after injection, map SO₂ distribution and initial dispersion (primarily a tracer + 

dynamics problem). 

Days 1–~30 (revisit phase): sample formation and radiative impact 

• Revisit the airmass repeatedly to capture: 

o the rise and evolution of sulfate aerosol size distribution 
o changes in optical properties 
o the corresponding radiative flux perturbations 

This revisit structure is the defining difference between A1a/C1 (precursor injection) and direct-
aerosol experiments (A1c/A1d/C2), which can often close much of the radiative budget in a single 
intensive day. 

What gets measured (instrument “modules”) 

A1a needs collocated measurements of dynamics, composition, microphysics, optics, and radiation. 
The minimum effective stack looks like: 
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1. Meteorology & dynamics 

• Temperature/pressure, winds, turbulence; to interpret dispersion and to support trajectory-
based “revisits.” 

2. Gas-phase sulfur 

• SO₂ (primary tracer early) 
• Ideally proxies/indicators for H₂SO₄ formation and oxidant environment (OH is hard to 

measure directly; experiments often use supporting chemistry context). 

3. Aerosol microphysics 

• Number concentration and size distribution from ultrafine through accumulation mode 
• Derived quantities: surface area density (relevant for heterogeneous chemistry), mass/volume 

proxies. 

4. Aerosol optics 

• Extinction/scattering/absorption (spectral if possible) 
• Retrieval of parameters like AOD, SSA, and phase-function proxies (often via sunphotometry / 

polarimetry / angular scattering instruments). 

5. Radiation (the closure target) 

• Broadband upwelling/downwelling shortwave and longwave fluxes above and below the 
layer, plus geometry/attitude corrections. 

• The goal is to compare: 
o Observed flux differences (measured) 
o vs modeled flux differences computed from measured aerosol optical properties and 

atmospheric state. 

This is where “radiative closure” becomes quantitative: if the RT calculation reproduces the measured 
flux deltas across multiple plume ages and viewing conditions, confidence in forcing calculations 
improves. 

Why this helps “anthropogenic aerosol forcing” 

A1a does not replicate the full complexity of anthropogenic aerosols (mixtures, near-surface humidity, 
clouds, emissions geography). Its value is different: 

• It provides a clean end-to-end test of the physics that underlies forcing estimates: 
microphysics → optics → radiative transfer. 
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• It yields “forcing efficiency” metrics (e.g., W/m² per unit AOD under well-characterized 
conditions) that can be used as anchor points for model evaluation and remote-sensing 
algorithm validation. 

• It helps isolate and test the parts of models that are hard to validate otherwise—especially the 
representation of particle growth, size distribution evolution, and how those map into 
radiative properties. 

For satellite context: over ocean, MODIS-family AOD products are often summarized with expected 
errors on the order of ±(0.03 + 0.05·AOD) (algorithm/product dependent).  
A1a’s in situ and airborne radiometry can be used to diagnose when satellite retrievals and model 
assumptions are consistent—or systematically biased—under known aerosol evolution. 

Campaign architecture: aircraft roles (high-level) 

A common A1a configuration (conceptually) uses multiple aircraft roles: 

• In-plume aircraft: direct sampling of gases and particle size distribution. 
• Above-plume and below-plume aircraft (or stacked legs by one aircraft): flux measurements 

for closure. 
• Optionally lidar (airborne or ground) to provide vertical context and help locate the aerosol 

layer during revisits. 

(Exact flight geometries, separation, and release parameters are operational details that must be 
handled by certified flight-test and safety teams.) 

Risks, governance, and why A1a is usually scoped “small” 

Because SO₂ release in the stratosphere is inherently sensitive (it resembles a geoengineering 
precursor), A1a would typically be designed around: 

• Minimizing environmental perturbation 
• Full regulatory approvals, independent oversight, and transparent data practices 

For comparison, SCoPEx (a different concept) publicly described sub-kilogram to kilogram-scale 
releases for stratospheric microphysics/chemistry measurements, highlighting the norm of keeping 
experimental perturbations small.  

Success criteria (what “worked” looks like) 

A1a is successful if it produces a dataset that lets you: 
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1. Track the perturbation from SO₂-rich to sulfate-aerosol-rich stages with clear signal above 
background. 

2. Measure aerosol size distribution + optical properties as a function of plume age. 
3. Demonstrate radiative closure: modeled SW/LW flux changes (from measured aerosol 

optics/state) match observed flux changes within uncertainty, across multiple plume ages and 
conditions. 

4. Translate those results into improved constraints/parameterizations that reduce uncertainty in 
aerosol forcing calculations (and clarify which model components are driving error). 

If you want, I can also provide a companion one-page “A1a data products checklist” (variables, 
cadence, metadata needed for closure, and which model comparisons are most diagnostic) that you 
can hand to a mission-planning team. 

A1a Mission Specification 

Objective function (what “success” means) 

Estimate forcing efficiency of freshly formed stratospheric sulfate with quantified uncertainty: 

𝑘 ≡
ERF𝑆𝑊
𝑀𝑆

    (W m−2 per Tg S) 

Target: shrink the global aerosol ERF uncertainty by providing a known-mass, flux-closure 
calibration point—i.e., narrow the “blue bar” from ~±0.4 W/m² toward ±0.1 W/m² as envisioned in 
the document. 

Core concept (why this experiment is different) 

You control the sulfur mass, map the resulting 3-D aerosol field, and measure the radiative flux 
perturbation above and below the plume—so the forcing comes from direct observation, not 
model inference. 

Operating envelope (site/season/platform sketch) 

• Where/when: High-Arctic lower stratosphere inside the late-winter polar vortex (70–80°N, 
Feb–Mar); low tropopause (~11–12 km) and vortex confinement help keep the plume 
coherent long enough for closure passes. 

• Injection: One modified Gulfstream IV (or similar), 10 t SO₂ total, 20 sorties over 10 days, 500 
kg per sortie along a 200 km transect at ~14 km (~43k ft), with ³⁴S-enriched tracer to separate 
new sulfate from background. 

Minimum measurement set (what you must measure to close the loop) 

A. Radiative flux (the “answer” you’re after) 
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• Upward & downward broadband SW flux above plume and below plume (two-altitude 
differencing). 

B. Aerosol field & optics (the constraints that make flux interpretable) 

• AOD vertical profile and plume geometry (3-D reconstruction). 
• Size distribution (e.g., 0.05–1 µm), plus SSA and asymmetry factor g (via polarimetry + in-

situ + lidar). 

C. Mass closure (so “per unit sulfur” is real, not assumed) 

• In-situ sulfate composition/mass + isotope ratio (³⁴S spike) to quantify injected-derived 
sulfate mass in the sampled plume volume. 

D. Atmos state / cloud screening 

• Enough thermodynamic profiling and cloud detection to ensure you’re measuring aerosol 
forcing (not cloud variability). The document explicitly treats this as a flux-closure exercise 
(radiometry + lidar + modeling constraints). 

Platform roles (the “3-layer sandwich”) 

• Above plume: ER-2 with broadband flux radiometers + multi-angle polarimeter. 

• In plume: Global Hawk UAS with HSRL lidar + aerosol mass spectrometer + absorption 
photometer. 

• Below plume: Twin Otter with matching radiometers + zenith hyperspectral imager. 

• Ground/space cross-checks: AERONET under track; “tasked” satellite snapshots during 
window (PACE/CALIPSO/CERES mentioned). 

Closure math (how A1 converts measurements → ERF per sulfur) 

1. Reconstruct 3-D sulfate field from HSRL slices + in-situ profiles. 

2. Measure instantaneous plume forcing by flux differencing: 

Δ𝐹(𝜃, 𝑡) = 𝐹clear(𝜃, 𝑡) − 𝐹plume(𝜃, 𝑡) 

 

3. Convert to ERF by integrating over solar zenith angle and correcting plume self-shading using a 
radiative-transfer model constrained by AOD, SSA, g. 

4. Report forcing efficiency 𝑘in W m⁻² per Tg S and feed that constraint into climate-model 
parameterizations.  

Error budget (what dominates, and what the doc claims is achievable) 
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• Radiometer absolute accuracy (ER-2): ±0.5 W/m² per channel. 

• With 20 repeat transects + flux differencing, statistical error on plume ΔF ~ ±0.03 W/m². 

• After adding modeling + mass-estimate terms, total uncertainty in forcing efficiency ~ ±7% 
(and the doc claims that propagates to roughly halving the aerosol ERF range). 

A practical way to think about this: your largest risks are usually (i) cloud contamination / scene 
variability, (ii) plume geometry/mass closure errors, and (iii) radiative-transfer assumptions (self-
shading, angular integration). The experiment is designed so you have direct measurements to 
constrain each of those, rather than guessing. 

Governance / risk controls (built into A1 as written) 

The document frames this as a small, tightly bounded release (10 t SO₂) with explicit oversight and 
permitting steps, plus real-time operational gating (lidar / airspace constraints) and an 
independent review board for transparency. 

Scale / cost (order-of-magnitude) 

A ballpark campaign budget ~ $7M (FY-2025 USD) is given for SSRFEx/SSRFEx-like execution (with 
the caveat that access to government aircraft/instrument pools drives the uncertainty). 

If you want, I can also produce two variants of A1 that match your earlier idea (SO₂ “slow 
chemistry” plume plus an “instant optical” H₂SO₄/H₂O aerosol segment train) while keeping the 
same closure math and error budget—i.e., same success criteria, different injector physics. 
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Experiment A1d — Inject H₂SO₄ + H₂O solution aerosol, monitor for <1 day   

User Prompt: Please give me a 2-page summary of experiment “A1d” (i.e. Inject H2SO₄ + H2O aerosol 

into polar vortex or stratosphere and monitor for < 1 day to help measure radiative forcing from 

anthropogenic aerosols). 

Purpose 

A1d is a controlled-perturbation field experiment to reduce uncertainty in aerosol radiative forcing 
(RF) by creating an immediately optically active sulfate aerosol layer (H₂SO₄–H₂O droplets) and then 
performing aircraft radiative closure over a tightly bounded time window (hours, not weeks). 

The experiment is motivated by a practical advantage over SO₂-precursor experiments (A1a/C1): with 
direct injection of solution droplets, you do not wait for slow stratospheric chemistry to produce 
sulfate aerosol. Instead, you can measure the coupled chain right away: 

Injected size/composition → microphysical adjustment → aerosol optics → measured SW/LW flux 
perturbation, and directly compare those observations to radiative-transfer calculations and model 
parameterizations. 

A secondary purpose is to create a “truth dataset” that helps disentangle which part of aerosol forcing 
uncertainty is dominated by: 

• aerosol size distribution evolution, 
• hygroscopic water uptake / composition, or 
• radiative transfer / closure assumptions. 

Why the polar vortex / stratosphere? 

The stratospheric polar vortex is a large-scale region of air bounded by strong westerly winds (the 
“polar night jet”), often providing an environment where air masses can remain more coherent than 
at midlatitudes. NASA summarizes the vortex as a contained region extending from near the 
tropopause through the stratosphere.  

For A1d, the value is less “perfect containment” and more that the stratosphere can offer: 

• low background aerosol (often improving signal-to-noise), 
• fewer confounding surface sources, 
• and a relatively stable thermodynamic environment for interpreting sulfate droplet behavior. 
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(You’d still plan around known complications like vortex displacement/weakening episodes and mixing 
events.)  

What is injected (your A1d definition) 

A1d uses an injection where: 

• the aerosol is an H₂SO₄ + H₂O liquid solution (variable acid wt%), 
• the droplet diameter and composition are controllable (a designed sensitivity study), 
• the injected material is intended to produce a plume that is immediately measurable by 

radiometers and in-situ aerosol probes. 

The key physics feature is that sulfuric acid–water droplets rapidly equilibrate with the surrounding 
temperature and water vapor, affecting their radius, refractive index, and therefore 
scattering/absorption. Classic stratospheric aerosol work explicitly treats the optical properties of 
equilibrium sulfuric acid–water droplets under stratospheric conditions as central to their radiative 
effects.  

How A1d differs from A1a (SO₂ precursor) 

A1a (SO₂): strong science, but the forcing-relevant aerosol appears after oxidation and growth—often 
requiring revisit monitoring over days to weeks. 

A1d (solution aerosol): the forcing agent is present at time = 0, so you can concentrate on: 

• a single “intensive observing period” (IOP) lasting several hours, 
• with an optional follow-on revisit the next day if desired, but not required for first-order 

closure. 

In other words: A1d is designed for same-day closure. 

Experimental design concept 

A. Build a “plume-as-a-laboratory” with labeled segments 

Instead of one long uniform release, A1d is most valuable when it is structured as distinct segments, 
each with a specific pair of controls: 

• initial droplet size distribution setting, 
• initial H₂SO₄ wt% setting. 
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This produces a dataset where you can ask: For the same meteorology, how do optics and radiative 
forcing change with size and composition? 

B. Near-field vs. closure timescales within <1 day 

Even though monitoring is <1 day, you can still capture multiple regimes: 

• Minutes to ~1 hour: “adjustment regime” 
Rapid mixing, hygroscopic adjustment, coagulation (especially if number concentrations are 
high), and early optical evolution. 

• ~1–6 hours: “closure regime” 
Plume becomes more horizontally coherent; you can do repeated above/below radiometry 
legs and in-plume microphysics to close the radiative budget. 

• Later same day: “aging regime” 
Additional size evolution and dilution; valuable for model comparison of growth/dispersion but 
still within a single sortie window. 

Measurement concept: aircraft radiative closure (what you’d actually do) 

A1d is a closure experiment, meaning you don’t just measure aerosol properties—you demonstrate 
that aerosol physics + radiative transfer predicts the observed flux changes. 

A canonical closure stack includes: 

1) In-situ aerosol microphysics (the “through-plume” role) 

• number concentration and size distributions (spanning ultrafine through accumulation mode), 
• derived surface area / volume proxies, 
• (if available) composition proxies that help confirm sulfate dominance. 

2) Aerosol optics (the bridge between microphysics and radiation) 

• extinction / scattering / absorption (ideally spectral), 
• retrievals of AOD and optical properties via airborne sun/sky spectroscopy. NASA’s 4STAR 

instrument is an example of an airborne sun-tracking / sky-scanning spectrometer used to 
retrieve aerosol optical depth and optical properties.  

3) Radiation (the closure target) 

• broadband or spectral irradiance / flux above and below the aerosol layer to obtain a 
measurable ΔSW (and, when conditions allow, ΔLW). 
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A useful analog for the method (not the environment) is ORACLES-style above/below aerosol radiative 
analysis, which uses collocated spectral irradiance and AOD retrievals to constrain aerosol radiative 
effects with minimal assumptions.  

4) Meteorology & layer context 

• temperature, pressure, water vapor, winds, turbulence, 
• (optional but very helpful) aerosol-layer altitude/thickness via lidar curtain sampling. 

Why A1d is informative for “anthropogenic aerosol RF” 

A1d is not a literal replication of anthropogenic tropospheric aerosol mixtures, humidity, and cloud 
coupling. Its value is that it produces a high-quality dataset for the most universal part of the forcing 
chain: 

• how size distribution and hygroscopic composition control extinction / SSA / phase function, 
and 

• whether radiative transfer closes when those properties are measured correctly. 

Those are exactly the elements that sit under both: 

• anthropogenic aerosol RF estimates (especially clear-sky direct effects), and 
• the forcing calculations embedded in models and satellite retrieval frameworks. 

Key outputs and success criteria 

A1d is successful if it delivers: 

1. A controlled “size × composition” response surface 
Empirical relationships linking initial settings to time-evolving size distributions and optical 
parameters. 

2. Radiative closure within quantified uncertainty 
For multiple plume ages and multiple segments: RT-calculated ΔSW/ΔLW matches measured 
flux differences, using observed aerosol optical properties and atmospheric state. 

3. Model-relevant constraints 
Diagnostics that tell you whether model biases come from: 

o growth/evaporation parameterizations of sulfate solution droplets,  
o assumed refractive index / mixing state / optical calculations, 
o or radiometric calibration/systematic errors (which closure experiments can expose 

quickly). 
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4. A “portable” dataset for evaluating retrievals 
In situ + remote sensing “truth” for aerosol optics under clean, well-characterized conditions. 

Practical advantages and limitations 

Advantages 

• Same-day science payoff (no waiting for SO₂ conversion). 
• Direct control over initial conditions (designed experiment). 
• Clean end-to-end closure dataset. 

Limitations / risks (science-side) 

• Vortex dynamics can still be variable; mixing can erase contrast faster than planned.  
• Optical evolution can be rapid; without tight collocation between microphysics and radiometry 

legs, closure can degrade. 
• Even within <1 day, you need sufficient stability in solar geometry and background conditions 

to interpret flux deltas cleanly. 

Mapping to (AOD, size distribution, SSA, g) and how they’re constrained 

Below is a practical “closure worksheet” for A1d (H₂SO₄–H₂O solution aerosol injected; <1-day 
monitoring), focused on the four key aerosol parameters you’ve been using. 

1) Size distribution (number vs diameter) 

What it is 

The aerosol particle/droplet number size distribution, typically written 𝑛(𝐷)or 𝑑𝑁/𝑑log⁡ 𝐷, across 
(roughly) nanometers → a few microns. 

Why it matters in A1d 

• It controls extinction per mass, phase function, and how quickly particles coagulate or 
sediment. 

• It is the most direct link between “what you injected” and what radiometers will see. 

How it’s measured (direct) 

In-plume in situ probes are the primary constraint: 

• Submicron: mobility- or optical-based counters/sizers (e.g., SMPS/OPS-style concepts) 
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• Supermicron: optical particle counters / cloud/aerosol spectrometers (for the tail above ~1 
µm) 

You typically want: 

• Through-plume traverses at multiple “plume ages” (minutes → hours) 
• Cross-plume curtains to capture horizontal variability 

What’s derived (from size distribution) 

From 𝑛(𝐷)you derive: 

• Total number 𝑁 
• Surface area 𝑆(important for chemistry/heating context) 
• Volume/mass proxy 𝑉(if density is assumed) 

Key uncertainty knobs 

• Inlet sampling biases at high speed 
• Coincidence errors at high concentrations 
• Refractive index assumptions for optical sizing (less critical if you also have independent optical 

constraints) 

2) AOD (Aerosol Optical Depth) 

What it is 

Column-integrated extinction: 

AOD(𝜆) = ∫ 𝛽ext(𝑧, 𝜆) 𝑑𝑧 
 

where 𝛽extis the extinction coefficient (km⁻¹) at wavelength 𝜆. 

Why it matters in A1d 

AOD is the “single number” that most tightly correlates with radiative perturbation in clear sky, and 
it’s a key bridge to satellite algorithms and radiative-transfer (RT) closure. 

How it’s constrained 

Primary (direct, best): 

• Airborne sunphotometry / sky-scan spectrometry (gives AOD vs wavelength along the flight 
track) 
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Secondary (also direct but needs layer thickness): 

• In-situ extinction (from nephelometer + absorption; see below) combined with an estimate of 
the layer depth from profiles/lidar. 

Context/structure (not AOD itself but essential): 

• Airborne lidar (or another profiling method) to locate the aerosol layer top/base and 
variability—critical for turning local extinction into a column. 

What’s derived 

• Ångström exponent (spectral slope), which is a size proxy and useful for consistency checks 
with in-situ size distributions. 

Key uncertainty knobs 

• Cloud contamination / thin cirrus contamination in sunphotometry 
• Horizontal inhomogeneity (AOD varies across plume; needs mapping) 

3) SSA (Single-Scattering Albedo) 

What it is 

Fraction of extinction due to scattering: 

SSA(𝜆) =
𝛽sca(𝜆)

𝛽ext(𝜆)
=

𝛽sca
𝛽sca + 𝛽abs

 

 

Why it matters in A1d 

SSA controls whether the aerosol cools (mostly scattering; SSA near 1) or partially warms (absorbing; 
lower SSA). For sulfate solution droplets, SSA is generally high in the solar spectrum, so SSA becomes a 
strong “sanity check” for contamination (e.g., soot). 

How it’s constrained 

Primary (direct in situ): 

• Scattering coefficient 𝛽scafrom a nephelometer 
• Absorption coefficient 𝛽absfrom an absorption photometer (e.g., PSAP/CLAP-style concept) 
• Then compute 𝛽ext = 𝛽sca + 𝛽absand SSA. 

Secondary (remote/derived): 
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• Sky-scanning polarimetry / multi-angle sky radiance can retrieve SSA, but typically with more 
model dependence than the in-situ scattering+absorption pair. 

What’s derived 

• SSA can be computed at several wavelengths; its spectral behavior is another check for non-
sulfate contamination. 

Key uncertainty knobs 

• Nephelometer truncation corrections, RH conditioning effects 
• Absorption instrument artifacts (filter loading, scattering corrections) 
• If absorption is tiny (expected for clean sulfate), SSA uncertainty can be dominated by small 

biases in 𝛽abs 

4) g (Asymmetry parameter) 

What it is 

A compact metric for the scattering phase function: 

𝑔(𝜆) = ⟨cos⁡ 𝜃⟩ 
 

where 𝜃is scattering angle. 𝑔near 0 is isotropic; higher 𝑔means more forward scattering. 

Why it matters in A1d 

For the same AOD and SSA, a higher 𝑔generally means less reflected light back to space (more 
forward scattering), which affects the magnitude of shortwave radiative forcing. 

How it’s constrained 

Primary (most direct): 

• Polar nephelometer or angular scattering instruments that measure the phase function across 
angles and allow retrieval of 𝑔. 

Secondary (retrieval-based): 

• Sky-scan sunphotometry / polarimetry (multi-angle radiance) can retrieve size and phase-
function parameters and then infer 𝑔, but it’s more retrieval-dependent. 

Consistency route (derived): 
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• From measured size distribution + assumed refractive index (for sulfate solution) you can 
compute a Mie phase function and derive 𝑔. This is useful as a consistency check, not the only 
constraint. 

Key uncertainty knobs 

• Phase-function sensitivity to the coarse-mode tail (rare large droplets can swing 𝑔) 
• Particle non-sphericity (less of a concern for liquid sulfate droplets—spherical is a good 

approximation) 

How these four parameters plug into “radiative closure” 

A clean A1d closure loop typically looks like this: 

1. Measure in-plume size distribution + (SSA, g) constraints (in situ + angular/remote) 
2. Measure AOD (sunphotometry) and aerosol layer geometry (lidar/profiles) 
3. Feed AOD(λ), SSA(λ), g(λ), layer altitude/thickness, and atmospheric state into an RT model 
4. Compare RT-predicted ΔSW/ΔLW flux with observed above/below flux differences 
5. Iterate only within measured uncertainties; closure success is when predicted and observed 

flux deltas agree within the error budget across plume ages/segments. 

100-minute plume with 20 segments 

A robust design is 10–20 segments (5–10 minutes each): 

• Segment length ≈ wind speed × segment duration 

So, if stratospheric wind is tens of m/s, a 5–10 min segment becomes order 10–30 km, which is 
much easier to keep distinct than ~1–3 km segments. 

What “segments” should encode 

You have two clean options: 

1. Age-only plume (best for microphysics/chemistry): 
Inject continuously with fixed settings for 100 minutes; then sample at increasing downwind 
distance so each “segment” is just time since injection (0–100 min). This gives you the cleanest 
aging curve without confusing it with changing source settings. 

2. Step-changed plume (best for optical property mapping): 
Change one control variable at a time in blocks (e.g., “small/medium/large effective radius” or 
“low/medium/high AOD”) during the 100-minute injection so the downwind plume is a train of 
property blocks. 
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If you do (2), the single biggest trick to make it defensible is chemical tagging so you can still 
identify blocks after partial mixing. The PDF already uses isotopic sulfur as a separation concept for 
sulfate mass attribution 

—you can extend that idea: tag blocks (or every other block) so later you can say “this air came 
from block #7.” 

Flight geometry for the 100-minute experiment (above / below / through) 

Use the same three-geometry logic the PDF lays out for SSRFEx: 

• Above-plume: broadband up/down flux + lidar + polarimetry to get ΔF and constrain phase 
function/height 

• Below-plume: spectral irradiance + lidar + aureole photometry to get τ(λ), g, effective radius 

• Through-plume: in-situ size distribution + composition + SSA proxies to ground-truth 
optics/composition closure 

Operationally, you don’t literally have one plane simultaneously above and below; you run stacked 
time windows (or two aircraft) and use lidar to keep everyone on the same plume curtain. 

One important caution about “H₂SO₄ injection gives optical properties at time=0” 

It gives you some optical properties at time=0, but not necessarily stable ones: 

• droplets can rapidly equilibrate (evaporation/condensation) and coagulate, so your intended 
0.3–3 µm distribution can shift quickly. 

• that’s not a reason not to do it—just a reason to treat Track B as “controlled optical closure + 
instrument validation”, not “this replaces SO₂ aging.” 

Bottom line recommendation 

• Do SSRFEx (A1a, SO₂ gas) for the real atmospheric pathway and model anchoring. 

• Add a short-duration “instant aerosol” closure experiment (A1d) with ~10–20 step blocks (not 
100), ideally with tagging, specifically to map ΔF as a function of (AOD, r_eff, SSA, g) and to 
debug the full above/below/through measurement chain. 

According to a document that lays out SSRFEx (and a program timeline that assumes funding authority 
on 1 Oct 2025), SSRFEx is designed as a controlled SO₂ plume inside the late-winter Arctic polar 
vortex so you can directly measure radiative forcing per unit injected sulfur with tight closure 
between mass → microphysics/optics → flux. 

Segment matrix (100 segments over ~100 minutes) 
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A simple way to make this clean and statistically useful: 

• Choose 20 conditions = 5 droplet sizes × 4 number concentrations 

o Size set (µm): 0.3, 0.5, 1.0, 2.0, 3.0 (your range) 
o Number concentration set (cm⁻³): 10, 30, 100, 300 (order-of-magnitude sweep) 

• Fly 100 minutes and step settings every 1 minute → 100 segments 

• Repeat each of the 20 conditions 5 times (randomized order) → robust against drift in sun 
angle, background variability, and slow plume dilution. 

Minimal instrument set to “close the loop with error bars” 

If you want the smallest stack that still reproduces SSRFEx’s “mass → optics → flux” closure, you need: 

1. Above-plume broadband SW/LW flux radiometers (TOA-proxy net flux perturbation). 

2. Below-plume matching broadband flux radiometers (the second boundary condition for flux 
closure). 

3. HSRL lidar to get vertical extinction/AOD structure and track plume geometry/dispersion. 

4. Multi-angle polarimeter (or equivalent) to constrain τ(λ), SSA, phase function asymmetry (g) 
used in radiative transfer. 

5. In-situ aerosol microphysics + composition (size distribution + sulfate mass; plus checks that 
absorption stays negligible). The document explicitly lists instruments in this spirit (HSRL + AMS 
+ soot/absorption photometer) for the in-plume platform. 

Those five items are exactly what the doc frames as the three-geometry synergy: forcing per sulfur 
mass from above/below flux + in-plume mass; optical model from lidar/polarimetry + microphysics; 
dispersion from lidar curtains + turbulence legs. 

Flight choreography (so the “segments” stay interpretable) 

Borrow the doc’s best-practice idea of separating injector vs. observers and using time/space buffers 
so you don’t confuse fresh exhaust artifacts with the sulfate signal. 

• Time 0: injector lays down the 100-minute ribbon (with 1-minute setting steps). 

• Time 0 + ~2 hours: first observer overpass (above + below + in-plume profiles), then repeated 
mapping. 

• Daily revisits for ~2 weeks (doc explicitly describes “visiting the ribbon once per day for 14 
days” to build a time-resolved movie of mass → microphysics → optics → flux). 
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Experiment A2 — Sea-salt CCN, MCARFE 

User Prompt: Please give me a 2-page summary of the “MCARFE” experiment (A2). 

MCARFE is a controlled, Lagrangian field experiment that releases a well-characterized sea-salt CCN 
plume into a clean marine boundary layer under stratocumulus and then measures—simultaneously 
— (1) the aerosol perturbation, (2) the cloud microphysical/macrophysical response, and (3) the 
resulting shortwave flux perturbation above and below the cloud to deliver “radiative closure” for 
aerosol–cloud forcing. 

According to a 2025 review paper on key gaps in models’ physical representation of climate 
intervention, MCARFE (your A2 “sea-salt CCN”) fits squarely into marine cloud brightening / ship-track 
physics: intentionally adding sub-micron sea-salt aerosol to clean marine low clouds (especially 
stratocumulus) to measure how much cloud albedo (and thus radiative forcing) changes for a known 
aerosol perturbation. 

This is essentially doing in the marine boundary layer what your stratospheric “radiative forcing 
closure” experiments aim to do aloft—except here the dominant signal is aerosol–cloud interactions 
(Twomey + cloud adjustments), not primarily direct scattering by a free aerosol layer. 

Purpose 

1) Stratocumulus are the high-leverage regime 

The review notes that the clouds most susceptible to brightening are clean stratocumulus and that 
these clouds cover a large fraction of ocean area; it also points out that a large share of present-day 
aerosol–cloud forcing is estimated to occur in stratocumulus regimes. 

That makes MCARFE a “high signal-to-noise” way to constrain aerosol–cloud forcing mechanisms that 
drive a big chunk of aerosol ERF uncertainty. 

2) It tests the full chain from CCN to radiative forcing 

Aerosol–cloud forcing uncertainty is not just “did Nd increase?”—it’s whether cloud macrophysics 
(liquid water path, cloud fraction, entrainment, precipitation) amplifies or cancels the initial 
brightening. The paper emphasizes that cloud responses can either offset or add to the Twomey 
brightening and that outcomes depend strongly on meteorology and background aerosol conditions. 

MCARFE is designed to measure all of those dependencies in one coherent dataset. 

https://ma2life.org/g/eet/eetcs_plan/decarb_plan/measure_aerosol_reflection_experiment.pdf
https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1029/2024MS004872
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Core hypotheses MCARFE would test 

1. Twomey susceptibility: Adding CCN in clean marine stratocumulus increases droplet number 
(Nd), decreases effective radius (re), and increases albedo for a given LWP—most strongly 
when background aerosol is low. 

2. Adjustment sign and magnitude: The net albedo change depends on how precipitation/drizzle 
and entrainment respond (cloud thickening vs thinning; cloud fraction changes), which is 
strongly meteorology-dependent (updrafts, humidity above cloud, precipitation propensity). 

3. Plume realism and scaling: Because the perturbation is a point-source plume (like ship tracks), 
the aerosol size distribution and concentration evolve rapidly in the near field; this evolution 
matters for what reaches cloud base and for interpreting/parameterizing results in models. 

These hypotheses align with the broader marine cloud brightening framing in the field (deliberate 
injection of aerosol into shallow marine clouds to increase reflectivity).  

Experimental design (how MCARFE is run) 

Setting 

• Region: a persistent stratocumulus deck where clean conditions occur frequently (classic 
examples include the SE Pacific stratocumulus region studied by VOCALS-REx, or the NE 
Pacific).  

• Air mass strategy: “Lagrangian” sampling—follow the same boundary-layer air mass as it 
adverts downwind, sampling both perturbed and control tracks. 

Perturbation 

• A sea-salt CCN source (conceptually similar to ship-based spray systems discussed in the 
review) generates a plume intended to reach cloud base and modify droplet activation. 

Crucially, MCARFE is not just “spray and look a measure the cloud response + measure fluxes.” 

Sampling geometry (the “closure” part) 

A typical closure stack is: 

• Below-cloud leg: measure upwelling/downwelling shortwave at/near the surface or just below 
cloud base; characterize aerosol entering cloud (CCN spectrum, size distribution). 

• In-cloud legs: microphysics (Nd, re, spectral width), turbulence/vertical velocity, drizzle onset 
and intensity. 

• Above-cloud leg(s): measure reflected shortwave and cloud-top properties; map the plume 
footprint; optionally use high-altitude aircraft for broader context. 
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This “above / below / through” geometry is the same logic you’ve been using for Ax/Cx radiative 
closure—just applied to marine boundary-layer clouds. 

Measurements that define success 

A) Aerosol: “What did we actually perturb?” 

• Aerosol size distribution and hygroscopicity relevant to CCN activation (the review emphasizes 
size realism as a key model gap). 

• CCN spectra at multiple supersaturations; vers downwind 
(coagulation/evaporation/dispersion), called out as under-studied and important in the review. 

B) Cloud microphysics and precipitation:  

• Drizzle/precipitation changes (suppression vs enhancement), including any “giant CCN” style 

effects (also highlighted as a modeling gap). 

C) Radiation: “What is the forcing signal perturbation (and to compare to radiative-transfer 
calculations using the measured microphysics). 

• Mapping the spatial structure: brightened track and any compensating darkening nearby (the 
review discusses mesoscale circulations and adjacent-region effects as a challenge for models). 

D) Modeling/data assimilation 

• LES-to-regional bridging to capture mesoscal 

How MCARFE relates to your Ax/Bx/Cx, not just direct aerosol scattering 

• It overlaps strongly with your cloud experiments: 

o B1 (CCN microphysics): direct measurement of activation and Nd response. 
o B2 (drizzle/precip): quantify precipitation susceptibility changes. 
o B5 (full radiative-closure): the experiment is explicitly designed for closure (microphysics 

→ optical properties → fluxes). 

• It informs SAI work indirectly by sharpening the parts of models that also govern cloud 
feedbacks and cloud responses to forcing patterns—though MCARFE’s physics is primarily 
boundary-layer warm clouds, not stratospheric aerosol microphysics. 
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Relationship to prior real-world analogs 

MCARFE is closely aligned with the logic of controlled marine aerosol perturbation experiments like E-
PEACE (ship-emitted aerosol perturbations and cloud response in marine stratocumulus).  
It also complements long-running regional observational programs such as VOCALS-REx, which 
established much of the measurement playbook for SE Pacific stratocumulus aerosol–cloud–
precipitation coupling.  

Brief Summary (MCARFE) 

Name:  MCARFE — Marine Cloud Albedo Forcing / Radiative-closure Experiment (your A2: sea-
salt CCN) 

Core idea:  Deliberately add sub-micron sea-salt aerosol to clean low marine clouds (especially 
stratocumulus) and directly measure the resulting change in cloud microphysics, 
macrophysics, and reflected shortwave radiation, producing a radiative-closure dataset 
that constrains aerosol–cloud effective radiative forcing (ERF). The modern MCB concept 
is explicitly framed as intentional brightening of low marine clouds with sub-micron 
aerosol (likely sea salt) from point sources. 

Why this is high-leverage for anthropogenic aerosol forcing 

• Clean marine stratocumulus are among the cloud types most susceptible to albedo increases 
from aerosol additions, and they cover a substantial fraction of the oceans. 

• A large share of present-day aerosol–cloud interaction forcing is estimated to occur in 
stratocumulus regimes, so constraining responses here directly reduces ERF uncertainty. 

Primary science objectives 

1. Twomey response (microphysics → albedo): Quantify how a controlled CCN perturbation 
changes cloud droplet number (Nd), effective radius (re), and cloud reflectivity in clean low 
clouds. The Twomey mechanism and its strong dependence on low background aerosol are 
central. 

2. Cloud adjustments (macrophysics): Determine whether the cloud’s liquid water path / 
thickness / cloud fraction respond in ways that amplify or offset brightening, and how that 
depends on meteorology (updrafts, precipitation propensity, above-cloud humidity). 

3. Net radiative effect (closure): Measure the shortwave flux perturbation attributable to the 
perturbation and close it with radiative transfer using observed aerosol + cloud properties. 

4. Model validation across scales: Provide an observational benchmark for LES ↔ regional ↔ 
climate-model parameterizations of point-source plumes, overlapping plumes, and resolution 
dependence—explicitly identified as a key gap for MCB-type scenarios. 
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Key hypotheses (testable) 

• H1: In clean stratocumulus, adding sub-micron sea-salt CCN increases Nd and cloud albedo 
(Twomey), with the strongest response when background aerosol is low. 

• H2: The net albedo change is not just Twomey; cloud macrophysical adjustments can add or 
offset it, and depend strongly on meteorology and seeded aerosol size/concentration. 

• H3: Realistic representation of the injected aerosol size distribution is a dominant control on 
inferred efficacy; models are currently limited by poor representation of “MCB-optimized” 
sizes. 

Target conditions and “go/no-go” 

• Cloud regime: persistent, low marine clouds (often stratocumulus) in clean background 
conditions. 

• Meteorology: steady boundary layer depth, manageable shear, no deep convection nearby; 
stable flight safety. 

• Sunlight: enough solar elevation for a measurable shortwave signal. 

What counts as “success” 

• You observe a measured Nd / re response that is spatially and temporally collocated with the 
perturbation. 

• You can quantify whether LWP / drizzle / cloud fraction adjust, and in which direction. 

• You can compute a radiative perturbation (Δ reflected SW or Δ net SW) that is consistent with 
radiative transfer driven by measured properties (closure within the uncertainty budget). 

• You can reproduce key features with LES (micro/meso) and show what breaks at coarser 
resolution—addressing the resolution/plume-configuration gap. 

What must be measured 

A. Aerosol perturbation characterization (the “input”) 

Minimum required data products: 

• Aerosol number–size distribution (dry and/or conditioned): to confirm the perturbation sits in 
the intended CCN-relevant range. (The modeling community highlights that “optimal” MCB is 
often discussed in terms of sea-salt dry diameters ~10–200 nm, and that size errors strongly 
change inferred efficacy and required mass.) 
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• CCN spectra (CCN vs supersaturation): ties aerosol to activation. 
• Plume mapping (where is the perturbation? how diluted?): cross-plume curtains and along-

plume transects to quantify horizontal gradients and aging. 

Nice-to-have: 

• Hygroscopicity proxy (κ) or composition proxy (helps interpret activation and growth). 
• Turbulence / mixing metrics in the sub-cloud layer (controls entrainment of aerosol into cloud). 

B. Cloud microphysics (the “first response”) 

Minimum: 

• Nd, re, droplet spectrum width in cloud. 
• Cloud base and cloud top (profiles) to contextualize microphysics within boundary layer 

structure. 
• Updraft distributions (10–100 m scales matter for activation; this scale dependence is 

emphasized as a key uncertainty). 

C. Cloud macrophysics & precipitation (the “adjustment response”) 

Minimum: 

• Liquid water path (LWP) (or equivalent thickness/water content constraint). 
• Drizzle / precipitation propensity (because macrophysical responses can offset or amplify 

brightening). 
• Cloud fraction / mesoscale organization (to detect compensating changes adjacent to the 

plume). 

Nice-to-have: 

• Boundary-layer depth evolution and entrainment rates (links microphysics to macrophysical 
change). 

D. Radiation (the “forcing” measurement) 

Minimum: 

• Broadband or spectral shortwave fluxes / irradiances sufficient to compute plume-associated 
Δ reflected SW (and ideally Δ net SW at top of boundary layer). 

• “Above/below” sampling so you can isolate cloud-top reflectance changes from sub-cloud 
variability. 

Nice-to-have: 
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• Multi-angle / polarized radiances (tighten retrievals of droplet effective radius and optical 
thickness). 

E. Meteorology / state variables (needed for interpretation and modeling) 

Minimum: 

• Temperature, pressure, humidity profiles; winds; turbulence metrics. 
• Above-cloud humidity (called out as controlling cloud response). 

F. Modeling deliverables (part of the experiment, not afterthought) 

Required: 

• LES runs constrained by observed meteorology and aerosol perturbation (plume + cloud 
response). 

• A limited-area/regional simulation or nested modeling to quantify how plume configuration 
and resolution alter forcing (a documented gap for realistic implementation as multiple point 
sources / overlapping plumes). 

What “one flight day” looks like vs a campaign 

Single flight day (“IOP day”, 6–10 hours airborne time) 

1. Baseline block (pre-perturbation): characterize background aerosol, CCN, cloud microphysics, 
drizzle, and fluxes in the target cloud deck. 

2. Perturbation block: release the CCN perturbation (from a point source) while a monitoring 
aircraft maps near-field plume structure and cloud base conditions. 

3. Lagrangian downwind block (hours): repeat cross-sections and stacked sampling (sub-cloud / 
in-cloud / above cloud) to capture the evolving microphysics → macrophysics → radiative 
signal. 

4. Control sampling: sample an upwind or adjacent “no-perturbation” region under similar 
meteorology to separate signal from natural variability. 

Multi-day campaign (recommended) 

A campaign is valuable because cloud response depends strongly on background conditions and 
meteorology. 

Typical logic: 

• Several IOP days spanning different drizzle regimes / boundary-layer depths, and different 
background aerosol levels. 
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• At least one case designed to probe the size-distribution sensitivity that models currently 
struggle to represent correctly. 

Reducing Anthropogenic Radiative Forcing Error Bar 

User Prompt: Enclosed is illustration with 

radiative forcings (file 

“ipcc_ar6_figure_7.6.png”). It shows large 

error bar on radiative forcing from 

anthropogenic aerosols. Will measuring 

effect of sea salt CCN on clouds help me 

reduce the anthropogenic aerosol error 

bar?  

Yes—MCARFE (sea-salt CCN → marine 
low-cloud response) can help shrink the 
aerosol ERF error bar, but only part of it, and only if you run it in a way that directly constrains the 
dominant uncertain term: aerosol–cloud interactions. 

Why it helps 

In AR6, the aerosol bar is wide mainly because aerosol–cloud interactions (ERF_aci) are much more 
uncertain than aerosol–radiation interactions (ERF_ari). AR6 gives (for ~1750 → 2019): 

• ERF_ari ≈ −0.22 W/m² with a relatively smaller range, and 
• ERF_aci ≈ −0.84 W/m² with a much larger range.  

MCARFE targets ERF_aci directly by measuring, in a controlled way, how adding CCN changes: 

• droplet number and size (Twomey brightening), 
• drizzle/precipitation tendency, 
• liquid water path and cloud fraction (“adjustments”), 

and then tying those changes to measured reflected shortwave flux (radiative closure).  

Because a big chunk of aerosol–cloud forcing uncertainty is believed to come from marine 
stratocumulus regimes, a clean, well-instrumented CCN perturbation experiment in those clouds is 
exactly the kind of evidence that can reduce parametric/structural uncertainty in models.  

What it does not fully solve 

MCARFE won’t, by itself, collapse the full anthropogenic aerosol ERF range because major contributors 
to uncertainty include: 
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1. The “counterfactual” problem: what were preindustrial CCN/cloud droplet conditions? A 
modern perturbation constrains susceptibility, but translating that into 1750→today forcing 
still needs assumptions or independent constraints on baseline conditions.  

2. Non-marine / non-warm-cloud effects: land clouds, mixed-phase clouds, absorbing aerosol 
semi-direct effects, etc., are not directly tested by sea-salt CCN brightening.  

3. Aerosol–radiation interactions (ERF_ari): MCARFE mostly doesn’t constrain direct 
scattering/absorption by anthropogenic aerosols (sulfate/organic/BC mixtures), which is a 
different piece of the error bar.  

What would make MCARFE meaningfully reduce the AR6 aerosol error bar 

To move the global uncertainty, MCARFE needs to produce portable constraints that models can 
ingest, not just a “cool case study.” Concretely, you want robust estimates of these response functions 
(with uncertainties) across multiple meteorological regimes: 

• Cloud susceptibility: ∂𝑁𝑑/ ∂ln⁡(𝐶𝐶𝑁), ∂𝑟𝑒/ ∂ln⁡(𝐶𝐶𝑁) 

• Adjustment terms: ∂𝐿𝑊𝑃/ ∂ln⁡(𝐶𝐶𝑁), ∂𝑓𝑐/ ∂ln⁡(𝐶𝐶𝑁), and drizzle sensitivity 

• Radiative sensitivity: ∂𝑅𝑆𝑊/ ∂ln⁡(𝐶𝐶𝑁)(or per ΔNd), validated by radiative closure 
These are the exact “Nd/LWP/cloud fraction” pillars highlighted in susceptibility analyses of 
deliberate aerosol perturbations in stratocumulus.  

Bottom line 

• MCARFE helps because it constrains the largest uncertain aerosol forcing component 
(aerosol–cloud ERF_aci).  

• It won’t solve everything unless paired with complementary constraints on baseline 
(preindustrial) conditions and on other aerosol regimes/types. 

If you want, I can map MCARFE outputs to a simple “how it would tighten the IPCC bar” workflow: 
MCARFE → LES constraints → parameter priors in ESMs → reduced ERF_aci spread → narrower total 
aerosol ERF (and list which parameters in models are most directly informed). 

Sea Salt vs H2SO4 particles 

User Prompt: If I want to understand how anthropogenic aerosols effect clouds, then why not inject 

H2SO4 particles (CCN) from a ship or from an airplane that flies under a cloud? 

In principle, yes: if your goal is “how does adding CCN change marine low clouds,” then injecting CCN 
below cloud base from a ship or low-flying aircraft is exactly the basic idea behind marine cloud 
brightening (MCB)—and the mainstream MCB framing is to use sea-salt aerosol for that purpose.  
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The reason people usually propose sea salt (or benign salts) instead of H₂SO₄ particles is not that 
sulfate wouldn’t work as CCN—it’s that H₂SO₄ specifically creates big problems: 

Why not H₂SO₄ aerosol for CCN field perturbations? 

1. Safety and logistics (major) 
Sulfuric acid mists are highly corrosive and hazardous to people and equipment; inhalation can 
cause serious respiratory injury and it can severely damage eyes/skin.  
That makes ship/aircraft hardware, maintenance, emergency response, and permitting much 
harder than for sea salt. 

2. Environmental / deposition concerns 
Even if your intent is “microphysics only,” releasing acid aerosol raises concerns about acid 
deposition and local impacts, which drives heavier regulatory and public scrutiny than spraying 
seawater-derived salt. 

3. It’s less “representative” of anthropogenic aerosol–cloud forcing 
A lot of anthropogenic “sulfate aerosol” in the real atmosphere is often partly/mostly 
neutralized (e.g., ammonium sulfate) and mixed with organics/soot/nitrate. Using pure H₂SO₄ 
can change droplet pH and aqueous chemistry in ways that aren’t the same as typical polluted 
boundary-layer aerosol, making attribution harder. 

4. Microphysics/optics can be harder to interpret 
H₂SO₄–H₂O droplets are strongly hygroscopic; their size/composition respond quickly to 
humidity and temperature. That’s scientifically interesting, but it can make it harder to cleanly 
isolate “CCN → Nd → albedo” unless the measurement and modeling stack is exceptionally 
tight. 

5. Governance optics 
Field release of sulfuric acid aerosol reads, to many audiences and regulators, as much closer 
to “climate intervention / SAI-adjacent” activity than sea-salt MCB, which increases friction 
even if your scale is small. 

Why sea salt is the default for MCARFE/MCB 

IPCC explicitly describes MCB as injecting small aerosols such as sea salt into the base of marine 
stratocumulus so they act as CCN and increase droplet number / reduce droplet size / increase albedo.  
Sea salt is: 

• natural over oceans, 

• comparatively low-toxicity to handle, 

• and directly targets the dominant uncertain term you care about: aerosol–cloud interactions. 

So: injecting CCN below clouds is the right concept—but H₂SO₄ is usually the wrong material for 
practical, interpretable, and governable field experiments. If you want, tell me whether you want 
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MCARFE to be most sensitive to Twomey only or to Twomey + drizzle/LWP adjustments, and I’ll lay 
out (at a non-operational level) what measurements and case-selection criteria matter most. 
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Experiment A3 — Smoke, AARaCE 

User Prompt: Please give me a 2-page summary of the “AARaCE” experiment. 

According to a document from June 2025, one of the biggest needs in climate-intervention / aerosol 
research is observational datasets that let you test models against “concentrated sources of aerosol 
of carefully specified composition and size”—because that’s how you can isolate the physics 
(microphysics → optics → radiative flux) instead of inferring everything from messy, uncontrolled real-
world pollution.  

Below is a 2-page style summary of your A3 / “AARaCE” concept. I didn’t find “AARaCE” as a widely 
established campaign name in the public literature; what is well established are the building blocks it’s 
meant to improve on (e.g., ORACLES/CLARIFY “smoke-above-cloud” studies and column radiative-
closure work).  

1) Purpose 

The AR6 aerosol forcing uncertainty remains large because aerosols do multiple things at once: 

• Direct radiative effect: scatter sunlight (cooling) and/or absorb sunlight (warming). 

• Cloud interactions: change droplet number/size, cloud brightness, cloud lifetime, 
precipitation—often dominating uncertainty. 

• Rapid adjustments (“semi-direct” effects): absorbing layers can heat the air, alter stability, 
and change cloud cover/thickness, flipping the sign of the net forcing in some regimes. 

Smoke/biomass-burning aerosol is a prime “hard case” because it’s often strongly absorbing, evolves 
quickly (mixing state, coatings, hygroscopicity), and its radiative impact can be very sensitive to 
whether it sits above clouds, within clouds, or in clear air. ORACLES and related work highlight how 
difficult it is to untangle aerosol vs. cloud signals from remote sensing alone.  

AARaCE’s goal is to reduce that ambiguity by doing radiative closure: measure (i) the aerosol and 
cloud state, and (ii) the resulting radiative flux changes, in the same air mass—ideally with a controlled 
perturbation rather than relying purely on opportunistic “natural” smoke events. 

2) Core scientific objective 

Directly measure the forcing efficiency of an absorbing aerosol (smoke-like) perturbation in a clean, 
well-characterized atmospheric scene, and use those measurements to constrain models and satellite 
retrievals. 

https://www.research-collection.ethz.ch/bitstreams/603edcd0-295b-4259-9fb4-d0ee8f2d6ccc/download
https://ma2life.org/g/eet/eetcs_plan/decarb_plan/measure_aerosol_reflection_experiment.pdf
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In practical terms, AARaCE is trying to produce a defensible “anchor point” of the form: 

Given a known aerosol layer with measured absorption/scattering, size distribution, vertical 
placement, and mixing state, what is the resulting Δ(TOA and surface shortwave + longwave flux), 
and how much of the response is purely radiative vs. cloud adjustment? 

This is the same closure logic used in classic aerosol radiative-closure studies, but applied to the more 
model-sensitive absorbing/smoke case and executed with modern sensors (polarimetry + lidar + flux 
radiometry + in-situ aerosol).  

3) Experimental design concept 

AARaCE is best thought of as a controlled “smoke perturbation + closure” field campaign, with three 
linked elements: 

A) Pick a scene that makes closure feasible 

You want a scene that is as close as possible to “clean physics”: 

• Large, spatially uniform cloud deck (marine stratocumulus is the classic choice). 

• Stable meteorology for several hours. 

• Minimal confounding aerosol layers upwind. 

• Good satellite overpasses (to connect aircraft truth to orbital retrievals). 

This is why smoke-over-stratocumulus regimes (like the SE Atlantic) have been so scientifically 
productive: the bright cloud deck amplifies the radiative sensitivity to absorption and layer height.  

B) Introduce (or select) a well-characterized absorbing aerosol layer 

There are two operational modes: 

1. “Opportunistic but tagged”: Fly in a naturally occurring smoke layer, but apply very intensive 
in-situ + remote sensing to reduce ambiguity (similar spirit to ORACLES/CLARIFY, but with an 
even stronger closure focus). 

2. “Controlled perturbation”: Create a relatively compact, trackable plume whose aerosol 
properties are intentionally constrained/known (composition class, size range, absorption 
strength), so the change in flux can be attributed with much higher confidence. 

Your AARaCE framing leans toward (2), because it’s specifically about reducing uncertainty by 
controlling the perturbation—consistent with the broader “we need datasets from carefully specified 
aerosols” argument.  
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C) Do true 3-D sampling + radiative closure 

A closure-capable geometry typically uses: 

• Above-layer aircraft: broadband and spectral radiometers measuring properties and cloud 
microphysics. 

• In-layer aircraft: in-situ aerosol size distribution, absorption/scattering, mixing state, 
chemistry, hygroscopic growth; plus thermodynamics (T, RH) to connect microphysics to 
optics. 

• Below-cloud aircraft or surface site: downwelling shortwave/longwave and cloud base 
conditions, to close the column and check surface forcing. 

This “above / in / below” approach is exactly what makes a forcing estimate more than a retrieval 
exercise—it becomes an energy-budget measurement with physical attribution. 

4) What gets measured (and why it matters) 

AARaCE is designed to directly attack the parameters that drive the error bars for absorbing aerosol 
forcing: 

• Single-scattering albedo (SSA) and absorption Ångström exponent: controls heating vs cooling 
tendency; models are often too absorbing or get mixing state wrong.  

• Asymmetry parameter (g) and size distribution: determines how much light is scattered 
forward vs back (TOA sensitivity). 

• Vertical placement relative to clouds: small height errors can strongly change TOA forcing sign 
for absorbing aerosol above bright clouds.  

• Mixing state / coatings (lensing): changes absorption and hygroscopicity; critical for smoke 
aging.  

• Cloud response on hour time scales: does the absorbing layer thin clouds (semi-direct) or alter 
droplet number (indirect)? This can dominate the net forcing. 

5) Timeline and “what success looks like” 

AARaCE is typically an hours-to-<1-day closure experiment per case (because cloud fields evolve and 
because you want coherent Lagrangian sampling). 

A successful AARaCE “case” would yield: 

• A fully characterized aerosol layer (microphysics + optics + vertical structure), 
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• A measured Δflux (TOA) and ΔFlux(surface) attributable to that layer, 

• A quantified split between instantaneous direct effect and rapid adjustments, 

• A dataset that can be used to validate (or falsify) both: 

1. LES/process models (microphysics and heating-driven adjustments), and 
2. global models (parameterizations of absorption, mixing state, and aerosol–cloud coupling). 

6) How AARaCE reduces the AR6 aerosol uncertainty in practice 

AARaCE doesn’t “solve” the entire global aerosol forcing uncertainty by itself. What it can do is sharply 
reduce uncertainty in a specific high-leverage term: 

• The direct radiative effect of carbonaceous/absorbing aerosol (especially in above-cloud regimes), 
• And the associated rapid adjustments that many models still struggle with. 

In other words, it’s a targeted uncertainty kill-shot: it produces a small number of high-quality closure 
constraints that can be used as priors/benchmarks across models and satellite products—rather than 
trying to infer global forcing from heterogeneous emissions and uncontrolled meteorology. 

If you want, I can also write this up as a one-page “mission concept” (objective → configuration → 
measurements → deliverables) that matches the style of NASA airborne field campaign science 
plans—still high-level, but formatted for pitching to principal investigators and aircraft/instrument 
providers. 
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Experiment A4 — Southern Ocean clean air, no 

injection SONABEx 

User Prompt: Please give me a 2-page summary of the “SONABEx” experiment (Southern Ocean clean 

air, no injection). 

1) Purpose 

SONABEx is a clean-marine “baseline” field campaign in the Southern Ocean (SO) designed to attack 
one of the biggest contributors to the uncertainty (“error bar”) in anthropogenic aerosol effective 
radiative forcing (ERF): how aerosols modify clouds (especially low, bright marine clouds) under near-
pristine, preindustrial-like conditions. 

The Southern Ocean is unusually remote and often relatively pristine, making it a rare modern 
environment where clouds interact mainly with marine aerosols (sea salt + secondary marine 
sulfate/organics) rather than dense anthropogenic pollution. That’s why it’s repeatedly targeted in 
major community efforts to understand cloud–aerosol interactions and radiative fluxes in the SO.  

A second motivation: the SO is a well-known “pain point” for models—many struggle with SO cloud 
phase, drizzle, and reflected shortwave, and those errors propagate into global energy balance and 
aerosol-cloud forcing estimates. SO-focused campaigns explicitly target these coupled cloud–aerosol–
radiation processes.  

2) Core scientific goals (what SONABEx is trying to measure) 

SONABEx is essentially a “control experiment” for the aerosol–cloud problem—measure the system 
when it is as clean as the real world gets, then use that to constrain models and satellite products. 

Primary goals 

1. Quantify the clean-air aerosol baseline 
o Aerosol number/size distribution and CCN as a function of supersaturation. 
o INP abundance and properties (critical for mixed-phase cloud glaciation). 
o Chemical composition (sea salt vs sulfate/organics; marine biogenic influence). 

2. Measure how SO clouds respond in the low-aerosol regime 
o Cloud droplet number (Nd), droplet size, liquid water path (LWP), drizzle frequency. 
o Mixed-phase structure (supercooled liquid vs ice; where/when glaciation happens). 

3. Close the radiation budget locally (“radiative closure”) 

https://ma2life.org/g/eet/eetcs_plan/decarb_plan/measure_aerosol_reflection_experiment.pdf
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o Measure downwelling and upwelling shortwave/longwave fluxes and relate them to 
observed cloud + aerosol state so that model and satellite retrieval errors can be 
identified and reduced. 

These goals track closely with what SO campaigns like MARCUS and SOCRATES set out to do: 
comprehensive observations of CCN/INP, cloud microphysics (liquid and mixed-phase), and radiative 
fluxes over the Southern Ocean.  

3) Experiment design (how you would run SONABEx) 

Because there’s no injection, the design leans on careful sampling strategy: 

A) Find and stay in “clean sectors” 

Use back-trajectories + onboard aerosol chemistry indicators to select air masses: 

• Clean marine: minimal continental influence, low black carbon, low accumulation-mode 
particles, sea-salt-dominant. 

• Contrasts (still observational): occasional natural/transport events (e.g., long-range transport, 
biologically active ocean regions) to map the envelope without actively perturbing. 

B) Sample the full vertical system 

The aerosol–cloud–radiation coupling depends strongly on altitude: 

• Surface/near-surface aerosol and fluxes 
• Boundary layer structure (inversions, turbulence) 
• Cloud base → cloud top microphysics 
• Above-cloud radiation and aerosol layers (if present) 

C) Run Lagrangian “follow the air mass” legs when possible 

Track an air mass for hours to watch aerosol processing, cloud evolution, and drizzle develop—key to 
separating correlation from causality. 

4) Platforms and measurement suite (what you fly/sail/point at the sky) 

SONABEx can be executed as a multi-platform campaign (typical SO approach): 

Surface / ship (or island station) 

• Aerosol size distribution + CCN counters; aerosol filters for composition 
• INP sampling (filters/impactors; offline/online techniques) 
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• Cloud radar + lidar/ceilometer for cloud structure and phase proxies 
• Broadband radiometers (downwelling SW/LW), meteorology, air–sea flux 

Aircraft (optional but powerful) 

• In-situ cloud probes: droplet spectra, ice habits (where applicable), drizzle 
• In-situ aerosol probes: number/size, CCN, absorption/scattering, composition (when available) 
• Above-cloud radiative flux measurements to constrain albedo and cloud optical depth 

Satellite coordination 

• Use overpasses to evaluate retrievals of cloud phase, optical depth, droplet size, and TOA flux, 
anchored by in-situ truth. 

This basic architecture is strongly consistent with how SOCRATES and MARCUS were organized and 
what they measured.  

5) What SONABEx produces (deliverables that reduce uncertainty) 

Think of SONABEx as generating “hard constraints” that models and satellite retrievals must match. 

Key deliverables 

1. Clean-air CCN and INP climatology for the SO 

o PDFs of CCN(S), INP(T), aerosol size/composition by regime and season (as feasible). 

2. Cloud susceptibility in the clean regime 

o Empirical relationships: Nd vs CCN, albedo vs Nd/LWP, drizzle onset vs Nd, mixed-phase 
persistence vs INP. 

3. Radiative closure cases 

o High-quality case studies where measured microphysics and aerosol explain measured flux 
changes (and where they don’t—pinpointing missing physics). 

4. Model parameterization tests 

o Direct evaluation of cloud microphysics, drizzle schemes, mixed-phase transitions, and aerosol 
activation in LES/SCM/regional models; then propagate improvements upward to GCMs. 

5. Satellite algorithm validation 

o Where satellite Nd, phase, optical depth, and flux diverge from in-situ constraints, you get 
a concrete path to better global estimates. 
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6) How this connects to your Ax experiments (and why “no injection” still matters) 

In your taxonomy, SONABEx = A4 (Southern Ocean clean air; aerosol RF; no injection). 

Its role is complementary to the perturbation experiments: 

• Pairs naturally with MCARFE (A2 sea-salt CCN injection): 

SONABEx provides the baseline and the natural variability envelope for SO marine clouds; 
MCARFE tests a controlled perturbation. Together they help separate “what the system does 
naturally” from “what changes when CCN increases.” 

• Complements AARaCE (A3 smoke): 

AARaCE focuses on absorbing aerosol impacts (often above cloud). SONABEx constrains the 
opposite endmember: clean, scattering-dominated marine aerosol and its cloud coupling. 

• Indirectly supports stratospheric aerosol RF experiments (A1a–A1d): 

Those target aerosol radiative forcing in/near the stratosphere; SONABEx targets the cloud-
mediated part of the anthropogenic aerosol ERF uncertainty in a region that’s both influential 
and historically under-sampled. 

7) Bottom line 

SONABEx is the “clean-air anchor”: a disciplined, observation-only campaign over the Southern Ocean 
that measures CCN/INP → cloud microphysics/phase/drizzle → radiative flux in a regime that is 
uniquely valuable for constraining the preindustrial-like baseline and the aerosol–cloud component 
of anthropogenic aerosol ERF. The SO is a known priority for this kind of work, and prior campaigns 
have been explicitly built around these objectives.  

If you want, I can also format SONABEx as a one-page “mission spec” (goals, hypotheses, platforms, 
flight patterns, measured variables, success criteria) so it matches the style of your A1a/A1d writeups. 
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Experiment B1 — Cloud CCN microphysics, no injection 

User Prompt: Please give me a 2-page summary of Experiment “B1” (cloud CCN microphysics, no 

injection). 

1) Purpose 

B1 is an observational (no-injection) experiment aimed at quantifying how cloud condensation nuclei 
(CCN) and small-scale meteorology control warm-cloud microphysics—especially cloud droplet 
number concentration (Nd), droplet size distributions, effective radius (re), and the onset of 
drizzle—under real atmospheric variability. 

This targets a central uncertainty in climate prediction: how aerosol perturbations translate into cloud 
properties (and therefore cloud reflectivity and lifetime). In IPCC AR6, a major share of the aerosol 
forcing uncertainty arises from aerosol–cloud interactions, i.e., how aerosols modify clouds. (ipcc.ch) 

B1 is the “foundation” experiment for the rest of your framework: 

• A2/MCARFE tests controlled CCN perturbations. 

• B1 measures the natural mapping from CCN → activated droplets under diverse conditions, 
which is essential for parameterizations and for interpreting any controlled perturbation result. 

2) What B1 is trying to learn (core questions) 

A) CCN → activation → Nd (the “activation function”) 

B1 aims to measure the empirical relationship between: 

• CCN spectrum (CCN concentration as a function of supersaturation, S), 

• Updraft velocity distributions at cloud base, 

• Aerosol size/hygroscopicity (which governs activation threshold), 
and the resulting Nd in cloud. 

This links directly to the classic Köhler/Twomey framework: more CCN in a given updraft generally 
yields higher Nd and smaller re, increasing cloud albedo (all else equal). (ipcc.ch) 

B) Sensitivity and saturation (when adding CCN stops mattering) 

https://www.ipcc.ch/report/ar6/wg1/figures/chapter-6/figure-6-12/?utm_source=chatgpt.com
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter07.pdf?utm_source=chatgpt.com
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B1 measures when clouds become CCN-limited vs updraft-limited, and when Nd saturates despite 
more aerosol (a common real-world behavior). This is crucial because model forcing depends on 
susceptibility: the same aerosol change can yield huge Nd changes in pristine clouds and almost none 
in polluted clouds. 

C) Microphysical evolution (beyond first activation) 

B1 quantifies how droplet spectra evolve via: 

• condensation growth, 
• collision–coalescence, 
• entrainment/mixing and evaporation, 
• drizzle formation and sedimentation. 

These processes determine whether the initial Twomey brightening persists or is offset by cloud 
adjustments. 

3) Where to do it (regimes that maximize learning) 

Because there’s no injection, B1’s “control knob” is choosing natural regimes that span aerosol and 
meteorological conditions. 

High-value regimes include: 

• Clean marine stratocumulus (high susceptibility; strong Nd response to small CCN changes) 

• Trade cumulus (intermittent clouds; strong role for updraft variability and precipitation 
transitions) 

• Polluted coastal outflow (tests saturation and mixing-state complexities) 

• Cold-air outbreak stratocumulus (strong turbulence and drizzle sensitivity) 

A practical B1 campaign often combines at least two regimes (e.g., clean marine + moderately 
polluted marine) to cover both ends of susceptibility. 

4) Measurement concept (what you measure, and why it closes the problem) 

B1 is fundamentally a process-closure experiment. You are not trying to “measure forcing” directly; 
you are trying to explain Nd and droplet spectra from first principles and observed inputs. 

A) Aerosol/CCN (below cloud base) 

Minimum required: 
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• Aerosol size distribution (number vs diameter) 
• CCN spectrum (CCN(S) at multiple supersaturations) 
• Hygroscopicity proxy (composition or κ-like behavior), ideally 

Why: CCN(S) is the most direct input to activation; size distribution and hygroscopicity explain why 
CCN changes with time and location. 

B) Dynamics at cloud base (activation environment) 

Minimum required: 

• Vertical velocity (w) statistics near cloud base (mean, variance, tails) 
• Turbulence metrics and thermodynamic profiles (T, RH, stability) 
• Cloud base height and variability 

Why: activation is governed by the competition between supersaturation produced by updrafts and 
supersaturation consumed by condensation on activated droplets. 

C) Cloud microphysics (in cloud) 

Minimum required: 

• Nd and droplet size distribution (including spectral width) 
• Effective radius (re) and liquid water content (LWC) 
• Drizzle drop spectra (to identify onset and rate of collision–coalescence) 

Why: Nd and the droplet spectrum are the primary outcomes; drizzle provides the key transition that 
drives cloud lifetime and radiative adjustments. 

D) Optional but extremely valuable context 

• Cloud radar/lidar (vertical structure, cloud thickness, drizzle) 
• Remote sensing (cloud optical thickness, re retrievals) to map spatial heterogeneity 
• Aerosol above cloud (to avoid misattributing entrained layers) 

5) How B1 is executed (flight/day logic without injection) 

A canonical B1 “IOP day” (intensive observing period) consists of repeated sampling blocks: 

1. Upwind/below-cloud baseline legs 

Map aerosol size + CCN(S) and thermodynamics feeding the cloud. 

2. Cloud-base legs 
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Repeated legs straddling cloud base to measure updraft statistics and activation environment. 

3. In-cloud microphysics legs 

Multiple level legs at different heights within cloud to observe droplet spectral evolution and 
mixing. 

4. Cloud-top / above-cloud legs (optional) 

Constrain entrainment conditions and detect any overlying aerosol layers. 

5. Cross-wind curtains / stacked profiles 

Build a 3-D picture so that observed Nd changes can be attributed to aerosol vs dynamics vs 
mixing. 

Because natural variability is large, B1 typically benefits from multiple IOP days spanning different 
meteorological states. 

6) Primary outputs (what you get that models actually need) 

B1 should produce quantitative, transportable constraints such as: 

1. Activation parameterizations constrained by data 

• Empirical or semi-empirical relationships for: 
o 𝑁𝑑 ≈ 𝑓(𝐶𝐶𝑁(𝑆), 𝑤,thermodynamics) 

• PDFs of w at cloud base conditioned on regime. 

2. Cloud susceptibility metrics 

• ∂ln⁡(𝑁𝑑)/ ∂ln⁡(𝐶𝐶𝑁)across regimes and meteorological states 
• Nd saturation curves vs CCN 

3. Process attribution for droplet spectrum evolution 

• How much of droplet spectral broadening and drizzle onset is driven by: 
o collision–coalescence vs 
o entrainment/mixing vs 
o aerosol variability. 

4. Uncertainty budgets 

• Identify whether the dominant error source is: 
o CCN measurement uncertainty, 
o updraft sampling, 
o microphysics probe biases, 
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o representativeness (sampling the right spatial scales). 

These are exactly the kinds of constraints that help reduce the aerosol–cloud forcing uncertainty 
called out in AR6: if models can’t get Nd and drizzle right as a function of CCN and dynamics, they 
can’t get ERF_aci right. (ipcc.ch) 

7) Relationship to your other experiments 

• B1 ↔ A2 (MCARFE): B1 establishes the “natural” CCN → Nd mapping and the role of 
dynamics; MCARFE tests whether controlled CCN perturbations follow the same mapping. 

• B1 ↔ B2: B1 covers activation and droplet spectra; B2 emphasizes precipitation/drizzle 
response and its feedback on cloud macrophysics. 

• B1 ↔ B5: B1 is microphysics closure; B5 is full radiative closure (microphysics + optics + flux). 

How does A2 differ from B1? 

A2 (MCARFE) and B1 are aimed at the same physics chain (CCN → Nd/re → cloud properties), but they 
differ in a crucial way: A2 is a controlled perturbation experiment; B1 is an observational “natural 
variability” experiment. 

Dimension A2 (MCARFE) B1 (CCN microphysics) 

What you “do” 
to the 
atmosphere 

Deliberately inject a metered sea-salt CCN 
plume into a clean marine boundary layer 
under stratocumulus, then watch the cloud 
respond. 

 

No injection. You observe how real clouds respond to 
naturally varying CCN + meteorology across regimes. 

 

Control knob 

The known CCN perturbation (amount, size 
distribution, point-source plume structure). 

 

Regime selection + statistics: sample many “IOP days” 
spanning aerosol and meteorology to infer the activation 
function and its variability. 

 

Primary goal 

Produce radiative closure for aerosol–cloud 
forcing by measuring (1) aerosol 
perturbation, (2) cloud response, and (3) 
shortwave flux perturbation above and 
below cloud attributable to the 
perturbation. 

 

Produce process/parameterization closure: explain Nd and 
droplet spectra from measured CCN(S), cloud-base updraft 
statistics, and thermodynamics—foundation for 
parameterizations (not primarily “measure forcing 
directly”). 

 

Instrument 
“modules” (Mx) 

M0 + M1, plus M4 if clouds present, and 
M2/M3 if doing forcing directly (i.e., if you 
want the full flux closure). 

 

M0 + M1 + M4 (dynamics + aerosol/CCN + in-cloud 
microphysics). 

 

Flight pattern 
emphasis 

Point-source plume mapping: very near-field 
→ cloud-base transects → in-cloud legs; 
explicitly includes a delivery-efficiency test 

Stacked legs + Lagrangian following; repeat blocks (below-
cloud baseline, cloud-base updraft stats, in-cloud 
microphysics legs, curtains/profiles) across multiple 

https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter07.pdf?utm_source=chatgpt.com
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Dimension A2 (MCARFE) B1 (CCN microphysics) 

(does plume reach cloud base?). 

 

days/states. 

 

How they 
connect 

A2 tests: “If I add CCN by a known amount, 
what’s the causal response and ΔF?” 

 

B1 provides the interpretive baseline: “Under natural 
conditions, what mapping CCN(S), w → Nd should models 
reproduce?” It’s explicitly described as foundational and 
complementary to A2. 

 

 

The simplest way to remember it 

• B1 = learn the natural “activation law” (CCN(S) + updrafts → Nd, droplet spectra) so models 
get the microphysics right under real variability. 

• A2 = run a controlled “treatment vs control” where you know what you changed (CCN plume) 
and you try to close the radiative forcing signal of that change (especially when you include 
M2/M3). 

Bottom line 

B1 is the “microphysics engine-room” experiment: measure CCN(S), aerosol size/composition, cloud-
base updraft statistics, and in-cloud droplet spectra at high fidelity across key regimes, so you can 
parameterize (and validate) how aerosols actually control Nd and droplet evolution—the foundation 
for narrowing uncertainty in aerosol–cloud forcing. 
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Experiment B2 — Cloud precipitation / drizzle, no injection 

User Prompt: Please give me a 2-page summary of Experiment “B2” (cloud Precipitation/drizzle, no 

injection). 

1) Purpose 

B2 is an observational (no-injection) experiment to quantify how and when warm marine clouds 
transition from “non-precipitating” to drizzling/precipitating, and how that transition feeds back on 
cloud lifetime, liquid water path (LWP), cloud fraction, and radiative properties. 

This is a high-leverage uncertainty because a large portion of the aerosol–cloud forcing uncertainty is 
tied to whether aerosol changes suppress or enhance drizzle and thereby change cloud water and 
coverage (“cloud adjustments”), not just droplet number and size. IPCC AR6 shows aerosol–cloud 
interactions contribute the dominant negative forcing and uncertainty within aerosol ERF. (ipcc.ch) 

B2 complements B1: 

• B1 focuses on CCN activation → droplet number/size. 
• B2 focuses on the next step: collision–coalescence → drizzle → macrophysical adjustment. 

2) Scientific questions B2 answers 

A) Drizzle susceptibility: what controls drizzle onset? 

B2 aims to measure how drizzle initiation depends on: 

• LWP / cloud thickness (often the strongest predictor), 
• droplet size distribution (especially the large-drop tail), 
• turbulence and entrainment (controls spectral broadening), 
• aerosol/CCN background (indirectly affects droplet sizes at fixed water). 

The key is to determine the probability of drizzle as a function of these predictors under real 
variability. 

B) Feedback: what does drizzle do to the cloud field? 

Once drizzle starts, it can: 

• remove liquid water from cloud, 
• stabilize or destabilize boundary layer structure via evaporative cooling below cloud, 

https://www.ipcc.ch/report/ar6/wg1/figures/chapter-6/figure-6-12/?utm_source=chatgpt.com
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• change cloud fraction and organization, 
• set the time scale of cloud persistence. 

B2 measures those feedback pathways directly, under conditions where you can separate cause and 
effect (e.g., Lagrangian sampling). 

C) Regime dependence: when does aerosol matter vs when does meteorology dominate? 

In some regimes, drizzle is primarily controlled by dynamics and LWP; in others, aerosol shifts the 
drizzle threshold by changing droplet size distribution. B2 is about quantifying that partitioning. 

3) Where to do it (highest value natural laboratories) 

Because there is no injection, you design B2 by choosing regimes that naturally span “drizzle on/off” 
transitions: 

1. Marine stratocumulus decks 

• Classic environment for drizzle suppression and “open vs closed cell” organization. 
• Great for studying how drizzle shapes cloud fraction and mesoscale patterns. 

2. Cold-air outbreaks 

• Strong surface fluxes and turbulence; clouds evolve rapidly with frequent drizzle transitions. 

3. Trade cumulus 

• Patchy clouds; drizzle often intermittent and sensitive to updraft spectrum and entrainment. 

A strong B2 campaign samples at least two regimes (e.g., stratocumulus + cold-air outbreak) to 
capture both steady and rapidly evolving boundary layers. 

4) Measurement concept (what you measure, and how you make it causal) 

B2 requires simultaneous observation of: 

• precipitation microphysics (drop size distributions and rates), 
• cloud macrophysical state (LWP, thickness, fraction), 
• aerosol/CCN background (even though you don’t inject), 
• meteorology/turbulence (since it controls both drizzle and cloud structure). 

A) Precipitation / drizzle measurements (the core) 
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Minimum required: 

• In-cloud drop size distributions across the drizzle size range 
• Below-cloud drizzle (drops and rain rate proxy) 
• Radar reflectivity and Doppler velocity (best for continuous vertical context) 

Why radar is so valuable: drizzle is episodic and spatially variable; radar provides the vertical and 
temporal continuity that point measurements miss. 

B) Cloud macrophysics (what drizzle changes) 

Minimum required: 

• Liquid water path (LWP) (e.g., microwave radiometer or derived from profiles) 
• Cloud base/top height and cloud thickness (ceilometer/lidar + radar) 
• Cloud fraction and mesoscale organization (imagery/remote sensing) 

C) Aerosol and CCN background (to interpret aerosol influence) 

Minimum required: 

• aerosol number/size distribution below cloud 
• CCN spectrum (CCN(S)) if possible 

This lets you determine whether drizzle differences are happening under similar aerosol conditions or 
whether aerosol is a key covariate. 

D) Meteorology / turbulence (the confounder you must measure) 

Minimum required: 

• vertical velocity statistics near cloud base and within cloud 
• boundary layer structure (inversions, humidity jump) 
• surface fluxes (especially in cold-air outbreaks) 

5) How B2 is executed (no injection; an “IOP day”) 

A canonical B2 day uses a mix of Eulerian and Lagrangian elements: 

1. Baseline characterization 

• Map aerosol/CCN and boundary layer thermodynamics feeding the cloud. 

2. Repeated sampling of precipitating vs non-precipitating sectors 
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• Identify adjacent regions under similar synoptic forcing where drizzle is “on” and “off.” 
• Sample both repeatedly with stacked legs and radar context. 

3. Lagrangian “follow the cloud field” 

• Track a cloud deck segment downwind for several hours to watch drizzle initiation and its 
macrophysical effects unfold. 

4. Mesoscale mapping 

• Cross-wind curtains to capture transitions (e.g., closed → open cells), which are often drizzle-
mediated. 

Because drizzle is intermittent, B2 benefits from multiple days and a strategy to catch transitions, not 
just steady states. 

6) Primary outputs (what B2 delivers to models and forcing estimates) 

Output 1 — Drizzle onset probability surfaces 

Empirical relationships such as: 

• 𝑃(drizzle) = 𝑓(LWP,cloud thickness, 𝑁𝑑 , 𝑟𝑒 , 𝑤,entrainment) 

These are directly usable for evaluating and improving drizzle and auto-conversion parameterizations 
in LES and climate models. 

Output 2 — Microphysical pathway attribution 

Quantify whether drizzle onset is controlled mainly by: 

• spectral broadening (mixing/turbulence), 
• mean droplet size (linked to Nd and water), 
• or cloud thickness/LWP. 

This resolves a core ambiguity: in many cases, aerosol matters through its effect on Nd/re, but 
meteorology controls LWP, and LWP dominates drizzle onset. 

Output 3 — Cloud adjustment metrics 

Quantify how drizzle changes: 

• LWP tendency (thickening or thinning), 
• cloud fraction, 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 235 

 

• boundary layer depth/decoupling, 
• organization (open/closed cells), 

and therefore the net reflected shortwave. 

These are precisely the “adjustments” that create large uncertainty in aerosol ERF. 

Output 4 — Observation-constrained LES test cases 

B2 should produce a small set of “gold standard” cases with: 

• full meteorology and aerosol boundary conditions, 
• continuous radar/lidar/macrophysical context, 
• in-situ microphysics, 

so LES can be compared to reality with minimal tuning. 

7) Relationship to your other experiments 

• B2 builds on B1: you cannot interpret drizzle without knowing Nd/re and CCN activation 
context. 

• B2 informs A2 (MCARFE): MCARFE asks “what happens when we add CCN?”—B2 tells you 
whether the cloud is in a regime where CCN changes are likely to change drizzle (and therefore 
cloud adjustments). 

• B2 feeds B5 (full radiative closure): drizzle-driven macrophysical changes strongly affect 
fluxes; B5 needs B2-quality constraints to interpret radiative signals. 

Bottom line 

B2 is the “drizzle gatekeeper” experiment: it measures how warm clouds transition into precipitation 
and how that transition reorganizes cloud water and coverage—often the dominant pathway by which 
aerosols influence cloud radiative forcing uncertainty. By producing robust drizzle onset/feedback 
constraints across regimes, B2 directly reduces the uncertainty in aerosol–cloud “adjustment” terms 
that inflate the IPCC aerosol forcing error bar. 
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Experiment B3 — Cloud glaciation / INP, no injection 

User Prompt: Please give me a 2-page summary of Experiment “B3” (mixed-phase cloud glaciation 

INP, no injection). 

1) Purpose 

B3 is an observational (no-injection) experiment to understand and constrain how ice-nucleating 
particles (INP) control mixed-phase clouds (MPCs)—clouds containing both supercooled liquid water 
and ice—and how transitions toward glaciation alter cloud lifetime, precipitation, and radiative 
effects. 

This is high leverage because mixed-phase clouds are common (especially at mid–high latitudes), they 
strongly influence Earth’s radiation budget, and models have persistent difficulty representing: 

• the amount and persistence of supercooled liquid, 
• the onset and rate of ice formation, 
• precipitation efficiency and cloud phase partitioning. 

Those errors directly affect simulated cloud feedbacks and aerosol–cloud forcing uncertainty. 

2) Core scientific questions 

A) What INP concentrations exist in the real atmosphere across key regimes? 

B3 builds an empirical “INP climatology” by measuring INP abundance and activity as a function of: 

• temperature (often the dominant control), 
• altitude (boundary layer vs free troposphere), 
• air mass origin (marine vs continental, dusty vs clean), 
• season (biological activity, dust transport). 

B) Which nucleation pathways dominate, and under what conditions? 

Mixed-phase clouds can glaciate through multiple pathways: 

• Immersion freezing (INP inside droplets), 
• Contact freezing (INP colliding with droplets), 
• Deposition/condensation freezing (vapor → ice on INP), 
• Secondary ice production (e.g., Hallett–Mossop in specific temperature ranges). 
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B3 aims to identify the dominant pathway(s) in real clouds and when secondary processes are 
required to explain observed ice number. 

C) What controls the supercooled liquid persistence vs rapid glaciation? 

Key outcomes to quantify: 

• When do MPCs remain liquid-dominated for hours? 
• When do they glaciate quickly and precipitate out? 
• How sensitive are these outcomes to INP abundance vs dynamics (updrafts, mixing, humidity)? 

This matters because the radiative difference between liquid and ice is large: liquid clouds tend to be 
optically thicker and more reflective than ice clouds at the same water content. 

3) Where to do B3 (natural laboratories) 

Because B3 is no-injection, location choice is your “experimental control.” High-value environments 
include: 

1. Southern Ocean and high-latitude marine regions 

• Often low aerosol background but frequent supercooled liquid; models struggle here. 

2. Arctic mixed-phase stratiform clouds 

• Persistent MPCs are common; small changes in INP can matter. 

3. Midlatitude frontal MPCs 

• Strong dynamical forcing; good for probing the interplay of INP and updraft-driven 
supersaturation. 

4. Dust-influenced outflow regions 

• Natural INP enrichment events provide contrast without deliberate injection. 

A strong B3 program samples at least one clean marine and one dust/continental-influenced regime 
to span INP variability. 

4) Measurement concept (what you measure, and how it becomes causal) 

B3 requires joint observation of (i) INP and aerosol context, (ii) cloud phase and microphysics, and 
(iii) meteorology, because glaciation depends on all three. 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 238 

 

A) INP measurements (the defining feature) 

Minimum required: 

• INP concentration vs temperature spectrum (INP(T)) using filter or impinger collection with 
offline freezing assays, and/or online INP instruments where feasible. 

• Co-located aerosol size distribution and composition proxies to interpret sources (dust, 
biological, soot, sea spray). 

Outputs: 

• INP(T) curves for each air mass / altitude 
• Variability statistics (mean, percentiles) and correlation with tracers (e.g., dust markers) 

B) Cloud phase and microphysics 

Minimum required: 

• Liquid water content (LWC), droplet size distribution (for supercooled liquid) 
• Ice crystal number concentration (Ni), ice size/shape/habit proxies 
• Precipitation particles (snow/graupel) when present 
• Vertical structure of phase: cloud radar/lidar to locate supercooled layers and ice fall streaks 

Key derived diagnostics: 

• Liquid fraction profiles and persistence timescales 
• Ice production rates compared against available INP 

C) Meteorology and dynamics (the confounder) 

Minimum required: 

• Temperature and humidity profiles (glaciation is extremely temperature-sensitive) 
• Vertical velocity statistics, turbulence, and shear 
• Large-scale forcing context (frontal lifting, subsidence, boundary-layer coupling) 

Why: identical INP environments can produce different cloud phase outcomes depending on updrafts 
and mixing. 

5) How B3 is executed (no injection; multi-day campaign logic) 

A typical B3 campaign has a repeating pattern: 

1. Air mass selection and profiling 
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• Use forecasts + trajectories to pick clean marine vs dust-influenced sectors. 
• Profile from below cloud to above cloud to measure aerosols/INP and thermodynamics. 

2. Cloud sampling 

• Repeated in-cloud legs targeting supercooled liquid layers and ice-producing regions. 
• Coordinate with radar/lidar (airborne and/or surface-based) for continuous vertical context. 

3. Lagrangian tracking (where possible) 

• Follow a mixed-phase cloud system segment for hours to observe phase evolution and 
precipitation onset. 

4. Natural contrasts 

• Leverage naturally varying INP events (e.g., dust transport) to create “quasi-experiments” 
without injecting anything. 

6) What B3 delivers (key outputs that improve models) 

Output 1 — INP(T) distributions by regime 

• INP spectra (and uncertainty) for marine vs continental vs dust-influenced air masses. 
• Vertical gradients (boundary layer vs free troposphere), crucial for MPC tops. 

Output 2 — Glaciation threshold metrics 

Empirical relationships like: 

• probability of ice onset as a function of T, INP(T), w, RH 
• rates of liquid depletion vs INP abundance 
• conditions for persistent supercooled liquid vs rapid glaciation 

These become direct constraints on model ice nucleation parameterizations. 

Output 3 — Closure on ice number budgets 

A key model test is: 

• Can observed ice number concentrations be explained by measured INP alone? 
• Or is secondary ice production required? 

B3 produces the paired datasets needed to answer that. 

Output 4 — Radiative relevance 
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Even though B3 isn’t a full radiative forcing experiment, it delivers the cloud-phase constraints that 
strongly affect: 

• cloud optical depth and albedo, 
• longwave trapping, 
• precipitation and cloud lifetime, 

and thus it improves the cloud components of forcing and feedback. 

7) Relationship to your other experiments 

• B3 complements B1/B2: warm-cloud CCN/drizzle (B1/B2) is about liquid-only microphysics; B3 
handles the mixed-phase transition that dominates in colder regimes. 

• B3 supports A4/SONABEx: Southern Ocean “clean air” campaigns often hinge on 
understanding mixed-phase cloud biases—B3 provides the INP and phase constraints. 

• B3 informs B5 (full radiative closure): radiative closure in cold-cloud regimes is impossible 
without credible phase/ice microphysics constraints; B3 is the prerequisite dataset. 

Bottom line 

B3 is the “INP → ice → cloud phase” experiment: measure INP spectra and aerosol context, 
simultaneously measure mixed-phase cloud microphysics and structure, and connect them with 
thermodynamics and dynamics to determine when clouds glaciate, how fast they lose supercooled 
liquid, and how precipitation develops. The resulting INP(T) climatologies and glaciation threshold 
constraints directly address a major weak link in models and improve predictions of cloud radiative 
effects in high-leverage regions like the Southern Ocean and Arctic. 
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Experiment B4 — Cirrus formation, no injection 

User Prompt: Please give me a 2-page summary of Experiment “B4” (cloud cirrus formation, no 

injection). 

1) Purpose 

B4 is an observational (no-injection) experiment to understand and constrain how cirrus clouds (high, 
ice clouds in the upper troposphere/lower stratosphere) form, evolve, and affect radiation. Cirrus are 
challenging for models because their properties depend on the competition between ice nucleation 
pathways, ice supersaturation, and small-scale vertical motions (gravity waves, turbulence, 
convective detrainment). The experiment’s aim is to produce “closure-grade” datasets that tell us 
when cirrus form, how many ice crystals they contain, what sizes/habits those crystals have, and 
what radiative effect results, under well-characterized thermodynamic and aerosol conditions. Cirrus 
formation is fundamentally tied to cooling of moist parcels to conditions where ice can nucleate.  

B4 is the cold-cloud analogue of your warm-cloud microphysics work (B1/B2) and your mixed-phase 
INP work (B3): it targets the upper-tropospheric ice regime, where the microphysics and radiative 
impacts are different, and where uncertainties propagate strongly into climate sensitivity and forcing 
estimates. 

2) What B4 is trying to learn (core scientific questions) 

A) Which ice nucleation pathway dominates, and when? 

Cirrus ice crystals can form through two competing primary mechanisms: 

• Homogeneous freezing of abundant solution aerosol droplets, typically at T < −38°C and very 
high ice supersaturation (often quoted as RH_ice ~140–160% for homogeneous nucleation 
thresholds, depending on conditions).  

• Heterogeneous nucleation on a smaller population of ice-nucleating particles (INP) (e.g., 
mineral dust, soot, volcanic ash), which can occur at lower supersaturation; when efficient, it 
can suppress homogeneous freezing by consuming supersaturation early.  

Why this matters: the dominant pathway strongly controls ice crystal number concentration (Ni) and 
size—many small crystals vs fewer larger crystals—driving both lifetime and radiative effect.  

B) How common and how strong is ice supersaturation? 
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Observations show that ice supersaturation is common in cirrus, implying that nucleation thresholds 
and vertical velocity fields matter, and that models must represent supersaturation realistically (many 
models tend to relax it too quickly).  

C) What controls the “forcing” properties of cirrus (thin vs thick, warming vs cooling)? 

Cirrus radiative impact depends on optical depth, crystal size/shape, altitude/temperature, and 
cloud coverage. B4 focuses on predicting these from measurable inputs: 

• water vapor and temperature history, 
• vertical velocity statistics (including wave events), 
• aerosol/INP environment, 
• pre-existing ice (which can “precondition” the air by depleting INP or consuming 

supersaturation).  

D) What are the key process sources of cirrus? 

B4 separates cirrus by formation regime because each has different microphysics controls: 

• Orographic gravity-wave cirrus (strong small-scale updrafts) 
• Synoptic ascent cirrus (large-scale lifting) 
• Convective outflow/anvil cirrus (detrainment + subsequent in-situ nucleation) 

These regimes are explicitly discussed in recent modeling/parameterization work as distinct 
contributors to cirrus ice sources and variability.  

3) Where to do B4 (natural laboratories) 

Because there is no injection, B4 is “controlled” by choosing the right regimes and sampling them 
repeatedly: 

1. Midlatitude storm tracks (synoptic cirrus; strong contrasts in humidity and ascent) 
2. Mountain-wave regions (gravity-wave cirrus; clean tests of vertical velocity control)  
3. Convective regions / outflow corridors (anvil and in-situ cirrus forming in detrained air)  
4. Upper troposphere clean vs dust-influenced air masses (to test hetero vs homo balance) 

4) Measurement concept (what you measure to make it “closure-grade”) 

B4 needs measurements that simultaneously constrain thermodynamics, aerosols/INP, ice 
microphysics, and radiation. 

A) Thermodynamics (non-negotiable) 

• Water vapor (high accuracy, fast response), temperature, pressure 
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• Diagnose ice supersaturation frequency and magnitude in and around cirrus formation 
regions  

Why it’s critical: small errors in upper-tropospheric humidity can flip conclusions about whether 
conditions favored homogeneous freezing. 

B) Ice microphysics (the outcome variables) 

• Ice crystal number concentration (Ni) and size distributions 
• Ice water content (IWC) 
• Crystal habits/morphology proxies (affect fall speeds and optics) 

Field programs like SPARTICUS and MACPEX were built around exactly these cirrus microphysics 
questions and provide a blueprint for instrumented sampling strategies.  

C) Aerosol / INP context (the “cause” variables) 

• Aerosol size distribution and composition proxies (dust/soot/ash indicators) 
• INP-relevant diagnostics (including “ice residual” approaches, used carefully because prior 

nucleation can deplete INP and complicate interpretation)  

D) Vertical motions and waves (the hidden driver) 

• Vertical velocity statistics, turbulence metrics 
• Wave detection/characterization (gravity waves) because wave-driven updrafts can push air 

above nucleation thresholds intermittently and are a major driver of supersaturation 
variability.  

E) Remote profiling + radiation (optional but high value) 

• Lidar/radar curtains for cloud structure, top/base, fall streaks 
• Broadband or spectral radiometry for radiative closure on selected cases 

MACPEX explicitly targeted cirrus processes and radiative relevance with a highly instrumented 
high-altitude aircraft approach.  

5) How B4 is executed (no injection; “IOP day” logic) 

A typical B4 “intensive observing period” is organized around formation regions rather than mature 
cloud alone: 

1. Pre-formation sampling (“clear-air in the right thermodynamic state”) 
Fly in ice-supersaturated regions near/above the expected cirrus layer to measure humidity, 
aerosols/INP context, and vertical motion statistics before crystals appear. 
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2. Formation/interception passes 
Multiple penetrations through newly forming cirrus in a targeted regime (wave cirrus, synoptic, 
convective outflow), with repeated profiles to capture how Ni and size distributions emerge 
and evolve. 

3. Aging/evolution sampling (hours) 
Track the same air mass segment if feasible to quantify sedimentation, aggregation, and 
radiative-relevant changes. 

4. Paired “clean vs INP-influenced” contrasts 
Use air-mass history and tracers to build quasi-experimental contrasts without deliberate 
injection. 

6) Primary outputs (what B4 delivers to reduce uncertainty) 

Output 1 — Pathway attribution: homogeneous vs heterogeneous frequency 

Observation-constrained statistics on when each nucleation mode dominates, anchored by 
simultaneous supersaturation + aerosol context. This directly informs cirrus parameterizations now 
being actively developed/updated.  

Output 2 — Ice supersaturation climatology tied to dynamics 

Frequency and magnitude of ice-supersaturated states conditioned on wave/turbulence metrics and 
formation regime—key to fixing model biases in supersaturation and cirrus occurrence.  

Output 3 — Ni/IWC/size distributions by regime (and their uncertainty) 

“Gold-standard” microphysical distributions for model evaluation, leveraging lessons from 
SPARTICUS/MACPEX-era work on cirrus formation mechanisms and particle property estimation.  

Output 4 — Case studies for process-model closure 

A small number of heavily instrumented cases suitable for: 

• parcel/box nucleation modeling, 
• LES with embedded microphysics, 
• evaluation of how pre-existing ice and INP depletion affect subsequent nucleation (“memory 

effects”).  
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7) Relationship to your other experiments 

• B4 complements B3: B3 targets mixed-phase glaciation (often warmer, liquid+ice); B4 targets 
cirrus (colder, typically ice-only) and emphasizes homogeneous vs heterogeneous cirrus 
nucleation.  

• B4 supports B5 (full radiative closure): radiative closure for high clouds is impossible without 
credible Ni/IWC/size/habit constraints. 

• B4 informs contrails/aviation-cirrus understanding indirectly: the same upper-tropospheric 
supersaturation and ice microphysics constraints matter for aviation-induced cirrus 
representation (even though B4 is “no injection”). 

Bottom line 

B4 is a targeted campaign to answer: Given the real upper-tropospheric humidity field, vertical motions 
(especially waves), and aerosol/INP environment, what nucleation pathway occurs, what ice crystal 
population forms, and what radiative-relevant cirrus results? The deliverable is a set of closure-grade, 
regime-classified datasets that directly constrain cirrus nucleation parameterizations and reduce a 
major persistent source of cloud and radiation uncertainty in climate models. 
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Experiment B5 — Cloud radiative closure, no injection 

User Prompt: Please give me a 2-page summary of Experiment “B5” (cloud full radiative-closure, no 

injection). 

1) Purpose 

B5 is an observational (no-injection) experiment designed to achieve full radiative closure for clouds: 
demonstrate that when you measure (i) the atmospheric state, (ii) cloud macrophysics and 
microphysics, and (iii) aerosols and surface properties, then a radiative transfer (RT) model can 
reproduce the observed shortwave (SW) and longwave (LW) fluxes—both upwelling and 
downwelling—within quantified uncertainty. 

This is one of the most direct ways to reduce cloud-related uncertainty in climate models because it 
tests the whole chain: 

       aerosol + dynamics → cloud microphysics/macrophysics → optical properties → radiative fluxes, 

without relying on any forced perturbation. 

B5 is the “integration experiment” that turns B1–B4 process understanding into a closed energy-
budget test. 

2) What “radiative closure” means in B5 

Radiative closure means you can take measured inputs, compute radiative fluxes with an RT model, 
and match measured fluxes: 

• SW closure: match reflected and transmitted solar radiation (dominant for bright low clouds). 
• LW closure: match thermal emission/absorption (important for high clouds and for net cloud 

radiative effect). 

Full closure generally implies: 

• Top-of-cloud / above-cloud flux and below-cloud / surface flux are both measured. 
• Cloud vertical structure and phase are measured well enough that optical property 

uncertainties are bounded. 

When closure fails, B5 tells you exactly what is missing: microphysics, 3-D structure, surface albedo, 
aerosol extinction, cloud phase, or RT approximations (e.g., plane-parallel errors). 
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3) Why B5 matters for climate uncertainty 

Cloud radiative effects are large, and small fractional errors in cloud albedo, phase, or coverage can 
create W/m²-scale errors in modeled energy balance. The same cloud physics uncertainties also 
interact with aerosol forcing estimation (because aerosol forcing is often diagnosed through cloud 
changes). 

B5 produces “gold standard” case datasets that: 

• validate RT codes and parameterizations used in models, 
• validate satellite retrievals of cloud optical thickness, droplet size, and phase, 
• expose systematic biases (e.g., plane-parallel bias, unresolved sub-grid variability). 

4) Core scientific questions 

B5 is structured around a few practical questions: 

1. Can we predict SW fluxes from measured cloud and aerosol properties? 
For low clouds, SW dominates; closure here is a strong test of optical depth, droplet size, and 
cloud fraction. 

2. Can we predict LW fluxes from measured temperature, humidity, and cloud vertical 
structure? 
For high clouds/cirrus, LW can dominate the net effect; closure tests cloud top temperature, 
emissivity, and ice microphysics/phase. 

3. What are the dominant error sources when closure fails? 
Is it cloud heterogeneity (3-D), phase misclassification, droplet/ice habit assumptions, aerosol 
above cloud, surface albedo, or instrument calibration? 

4. How portable are the results across regimes? 
Do parameterizations tuned to marine stratocumulus work for trade cumulus, mixed-phase 
clouds, or cirrus? 

5) Where to do it (regimes and why) 

Because B5 is no-injection, you choose regimes that maximize interpretability and signal: 

A. Marine stratocumulus decks (SW closure “best case”) 

• Bright, horizontally extensive decks simplify geometry and produce strong SW signals. 

B. Trade cumulus / broken cloud fields (3-D challenge case) 
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• Tests how sub-grid heterogeneity and cloud fraction representation affect closure. 

C. Mixed-phase stratiform clouds (phase challenge case) 

• Tests liquid/ice partitioning, glaciation, and combined SW/LW behavior. 

D. Cirrus (LW + microphysics challenge case) 

• Tests ice microphysics, supersaturation context, and LW emission/absorption. 

A good B5 campaign aims for multiple regimes because closure in one regime doesn’t guarantee 
closure in another. 

6) Measurement architecture (what you must measure) 

B5 is measurement-intensive; think of it as a “minimum complete set” problem. 

A) Radiative fluxes (the closure target) 

Minimum: 

• Upwelling and downwelling SW and LW irradiance/flux above cloud (or at least above the 
cloud top) and below cloud (near surface or just below base). 

• Accurate attitude/geometry and angular corrections. 

Nice-to-have: 

• Spectral fluxes/irradiances (tighten attribution to gases vs clouds vs aerosols). 

B) Cloud macrophysics (structure and coverage) 

Minimum: 

• Cloud base/top heights and thickness (profiles), cloud fraction along track. 
• Cloud water path proxies (LWP for liquid clouds; IWP for ice clouds). 

Key tools: 

• Cloud radar + lidar for vertical structure and phase proxies. 

C) Cloud microphysics (what sets optics) 

Minimum: 
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• Liquid clouds: droplet size distribution, Nd, effective radius. 
• Ice/mixed-phase: ice number, IWC, habit proxies and liquid fraction. 

D) Aerosols (only for certain regimes, but often essential) 

Minimum: 

• Aerosol extinction/scattering/absorption and vertical distribution (especially for SW closure 
and for cases with aerosol above/below cloud). 

In many “clean marine” cases, aerosol may be a secondary term, but B5 still benefits from measuring 
it to avoid attribution errors. 

E) Atmospheric state (RT inputs) 

Minimum: 

• Temperature, humidity (especially upper-tropospheric for LW), pressure profiles. 
• Ozone and key trace gases if spectral closure is attempted. 

F) Surface boundary condition 

Minimum: 

• Surface albedo/emissivity (ocean vs land), sea state, surface temperature. 
Even small errors here can break SW or LW closure. 

7) How B5 is executed (typical “IOP day”) 

A canonical B5 observing day is organized like this: 

1. Background characterization 

• Measure the vertical profiles of T/q, aerosols, and cloud structure in and around the target 
scene. 

2. Stacked radiometry geometry 

• Obtain above-cloud and below-cloud flux observations that are as collocated in time and space 
as possible (minimizes scene evolution errors). 

3. In-cloud microphysics passes 

• Sample microphysics in the same scene being used for flux closure. 
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4. Mapping legs 

• Crosswind and along-wind legs to map cloud heterogeneity and fraction; essential for 
diagnosing 3-D errors. 

5. Control / repeat sampling 

• Repeat the stack after 1–2 hours to quantify scene evolution and test closure robustness. 

The defining operational requirement is collocation: fluxes, cloud microphysics, and profiles must 
describe the same air mass/scene. 

8) Data products and success criteria 

B5 succeeds when it yields cases where: 

1. SW closure is achieved 
RT-computed reflected/transmitted SW matches observed SW fluxes within uncertainty. 

2. LW closure is achieved 
RT-computed LW fluxes match observed LW fluxes within uncertainty. 

3. Error attribution is explicit 
If closure fails, the dataset allows you to show whether the failure is due to: 

o microphysics assumptions (re, habit), 
o cloud phase partitioning, 
o cloud fraction / 3-D structure, 
o aerosol above cloud, 
o surface albedo/emissivity, 
o or instrument/systematic calibration offsets. 

4. Transferable model constraints 
The cases can be used to validate LES/SCM and parameterizations, then test whether climate 
models reproduce the same radiative outcomes for the same observed cloud/aerosol state. 

9) Relationship to your other experiments 

• B5 integrates B1–B4: B1 (activation), B2 (drizzle), B3 (mixed-phase/INP), B4 (cirrus) provide 
process constraints that B5 uses to explain radiative fluxes. 

• B5 supports Ax experiments: It provides the “cloud closure” competency needed before you 
can confidently interpret aerosol forcing perturbation experiments in cloudy scenes. 

• B5 improves satellite forcing estimates: Closure-grade cases are ideal for evaluating satellite 
retrievals (optical depth, droplet size, phase), which feed global forcing estimates. 
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Bottom line 

B5 is the “end-to-end energy budget test” for clouds: measure cloud structure and microphysics, 
aerosols, atmospheric state, and surface properties well enough that radiative transfer can reproduce 
observed SW and LW fluxes. It doesn’t require injection because its value is diagnostic: it reveals 
which cloud physics and radiative assumptions must be fixed to reduce cloud and aerosol-forcing 
uncertainty in climate models. 
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Experiment C1 — Inject SO₂ gas (SAI) 

User Prompt: Please give me a 2-page summary of Experiment “C1” (inject SO₂ gas, SAI). 

1) Purpose 

C1 is a stratospheric aerosol injection (SAI) process experiment in which SO₂ gas is released into the 
stratosphere (or uppermost troposphere–lower stratosphere, depending on access) so it can oxidize 
to H₂SO₄ and then form sulfate aerosol. The experiment’s purpose is not “deployment,” but to 
generate high-quality, in-situ + remote observations that constrain the most important and uncertain 
parts of the SAI chain: 

SO₂ → oxidation chemistry → H₂SO₄ vapor → new particle formation/condensation → aerosol 
size distribution evolution → radiative forcing + stratospheric heating + ozone impacts. 

This is closely analogous to volcanic perturbations (e.g., Pinatubo), where injected SO₂ was converted 
to sulfate aerosol that altered stratospheric optical depth and climate for ~1–2+ years.  

2) Why inject SO₂ (instead of injecting sulfate directly) 

SO₂ is the “classic” SAI precursor because it is (a) a gas that can be transported before it becomes 
particulate, and (b) the atmosphere naturally converts it into sulfate aerosol—so the resulting particle 
population is governed by real stratospheric chemistry and microphysics rather than an assumed 
aerosol at the nozzle. 

Key points: 

• In the stratosphere, SO₂ is oxidized to H₂SO₄ over days to weeks, then condenses to liquid 
sulfate aerosol; the particles subsequently grow by condensation and coagulation and are 
transported by winds and settle gravitationally.  

• Observational work indicates SO₂ decay timescales are often weeks to about a month, varying 
with altitude/conditions and retrieval baselines.  

That “natural formation pathway” is exactly what SAI models must get right, and it’s also where many 
uncertainties live. 
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3) What C1 is trying to measure (core science objectives) 

Objective A — SO₂ conversion rate and pathway 

Measure how fast SO₂ converts to H₂SO₄ and sulfate aerosol in the actual stratospheric environment, 
including how conversion depends on altitude/temperature, background aerosol surface area, and 
sunlight-driven chemistry.  

Key observables 

• SO₂ mixing ratio evolution (gas phase) 
• H₂SO₄ (vapor) and particle formation signatures (where measurable) 
• Oxidant environment proxies / photochemical context (campaign-dependent) 

Objective B — Aerosol microphysics and size evolution 

Determine the evolving particle size distribution and number concentration, and quantify the 
controlling processes: 

• nucleation vs condensation vs coagulation 
• growth to sizes that are radiatively efficient vs sizes that sediment too quickly 
• sensitivity to injection rate/temporal “pulsing” (even if not varied operationally, models can 

explore it) 

This matters because radiative forcing per unit sulfur depends strongly on size; large particles can 
reduce efficacy and increase sedimentation.  

Objective C — Optical properties and radiative forcing efficiency 

Measure the aerosol’s key radiative parameters: 

• AOD(λ), SSA(λ), and phase-function/asymmetry parameter g(λ) 
• vertical distribution and layer thickness 
• local shortwave flux perturbation (where geometry allows) 

These provide “radiative closure” tests for RT models and satellite retrievals. 

Objective D — Stratospheric heating and ozone-related chemistry 

Sulfate aerosol increases stratospheric surface area for heterogeneous chemistry and can affect 
ozone; it also alters heating rates (shortwave absorption and longwave effects), which feeds back on 
circulation. The NOAA ozone assessment includes a dedicated discussion of SAI and ozone 
implications.  
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4) Concept of operations (high-level, not procedural) 

C1 is inherently a multi-timescale experiment: 

1. Near-field (minutes–hours): characterize the initial SO₂ plume structure, dispersion, and any 
immediate chemistry signals (mostly still gas-dominated). 

2. Transition (days–weeks): observe conversion to sulfate aerosol and early microphysical 
growth (this is the heart of C1).  

3. Mature aerosol (weeks–months): observe size distribution stabilization, transport, and 
gradual decay/settling—analogous to volcanic aerosol evolution.  

Because conversion is typically days to weeks, C1 usually needs repeat sampling of the same evolving 
air mass (as best as meteorology permits) and/or statistical sampling of the perturbed region.  

5) Measurement architecture (what instruments/platforms make it “C1-grade”) 

C1 becomes powerful when it combines in-situ sampling with remote profiling and radiometry, tied 
together by modeling. 

A) In-situ (aircraft/balloon) 

• SO₂ and sulfur species (gas) 
• Aerosol size distribution (nucleation → accumulation modes), number, and surface area 
• Aerosol composition (to confirm sulfate and detect mixing/contamination) 
• Standard meteorology (T, P, winds) for trajectory and microphysics interpretation 

B) Remote profiling (lidar/limb/satellite where feasible) 

• Layer height, thickness, and spatial extent (critical for turning point measurements into 
columns) 

• Backscatter/extinction profiles (aerosol structure) 

C) Radiation 

• Broadband/spectral shortwave flux (above/below aerosol layer when possible) 
• Retrieval-grade measurements that connect to AOD/SSA/g closure 

D) Modeling (part of the experiment) 

• Trajectory + chemical box modeling to interpret conversion rates 
• Microphysical modeling (nucleation/condensation/coagulation) constrained by observations 
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• Chemistry–climate context runs to interpret heating/ozone sensitivity (not “predict 
deployment,” but to test process realism) 

The National Academies’ solar geoengineering research recommendations emphasize the need for 
process understanding and careful governance for research on SAI/other sunlight reflection methods.  

6) What success looks like (deliverables) 

A successful C1 produces a small set of “gold standard” closure datasets: 

1. SO₂ decay / conversion curves (with uncertainty) as a function of altitude/conditions.  

2. Time-evolving aerosol size distributions that falsify or validate microphysical model 
assumptions (e.g., how quickly particles grow, whether coagulation drives them out of the 
optimal size range).  

3. Optical property closure: observed AOD/SSA/g consistent with microphysics + refractive index 
assumptions, and consistent with measured radiative flux perturbations where geometry 
allows. 

4. Chemistry/ozone diagnostics: evidence that constrains heterogeneous chemistry rates and 
heating-rate impacts relevant to ozone and circulation.  

7) What C1 can and cannot answer 

C1 can answer well 

• The process physics of sulfate formation and growth in the real stratosphere (core 
microphysical/chemical uncertainties). 

• The forcing efficiency of the resulting aerosol locally and the validity of RT/satellite retrievals in 
that regime. 

• The direction and magnitude (within small perturbation limits) of key chemical/heating 
responses.  

C1 cannot answer by itself 

• Full regional/global climate impacts, hydrology shifts, or long-term circulation changes—those 
require models and are not inferable from a small perturbation alone. 

• Governance/political legitimacy questions; those must be handled separately (and are 
explicitly emphasized as necessary in National Academies governance discussions).  
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8) How C1 relates to your overall Ax/Bx framing 

• C1 (SO₂, SAI) is the SAI-side counterpart to your A1a (SO₂ for aerosol RF understanding), but 
with explicit emphasis on SAI-relevant side effects (ozone, stratospheric heating) and on 
validating process modules used in SAI modeling. 

• B5 (full cloud radiative closure) is still relevant because real-world interpretation of radiative 
perturbations often involves clouds; however, C1’s primary radiative target is the stratospheric 
aerosol layer, not cloud microphysics. 

If you’d like, I can also provide a “C1 vs C2” comparison paragraph (SO₂ precursor vs direct sulfate 
aerosol) focusing on what uncertainties each one resolves best and what the measurement timeline 
looks like—still at a non-operational level. 
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Experiment C2 — Inject H₂SO₄ aerosol (SAI) 

User Prompt: Please give me a 2-page summary of Experiment “C2” (inject H₂SO₄ aerosol, SAI). 

1) Purpose 

C2 is a stratospheric aerosol intervention (SAI) process experiment in which you directly release 
sulfuric-acid–based aerosol (often described as “H₂SO₄ aerosol,” but in the real stratosphere it rapidly 
exists as H₂SO₄–H₂O liquid droplets) into the stratosphere to create a controlled, immediately 
radiatively active sulfate aerosol layer. 

It is the “direct aerosol” counterpart to C1 (SO₂ gas). Instead of waiting days–weeks for gas-phase 
oxidation and particle formation, C2 starts with an aerosol population at t = 0, so you can observe 
microphysics → optics → radiative flux much sooner. 

The experiment targets the same core SAI chain, but with the chemistry front-end largely removed: 

Injected aerosol size/number/composition  
 → hygroscopic equilibration 
 → coagulation/condensation 
 → size distribution evolution 
 → optical properties (AOD, SSA, g) 
 → radiative forcing + stratospheric heating + ozone impacts. 

2) Why inject H₂SO₄ aerosol instead of SO₂ gas 

C2 exists because “what matters for forcing” is the aerosol population, and models show that how 
sulfur enters the stratosphere strongly affects particle size, lifetime, and forcing efficiency. 

Key advantages of C2: 

• Immediate signal: you create aerosol optical depth right away, enabling same-day radiative 
and in-situ sampling, rather than weeks of waiting for conversion.  

• Direct control knob: you can (in principle) target an aerosol size distribution closer to 
radiatively efficient sizes, then test whether stratospheric microphysics preserves or degrades 
it (via coagulation and growth). Microphysics is known to determine forcing efficiency and 
burden.  

• Different efficacy than SO₂: modeling work comparing injection strategies finds H₂SO₄ (or 
aerosol) injection can yield different radiative forcing efficacy than SO₂ injection because the 
microphysical pathway differs (nucleation vs immediate particles).  
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Key disadvantages / what you give up: 

• You don’t directly measure SO₂ oxidation pathways and conversion rates (that’s C1’s strength). 
The Ozone Assessment frames sulfate lifecycle in terms of oxidation → nucleation → 
coagulation/condensation, etc.; C2 largely starts after the oxidation step.  

3) Core scientific objectives (what C2 is trying to learn) 

Objective A — Aerosol size distribution control and stability 

C2’s central question is: If you inject an aerosol population with a chosen initial size/number, what 
does the stratosphere do to it? 
You want to quantify: 

• how fast particles coagulate (reducing number, increasing size), 
• how fast they grow by condensation (changing scattering efficiency and sedimentation), 
• how the evolution depends on background aerosol surface area and local conditions. 

This matters because microphysical treatment often reduces effective burden/efficacy versus 
simplified assumptions: larger particles sediment faster and can scatter less efficiently per unit mass.  

Objective B — Optical properties and radiative forcing efficiency (“radiative closure” for sulfate) 

Measure and close on: 

• AOD(λ) (spectral aerosol optical depth), 
• SSA(λ) (single-scattering albedo), 
• phase function / asymmetry parameter g(λ), 
• vertical distribution (layer thickness/height), 

and connect those to observed shortwave flux perturbations using radiative transfer. 

Radiative forcing efficacy depends strongly on aerosol layer altitude and size; prescribed sulfate 
studies show altitude can change forcing and induce stratospheric heating that affects water vapor 
and clouds.  

Objective C — Stratospheric heating rates and dynamical side effects (process-level) 

Sulfate aerosols can heat the stratosphere, and that heating can modify circulation and stratospheric 
water vapor, which feeds back on climate response and potentially on clouds.  

Objective D — Ozone-relevant chemistry (heterogeneous reactions on aerosol surfaces) 

Even small perturbations are useful to constrain: 
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• aerosol surface area density evolution (a key driver of heterogeneous reaction rates), 
• how that might shift ozone chemistry locally/seasonally. 

The WMO/UNEP Ozone Assessment explicitly treats SAI as relevant to ozone via enhanced 
heterogeneous chemistry on sulfate aerosol.  

4) Concept of operations (high-level) 

C2 is naturally organized into time windows: 

(1) Near-field: minutes–hours 

• Aerosol exists immediately, but will equilibrate with ambient humidity (becoming H₂SO₄–H₂O 
droplets) and begin early microphysical evolution. 

(2) Early evolution: hours–days 

• Key window for changes in number and size via coagulation/condensation, and for measuring 
initial optical properties and heating signals. 

• This is where C2 shines relative to C1: you can conduct a focused “same-day” characterization 
of the forcing-relevant aerosol. 

(3) Maturing/transport: days–months 

• Aerosol layer spreads, evolves, and decays; measurements here constrain lifetime, 
sedimentation, and transport. 

These lifecycle steps—nucleation/coagulation/condensation/transport—are emphasized as core 
processes for stratospheric sulfate aerosols in ozone/SAI assessments. 

5) Measurement architecture (what makes it “C2-grade”) 

C2 is most valuable when it combines in-situ microphysics, remote profiling, and radiometry, all tied 
to modeling. 

A) In-situ aerosol microphysics and composition 

• Particle number–size distributions (including nucleation and accumulation modes) 
• Aerosol surface area density (important for chemistry) 
• Chemical confirmation that particles are sulfate (and degree of hydration) 

B) Remote profiling of the aerosol layer 
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• Vertical profile of backscatter/extinction (lidar-type products) to determine layer 
height/thickness and spatial structure (critical for scaling point samples to columns). 

C) Optical/radiative measurements 

• Spectral or broadband radiation observations that allow retrieval/closure on AOD/SSA/g and 
the resulting shortwave perturbation. 

D) Thermodynamics and dynamics 

• High-quality T, H₂O, winds; plus wave/turbulence context to interpret dispersion and 
microphysics. 

E) Modeling as part of the experiment 

• Microphysical modeling is essential because many studies show forcing per unit injected sulfur 
depends strongly on particle growth and coagulation; microphysics can reduce burden relative 
to simplified assumptions.  

• Use models to connect the measured evolving size distribution to radiative forcing and 
heating; altitude sensitivity is well documented.  

6) What “success” looks like (deliverables) 

A strong C2 produces a small set of “gold standard” datasets that can validate or falsify the SAI 
aerosol modules in climate models: 

1. Time-evolving size distributions (with uncertainty) showing how quickly an injected aerosol 
population moves toward (or away from) radiatively efficient sizes.  

2. Optical property closure: observed AOD/SSA/g consistent with in-situ size/composition and 
with radiative transfer calculations. 

3. Heating-rate constraints linked to layer altitude and aerosol properties, consistent with known 
altitude sensitivity of sulfate forcing and stratospheric response.  

4. Ozone-relevant surface area evolution (and related chemical diagnostics), directly informed 
by the ozone assessment framing of SAI chemistry risks.  

7) How C2 relates to your other experiments 

• C2 vs C1: 

o C1 (SO₂) is best for chemistry and formation pathway realism (oxidation and new particle 
formation). 
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o C2 (H₂SO₄ aerosol) is best for immediate forcing/optics and for isolating aerosol 
microphysics/transport without waiting for conversion. 
Modeling suggests injection strategy can materially change forcing efficacy and 
microphysical evolution.  

• C2 vs A1c/A1d (your Arctic plume RF experiments): 
A1c/A1d are “aerosol RF” experiments optimized for short time-scale aircraft closure; C2 is the 
SAI analog that explicitly prioritizes stratospheric side effects (heating/ozone) and model 
validation for deployment-relevant microphysics. 

• C2 and research governance: 
The National Academies’ Reflecting Sunlight report is widely cited as a baseline for how to 
structure solar geoengineering research and governance (including SAI).  

Experiment C1 vs Experiment C2 

1) What uncertainty each experiment reduces best 

A. Chemistry (oxidation pathway) 

• C1 (SO₂): Best. Directly constrains SO₂ → H₂SO₄ conversion rates and pathways and how they 
vary with environment.  

• C2 (H₂SO₄ aerosol): Weak on oxidation (you’ve largely bypassed it). Still informs later sulfur 
chemistry via aerosol surface area, but not the gas-phase formation step.  

B. Aerosol microphysics (size distribution evolution) 

• C1: Strong, but with extra complexity because you must capture new particle formation + 
growth. SO₂ injection can yield particles too small (fresh nucleation) and/or too large 
(growth/coagulation), which impacts scattering efficiency.  

• C2: Best for isolating microphysics after “t=0,” because you start with a defined aerosol 
population and watch how the stratosphere changes it (coagulation/condensation/transport).  

C. Optical properties and “forcing efficiency” per sulfur 

• C1: Good, but you may need days–weeks before a clean aerosol optical signal emerges 
strongly (depends on conditions and conversion).  

• C2: Best for rapid optical/radiative closure because the aerosol is radiatively active 
immediately. It directly tests whether injected size distributions stay near the efficient 
scattering range or drift away.  

D. Stratospheric heating & ozone-relevant surface area 
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• Both: Important. The key driver is the sulfate aerosol surface area and optical depth, which 
modulate heating and heterogeneous chemistry.  

• C2 advantage: You can create measurable aerosol surface area quickly and track its evolution 
without waiting for oxidation.  

2) Timeline and campaign “shape” 

Signal onset 

• C1: Slow: gas first, then aerosol builds over days to weeks.  

• C2: Fast: aerosol exists at t = 0, so meaningful aerosol optics/radiation sampling can happen on 
much shorter timescales.  

Follow-up duration (what you learn vs time) 

• C1: You learn most about formation and early growth by revisiting over days–weeks.  

• C2: You learn most about initial size stability + early evolution in hours–days, then 
transport/decay over longer periods if you keep sampling.  

3) Key failure modes (what could “go wrong” scientifically) 

C1 (SO₂) failure modes 

• Formation produces suboptimal size distributions: too many ultrafine particles (inefficient 
scatterers) or rapid growth/coagulation to larger particles (less efficient + faster 
sedimentation).  

• Attribution difficulty early on: until aerosol forms, radiative signals are weak; you can spend 
substantial effort “chasing” gas without getting forcing-relevant constraints. 

C2 (H₂SO₄ aerosol) failure modes 

• Injected distribution doesn’t stay where you want it: coagulation can quickly reduce number 
and increase size, degrading forcing efficiency.  

• Interpretation risk: because you bypass oxidation, you might match optics but still miss 
formation-chemistry errors that matter for real SO₂-based strategies. 

4) “Representativeness” to plausible SAI deployment concepts 

• C1 is the canonical analog for volcanic-style, SO₂-precursor SAI and is the most representative 
if the real world would inject SO₂.  
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• C2 is representative of strategies that directly inject accumulation-mode sulfate/acid droplets 
(or “pre-formed” particles) and is explicitly studied as having different efficacy than SO₂ 
injection.  

A useful takeaway from Dai et al. (2018): SO₂ injection is more likely to yield particles too small and 
too large for efficient scattering, whereas injecting accumulation-mode H₂SO₄ can bias the population 
closer to more optically efficient sizes (at least initially).  

5) What to measure (high level) to make each “count” 

(No operational details—just the measurement logic.) 

C1 “must-have” observables 

• SO₂ (gas) evolution + appearance of sulfate aerosol (size/number/surface area) 
• Vertical distribution / layer structure 
• Optical properties (AOD/SSA/phase function) and radiative fluxes where feasible 
• Thermodynamic context (T, H₂O, winds) to interpret conversion & growth  

C2 “must-have” observables 

• Aerosol size/number/surface area immediately and its evolution 
• Optical properties + radiative closure tests (since the signal is immediate) 
• Layer structure and dispersion 
• Thermodynamic context + chemistry-relevant indicators (for ozone/heating links)  

6) Practical program recommendation: use C2 and C1 in a staged way 

If your goal is to reduce the biggest model uncertainties fastest, a sensible research sequencing is: 

1. Start with C2 to rapidly constrain microphysics → optics → forcing efficiency and heating 
tendencies (fast feedback loop; short campaigns can still be informative).  

2. Then run C1 to validate the SO₂ formation pathway and check whether SO₂-based SAI 
converges toward the same aerosol populations/optics—or diverges in ways models currently 
miss.  

This pairing directly matches the National Academies framing that SAI research should prioritize 
process understanding and uncertainty reduction (while emphasizing research governance).  
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Experiment C3 — Inject alternative candidate particles (SAI) 

User Prompt: Please give me a 2-page summary of Experiment “C3” (inject alternate candidate 

particles, SAI). 

1) Purpose 

C3 is a stratospheric aerosol injection (SAI) process experiment that tests non-sulfate particles as 
candidates for reflecting sunlight. Instead of creating sulfate aerosols via SO₂ (C1) or injecting H₂SO₄–
H₂O droplets (C2), C3 asks: 

Can we choose a particle material and size that delivers the desired solar reflection while reducing key 
side effects (stratospheric heating, ozone impacts, particle growth/sedimentation, etc.)? 

The National Academies’ Reflecting Sunlight report explicitly highlights “solid materials such as 
alumina, calcite, or rutile (TiO₂)” as alternatives to sulfate that might enhance shortwave radiative 
forcing while minimizing ozone loss and stratospheric heating—while also emphasizing that the 
microphysics of these compounds is poorly understood (especially coagulation after injection).  

2) Why consider alternative particles (the motivation) 

Sulfate is “known” from volcanic analogs, but it has well-documented concerns: 

• Stratospheric heating (from aerosol radiative properties) can alter circulation and water vapor. 

• Ozone risks: increased aerosol surface area can accelerate heterogeneous chemistry affecting 
ozone. The WMO/UNEP Ozone Assessment 2022 includes a dedicated SAI chapter because 
ozone impacts are central.  

• Microphysics limits: sulfate particles can grow/coagulate into sizes that are less efficient 
scatterers per unit mass and that sediment faster, reducing efficacy. 

Alternative particles are studied because, in principle, you might: 

1. get more scattering per kilogram (or a more favorable phase function), 
2. reduce unwanted absorption (in solar and/or terrestrial IR), 
3. reduce or change heterogeneous chemistry that affects ozone, 
4. slow microphysical pathways that push particles into “bad sizes.” 
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A canonical example is calcite (CaCO₃): Keith et al. proposed it could potentially cool while 
simultaneously reducing ozone loss by neutralizing acids, i.e., “stratospheric solar geoengineering 
without ozone loss.”  

3) Candidate particle families (what C3 is testing) 

C3 does not assume a single material; it’s a screening + validation experiment across candidates 
whose radiative and chemical behavior differs. Commonly discussed candidates include: 

• Calcite (CaCO₃) (alkaline; potential to reduce some acid-driven chemistry)  

• Alumina (Al₂O₃) (solid; low IR absorption compared to sulfate in some modeling discussions)  

• Titanium dioxide (TiO₂, rutile) (high refractive index; strong scatterer, but material-specific 
concerns must be tested)  

• Broader “candidate solids” evaluated for radiative properties (e.g., multiple solids spanning 
refractive index and absorption behavior) appear in Dykema et al.’s analysis of scattering 
efficiency/absorption for candidate solid aerosols.  

Recent modeling work is increasingly explicit that microphysics matters for these solids (coagulation, 
size evolution, and burden/forcing per injection rate). For example, Vattioni et al. developed solid-
particle microphysics in a climate-model framework and found material-dependent outcomes; more 
recent work explores solid particles versus SO₂ with comprehensive microphysics.  

4) What C3 is trying to measure (core objectives) 

Objective A — Radiative efficiency and optical properties 

Establish, in the real stratosphere, the particle’s: 

• Spectral AOD(λ), SSA(λ), and phase function / asymmetry parameter g(λ) 
• Layer altitude/thickness (critical for converting local properties to radiative effect) 

These properties determine “cooling per kg” and the extent of stratospheric heating. Candidate 
materials are partly motivated by potentially improved radiative properties relative to sulfate.  

Objective B — Stratospheric microphysics: do particles stay in the “good size range”? 

Even if a material looks great on paper, coagulation and growth can quickly shift it into less efficient 
sizes or increase sedimentation losses. National Academies explicitly flags poor understanding of solid 
aerosol microphysics (especially coagulation) as a key uncertainty.  
Modeling work reinforces that microphysical interactions can determine effectiveness and that 
outcomes differ by material.  
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Objective C — Chemistry and ozone relevance (heterogeneous reactions) 

C3 tests whether alternative particles: 

• increase or decrease heterogeneous chemistry rates relative to sulfate, 
• alter NOx/ClOx/BrOx chemistry pathways affecting ozone, 
• change stratospheric acidity (calcite is explicitly motivated here).  

Objective D — Practical “side-effect fingerprints” 

Even at small scales, C3 can constrain: 

• stratospheric heating rates (linked to absorption and altitude), 
• potential changes in sky appearance (aureole / twilight impacts have been analyzed for sulfate 

and calcite in recent work).  

5) How C3 is structured (high-level design) 

C3 is best viewed as an end-to-end validation loop rather than a single flight: 

(1) Lab + chamber prequalification (before field) 

• Measure refractive index / absorption (radiative inputs) and heterogeneous reaction rates 
(ozone inputs). 

• Establish how particle morphology, coatings, and humidity affect optical/chemical behavior. 

(2) Small, well-characterized stratospheric release (field) 

• Create a trackable aerosol layer with tightly measured initial conditions (size distribution, 
composition). 

• Sample it over time to watch microphysics and chemistry evolve. 

(3) Radiative closure and model confrontation 

• Use RT + microphysics + chemistry models constrained by measurements to test whether the 
material behaves as expected. 

• Identify whether mismatch comes from optical constants, coagulation physics, chemistry, or 
transport representation. 

This is aligned with the “key gaps” theme you’ve been using across Ax/Bx/Cx: models need 
observational datasets that isolate and validate the physical representation of intervention-relevant 
processes.  
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6) Measurement architecture (what makes it “C3-grade”) 

To be decisive, C3 must measure four things together: 

1. Aerosol microphysics (in situ) 
Particle number–size distribution (including evolution), surface area density, 
shape/aggregation indicators, composition confirmation. 

2. Layer structure (remote profiling) 
Lidar-like profiling of altitude, thickness, and horizontal extent—needed to convert point 
samples to columns and to interpret radiative effect. 

3. Radiation / optics (closure) 
Spectral/broadband fluxes and retrieval-grade observations to solve for AOD/SSA/g and 
compare to what microphysics predicts. 

4. Chemistry context (ozone relevance) 
Diagnostics that constrain heterogeneous chemistry drivers (surface area, key 
radicals/precursors as feasible) and ozone response pathways, consistent with ozone-
assessment concerns.  

7) Deliverables: what “success” looks like 

A successful C3 yields a few “gold-standard” outputs per candidate material: 

• Forcing efficiency curves: radiative forcing (or radiative effect proxies) per unit aerosol mass, 
as a function of time and altitude.  

• Size-evolution truth: measured coagulation/growth/sedimentation behavior that either 
validates or falsifies solid-aerosol microphysics modules.  

• Chemistry constraints: evidence on whether the particle increases or decreases ozone-
relevant heterogeneous chemistry relative to sulfate (calcite’s motivation is explicit; ozone 
assessment emphasizes these risks).  

• Down select logic: a defensible ranking of candidates (or elimination of candidates) based on 
measurable performance and side-effect signatures. 

8) How C3 differs from C1 and C2 (in one paragraph) 

• C1 (SO₂) is best for validating oxidation and aerosol formation pathways (gas → particles), but 
has slower onset of aerosol optical signal. 

• C2 (H₂SO₄ aerosol) is best for rapid sulfate aerosol optics/microphysics tests, but still inherits 
sulfate’s chemistry/heating concerns. 
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• C3 (alternative particles) is the only one that can directly answer: Is there a materially better 
particle than sulfate once you include real stratospheric microphysics and ozone chemistry?—a 
question explicitly raised in major assessments and now explored with more detailed 
microphysics modeling.  

If you want, I can also write C3 as a one-page “downselect plan” (screening criteria, required lab data, 
required field observables, and decisive pass/fail tests for each candidate material). 
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Description of Previous Studies 

User Prompt: Give me a ~2-page summary of each of the following past studies: E-PEACE (2011), 

ORACLES (2016/2017/2018), CLARIFY (2017), SOCRATES (2018), DYCOMS-II (2001), VOCALS-REx 

(2008), ACE-ENA (Azores), EUREC⁴A (2020), MARCUS (2017–2018), MOSAiC (2019–2020), MACPEX 

(2011), and SPartICus (2010), MICRE (Macquarie Island Cloud and Radiation Experiment, 2016 to 

2018), and CAPRICORN (Clouds, Aerosols, Precipitation, Radiation, and atmospheric Composition Over 

the Southern Ocean, 2016 to 2018).  

Please include the budget, the number sorties if this is an airplane, a brief description of aircraft or 

satellite, a brief description of instrumentation, and a brief description of what was measured. 

Assume the user is a scientist, yet does not know a lot about atmospheric science, and needs 

simplified language. 

ChatGPT Response: Below are ~2-page (in spirit: detailed-but-readable) summaries of each prior 

study, with (i) budget, (ii) sorties/flight hours (if aircraft), (iii) platform(s), (iv) instrumentation (high 

level), and (v) what was measured. Where a single, authoritative budget number is not publicly 

stated, I say so explicitly and (when possible) give the best “officially stated” partial funding 

number(s). 

ACE-ENA (Azores) — Aerosol and Cloud Experiments in Atlantic (2017, 2018) 

What it was for (plain English) 

ACE-ENA focused on remote marine low clouds around the Azores and asked: what controls the CCN 

budget, how aerosols influence cloud and drizzle, and how to validate/advance ground-based 

retrievals using aircraft truth.  

Where / when 

Near the ARM ENA site on Graciosa Island (Azores) during two intensive periods: summer 2017 and 

winter 2018.  

Platforms and sorties / flight hours 

• ARM Aerial Facility G-1: 

o IOP1: 20 flights, 77 flight hours 

o IOP2: 19 flights, 76.2 flight hours  
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Instrumentation (high level) 

• Aerosols: CCN counter; CPC/size spectrometers; aerosol optical properties 

(nephelometer/PSAP-class), chemical sampling in many ARM payloads.  

• Cloud/drizzle: in-cloud probes, liquid water, precipitation/drizzle characterization on flight legs 

at multiple altitudes.  

• Radiation/meteorology: up/down shortwave & longwave, turbulence and state variables.  

• Synergy: continuous ARM site radars/lidars to provide 3D context and retrieval validation.  

What was measured (and what you get out) 

• Vertical structure of aerosol and cloud across regimes (solid stratocumulus → broken trade 

cumulus), and drizzle susceptibility. 

• Tight linkage between aircraft “truth” and long-duration ground remote sensing → better 

statistics and better model evaluation.  

Budget (publicly stated) 

The ACE-ENA campaign report provides detailed operational/measurement summaries but does not 

state a single total campaign budget figure in the sections accessed here.  

CAPRICORN (Clouds, Aerosols, Precipitation, Radiation - Southern Ocean, 

2016 to 2018) 

What CAPRICORN was for (plain English) 

CAPRICORN was a pair of ship-based field campaigns designed to pin down why climate models 

struggle over the Southern Ocean—especially the well-known problem that many models absorb 

too much sunlight there because they misrepresent low and mixed-phase clouds and their 

interaction with aerosols. The goal was to collect “ground truth” observations of clouds + aerosols 

+ precipitation + radiation + atmospheric composition so scientists could (1) improve/validate 

satellite retrievals and (2) improve model physics (including the Australian ACCESS model).  

Where / when 

CAPRICORN I (2016): 

• Platform: Australian MNF R/V Investigator 
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• Voyage IN2016_V02: Depart Hobart 14 Mar 2016; return Hobart 16 Apr 2016 (work focused 

south of Tasmania; targeted roughly down toward ~55–60°S if time allowed).  

CAPRICORN II (2018): 

• Platform: R/V Investigator 

• Voyage IN2018_V01: Depart Hobart 11 Jan 2018; return Hobart 21 Feb 2018 

• Motivation: CAPRICORN I had limited sampling south of 55°S; CAPRICORN II pushed farther 

south (summer season) and added specific precipitation–satellite matchup goals (e.g., GPM 

radar swaths).  

Platforms and sorties / flight hours 

Primary platform (both): R/V Investigator (ship-based; no “sorties” in the aircraft sense). 

• Approx. ship time: ~33 days (2016) + ~41 days (2018) ≈ 74 days at sea based on port-to-port 

dates.  

Coordination with aircraft (2018 only): 

• CAPRICORN II was coordinated with the NSF/NCAR G-V aircraft mission SOCRATES; the 

overview paper notes four flights where the aircraft passed over/near the ship (these are 

SOCRATES flights rather than CAPRICORN-operated flight hours).  

A useful “effort” metric reported in the Southern Ocean campaign overview is time sampled south 

of 43°S: 

• CAPRICORN I: 44,408 minutes (~740 hours) 

• CAPRICORN II: 60,060 minutes (~1,001 hours)  

Instrumentation (high level) 

CAPRICORN deliberately combined remote sensing (column/vertical structure) + in situ 

aerosol/chemistry + surface energy budget + fluxes: 

Clouds / precipitation vertical structure 

• Cloud radar (e.g., BASTA cloud radar; profiles of reflectivity & Doppler velocity)  

• Lidar / ceilometer (backscatter, depolarization; cloud base/top; aerosol optical properties in 

cloud-free conditions)  

• Microwave radiometer (MWR) (liquid water path & water vapor path)  
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• Micro-rain radar + disdrometer (OceanRAIN) (precipitation rate, drop-size distributions; 

rain/snow/mixed)  

Aerosols / CCN / INP / composition 

• CCN counters, condensation particle counters, particle size spectrometers, aerosol chemical 

composition (e.g., ToF-ACSM), and aerosol hygroscopicity/volatility (e.g., VH-TDMA)  

• Ice-nucleating particle (INP) systems (e.g., Ice Spectrometer filters; CFDC)  

Meteorology / radiation / fluxes 

• Surface radiation (solar/longwave), core meteorology, and turbulent fluxes (e.g., sonic 

anemometer + fast humidity sensor; plus dedicated surface met/flux datasets).  

What was measured (and what you get out) 

• Cloud occurrence/structure/phase (liquid vs mixed/ice), liquid water path, cloud boundaries, 

and precipitation microphysics (including rain/snow/mixed).  

• Surface radiative fluxes and the surface energy budget, plus boundary-layer structure and 

atmospheric state (radiosondes).  

• Aerosol number/size/composition, CCN, INP (abundance and type), and supporting tracers 

(e.g., radon on the ship as a continental influence tracer, depending on the instrument 

suite/time).  

• CAPRICORN also explicitly linked to ocean–atmosphere biology/chemistry (e.g., DMS cycling 

and “upper ocean biological aerosol production”) because marine biology can strongly 

influence sulfate aerosol and CCN in this region.  

What you “get out” 

• A rare, internally consistent dataset to: 

1. Validate and improve satellite retrievals over the Southern Ocean (CloudSat/CALIPSO 

“A-Train” cloud products; GPM precipitation), including targeted under-track sampling 

and many overpass cases (CAPRICORN II reports 17 GPM overpasses with precip).  

2. Constrain and improve model physics (especially cloud phase, supercooled liquid 

persistence, aerosol–cloud coupling, precipitation formation) in models such as 

ACCESS, and to run high-resolution regional/AMIP-style simulations during the 

campaign periods.  

Budget (publicly stated) 
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I did not find a single “all-in CAPRICORN campaign budget” published as one number (ship time + 

personnel + instrument development + data processing). 

What is publicly stated in Australian government reporting is the operating cost context for R/V 

Investigator, including: 

• ~$140,000 per day running costs (stated in a Senate committee report discussing RV 

Investigator operations).  

• The same report also cites ~$66 million to operate over four years (vessel operations scale).  

Back-of-envelope ship-time cost (not an official CAPRICORN budget): 

If you apply ~$140k/day to ~74 days of port-to-port CAPRICORN ship time, you get ~$10.4M in vessel 

operating costs attributable to those two voyages just for ship operations—before science team labor, 

instrument amortization, and post-processing. 

CLARIFY (2017) — Cloud–Aerosol–Radiation Interaction and Forcing 

What it was for (plain English) 

CLARIFY-2017 was the UK/European counterpart targeting the same SE Atlantic smoke–cloud system 

as ORACLES, but with a strong emphasis on process understanding + satellite retrieval validation + 

model improvement for direct/semi-direct/indirect effects of absorbing biomass burning aerosol.  

Where / when 

Based from Ascension Island during 2017 biomass burning season conditions.  

Platforms and sorties / flight hours 

• FAAM BAe-146 research aircraft: 28 science flights over 18 days totaling ~99 flight hours.  

Instrumentation (high level) 

• In-situ aerosol: size distributions; chemical/optical characterization; black carbon mixing state 

(e.g., SP2-class) and absorption (photoacoustic-class instruments are discussed in the 

campaign overview context).  

• Cloud microphysics: droplet and drizzle probes, cloud structure sampling in MBL and in/near 

smoke layers.  

• Radiation: broadband and spectral radiometers for albedo/irradiance; maneuvers to separate 

clean vs smoky columns and to support closure.  
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• Ground-based synergy: lidar/sunphotometry + ARM Mobile Facility on Ascension (used for 

context and long time-series).  

What was measured (and what you get out) 

• How smoke layer height, thickness, and absorption translate into changes in reflected sunlight 

and heating rates, and how that feeds back onto boundary-layer stability/cloudiness (semi-

direct effects). 

• Joint dataset for model evaluation (LES to regional to global) and satellite algorithm 

validation.  

Budget (publicly stated) 

A clearly cited public figure is the NERC Large Grant NE/L013584/1 = £605,765 (this is one grant line, 

not necessarily the full all-partner CLARIFY total).  

DYCOMS-II (2001) — Dynamics and Chemistry of Marine Stratocumulus, Phase II 

What it was for (plain English) 

DYCOMS-II is a classic “process” campaign: carefully designed flight patterns in marine stratocumulus 

to understand entrainment at cloud top, turbulence structure, and drizzle formation—the 

mechanisms that determine whether a stratocumulus deck stays bright/continuous or breaks up.  

Where / when 

NE Pacific, west-southwest of Southern California, July 2001.  

Platforms and sorties 

• NSF/NCAR C-130: 9 research flights.  

Instrumentation (high level) 

• Cloud microphysics: droplet size spectra, liquid water, drizzle probes. 

• Turbulence & dynamics: fast wind/temperature/humidity, turbulence flux measurements. 

• Radiation (often included in such C-130 payloads): broadband radiometers for fluxes and 

cloud-top radiative environment.  

What was measured (and what you get out) 
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• Direct constraints on entrainment rate vs cloud thickness and turbulence. 

• Drizzle onset thresholds vs droplet spectra and aerosol background (indirectly). 

• Benchmark cases for LES/model evaluation that are still widely used today.  

Budget (publicly stated) 

A DYCOMS-II total budget number is not commonly stated on the public project summary page I 

accessed.  

E-PEACE (2011) — Eastern Pacific Emitted Aerosol Cloud Experiment 

What it was for (plain English) 

E-PEACE was designed to isolate how aerosols change marine stratocumulus clouds and their 

reflectivity, while separating aerosol effects from the meteorology that also changes clouds. The 

“trick” was to compare clouds influenced by specific, well-characterized particle sources (including 

ship emissions / controlled plume situations) against nearby “cleaner” clouds under similar weather 

conditions.  

Where / when 

Off the California coast in summer 2011, targeting marine stratocumulus decks and organized 

boundary-layer cloud structures.  

Platforms and sorties 

• CIRPAS Twin Otter (primary in-situ aircraft): ~30 flights (commonly cited for the 2011 

campaign).  

• Additional supporting observations included ship and satellite context (campaign design 

overview).  

Instrumentation (typical categories) 

• Aerosol microphysics & composition: particle number/size distributions (e.g., SMPS/OPC 

class), aerosol chemistry and CCN-related proxies; specialized inlets (e.g., CVI-type cloud inlets) 

to sample cloud water / residues.  

• Cloud microphysics: cloud droplet probes, liquid water content, drizzle/precip probes.  
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• Radiation & remote sensing: broadband shortwave/longwave radiometry; satellite imagery 

used for scene context and cloud field characterization.  

What was measured (and what you get out) 

• Cloud droplet number and size, liquid water, drizzle frequency/intensity → constraints on the 

Twomey effect and precipitation susceptibility. 

• Aerosol–cloud linkage under real-world stratocumulus: how particle sources perturb clouds vs. 

natural variability.  

Budget (publicly stated) 

I did not find a single consolidated “E-PEACE total budget” in public sources during this search. The 

campaign overview literature does note operational cost items (e.g., ship fuel costs on the order of 

~$100k/day in one discussion), but that is not a full campaign budget.  

EUREC⁴A (2020) — Elucidating the role of clouds-circulation coupling in climate 

What it was for (plain English) 

EUREC⁴A is a benchmark trade-wind cumulus campaign: it was built to quantify how shallow cumulus 

cloudiness depends on the large-scale environment (humidity, stability, circulation) and how that 

links to radiation. It used coordinated aircraft patterns to connect cloud-scale measurements to the 

mesoscale “environment”.  

Where / when 

Near Barbados (Jan–Feb 2020).  

Platforms and sorties / flight hours 

• HALO (German high-altitude long-range research aircraft): 13 missions out of Barbados + 2 

transfer flights, totaling ~130 flight hours.  

• SAFIRE ATR-42 (French aircraft in lower troposphere): 19 research flights (on 11 operation 

days).  

• Other assets (not exhaustive here): additional aircraft and ships were coordinated, but 

HALO+ATR are the core “paired” aircraft strategy in many EUREC⁴A papers.  

Instrumentation (high level) 
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• HALO: heavy remote sensing + extensive dropsondes to map the large-scale environment and 

cloud field.  

• ATR-42: in-situ turbulence/thermodynamics, cloud microphysics probes, plus radar/lidar for 

shallow cloud structure and sub-cloud layer characterization.  

What was measured (and what you get out) 

• Environmental controls on shallow cumulus: humidity profiles, subsidence, mixing, cloud 

fraction, and radiative flux impacts. 

• Datasets ideal for testing cloud parameterizations and emergent constraints on cloud feedback 

in the trades.  

Budget (publicly stated) 

EUREC⁴A is multi-agency; there isn’t one universal “campaign total” figure in the sources above. 

Publicly visible funding components include, for example: 

• An EU project entry with €3,013,334 (grant amount for a related EU-funded project).  

(That is not guaranteed to represent total EUREC⁴A campaign cost; it’s one documented 

funding line.) 

MACPEX (2011) — Mid-latitude Airborne Cirrus Properties Experiment 

What it was for (plain English) 

MACPEX targeted cirrus clouds and asked: what microphysical properties (ice crystal 

habits/sizes/number) control cirrus radiative impacts, and how do humidity and dynamics regulate 

cirrus formation and evolution?  

Where / when 

Spring 2011, based out of Ellington Field (Houston); flights focused over central North America with 

emphasis near the ARM SGP site.  

Platforms and sorties 

• NASA WB-57 high-altitude aircraft. One analysis paper reports 14 science flights; some derived 

datasets note fewer “science-quality” flights for specific instruments/analyses.  

Instrumentation (high level) 
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• Water vapor/humidity: high-precision hygrometers (important for cirrus supersaturation).  

• Cloud ice microphysics: ice particle imaging probes, size distributions, ice water content 

proxies. 

• Radiation: radiometric measurements to relate cirrus microphysics to radiative impact.  

What was measured (and what you get out) 

• Cirrus particle size distributions, humidity and temperature structure, and the resulting 

radiative signatures. 

• Strong constraints for cirrus parameterizations in weather/climate models.  

Budget (publicly stated) 

I did not find a public, single “MACPEX total budget” figure in the sources accessed here.  

MARCUS (2017–2018) — Measurements of Aerosols, Radiation, and Clouds over Southern Ocean 

What it was for (plain English) 

MARCUS was a ship-based Southern Ocean observing campaign (part of the broader SOCRATES 

ecosystem) designed to capture seasonal and latitudinal variability in aerosols (including CCN and 

INP), boundary-layer clouds, and surface radiative fluxes—especially poleward of 60°S where mixed-

phase clouds are frequent and poorly represented in models.  

Where / when 

1 Oct 2017 – 1 Apr 2018, on repeated voyages between Hobart and Antarctic stations.  

Platforms and “sorties” 

• AMF2 (ARM Mobile Facility 2) installed on the Australian Antarctic supply vessel Aurora 

Australis (continuous time-series rather than discrete aircraft sorties).  

Instrumentation (explicitly listed on campaign page) 

• Aerosols: Aerosol Observing System, CCN counter, filter sampling for INP (immersion freezing) 

analysis.  

• Cloud remote sensing: micropulse lidar, marine W-band (95 GHz) stabilized cloud radar, 

ceilometer.  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 279 

 

• Radiation: downwelling radiometers; supporting meteorology and frequent radiosondes.  

What was measured (and what you get out) 

• Seasonal/latitudinal mapping of aerosol populations tied to cloud phase occurrence and 

radiative biases. 

• Constraints on processes controlling supercooled/mixed-phase clouds and improved retrievals 

over the Southern Ocean.  

Budget (publicly stated) 

The ARM campaign description does not provide a single public “MARCUS total budget” figure on the 

page accessed here.  

MICRE (2016 to 2018) - Macquarie Island Cloud and Radiation Experiment 

Quick facts 

• When/where: 1 Mar 2016 – 31 Mar 2018 at Macquarie Island (54.5°S, 158.9°E), a sub-

Antarctic island station operated by the Australian Antarctic Division (AAD) with Bureau of 

Meteorology (BoM) support.  

• Platform: Ground site (no aircraft campaign; no “sorties”).  

• Budget: A campaign-specific line-item budget is not publicly stated in the main campaign 

report or campaign page. MICRE was supported by the U.S. DOE ARM user facility plus 

Australian partners (AAD/BoM).  

o What we can say defensibly: ARM categorizes “large” campaigns (Level 4) as those with 

costs > $300k to ARM; a two-year remote deployment with multiple major instruments 

is very likely in that class, but the exact MICRE total is not published in the accessible 

public documentation.  

Why MICRE happened (plain-language motivation) 

Climate and weather models have a persistent problem over the Southern Ocean: they often simulate 

the wrong amount/type of low clouds, which leads to big errors in how much sunlight is reflected vs 

absorbed. That matters because this region plays an outsized role in Earth’s heat and carbon uptake. 

MICRE was designed to create a high-quality “truth dataset” at the surface to help: 

• check and improve satellite cloud/radiation products, and 
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• diagnose why models get Southern Ocean cloud and radiation wrong.  

What was deployed (instrumentation, simplified) 

MICRE combined ARM + Australian + university instruments. The key idea was: measure the same 

cloud system in multiple independent ways (radar + lidar + radiometers + precipitation + aerosols), so 

you can infer cloud amount, height, phase (liquid vs ice), and radiative impacts with fewer ambiguities. 

Core cloud/precipitation remote sensing 

• 94 GHz cloud radar (BASTA): vertical profiles of cloud/precipitation “echo” and Doppler 

velocity (helps estimate where cloud/precip is and how particles are moving).  

• Polarization lidar: vertical profiles of backscatter + depolarization (helps distinguish spherical 

liquid droplets vs non-spherical ice; also gives aerosol optical info in clear air).  

• Ceilometer(s): continuous cloud base height / low cloud structure.  

• Parsivel disdrometer: surface precipitation particle-size and fall-speed information (MICRE’s 

report notes performance challenges in high wind/solid precipitation, which is common there).  

Radiation and water-vapor 

• Broadband shortwave + longwave radiometers: how much solar energy comes down and how 

much infrared heat comes down/up at the surface (critical for the surface energy budget).  

• Microwave radiometers (2- and 3-channel periods): retrieve liquid water path (LWP) and 

precipitable water vapor (PWV) (think: total cloud liquid and total column water vapor).  

• Sun photometer / narrowband radiometry (CIMEL, MFRSR): aerosol optical depth / spectral 

radiative measurements when sun is visible; useful for aerosol/satellite evaluation.  

Aerosols (the “seed particles” for clouds) 

• CPC/CCN: total particle counts and cloud condensation nuclei counts (how many particles can 

form droplets at a given supersaturation).  

• INP (ice-nucleating particle) filter sampling: particles that can trigger ice formation in 

supercooled clouds.  

Background meteorology 

• BoM radiosondes: profiles of temperature, humidity, winds—needed to interpret cloud 

structure and to constrain retrievals.  
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What MICRE measured (in practical terms) 

If you imagine standing at the station looking straight up, MICRE measured: 

1. Cloud occurrence and vertical structure: cloud base/top, layered clouds, boundary-layer 

depth.  

2. Cloud phase and microphysics proxies: when clouds are liquid, ice, or mixed-phase 

(supercooled liquid + ice), and signatures related to particle size and precipitation onset.  

3. Precipitation type and intensity near the surface: drizzle vs rain vs snow/mixed, plus particle-

size information (with noted caveats).  

4. Surface radiation / energy budget: incoming solar, incoming/outgoing infrared—directly tied 

to model radiative biases.  

5. Aerosol environment: how “clean” the air was, how many CCN/INP were present, and how 

that links to cloud properties.  

Satellites and external datasets (what MICRE helped validate) 

MICRE was explicitly designed to improve/validate satellite-derived cloud and radiation products in a 

region where satellites struggle (bright clouds + low sun angles + frequent mixed-phase). The MICRE 

report describes value-added products that include coincident satellite cloud properties (e.g., 

Himawari-8).  

The broader Southern Ocean program also emphasized comparisons with satellite radiation products 

(e.g., CERES) and active sensors (CloudSat/CALIPSO), where possible.  

What came out of it (why it’s still useful) 

MICRE’s biggest “deliverable” is a two-year, continuous, multi-instrument record at a strategically 

located Southern Ocean site. That long duration is important because Southern Ocean clouds vary a 

lot by season and storm regime; short campaigns can mislead. The MICRE report also describes 

“value-added products” that merge instruments (radar + lidar + MWR) into easier-to-use retrievals 

(cloud boundaries, precipitation rate estimates, LWP/PWV, etc.).  

MOSAiC (2019–2020) — Multidisciplinary drifting Observatory for Arctic Climate 

What it was for (plain English) 

MOSAiC was a year-long drift expedition built to observe the full Arctic climate system (sea ice, 

ocean, atmosphere, clouds, radiation, aerosols) across all seasons—especially the poorly observed 
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polar night/winter. For aerosol/cloud work, MOSAiC is valuable because it provides sustained 

measurements of Arctic boundary-layer structure, cloud phase, and radiative fluxes with strong 

context.  

Where / when 

Central Arctic drift, Sep 2019 – Oct 2020 (often summarized as ~one year).  

Platforms and “sorties” 

• Primary: icebreaker Polarstern as a drifting observatory; extensive distributed ice stations. 

• There were also aircraft/satellite synergies across the project, but MOSAiC is fundamentally 

not an “aircraft sorties” campaign in the way ORACLES/CLARIFY are.  

Instrumentation (high level) 

• Broad suite: atmospheric profiling (radiosondes), aerosol and cloud remote sensing, radiation, 

surface energy balance, sea-ice/ocean observations (details vary by discipline and sub-project).  

What was measured (and what you get out) 

• Seasonally complete constraints on Arctic cloud–radiation coupling and aerosol context. 

• A gold-standard dataset for evaluating coupled climate models’ Arctic processes.  

Budget (publicly stated) 

MOSAiC publicly states a total budget exceeding €140 million.  

ORACLES (2016/2017/2018) — Observations of Aerosols above Clouds and their interactions 

What it was for (plain English) 

ORACLES targeted one of the biggest uncertainties in aerosol forcing: absorbing smoke layers lofted 

over bright marine clouds (SE Atlantic). It measured how that configuration changes the top-of-

atmosphere and in-column radiation budget, and how smoke interacts with stratocumulus (semi-

direct + indirect effects).  

Where / when 

SE Atlantic off southern Africa during peak biomass burning outflow seasons across 2016, 2017, 2018.  
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Platforms and sorties / flight hours 

• NASA P-3 Orion (core in-situ + remote sensing platform): sources differ slightly by “what 

counts as a science flight,” but published counts include ~15 flights (2016), ~14 (2017), ~15 

(2018) in one dataset paper; another ORACLES instrument paper cites 14 P-3 science flights 

(2016) and 12 (2017) for their specific analysis subset.  

• NASA ER-2 (high-altitude remote sensing) in 2016; one ORACLES overview cites ~100 science 

flight hours for ER-2 and ~350 for P-3 across the project (aggregate).  

• Typical flight durations were long (often 7–9 hours) given the remoteness of the region.  

Instrumentation (high level) 

• Aerosol in-situ: particle size distributions, absorption/scattering, chemistry, cloud droplet 

residuals.  

• Radiation closure instruments: spectral and broadband irradiance (e.g., SSFR class), 

sunphotometer/sun-tracking for AOD/SSA retrieval support (e.g., 4STAR class).  

• Lidar / remote sensing: HSRL-2 on ER-2 (2016) and later on P-3 (2017/2018 deployments are 

commonly described), plus imagers on ER-2 for scene context.  

What was measured (and what you get out) 

• Direct radiative effect above cloud (DARE) as a function of AOD, SSA, vertical placement of 

smoke relative to cloud top, and cloud albedo/structure. 

• Vertical structure of aerosols and clouds (smoke layer base/top; cloud top; entrainment 

interface). 

• Data products enabling radiative closure: measured irradiances + retrieved optical properties + 

RT modeling constraints.  

Budget (publicly stated) 

ORACLES was funded under NASA Earth Venture Suborbital-2 (EVS-2). Public NASA documentation on 

Earth Venture suborbital investigations notes a historical cost cap of ~$30M (programmatic cap; not 

necessarily the exact ORACLES spend).  

SOCRATES (2018) — Southern Ocean Clouds, Radiation, Aerosol Transport  

What it was for (plain English) 
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SOCRATES tackled a major model bias region: the Southern Ocean, where many models misrepresent 

cloud phase (supercooled liquid vs ice) and therefore reflectivity. SOCRATES aimed to directly observe 

aerosols, cloud microphysics, precipitation, and radiative fluxes in storm-track conditions where 

mixed-phase clouds are common.  

Where / when 

Based from Hobart, Tasmania with flights over the Southern Ocean (Jan–Feb 2018 core period).  

Platforms and sorties / flight hours 

• NSF/NCAR GV (HIAPER): ~14 research flights (some sources also reference ~15; the EOL 

dropsonde documentation explicitly states 14).  

Instrumentation (high level) 

• Cloud microphysics: droplet/ice imaging probes (2D-S-class), liquid water content, ice water 

content proxies. 

• Remote sensing on aircraft: cloud radar, lidar, radiometers; extensive dropsondes for 

thermodynamic structure and winds.  

What was measured (and what you get out) 

• Vertical structure of boundary layer and free troposphere, including inversions, entrainment, 

and turbulence. 

• Cloud phase distributions and precipitation processes that control SO cloud reflectivity.  

Budget (publicly stated) 

I did not find a single consolidated “SOCRATES total budget” figure in easily accessible public sources 

during this search. The public pages emphasize NSF funding and NCAR support but do not state a 

campaign total.  

SPartICus (2010) — Small Particles in Cirrus (ARM) 

What it was for (plain English) 

SPartICus was designed to resolve a long-running issue in cirrus observations: how many very small 

ice crystals are real versus artifacts, and what size distributions best represent cirrus microphysics for 
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models and satellite retrievals. The campaign paired aircraft sampling of cirrus with continuous 

ground-based ARM observations.  

Where / When 

Over the ARM Southern Great Plains region; the ARM aerial facility describes the campaign period as 

January through June 2010.  

Platforms and sorties / flight hours 

• The publicly accessible “science and operations plan” references a Learjet platform and a 

planned ~200 flight hours level of effort (plan-level number; not a verified “as-flown sorties 

count” in the sources I could access due to document access limits).  

• Ground-based: ARM SGP site instrumentation provides continuous context.  

Instrumentation (high level) 

• Ice microphysics probes (with attention to shattering/artefact minimization), particle size 

distributions, and supporting state variables (T, RH, winds).  

• Ground remote sensing: radars/lidars/radiation at the ARM site (campaign goal is to build a 

robust cirrus property database).  

What was measured (and what you get out) 

• High-confidence cirrus particle size distributions and macrophysical context. 

• Improved evaluation/constraint for satellite cirrus retrieval algorithms and cirrus 

parameterizations.  

Budget (publicly stated) 

I did not find a public single “SPartICus total budget” figure in the sources accessed here.  

VOCALS-REx (2008) — VAMOS Ocean-Cloud-Atmosphere-Land Study 

What it was for (plain English) 

VOCALS-REx was a major multi-platform campaign over the SE Pacific stratocumulus region to 

understand: 

1. aerosol sources (coastal pollution, shipping, ocean biogenic), 
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2. how aerosols alter cloud microphysics and drizzle, and 

3. how that feeds into large-scale cloud deck structure (open vs closed cells) and radiation.  

Where / when 

Off Peru/Chile, Oct–Nov 2008.  

Platforms and sorties (explicitly tabulated in the operations overview paper) 

Aircraft (all operating out of northern Chile region bases) included:  

• NSF/NCAR C-130: missions listed RF01–RF14 → ~14 flights (Table 6 shows the flight series 

through RF14).  

• FAAM BAe-146: 9 flights (B408–B420 list).  

• DOE G-1: 17 flights explicitly listed (081014 … 081113).  

• CIRPAS Twin Otter: 18 flights (stated directly in the paper text and tabulated in Table 10).  

• NERC Dornier 228: multiple flights (VA01 …), used heavily for remote sensing over cloud decks 

(Table 9).  

Ships: NOAA R/V Ronald H. Brown plus another vessel, plus multiple ground sites and buoys 

(also detailed).  

Instrumentation (high level) 

• In-situ aerosols: size, composition, CCN proxies, vertical profiles of aerosol layers. 

• Cloud microphysics & drizzle: droplet and drizzle probes; stacks below/in/above cloud; POC 

“drift” (Lagrangian) strategies.  

• Remote sensing: airborne radar/lidar on some platforms; radiometers; dropsondes from 

higher-altitude legs.  

What was measured (and what you get out) 

• A uniquely rich, coordinated dataset linking aerosol gradients → microphysics → drizzle → 

mesoscale cloud organization (including POCs). 

• Strong basis for satellite evaluation and for constraining coupled aerosol–cloud 

parameterizations.  

Budget (publicly stated) 
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I did not find a single consolidated “VOCALS-REx total budget” in the sources opened here; planning 

documents discuss requested flight hours and costs for specific assets, but a campaign-wide total is 

not presented in the overview paper section we used for platform/flight accounting.  

Notes on “budget” (why several are blank) 

For many atmospheric field campaigns, costs are spread across multiple agencies and in-kind 

contributions (aircraft hours, logistics, instrument development, PI grants). Unless a program explicitly 

publishes a campaign total (MOSAiC is a good example), a single budget figure often isn’t stated in the 

main overview papers. 

If you want, I can do a second pass that systematically estimates a comparable “all-in budget range” 

for each campaign by combining (a) public flight hours, (b) typical hourly fully burdened aircraft rates 

by platform class, and (c) known grant lines—but it will necessarily be an estimate rather than a 

published number. 
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Previous Studies Related to Ax/Bx/Cx/Dx 

User Prompt: Which experiments conducted in the past are similar to suggested experiments 

Ax/Bx/Cx/Dx?  

ChatGPT Response: Yes—there are quite a few past campaigns/experiments that are close analogs 

to your Ax/Bx/Cx/Dx ideas. Below I list the closest “family resemblance” matches (what was done, 

and which of your labels it most resembles). 

Ax analogs 

A1a/A1b/A1c/A1d — Stratospheric sulfate (SO₂ or H₂SO₄ variants) 

There have been no widely accepted “geoengineering-style” controlled stratospheric injections like 

A1a–A1d, but there are strong natural and observational analogs: 

• Mt. Pinatubo (1991) as the archetypal “SO₂ → sulfate aerosol → radiative/chemistry response” 

natural experiment.  

• AASE-II (Airborne Arctic Stratospheric Expedition II) and related ER-2/DC-8 stratospheric 

campaigns that explicitly studied volcanic aerosol impacts on stratospheric chemistry/ozone 

after Pinatubo.  

• ER-2 in situ aerosol + ozone measurements after Pinatubo (Aug 1991–May 1993) that track 

how aerosol and ozone covary in the lower stratosphere—useful analog data for “plume 

aging” and chemistry coupling.  

How it maps: these are the closest real-world precedents for A1a (SO₂ precursor lifecycle) and for 

“sulfate aerosol optical/chemistry impacts” relevant to A1c/A1d, even though they’re not controlled 

injections. 

A2 — MCARFE (sea-salt CCN to brighten marine low clouds) 

The closest “done before” analogs are ship-track and marine CCN perturbation experiments: 

• E-PEACE (2011): a coordinated field experiment probing well-defined aerosol perturbations 

on marine stratocumulus using aircraft + ship + satellite + modeling—very close in spirit to 

MCARFE.  

• IMO 2020 fuel-sulfur regulation as an inadvertent global-scale perturbation to shipping 

aerosols and cloud microphysics (a “natural experiment” MCB analog).  
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• “Invisible ship tracks” work showing shipping affects cloud properties even when tracks aren’t 

visually obvious—useful for MCARFE detectability and cloud susceptibility constraints.  

A3 — AARaCE (smoke / absorbing aerosol radiative forcing) 

This maps directly onto major “smoke-above-cloud” field programs: 

• ORACLES (2016/2017/2018): aircraft in situ + remote sensing focused on African biomass 

burning aerosols over the SE Atlantic and their radiative/cloud impacts.  

• CLARIFY-2017: UK aircraft campaign with an explicit aim to reduce uncertainty in direct/semi-

direct/indirect radiative effects of absorbing biomass burning aerosol and improve satellite 

retrievals.  

A4 — SONABEx (Southern Ocean clean air baseline; no injection) 

Closest predecessors are the Southern Ocean “pristine lab” campaigns: 

• SOCRATES (2018): explicitly designed to improve understanding of clouds, aerosols, 

precipitation, and radiation in the (often) pristine Southern Ocean.  

• MARCUS (2017–2018): ARM mobile facility on a ship to observe aerosols, radiation, clouds, 

precipitation over the Southern Ocean.  

Bx analogs (no injection cloud-process experiments) 

B1 — CCN microphysics 

• DYCOMS-II (2001): classic marine stratocumulus process campaign used heavily for 

microphysics and LES evaluation.  

• VOCALS-REx (2008): multi-platform campaign across a strong aerosol gradient in SE Pacific 

stratocumulus; very aligned with CCN → Nd → microphysics goals.  

• ACE-ENA (Azores): comprehensive low-cloud and aerosol characterization over the EN 

Atlantic; good for “natural CCN variability” constraints.  

• EUREC⁴A (2020): trade-wind cumulus + circulation coupling campaign; good for activation and 

mixing in shallow cumulus regimes.  

B2 — drizzle / precipitation 

• DYCOMS-II and VOCALS-REx are also the best drizzle analogs because they explicitly targeted 

drizzle formation and stratocumulus structure.  
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• Ship-track / shipping perturbation studies (IMO2020, invisible ship tracks) are “opportunistic 

drizzle experiments” at scale (drizzle/LWP responses in polluted vs clean).  

B3 — mixed-phase glaciation / INP 

• SOCRATES and MARCUS both emphasize mixed-phase clouds, marine INP context, and 

radiation/precip coupling in the Southern Ocean.  

• MOSAiC (2019–2020): year-round drifting Arctic observatory with comprehensive 

aerosol/cloud/radiation measurements; excellent “persistent mixed-phase + surface coupling” 

analog.  

B4 — cirrus formation 

• MACPEX (2011): airborne cirrus properties and processes affecting radiative impact (WB-57).  

• SPartICus (2010): DOE/ARM aircraft campaign focused on cirrus microphysical uncertainty 

(small ice particles, probe issues, retrieval consistency).  

B5 — full cloud radiative closure 

Past “closest” programs are the ones built around co-located clouds + aerosols + radiation budgets: 

• ARM Climate Research Facility (fixed + mobile sites): explicitly created to improve 

understanding of cloud–radiation interactions and their representation in models—B5 in 

institutional form.  

• VOCALS-REx and MOSAiC also produced closure-grade combinations of cloud structure, 

aerosols, and radiation in challenging regimes (marine stratocumulus; Arctic).  

Cx analogs (SAI injections) 

C1 — inject SO₂ gas (SAI) 

There have not been open, controlled SO₂ stratospheric injection experiments for geoengineering, but 

the closest real precedents are: 

• Volcanic SO₂ injections (Pinatubo, etc.) plus targeted measurement campaigns and satellite 

records (SAGE II) that observed aerosol formation and spread.  

• AASE-II and ER-2 stratospheric aerosol/ozone campaigns that investigated how volcanic 

aerosols alter stratospheric chemistry—very relevant to the SAI ozone-risk pathway.  
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C2 — inject H₂SO₄ aerosol (SAI) 

No true “direct H₂SO₄ aerosol SAI” field injections have been conducted in the open literature as a 

geoengineering test. The closest analogs are: 

• Volcanic sulfate aerosol observations (because the forcing agent is still sulfate aerosol).  

• Stratospheric tracer/transport campaigns that study how narrow plumes/filaments evolve in 

the lower stratosphere (useful for plume coherence and sampling logic).  

C3 — alternative particles (SAI) 

To my knowledge, there have been no open-air stratospheric experiments releasing solid candidate 

particles (e.g., calcite/alumina) specifically to test SAI concepts. Most work here has been lab + 

modeling. 

Dx analogs (your “Cloud Science Surge” architecture) 

D1 — benchmark radiometry + multi-angle polarimetry 

Existing “already done” analogs include: 

• CERES (broadband Earth radiation budget) as the long-running TOA radiometry backbone.  

• A-Train active/passive cloud/aerosol constellation (e.g., CloudSat/CALIPSO era) for vertical 

structure and aerosol/cloud context.  

• Airborne polarimetry prototypes that mirror your D1 intent, e.g., AirMSPI (ER-2) and RSP.  

• ACEPOL as an example of a dedicated airborne polarimeter assessment/algorithm testbed.  

D2 (three major field campaigns) 

You can think of D2 as “best-of-class field-campaign packaging” of what has already been done in 

pieces: 

• D2a (tropical low clouds): VOCALS-REx, DYCOMS-II, ACE-ENA, EUREC⁴A are close analogs 

(different regimes, same core measurement philosophy).  

• D2b (Southern Ocean): SOCRATES + MARCUS.  

• D2c (Arctic): MOSAiC is the closest “all-in” precedent.  

D3 — observing backbone (supersites + autonomous platforms) 

• ARM is the strongest direct analog: long-lived sites + mobile facilities + data system purpose-

built for cloud–radiation–aerosol science.  
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D5 — rapid-response natural experiments 

• “Policy shock” and opportunistic perturbations like IMO2020 and ship-track studies are exactly 

the kind of thing D5 formalizes.  
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Published Papers Related to Ax/Bx/Cx/Dx 

User Prompt: Which published papers best relate to each of the Ax/Bx/Cx/Dx experiments? I am 

referring to papers that I have not uploaded as PDF. I am referring to papers that have been published 

yet I have not referred to them. 

ChatGPT Response: Below are good “anchor papers” (not among the PDFs you uploaded) that map 

cleanly onto each experiment label. I kept this to 1–2 high-signal papers per experiment—each is a 

strong doorway into the wider literature via its references. 

Ax — Aerosol RF experiments 

A1a — SO₂ gas into stratosphere (aerosol RF) 

• Heckendorn et al. (2009) — stratospheric sulfate microphysics + ozone/temperature impacts 

from SO₂-style geoengineering injections.  

A1b — H₂SO₄ vapor into polar vortex/stratosphere (aerosol RF) 

• Pierce et al. (2010) — “condensable vapor” (H₂SO₄) emitted from aircraft; near-field formation 

and size-control logic.  

• MacMartin et al. (2017) — discusses the importance of microphysics (size evolution) for 

sulfate forcing efficacy and “design.”  

A1c — H₂SO₄ liquid aerosol into polar vortex/stratosphere (aerosol RF) 

• Krishnamohan et al. (2019) — sensitivity of forcing and climate response to altitude/location 

of a prescribed sulfate layer (directly relevant to “inject aerosol at t=0” concepts).  

• Pierce et al. (2010) (same as above) — for the “direct formation” vs SO₂ pathway logic.  

A1d — H₂SO₄ + H₂O solution aerosol into stratosphere (aerosol RF) 

• Krishnamohan et al. (2019) — again the best “first principles” anchor for how 

altitude/placement affects radiative efficacy when the aerosol exists immediately.  

• Heckendorn et al. (2009) — for how sulfate size evolution and SAD connect to 

chemistry/ozone and forcing.  
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A2 — MCARFE sea-salt CCN (aerosol RF via clouds) 

• Latham (2012) — broad, influential synthesis of marine cloud brightening concepts and 

constraints.  

• Horowitz et al. (2020) — sea-salt MCB impacts (including chemistry) in a global model 

framework; useful for “what else changes when we add sea salt.”  

A3 — AARaCE smoke (aerosol RF) 

• Zuidema et al. (2016) — “Smoke and Clouds above the Southeast Atlantic”; foundational 

framing of the smoke-above-cloud regime and what must be measured.  

• Redemann et al. (2021) — ORACLES overview emphasizing aerosol–cloud–radiation coupling 

and measurement strategy.  

A4 — SONABEx Southern Ocean clean air (aerosol RF baseline, no injection) 

• McFarquhar et al. (2021) — overview of major SO programs (CAPRICORN, MARCUS, MICRE, 

SOCRATES) and the cloud/aerosol/radiation questions they target.  

• SOCRATES program summary (NOAA repository) — crisp description of the SO as a “pristine” 

lab for cloud–aerosol interactions.  

Bx — Cloud process experiments (no injection) 

B1 — CCN microphysics 

• Abdul-Razzak & Ghan (2000) — classic CCN activation parameterization widely used in models; 

a direct bridge from CCN(S) + updraft to Nd.  

B2 — Precipitation / drizzle 

• Albrecht (1989) — classic paper linking aerosols to drizzle suppression and cloud fraction 

(“second indirect effect” framing).  

B3 — Mixed-phase cloud glaciation / INP 

• DeMott et al. (2010) — global INP parameterization anchored to observations; a standard 

reference point for INP(T) → ice formation in mixed-phase clouds.  

B4 — Cirrus formation 

• Kärcher & Lohmann (2002) — cirrus formation parameterization focused on homogeneous 

freezing (and pathway competition logic).  
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B5 — Full radiative closure 

• Wang et al. (2011) — explicit cloudy-sky shortwave radiative closure example (surface site).  

• Shupe et al. (2015) — Arctic cloud microphysics + radiative closure approach (useful “how to 

do closure in hard regimes”).  

Cx — SAI experiments 

C1 — Inject SO₂ gas (SAI) 

• Tilmes et al. (2018) — altitude dependence of SO₂ injection impacts (chemistry + dynamics), 

directly tied to “43k ft vs higher stratosphere” questions.  

• Richter et al. (2017) — stratospheric dynamical response and ozone feedbacks with SO₂ 

injections.  

C2 — Inject H₂SO₄ aerosol (SAI) 

• Pierce et al. (2010) — near-field/formation logic for getting sulfate aerosol quickly and 

controlling size.  

• Laakso et al. (2022) — shows how strongly “efficiency” depends on aerosol 

module/microphysics choices (good for uncertainty framing and model benchmarking).  

C3 — Alternative candidate particles (SAI) 

• Dykema et al. (2016) — radiative properties of candidate solid aerosols; a baseline “which 

particles scatter well and how.”  

• Keith et al. (2016, PNAS) — calcite concept and ozone-chemistry motivation.  

Dx — Cloud Science Surge program elements 

D1 — Benchmark radiometry + multi-angle polarimetry 

• Mishchenko & Travis (1997) — classic demonstration of aerosol retrieval power when 

polarization is added.  

• Fu et al. (2020) — polarimeter retrieval intercomparison from an airborne campaign (practical 

“how MAP performs”).  
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D2a — Tropical marine low clouds field campaign 

• Wood et al. (2011, VOCALS-REx overview) — a gold-standard template for how to run the 

“low-cloud + aerosol + drizzle + closure” campaign.  

D2b — Southern Ocean field campaign 

• McFarquhar et al. (2021) — again the most compact “SO campaign ecosystem” overview.  

D2c — Arctic field campaign 

• Shupe et al. (2022, MOSAiC atmosphere overview) — the definitive Arctic “system context” 

reference.  

• Becker et al. (2023) — airborne cloud radiative effect over Arctic campaigns 

(AFLUX/ACLOUD/MOSAiC-ACA).  

D3 — Observing backbone (supersites + autonomous platforms) 

• Mather & Voyles (2013) — ARM facility overview; the canonical “supersite backbone” 

reference.  

D4 — Model closure engine (LES/CRM ensembles + parameterization strike teams) 

• Stevens et al. (2005) — evaluating LES using DYCOMS-II observations (a model-closure 

template).  

• Zhang et al. (2013, CGILS) — SCM/LES intercomparison targeting low-cloud feedback 

mechanisms.  

• van der Dussen et al. (2013, GASS/EUCLIPSE) — stratocumulus transition intercomparison 

emphasizing precip sensitivity and LWP spread.  

D5 — Rapid-response natural experiments (wildfire smoke, volcanic aerosol, shipping shifts) 

• Manshausen et al. (2022) — “invisible ship tracks” as a constraint on cloud sensitivity to 

aerosols.  

• Toll et al. (2017) — uses volcano and ship-track signals to diagnose aerosol–cloud water 

responses.  

• Diamond (2023) — detects large-scale microphysical changes after IMO 2020 fuel sulfur 

regulation (a “policy shock” natural experiment).  
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D6 — Data systems / governance (open pipeline, standardized products, evaluation) 

• Eyring et al. (2016, CMIP6 overview) — the canonical “how to standardize experiments + data 

+ evaluation across institutions.” 
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Paper: SAI Chemistry Model Development (Tilmes 2025) 

User Prompt: Enclosed is a 2025 paper by Tilmes entitled “Stratospheric Aerosol Intervention 

experiment for the Chemistry–Climate Model Initiative.” Please summarize this paper and comment 

on how it relates to experiments Ax, Bx, Cx, and Dx. 

Stratospheric Aerosol Intervention experiment for the Chemistry–Climate Model Initiative (Tilmes 2025) 

https://www.research-collection.ethz.ch/bitstreams/603edcd0-295b-4259-9fb4-d0ee8f2d6ccc/download 

1) Paper summary in plain terms 

ChatGPT Response: The paper proposes a standardized set of model experiments so many chemistry–
climate models can run “the same SAI case” and we can cleanly compare stratospheric 
aerosol/chemistry/dynamics responses across models.  

A. Three tiers of simulations 

The paper describes three types of experiments (outlined in their Table 1 discussion):  

1. Baseline future climates without SAI 

o Uses standard future scenarios (e.g., SSP2-4.5) and the CCMI future experiment 
refD2/senD2 as baselines. 

2. An “interactive SAI” run that creates a realistic stratospheric sulfate distribution 

o Called SSP2-4.5 SAI. 

o Uses sulfur injections beginning ~2025 and computes the resulting stratospheric aerosol 
distribution (sulfate mass, AOD, etc.) that later gets reused.  

3. The CCMI-2022 “prescribed aerosol” SAI experiments (the main deliverable) 

o senD2-sai: uses the senD2/refD2 framework but does not inject SO₂ interactively; instead, 
it prescribes (imposes) the aerosol distribution produced by SSP2-4.5 SAI.  

o senD2-fix: same configuration as senD2-sai, but with background (no-SAI) aerosol for the 
whole period, serving as the control for senD2-sai.  

B. Why “prescribe aerosols” and “fix SST/sea ice”? 

A core motivation is to isolate the top-down stratospheric influence (aerosol heating → circulation 
changes → surface impacts) while reducing confounding feedbacks—especially ocean 

https://www.research-collection.ethz.ch/bitstreams/603edcd0-295b-4259-9fb4-d0ee8f2d6ccc/download
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variability/feedbacks that can differ a lot across models. The senD2-sai design uses fixed SSTs and sea 
ice (a 2020–2030 climatology) to suppress ocean feedbacks.  

C. What aerosol data they provide to modeling groups 

They explicitly describe a delivered dataset from the WACCM6-based SAI simulation: 5-day, 
instantaneous zonal-mean fields including: 

• sulfate aerosol concentrations (for available aerosol modes), 
• surface area density (troposphere & stratosphere), 
• effective radius, 
• aerosol optical depth (e.g., 500 nm), 

over 2020–2100.  

D. The “injection pattern” used to generate the prescribed aerosol field 

To generate a more hemispherically symmetric stratospheric aerosol distribution for comparisons, the 
interactive SAI run uses injections at multiple latitudes (shown in their Fig. 2 discussion), including 
15°N/S and 30°N/S, with total injection rates varying over time.  

E. What they claim this enables 

They argue senD2-sai is well-suited for process-level understanding of why models differ in 
stratospheric responses to SAI, and that fixing SST/sea ice helps separate stratospheric dynamics 
pathways from ocean-driven variability; they also emphasize relevance for multi-model assessment of 
ozone/chemistry impacts (e.g., to support WMO-type assessments).  

2) How this connects to your experiments Ax, Bx, Cx, and Dx 

Connection to Cx (SAI injection experiments) 

• The CCMI paper is essentially a model “standard test case” for SAI impacts—especially 
chemistry + stratospheric dynamics—where the aerosol field is standardized across models. 

• Your C1 (SO₂ gas) and C2 (H₂SO₄ aerosol) field experiments can provide the hard-to-get 
constraints that determine whether the model-prescribed fields are realistic: 

o aerosol size / effective radius, 
o AOD vs mass relationships, 
o surface area density (key for heterogeneous chemistry and ozone), 
o heating rates (driving circulation responses). 

• In other words: Cx can calibrate/validate the aerosol microphysics + optics assumptions that 
underpin the “prescribed aerosol” datasets the paper distributes. (The paper is explicit that the 
shared dataset includes exactly those kinds of quantities: sulfate mass, SAD, reff, AOD.)  
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Connection to Ax (aerosol radiative forcing experiments) 

• Ax is about radiative forcing from aerosols (including optical properties and radiative closure). 

• This CCMI SAI setup is focused on stratospheric sulfate as a forcing agent, so it is most directly 
aligned with the aerosol-radiation side of Ax (optics → radiative effects), but in a model 
intercomparison context. 

• The most direct bridge is: your Ax/Cx measurements help reduce uncertainty in the mapping 
(injected mass → size distribution → AOD/SSA/g → heating → radiative forcing) that models 
must represent consistently. 

Connection to Bx (cloud process experiments) 

• The paper is not primarily a cloud microphysics paper; it is trying to isolate stratospheric 
pathways, and it highlights that model-specific feedbacks (including cloud/climate feedbacks) 
can complicate interpretation—hence the fixed SST/sea-ice design to reduce certain feedback 
loops.  

• Where Bx still matters: clouds remain part of how models translate forcing into regional 
outcomes, and model-to-model differences in feedbacks can still leak into results (even if the 
ocean is held fixed). So Bx/Dx-style cloud constraints remain complementary rather than 
redundant. 

Connection to Dx (your $250M “Cloud Radiative Closure Lab” plan) 

Dx is explicitly a cloud-uncertainty reduction program with monitoring, closure, and modeling 
components (D1–D6). For example: D1 is benchmark radiometry/polarimetry; D2 is three field 
campaigns; D4 is a model closure engine; D5 leverages natural perturbations.  

How Dx relates: 

• The CCMI SAI paper is basically a “D4-like” effort, but for stratospheric aerosol intervention 
and chemistry–climate models rather than boundary-layer clouds: it standardizes experiments 
so model differences are diagnosable. 

• Your Dx document is explicit that Dx is monitoring only (no deliberate injection).  
In contrast, the CCMI paper depends on a (modeled) injection-created aerosol field but then 
prescribes it for intercomparison. 

Where they meet conceptually: 

• Dx’s emphasis on radiative closure and uncertainty accounting is exactly the kind of discipline 
that SAI model intercomparison needs too—just applied to different physics (stratospheric 
aerosol/chemistry instead of low-cloud processes). 

 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 301 

 

3) A practical “crosswalk” summary 

• CCMI SAI paper = modeling standardization: define senD2-sai/senD2-fix with prescribed 
aerosol + fixed SST/sea ice to isolate stratospheric pathways and compare models.  

• Cx (your flights) = physical reality check: measure aerosol 
microphysics/optics/chemistry/heating to validate the quantities the CCMI dataset distributes 
(SAD, reff, AOD, sulfate mass).  

• Ax = forcing closure: aircraft (and satellite) radiative closure experiments help lock down 
aerosol optical/radiative parameters that models must get right. 

• Bx + Dx = cloud uncertainty reduction: complementary—reduces the “response/feedback” 
uncertainty that can still affect how forcing manifests regionally. 
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Paper: Who Could Deploy SAI? (Horton 2025) 

User Prompt: Enclosed is a 2025 paper by Horton entitled “Who Could Deploy Stratospheric Aerosol 

Injection? The United States, China, and Large-Scale, Rapid Planetary Cooling”. Please summarize this 

paper and comment on how it relates to experiments Ax, Bx, Cx, and Dx. 

Who Could Deploy Stratospheric Aerosol Injection? The United States, China, and Large-Scale, Rapid 

Planetary Cooling (Horton 2025) 

https://salatainstitute.harvard.edu/wp-content/uploads/2025/04/Global-Policy-2025-Horton-Who-Could-

Deploy-Stratospheric-Aerosol-Injection-The-United-States-China-and-LargeE28090Scale.pdf 

1) Paper summary in plain terms 

ChatGPT Response: The authors ask: who could deploy stratospheric aerosol injection (SAI) 
unilaterally, at planetary scale, rapidly, and continuously, against meaningful opposition. They define 
this as a PLUS scenario: Planetary, Large-scale, Uninterrupted, and Speedy—specifically framed as 
achieving ~1°C additional cooling by mid-century. They emphasize that PLUS is not a polar/regional 
program and not an experiment; it is a full, sustained deployment.  

2) Technical capability: aircraft + basing are the bottlenecks 

A. Delivery scale implies a purpose-built aviation program 

For a PLUS deployment, the paper assumes sulfate-based SAI (direct H₂SO₄ or via SO₂/H₂S), and states 
that implementation would require injecting on the order of ~1 to 10 teragrams of sulfur per year, 
which translates into a fleet from <100 to several hundred specialized high-altitude aircraft (and an 
engine complement even larger).  

Crucially, they argue that the needed aircraft—high payload + sustained flight at very high altitude—
do not exist today, so any PLUS scenario implies a design / manufacture program, not just buying or 
leasing existing jets.  

B. Only a limited set of states can build the required fleet 

Because the capability depends on the aerospace industrial base (airframes + engines) and national 
control of that sector, they conclude that roughly ~10 states are plausible technical candidates for 
developing the fleet (they list major airframe and engine manufacturers and note the tight coupling to 
government policy).  

https://salatainstitute.harvard.edu/wp-content/uploads/2025/04/Global-Policy-2025-Horton-Who-Could-Deploy-Stratospheric-Aerosol-Injection-The-United-States-China-and-LargeE28090Scale.pdf
https://salatainstitute.harvard.edu/wp-content/uploads/2025/04/Global-Policy-2025-Horton-Who-Could-Deploy-Stratospheric-Aerosol-Injection-The-United-States-China-and-LargeE28090Scale.pdf
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C. Basing is part of technical feasibility 

They add a second practical constraint: reliable access to airbases in the tropics/subtropics of both 
hemispheres (since their PLUS scenario assumes injections there for efficiency and global coverage).  

3) Geopolitical capability: only the US and China can do it over strong opposition 

The paper’s core claim is a two-level filter: 

• Technical capability (build aircraft + operate from suitable bases): ~10 states. 
• Geopolitical capability (carry it out unilaterally despite opposition, and/or prevent others): 

only the US and China. 

They argue the US and China are the only actors powerful enough to both: 

1. execute PLUS-scale SAI over objections, and 
2. prevent other technically capable states from doing so.  

They highlight that neither has an official position, and that policymakers’ awareness may be limited, 
but warn that Sino-American alignment or conflict over SAI could strongly shape international 
stability.  

4) Historical analogs: why superpower alignment matters 

To probe plausibility, they look at Cold War cases where activities affecting global commons triggered 
contestation and governance outcomes, including: 

• Atmospheric nuclear testing and the Partial Test Ban Treaty (norm creation + technical 
detectability + pressure leading holdouts to stop).  

• Project West Ford (space “needle belt”) and the politics of potentially harmful experiments in 
a shared domain—showing threats, diplomacy, and eventual governance compromises.  

The takeaway is not “SAI = nukes,” but rather: when the stakes are global and the capabilities are 
concentrated, superpower positions often dominate outcomes, and norms/constraints can emerge if 
the powerful align. 

5) Policy implications the authors draw 

They recommend: 

• Treat SAI as embedded in geopolitical context, not just an engineering question.  
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• Promote US–China dialogue, including Track II and scientific collaboration, to reduce 
misperception and rivalry escalation.  

• Ensure governance meaningfully represents Global South / vulnerable states, since decisions 
by great powers risk reinforcing inequities.  

They also flag an important nuance for your work: politics may hinge less on “who can do PLUS,” and 
more on who can start something subscale that still affects global aerosol distributions—suggesting 
that smaller deployments/field tests could be politically catalytic.  
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Paper: Key Gaps in Models (Eastham 2025) 

User Prompt: Enclosed is a 2025 paper by Eastham entitled “Key Gaps in Models' Physical 
Representation of Climate Intervention and Its Impacts.” Please summarize this paper and comment 
on how it relates to experiments Ax, Bx, and Cx. 

Key Gaps in Models' Physical Representation of Climate Intervention and Its Impacts (Eastham 2025) 

https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1029/2024MS004872 

Paper summary in plain terms 

ChatGPT Response: Main claim: even when multiple climate models “agree” on SRM impacts, that 
does not necessarily mean the answer is accurate—because several missing or weakly represented 
physical processes can bias all models in similar ways. The authors (organized through GMRC expert 
panels) identify specific modeling gaps where targeted model development—often requiring new 
observations—could materially reduce uncertainty in the physical impacts of three SRM approaches: 
stratospheric aerosol injection (SAI), cirrus cloud thinning (CCT), and marine cloud brightening 
(MCB).  

They emphasize two cross-cutting needs: 

1. Targeted observations to validate models, not just model intercomparisons (because 
intercomparisons only show spread, not truth).  

2. Bridging scales: many controlling processes live at plume / cloud-eddy / microphysical scales 
that GCMs can’t resolve; we need consistent connections among LES / plume models / 
sectional microphysics / GCM parameterizations, possibly aided by ML/AI—but only if 
validated in regimes we’ve never observed before.  

The nine key gaps (3 per SRM approach) 

1) Stratospheric aerosols (SAI) 

The paper highlights three foundational gaps:  

• Aerosol microphysics in/after injection: nucleation vs condensation vs coagulation vs 
sedimentation, especially in the near-field plume that GCM grid cells can’t represent; even 
Pinatubo isn’t reproduced well by many interactive schemes, and continuous injections differ 
from volcanic “pulses.” 

https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1029/2024MS004872
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• Aerosol–radiation interactions: uncertainty in stratospheric heating, surface forcing, and 
photolysis changes; radiative transfer complexity and assumptions about size/composition 
drive different heating → circulation → precipitation outcomes. 

• Aerosol–chemistry interactions: heterogeneous chemistry (esp. ozone impacts) + missing 
processes (photolysis effects, incomplete heterogeneous reactions) and uncertainty about 
non-sulfate materials; calls for post-eruption “rapid response” chemistry observations and lab 
work for uptake/reaction rates. 

2) Cirrus clouds (CCT) 

Three key gaps:  

• Simulating ice-supersaturated regions (ISSRs): models struggle with where/when 
supersaturation occurs (water budget + unresolved updraft variability), which directly controls 
cirrus formation and seeding outcomes. 

• Microphysics of natural cirrus formation: poor constraints on INPs under cirrus conditions; 
models use assumptions → large spread in homogeneous vs heterogeneous nucleation 
importance. 

• Properties of cirrus formed on seeded aerosols: what particles work, how they age, optical 
properties, and the risk of “overseeding” causing unintended thickening/warming; the paper 
argues we need lab + LES + small field benchmarks. 

3) Marine clouds (MCB) 

Three key gaps:  

• Realistic injected aerosol size distributions: many GCMs can’t represent the small sizes MCB 
may require; size errors blow up mass/forcing errors (mass scales as diameter³). 

• Point-source injection and near-field plume evolution: coagulation and dispersion in the first 
tens of meters are largely unstudied; also whether evaporative cooling could cause plume 
subsidence before reaching cloud base. 

• Cloud macrophysical / dynamical response: albedo changes depend strongly on meteorology 
and can produce mesoscale circulations that brighten one region and dim adjacent ones; LES 
often misses compensating large-scale subsidence responses, while GCMs miss microphysical 
detail—so scale bridging is essential. 

How this relates to your experiments Ax, Bx, Cx 

I’ll interpret your labels as: 
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• Ax = measure radiative forcing from anthropogenic aerosols (controlled plume + radiative 
closure) 

• Bx = cloud understanding experiments (process studies: CCN/INP, microphysics, macrophysics) 

• Cx = SAI experiments (stratospheric injection pathways and impacts) 

Ax (anthropogenic aerosol forcing / “radiative closure”) 

The paper is basically a justification for why Ax-type experiments are needed even outside SRM: it 
says uncertainty is driven by (i) aerosol microphysics and size evolution, (ii) aerosol–radiation, and 
(iii) coupled cloud adjustments—exactly what radiative-closure experiments aim to constrain.  

Best alignment from the paper’s perspective: 

• Design Ax so it measures size distribution evolution (including near-field changes), SSA / 
asymmetry parameter sensitivity, and spectral radiative flux divergence (not only 
broadband), because the paper flags radiative transfer + assumed optical properties as a major 
uncertainty driver.  

• If Ax includes clouds (indirect effects), then it overlaps directly with the marine-cloud 
“macrophysical response” gap: you want conditions where you can observe whether 
brightening is offset or amplified by LWP/coverage changes.  

Bx (cloud science: marine + cirrus process understanding) 

Bx is almost a direct response to the paper’s cloud sections. 

For marine/low clouds (your sea-salt CCN / MCB-adjacent work): 

• The paper’s top priorities are exactly what Bx should measure: injected aerosol size 
distribution at release, after near-field coagulation, at cloud base, and then cloud droplet 
number + LWP/precipitation + mesoscale circulation response.  

For cirrus/INP work (your “inject INP / dust” ideas): 

• Bx maps cleanly onto the cirrus gaps: you’d want campaigns that (i) characterize ISSRs and 
updraft variability, (ii) build an INP climatology at cirrus conditions, and (iii) test how 
“seeded” cirrus differs (or backfires via overseeding).  

Cx (SAI: SO₂ vs H₂SO₄ / plume monitoring / impacts) 

This paper is essentially a checklist for Cx. 

Cx should be designed to constrain three model bottlenecks: 
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1. Plume-to-global microphysics: your controlled injections (SO₂, H₂SO₄ droplets, etc.) are most 
valuable if they produce data that lets models get the 
nucleation/condensation/coagulation/sedimentation balance right in the first hours–days—
where GCMs are weakest.  

2. Aerosol–radiation & heating: measuring not only TOA forcing but also stratospheric heating 
rates (and spectral dependence) targets the paper’s “radiation scheme disagreement” point 
that propagates into circulation/precip impacts.  

3. Chemistry: the paper stresses that continuous injections and different materials may change 
ozone and broader chemistry in ways models disagree on; Cx becomes much more model-
relevant if it includes chemistry observations that isolate heterogeneous chemistry and 
photolysis impacts.  

A practical “so what” for your program 

The paper’s message for your portfolio is: don’t just measure that a plume exists—measure the few 
variables that models are demonstrably getting wrong. In your labels, that means: 

• Ax: radiative closure plus size evolution (near-field → aged plume), because optical properties 
hinge on microphysics. 

• Bx: low-cloud macrophysical response and cirrus ISSR/INP constraints, because cloud 
adjustments dominate uncertainty. 

• Cx: plume microphysics + stratospheric heating + chemistry together, because that trio drives 
the biggest spread in SAI outcomes. 

If you want, paste your current one-line definitions of A1–A4, B1–B5, C1–C3 (or I can use the set we 
discussed earlier), and I’ll make a tight crosswalk table: each paper gap → which of your experiments 
addresses it → what must be observed for the experiment to actually reduce model uncertainty. 

User Prompt: please do. use the following summaries: A1a —SO2 gas into stratosphere (aerosol RF) 

A1b —H2SO₄ vapor into polar vortex (aerosol RF) A1c —H2SO₄ liquid aerosol into polar vortex (aerosol 

RF) A1d—H2SO₄ + H2O solution aerosol into polar vortex (aerosol RF) A2 — MCARFE sea-salt CCN 

(aerosol RF) A3 — AARaCE smoke (aerosol RF) A4 — SONABEx Southern Ocean clean air (aerosol RF) 

B1 — CCN microphysics (clouds) B2 — Precipitation/drizzle (clouds) B3 — Mixed-phase cloud 

glaciation INP (clouds) B4 — Cirrus formation (clouds) B5 — Full radiative-closure (clouds) C1 — SO₂ 

gas (SAI) C2 — H₂SO₄ aerosol (SAI) C3 — Alternative candidate particles (SAI)  

According to a document accepted 26 May 2025 (Eastham et al., JAMES), the core message is: model 
agreement about SRM impacts can still be wrong, because multiple models share the same missing 
physics, and the fastest way to reduce uncertainty is targeted observations + scale-bridging modeling 
(plume/LES → parameterizations → GCMs). 
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What the paper says (high-level) 

• It identifies nine key gaps (3 each) for SAI / CCT / MCB and argues more observations are 
needed in regimes uniquely affected by implementation. 

• It stresses the need to bridge scales between observations, high-resolution modeling 
(CFD/LES/plume) and global models. 

• It also notes these gaps matter not only for SRM, but also for anthropogenic aerosols and 
other aerosol sources (volcanoes, pyrocumulus, space-sector emissions). 

Crosswalk: the paper’s 9 gaps → your A/B/C experiments → what to measure 

Legend: your summaries (A1a…A4, B1…B5, C1…C3) are used exactly as provided. 

Paper “key 
gap” 

What’s missing in models (per paper) 
Your experiments 

that directly address 
it 

What you’d measure that actually closes 
the gap 

SAI-1: Plume / 
layer 
microphysics 

Models can’t resolve near-field 
evolution (nucleation / condensation / 
coagulation / sedimentation) and 
struggle to reproduce observed 
aerosol distributions after eruptions; 
authors explicitly call for plume-scale 
simulations and chamber / small 
plume field experiments.  

A1a, A1b, A1c, A1d; 
C1, C2 

Time-resolved size distribution (5 nm → 
few µm), number, surface area, and 
composition along a Lagrangian plume 
age axis (minutes → days); quantify 
coagulation vs condensation and 
sedimentation (vertical profiles). (This is 
the bridge from your controlled plume 
physics to GCM parameterizations.) 

SAI-2: 
Aerosol–
radiation 
(esp. 
stratospheric 
heating) 

Uncertainty in (a) stratospheric 
heating, (b) surface forcing, (c) 
photolysis changes; different radiative 
transfer assumptions and aerosol 
properties/size distributions drive 
divergent heating → circulation/precip 
outcomes.  

A1a–A1d (as “aerosol 
RF” closure tests); B5; 
C1–C2 

Spectrally resolved and broadband 
up/down SW+LW fluxes above/below 
plume + actinic flux/photolysis proxies; 
collocated extinction/backscatter/SSA/g 
(in situ + lidar/polarimetry) tied to 
measured size & composition. 

SAI-3: 
Aerosol–
chemistry 

Need better representation of 
heterogeneous chemistry and 
chemical feedbacks; microphysics 
uncertainties propagate into 
chemistry; they argue eruption analogs 
aren’t perfect and call out unusual 
cases (e.g., high H₂O injection changing 
formation conditions).  

A1a (SO₂ chemistry 
pathway), C1; and C3 
if alternative 
materials have 
different chemistry 

In-plume and background-matched trace 
gases (SO₂, H₂SO₄, HNO₃, NOy/Cl-family 
where feasible), plus particle surface area 
density (controls heterogeneous rates). If 
you can, include targeted ozone-
chemistry diagnostics in the same air 
mass. 

CCT-1: 
Dynamical 
gap—ice 
supersaturate

Models struggle to simulate 
occurrence/location/intensity/extent 
of ISSRs; failure stems from (i) upper-
tropospheric water budget and (ii) 

B4 (cirrus formation) 

Collocated vertical velocity/updraft stats, 
water vapor, temperature, and 
supersaturation in cirrus regimes; use this 
to constrain/validate cirrus 
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Paper “key 
gap” 

What’s missing in models (per paper) 
Your experiments 

that directly address 
it 

What you’d measure that actually closes 
the gap 

d regions 
(ISSRs) 

inability to resolve updraft variability; 
calls for more in situ updraft 
measurements and improved 
observational datasets.  

parameterizations (and any “seeded” 
cirrus experiments). 

CCT-2: 
Microphysics 
gap—role of 
INP in 
unperturbed 
cirrus 

“Overarching issue”: the uncertain role 
of heterogeneous ice nucleation in 
today’s cirrus; observations of INP at 
cirrus conditions are rare, and authors 
call for a global INP climatology under 
cirrus conditions.  

B4 (cirrus formation) 
+ B3 (INP/glaciation in 
mixed-phase, as 
supporting) 

INP spectra at cirrus temperatures, plus 
ice residual composition (what actually 
nucleated the ice) across 
latitudes/seasons; this is exactly what the 
paper says is missing. 

CCT-3: CCT-
specific—
properties of 
cirrus on 
seeded 
aerosols & 
“overseeding” 

Literature is inconclusive; risk of 
inadvertent warming via 
“overseeding”; unknown if seeded 
INPs can be controlled without 
thickening/creating unwanted cirrus; 
authors propose lab + LES + small-scale 
field benchmarks.  

B4 (cirrus formation) 

If you ever extend B4 into “cirrus 
seeding”: measure seeded-plume INP 
concentration/dispersion, resulting ice 
number, size, fall speed, and net LW/SW 
CRE change, explicitly testing the 
“overseeding” regime. 

MCB-1: 
Injected 
aerosol size 
distribution 
realism 

Many models inject or scale wrong-
sized aerosols; MCB-optimized 
particles are smaller than typical 
accumulation mode and sea salt; small 
size errors cause huge mass errors (∝ 
d³) and wrong CCN efficacy; notes 
GCMs lack giant-CCN precipitation 
effects.  

A2 (MCARFE sea-salt 
CCN) + B1/B2/B5 

Measure (1) at-nozzle size distribution, 
(2) evolution in the first 10s of meters 
(coagulation), (3) size at cloud base, and 
(4) activated CDNC. This is the paper’s top 
“physics correctness” lever for MCB. 

MCB-2: Point-
source plume 
evolution to 
cloud base 

Models don’t represent MCB as a true 
point source; near-field coagulation, 
dispersion, and variability within plume 
are “effectively unstudied”; 
evaporative cooling could cause plume 
subsidence preventing arrival at cloud 
base; calls for CFD/LES + focused 
observations.  

A2 + B1/B2 

Lagrangian plume transects from 
meters→kilometers downwind: 
turbulence, thermodynamics, aerosol 
size/number, and vertical displacement 
(did the plume rise/mix or subside?). This 
directly parameterizes “delivery efficiency 
to cloud base.” 

MCB-3: Cloud 
macrophysica
l response & 
scale-bridging 

LES can capture mesoscale circulations 
but may miss compensation by larger-
scale subsidence; GCMs capture large-
scale response but miss microphysics; 
not bridging scales biases albedo 
response; timing/spatial distribution 
matters.  

B2 (drizzle), B5 (full 
radiative-closure), 
plus A2 as the 
perturbation tool; A4 
(SONABEx) is ideal 
“clean baseline” 
context 

Measure not only CDNC and albedo but 
also LWP, drizzle/rain rate, cloud 
fraction, boundary-layer depth, 
mesoscale circulation response (incl. 
adjacent “dimming”). Pair with LES-in-a-
box + nudged regional modeling to create 
a true scale bridge. 
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Where your “Ax” experiments fit best (beyond SRM) 

The paper explicitly says this process gaps are also relevant to anthropogenic aerosol forcing and 
natural aerosol events, not only SRM. 

That’s exactly why: 

• A3 (AARaCE smoke) is a strong analogue for the paper’s “aerosol–radiation + cloud 
adjustment” issues (just with absorbing aerosol). 

• A4 (SONABEx Southern Ocean clean air) is ideal for constraining baseline cloud susceptibility, 
which the paper flags as central for marine cloud responses. 

One practical “program design” takeaway 

If your goal is max model impact per flight hour, the paper’s logic says: prioritize campaigns that 
produce collocated dynamical + microphysical + radiative measurements in the same air mass, 
because gaps are coupled (microphysics → radiation/heating → circulation/precip; aerosol size → CCN 
→ drizzle → cloud fraction). 

According to a document from May 2025 (Eastham et al., JAMES; accepted 26 May 2025), the fastest 
way to reduce SRM (and aerosol/cloud) uncertainty is to create observational datasets with carefully 
specified aerosol size/composition (both concentrated plumes and diffuse sources), then 
harmonize/bridge process representations across scales (plume/LES ↔ regional ↔ GCM). 

Below is a per-experiment checklist: Minimum observables, Nice-to-have, and the model 
gap/parameterizations it constrains (using your A/B/C labels). 

How this relates to your Ax, Bx, Cx, Dx experiments 

Cx (SAI) — most directly relevant 

Your C1 (SO₂ gas), C2 (H₂SO₄ aerosol), C3 (alternative particles) are explicitly in the SAI lane. 

What the paper changes for Cx: 

• Aircraft development is inherently political. Even if you frame Cx as research, the paper 
argues aircraft and engine firms will not build capability absent at least tacit state support 
(because aerospace is tied to national defense-industrial policy). That matters for your earlier 
“rent vs build” injector-architecture discussion.  

• Geopolitical interpretation risk: Cx field tests can be perceived as steps toward deployability; 
the paper explicitly worries about “ability to start” changing perceptions and positions. So Cx 
benefits from being embedded in transparent, internationally legible governance (open data, 
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independent evaluation, multinational participation) to reduce the “covert capability build” 
narrative.  

Ax (aerosol RF) — partially relevant (especially A1a/A1b/A1c/A1d) 

Your A1a–A1d are sulfate/plume experiments aimed at radiative forcing measurement and closure, 
not deployment. 

Relevance from the paper: 

• Technically, Ax informs some of the same uncertainties that matter for SAI (aerosol optical 
properties, evolution, detectability, etc.). 

• Politically, Ax can still “look like” early SAI capability-building if it involves stratospheric 
injection—so the paper’s governance logic still applies, even if the intent is attribution/ERF 
science rather than cooling. 

Your A2 (MCARFE sea-salt CCN) is marine boundary layer, not stratosphere, so it is far less entangled 
with the paper’s aircraft/fleet geopolitics. 

Bx (clouds, no injection) — weakly related 

B1–B5 are cloud process and radiative-closure studies without injection. These are mostly scientific 
enabling work rather than deployability work. The paper’s core arguments (specialized injector fleets; 
US–China duopoly for planetary deployment) don’t map strongly onto Bx, except insofar as: 

• Bx reduces uncertainty in aerosol-cloud interactions and thus informs any future debates 
about climate intervention side-effects and risks. 

Dx (Cloud Science Surge monitoring/model closure) — indirectly supportive, “trust 

infrastructure” 

Your Dx suite (satellite radiometry/polarimetry, field campaigns, observing backbone, model closure 
engine, rapid-response natural experiments, data/governance) functions as the kind of measurement 
+ transparency + evaluation infrastructure that can: 

• improve scientific understanding, and 
• make any future intervention claims more falsifiable, which is politically stabilizing. 

That dovetails with the paper’s emphasis that governance and international stability depend on how 
the major powers and institutions interpret actions—Dx strengthens the “open, independently 
checkable” posture. 
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Paper: High-latitude low-altitude SAI (Wheeler 2025) 

User Prompt: Enclosed is a 2025 paper by Wheeler entitled “Design and simulation of a logistically 

constrained high-latitude, low-altitude stratospheric aerosol injection scenario in the Energy Exascale 

Earth System Model.” Please summarize this paper and comment on how it relates to experiments Ax, 

Bx, Cx, and Dx. 

Design and simulation of a logistically constrained high-latitude, low-altitude stratospheric aerosol 

injection scenario in the Energy Exascale Earth System Model (E3SM) (Wheeler 2025) 

https://iopscience.iop.org/article/10.1088/1748-9326/adba01/pdf 

Paper summary in plain terms 

ChatGPT Response: This paper builds and simulates an Arctic-only stratospheric aerosol injection 
(SAI) scenario that is constrained by real-world aircraft logistics, then evaluates climate responses 
using a modified DOE Energy Exascale Earth System Model (E3SMv2) with prognostic stratospheric 
sulfate aerosol.  

1) Motivation and framing 

• The authors start from the premise that the Arctic is warming faster than the globe and 
hosts/affects major tipping risks (Greenland ice sheet, sea ice loss, AMOC weakening, 
permafrost, etc.).  

• They emphasize that Arctic-only SAI is generally not recommended because of hemispheric 
asymmetry risks (especially hydrologic/precipitation shifts), but they still explore it because 
logistical barriers to Antarctic operations (notably lack of nearby large airports) could make a 
temporary Arctic-only “bridge” politically/operationally tempting.  

2) What “logistically constrained” means here 

They explicitly bake in constraints that many idealized model experiments ignore: 

• Aircraft development + certification + fleet delivery timelines 

• Payload limits at a realistic service ceiling (their scenario uses ~13 km, i.e., ~43k ft-class 
capability) 

• Result: slow ramp-up in injected mass during early decades (which strongly affects 
detectability and early climate response).  

https://iopscience.iop.org/article/10.1088/1748-9326/adba01/pdf
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3) The scenario they simulate 

• Program authorization: 2027 

• Deployment begins: 2032 

• Ramps to max injection: 6.7 Tg SO₂ per year (reached by 2053, then held through 2070).  

• Aircraft concept: start with converted A330 MRTT, then transition to a purpose-built “SAIL-
43K” aircraft as deliveries arrive (illustrative logistics narrative).  

• Operations assumptions (key ones): 

o Injection during MAMJ (spring + June), 122 days/year 
o 13 km injection altitude (implemented 12.5–13.5 km) 
o 6 sorties/day/aircraft, 97% dispatch rate 
o Example payload capacities referenced in the scenario constants (A330 and SAIL-43K).  

• Injection locations: near ~60°N “over major airports.” For SSP2-4.5 they use Anchorage + 
Stockholm; for the high-emissions case they add St. Petersburg.  

4) Modeling approach (E3SM) 

• They use E3SMv2 modified to simulate prognostic stratospheric sulfate from injected SO₂ 
(rather than prescribing aerosol fields). 

• They adjust the aerosol module (MAM4) to better represent stratospheric sulfate properties 
(e.g., larger particles / lifetime tuning) and validate via comparisons including Pinatubo 
behavior.  

• They run two emissions backgrounds: 

o SSP2-4.5 (5-member ensemble) 
o Modified SSP5-8.5 without prescribed explosive volcanic sulfate (3-member ensemble).  

5) Main results 

Aerosols / AOD 

• Aerosol impacts stay mostly in the Northern Hemisphere but are not confined to the Arctic; 
they spread poleward and equatorward (mostly not increasing south of the equator). 

• By 2060–2069, the sulfate AOD response at high latitude is much larger than in the early 
deployment decade (they describe ~multi-fold increase relative to the first decade).  

Temperature 

• Early decade (2032–2041): little statistically significant NH cooling—because the ramp is slow 
(injection only ~order-1 Tg/yr by ~2041 in their scenario). 
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• Later decades: as injection approaches the cap (~6.7 Tg/yr), a clear high-latitude cooling signal 
emerges. 

• For 2060–2069, they report roughly: 

o Global cooling: ~0.31 ± 0.06°C (SSP2-4.5 case) and 0.41 ± 0.13°C (high-emissions case) 
o High-latitude (60–90°N) cooling: ~1.38 ± 0.28°C and 1.66 ± 0.22°C respectively.  

Precipitation / hydrologic shifts 

• Global precipitation decreases modestly; the changes are dominated by NH/high-latitude 
effects. 

• They find ITCZ-related precipitation shifts that are region-dependent (e.g., southward across 
parts of the equatorial Pacific, but not uniformly across all basins), and they emphasize that 
patterns differ across models and depend on background circulation differences.  

Sea ice 

• March sea ice loss is slowed and partially offset relative to baseline once injection grows. 

• September sea ice still declines rapidly early on; even with SAI, “ice-free” thresholds are 
reached in the late 2030s in their ensembles, and later recovery is limited by the capped ramp 
and ongoing warming/feedbacks.  

6) Key conclusions the authors want policymakers/modelers to take away 

• Logistics matter: with realistic fleet ramp-up, meaningful detectable cooling may take ~2–3 
decades in an Arctic-only program—raising risks of misattribution, perceived failure, and 
political instability early in deployment.  

• Low-altitude injection (~13 km) likely reduces efficiency versus higher-altitude scenarios 
(shorter aerosol lifetimes; different transport), and results differ from other models (they 
compare qualitatively to CESM/WACCM literature).  

• They argue for multi-model assessments and more scenario realism in future work, including 
symmetric polar strategies and operational failure modes.  

• They also note that if aircraft like a B777F can deliver larger payloads at these altitudes, the 
timeline to reach the same annual mass could be much faster—changing both climate 
response timing and governance dynamics.  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 316 

 

How this relates to your experiment families Ax, Bx, Cx, Dx 

Cx (SAI) — directly aligned 

This paper is essentially a C1-style deployment scenario in model form: SO₂ injection at ~13 km, 
high latitude (~60°N), ramped over decades, then climate response evaluation.  

How it informs your C-experiments: 

• C1 (SO₂ gas): It reinforces why “what altitude can real aircraft reach with payload?” is not a 
footnote—it changes aerosol lifetime, distribution, and the time it takes for the climate signal 
to emerge above variability. 

• C2 (H₂SO₄ aerosol) / C3 (alternatives): The paper doesn’t simulate these, but its core message 
still applies: if you can inject a different particle/precursor, you still face the same 
fleet/logistics constraints, and the “ramp-up dominated early decades” problem remains 
unless the aircraft/operations change. 

Practical program implication: the paper is a strong argument that Cx needs to include “logistics-
constrained” scenarios as first-class experiments, not just idealized injection cases—because 
that’s what decision-makers will actually face.  

Ax (aerosol RF) — shares the same sulfate physics/optics 

Your A1a–A1d (SO₂, H₂SO₄ vapor/liquid/solution variants in polar stratosphere/vortex) are 
“process-scale cousins” of what this paper is doing at Earth-system scale. The paper’s modeling 
required aerosol-module adjustments (size/lifetime representation); your Ax flights are exactly the 
kind of data that could constrain those assumptions (size distribution evolution, hygroscopic 
growth, optical properties, lifetime vs altitude).  

Key linkage: the paper suggests low altitude reduces efficiency; Ax experiments that compare 
plume evolution at ~13 km vs higher stratosphere (or vortex-confined vs not) would directly test 
the modeled altitude–lifetime–cooling-efficiency trade.  

Bx (cloud process experiments) — indirect, but important via precipitation/ITCZ 

This paper’s biggest “impact” channel beyond temperature is hydrologic cycle shifts (precipitation 
patterns / ITCZ displacement). Those responses are mediated by cloud–radiation–circulation 
couplings, where uncertainty is high. 

So Bx contributes by reducing baseline uncertainty in: 

• how clouds respond to aerosol/thermodynamic perturbations (microphysics), 
• precipitation efficiency (drizzle/convective shifts), 
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• mixed-phase and cirrus processes that affect radiation and circulation. 

In other words: Bx won’t validate polar SAI, but it reduces structural uncertainty in the very 
processes that control the precipitation side-effects that make Arctic-only SAI “suboptimal.”  

Dx (Cloud Science Surge) — the measurement/closure infrastructure this paper implicitly needs 

The authors emphasize multi-model assessments and the difficulty of detecting signals early under 
realistic ramps. That maps closely to your Dx architecture: 

• D1 (benchmark radiometry + polarimetry): supports detection/attribution of AOD and 
radiative impacts. 

• D2/D3 (field campaigns + observing backbone): the kind of sustained observations needed to 
separate forced response from variability. 

• D4 (model closure engine): exactly the machinery needed to translate process constraints 
(Ax/Bx/Cx) into improved parameterizations and uncertainty quantification. 

• D6 (data systems/governance): makes the results legible and auditable—critical when early 
decades may show ambiguous signals. 

So: this paper is almost a “why Dx exists” argument, but applied to SAI rather than clouds 
generally.  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 318 

 

Paper: Uncertainties in SAI Modelling (Määttänen 2024) 

User Prompt: Enclosed is a 2024 paper by Määttänen entitled “Uncertainties and confidence in 

stratospheric aerosol injection modelling: a systematic literature review.” Please summarize this paper 

and comment on how it relates to experiments Ax, Bx, Cx, and Dx. 

Uncertainties and confidence in stratospheric aerosol injection modelling: a systematic literature review 

(Adaptive Stratospheric Aerosol Injection Strategies under Uncertainty), Määttänen 2024 

https://insu.hal.science/insu-04634987v1/document 

Paper summary in plain terms 

ChatGPT Response: This paper is a systematic literature review of 60 peer-reviewed SAI 
(stratospheric aerosol injection) modeling studies, asking two big questions: 

1. Do these papers address uncertainty—and how? 
2. How do they communicate confidence/limits/assumptions to readers (including non-

specialists)?  

Core framing: three uncertainty buckets 

The authors adopt the climate-modeling community’s common split into: 

• Model uncertainty (structure + parameter choices) 
• Scenario uncertainty (what future emissions/politics/feasibility assumptions you bake in) 
• Internal variability (natural “noise” from chaotic climate dynamics) 

They emphasize that aerosol + cloud process uncertainties are already high in “regular” climate 
modeling, and SAI inherits/expands that challenge because aerosols are the central mechanism.  

What methods are actually used in the 60-paper sample? 

The review tallies how often studies used different uncertainty tools: 

• Multi-Model Ensembles (MME) to probe model-structure uncertainty: 21/60 papers (typically 
2–13 models). 

• Perturbed Physics Ensembles (PPE) to probe parameter uncertainty: 2/60 papers (rare; 
computationally heavy). 

• Sensitivity analyses (toggling modules/chemistry, changing parameters): 10/60 papers. 
• Internal variability handled via: 

o initial-condition ensembles: 18/60 (but only 6 had “large ensembles” ≥10 members) 

https://insu.hal.science/insu-04634987v1/document
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o signal-to-noise / statistical significance tests: 42/60 (very common) 

They also note a time trend: uncertainty estimation has increased since ~2010, but is still inconsistent 
across studies.  

Communication gap: lots of “likely/robust,” little quantification 

A key finding is that papers often use qualitative language — “likely,” “robust,” “consistent,” 
“significant”—but rarely attach explicit probabilistic meanings (unlike IPCC calibrated likelihood 
language). Quantitative probabilities/likelihoods of outcomes were rare in this literature sample.  

Model “confidence” often implied rather than argued 

About 1/3 of the papers (20/60) did not include explicit discussion of model performance (fit to 
observations, adequacy-for-purpose, etc.). The authors interpret this as partly “community implicit 
knowledge” (models are widely used/benchmarked elsewhere), but they argue it’s still important to 
state why a model is adequate for the specific SAI question.  

Bottom line conclusion 

Because methods, scenarios, and uncertainty reporting are so heterogeneous, it’s currently hard to 
create a single, global, quantitative “uncertainty assessment” of SAI impacts from the literature. The 
paper calls for more systematic approaches, including standardized scenarios (e.g., GeoMIP-style), 
clearer uncertainty communication, and targeted work on key missing physics—especially near-field 
injection plume processes that many climate models do not resolve well.  

How this relates to your experiments Ax, Bx, Cx, Dx 

1) Strongest direct connection: Cx (SAI experiments) 

The paper is explicitly about SAI modeling, so it maps most directly onto: 

• C1 — SO₂ gas (SAI) 
• C2 — H₂SO₄ aerosol (SAI) 
• C3 — alternative candidate particles (SAI) 

Key linkage: the review repeatedly highlights that many uncertainties are tied to aerosol 
microphysics, chemistry, transport, and plume evolution, and that current global models often treat 
critical small-scale processes (especially injection/plume physics) in simplified ways. That’s exactly 
what C1/C2/C3 field data would help constrain—not by “validating global climate response,” but by 
improving process parameterizations that feed into models.  
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Practical implication: Cx experiments are most useful when designed to produce model-ingestible 
constraints (size distribution evolution, composition, coagulation/condensation rates, optical 
properties, heterogeneous chemistry impacts, etc.) that reduce model/parameter uncertainty, even if 
scenario uncertainty remains.  

2) Close connection: A1a/A1b/A1c/A1d (aerosol RF in stratosphere) 

Your stratospheric sulfate variants under Ax are essentially “process cousins” of SAI: 

• A1a — SO₂ gas into stratosphere (aerosol RF) 
• A1b — H₂SO₄ vapor into polar vortex (aerosol RF) 
• A1c — H₂SO₄ liquid aerosol into polar vortex (aerosol RF) 
• A1d — H₂SO₄ + H₂O solution aerosol into polar vortex (aerosol RF) 

Even if your Ax framing is “anthropogenic aerosol forcing,” these are still about sulfate aerosol 
lifecycle + optics, which the review flags as a core uncertainty source in both climate and SAI research. 
This is especially relevant to the paper’s point that volcano analogs are imperfect 
(size/composition/spatiotemporal injection differences), so controlled experiments that map injection 
→ size distribution → optical properties → radiative effect are valuable for narrowing key process 
uncertainties.  

3) Indirect but important: Bx (cloud process experiments) 

Your B-series is not SAI, but the paper stresses that aerosol–cloud process uncertainty is high in 
climate modeling generally, and that SRM/SAI inherits those uncertainties because aerosols are 
central. So: 

• B1 CCN microphysics 
• B2 precipitation/drizzle 
• B3 mixed-phase glaciation / INP 
• B4 cirrus formation 
• B5 full radiative closure 

…all matter because they reduce baseline cloud and aerosol–cloud uncertainty, which is one of the 
biggest contributors to uncertainty in climate forcing and response—hence, to uncertainty in the 
modeled impacts of SAI-like perturbations as well.  

A key nuance aligned with the paper: Bx experiments can tighten process realism and reduce 
parameter/structural uncertainty, but they do not eliminate scenario uncertainty (what gets 
deployed, where, how long, governance/termination, etc.).  
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4) Clear synergy: Dx (cloud science surge: observing backbone + closure + campaigns) 

The review emphasizes that confidence partly rests on model evaluation against observations, and 
notes the community’s reliance on “implicit” validation. Your D-series (benchmarked 
radiometry/polarimetry, major campaigns, supersites/ocean platforms, closure engine, rapid 
response, data systems) is basically an institutionalized answer to that critique: it creates the 
consistent, standardized observational products that make model evaluation more explicit and 
routine. 

In other words: 

• Dx helps address the review’s complaint that model adequacy is often assumed rather than 
demonstrated, by making evaluation/closure a first-class deliverable. 

• Dx also supports uncertainty decomposition (internal variability vs model structure vs 
parameter uncertainty) by enabling repeatable comparisons across regimes and time.  

The “so what” for your program design 

If you want your Ax/Bx/Cx/Dx portfolio to directly answer the gaps this review highlights, the highest 
leverage moves are: 

• Design field experiments (especially Cx and A1) around model parameters/processes* that 
dominate uncertainty (microphysics, chemistry, optical properties, plume-to-grid 
parameterizations). 

• Pair experiments with deliberate ensemble modeling plans (MME + initial-condition 
ensembles where needed), because the paper shows most studies do not cover all uncertainty 
types systematically.  

• Make uncertainty communication a deliverable: publish results with explicit uncertainty 
categories (model vs scenario vs internal variability) and avoid vague “robust/likely” where you 
can quantify. The review suggests this is a current weakness of the literature.  
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Paper: Dynamics of SCoPEx Experiment (Golja 2024) 

User Prompt: Enclosed is a 2024 paper by Golja entitled “The interaction of solar radiation 

modification with Earth system tipping elements.” Please summarize this paper and comment on how 

it relates to experiments Ax, Bx, Cx, and Dx which are described in the enclosed “.pdf” document. 

Aerosol Dynamics in the Near Field of the SCoPEx Stratospheric Balloon Experiment (Golja 2024) 

https://salatainstitute.harvard.edu/wp-content/uploads/2024/06/2020jd033438.pdf?utm_source=chatgpt.com 

Paper summary in plain terms 

What problem the paper tackles 

ChatGPT Response: The paper focuses on a key modeling gap for stratospheric aerosol injection 
(SAI): global models typically assume injected material is instantly mixed into ~100-km grid boxes, 
which misses near-field wake/plume microphysics where concentrations are high and nonlinear 
processes (nucleation, condensation/evaporation, coagulation) can strongly shape the particle size 
distribution that ultimately spreads through the stratosphere.  

The authors’ thesis is: if we want credible predictions of SAI outcomes, we need models that resolve 
aerosol formation in wakes, and we need observations that can validate those models.  

What they built 

They develop a 3-D plume microphysics model driven by a 3-D CFD wake simulation (ANSYS Fluent) 
for the SCoPEx balloon payload’s propeller wake.  

Their modeling stack has three pieces:  

1. CFD to compute steady 3-D velocity + turbulence/diffusion in a 3 km domain downstream of 
two propellers. 

2. Advection–diffusion to transport aerosol through those fields (nested grids for resolution). 

3. A sectional aerosol microphysics module (translated from the AER 2-D model) that evolves 
size distributions via nucleation/condensation/coagulation for sulfate, and coagulation for 
solid particles. 

They simulate two injected materials relevant to SCoPEx and SAI concepts: 

• Condensable H₂SO₄(g) (to form sulfate aerosol quickly) 

• Calcite (CaCO₃) solid aerosol (as an “alternative particle” candidate)  

https://salatainstitute.harvard.edu/wp-content/uploads/2024/06/2020jd033438.pdf?utm_source=chatgpt.com
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What they assumed about injection hardware (important for your planning) 

They note there’s little published detail on “SAI aerosolizing” hardware, so they represent injection as 
a 3-D Gaussian mass-flux source approximating the spray pattern ~10 cm from the orifice. They 
discuss plausible mm-scale nozzles (order 1–2 mm for calcite in CO₂; “a few mm” for H₂SO₄ vapor from 
a heated reservoir).  

They also test two injection configurations: 

• S1: one injector between propellers 
• S2: inject at each propeller hub  

Key results 

1) Plume width is set mostly by wake dynamics, not injection layout. 
At 3 km downstream, plume diameter (FWHM) is largely insensitive to S1 vs S2 and to injection rate: 
~93 m (sulfate) and ~70 m (calcite), with small variability.  

2) Particle size depends much more on mass injection rate than on injector location. 
Changing injection point changes VMD modestly (~11% sulfate; ~16% calcite at 3 km), but mass flux 
dominates particle growth outcomes.  

3) Sulfate from H₂SO₄ vapor condenses quickly; downstream growth becomes coagulation-limited. 
They find that after ~6 m, “virtually no” gas-phase H₂SO₄ remains, so later size increase is mainly from 
coagulation; by ~1500 m the VMD growth rate slows because dilution makes coagulation less relevant.  

4) Resulting sulfate particle sizes (in their SCoPEx-like wake) are smaller than typical ‘SAI-optimal’ 
targets at the tested fluxes. 
For H₂SO₄(g) injection, they report VMD values at 3 km of roughly 0.006, 0.04, and 0.1 μm for 
injection rates 0.0001, 0.01, and 0.1 g/s, respectively—monotonically increasing with distance. They 
conclude that to reach much larger VMDs (they cite 0.6 μm as an “ideal” SCoPEx sulfate target), you 
need higher initial mass injection rate; “just letting it age longer” won’t get you there in this wake 
geometry.  

5) Calcite can stay nearly monodisperse at low flux, but coagulates at higher flux. 
At 0.1 g/s, calcite retains ~99% of mass in monomer form in their far-downstream segment; at 10–100 
g/s, coagulation shifts mass toward multi-monomer aggregates with effective radii rising into ~0.5–
0.75 μm bins.  

6) Optical detectability is plausible even for small plumes. 
They compute extinction optical depth at 550 nm and compare sulfate vs calcite for 0.1 g/s (S1): 
calcite yields about an order-of-magnitude higher optical depth than sulfate in their case. They also 
estimate that a small scanning photometer viewing geometry from below could detect the plume with 
high SNR under stated assumptions.  
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Limitations they acknowledge (useful for interpreting results) 

They omit gravitational and turbulent coagulation (include Brownian only), and assume a laminar 
background stratosphere (turbulence only from propellers). They also assume a calcite sticking 
coefficient of 1 (real value could be 0–1). They explicitly frame this as an iterative model meant to be 
tested against observations.  

How this paper relates to your Ax, Bx, Cx, Dx experiments 

Cx (SAI experiments): directly relevant 

This paper is basically “Cx’s near-field problem statement” in model form: 

• It argues near-field wake/plume processes can set the size distribution that later drives 
radiative forcing efficiency, lifetime, stratospheric heating, and ozone chemistry—yet most 
climate models don’t resolve them.  

• It explicitly analyzes both sulfate (via H₂SO₄ vapor forming aerosol) and solid candidate 
particles (calcite), aligning with C2 and C3 conceptually.  

• It reinforces that injection rate (kg/s) and near-field dilution rate are first-order controls on 
particle size—exactly the kind of design knob your Cx program needs to measure and 
parameterize.  

Practical implication for Cx: if you want model-relevant data, you need measurements in the first 
seconds–minutes and first meters–kilometers behind the injector to constrain 
nucleation/condensation and early coagulation regimes—the paper’s whole point is that this region is 
where global models are weakest.  

Ax (aerosol RF experiments): strongly relevant for A1b/A1c/A1d 

Your Ax stratospheric sulfate variants (SO₂/H₂SO₄ vapor/liquid/solution) are trying to connect particle 
properties → optical properties → RF. This paper provides mechanistic support for several of your Ax 
concerns: 

• It underscores why “A1b (H₂SO₄ vapor)” can create particles quickly (nucleation/condensation 
are immediate), but also why final size will be sensitive to mass flux and dilution.  

• It backs your intuition that “waiting for SO₂ oxidation” is a different regime: the paper reviews 
how SO₂ injection can yield too-large particles in some modeling studies (hurting radiative 
efficiency), motivating “steering” via direct H₂SO₄ methods.  

• It provides a concrete message: changing where you inject in the wake matters less than 
changing how much you inject (at least in their geometry), which is directly relevant to your 
nozzle/flow-rate planning for Ax plume experiments.  
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Bx (cloud experiments, no injection): weak direct link, but a methods link 

Bx is cloud microphysics/closure without injection, so it’s not the paper’s focus. The connection is 
mostly methodological and programmatic: 

• The paper is an example of “closure at the microphysics/wake scale”: tight coupling of CFD + 
microphysics + measurement design. That’s philosophically similar to B5 (full radiative 
closure), just applied to a different physical subsystem.  

• If you ever extend to “under-cloud injection” (e.g., CCN perturbations), the wake + near-field 
microphysics approach is transferable, but this paper itself is about stratospheric plumes.  

Dx (Cloud Science Surge, monitoring/model closure backbone): indirect but important 

Dx is your “institutional infrastructure” for reducing uncertainty. This paper is essentially a Dx-style 
argument applied to SAI microphysics: 

• It calls for co-development of models and observations to constrain uncertain 
parameterizations (nucleation/condensation/coagulation) under SAI-like conditions.  

• That aligns most directly with D4 (model closure engine)—you’d treat near-field plume 
microphysics as another “closure target” that must be validated before feeding global models.  

• It also aligns with D6 (data systems/governance) in spirit: the paper explicitly positions this as 
a step toward quantitative, testable comparisons between models and measurements.  

The one-sentence takeaway for your portfolio 

This paper is a roadmap for turning Cx/A1* from “inject something and observe” into model-
calibrating experiments: it says the decisive uncertainties live in the near-field wake, and it shows 
(with a concrete CFD + microphysics framework) how injection rate and early dilution largely 
determine particle size, optical detectability, and therefore downstream climate relevance.  
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Paper: Developing a Plume Model (Sun 2022) 

User Prompt: Enclosed is a 2022 paper by Dr. Sun “Developing a Plume-in-Grid Model for Plume 

Evolution in the Stratosphere.” Please summarize this paper and comment on how it relates to 

experiments Ax, Bx, Cx, and Dx. 

Developing a Plume-in-Grid Model for Plume Evolution in the Stratosphere (Sun 2022) 

https://davidkeith.earth/wp-content/uploads/2024/05/Sun-et-al.-2022-Developing-a-Plume-in-Grid-

Model-for-Plume-Evoluti.pdf 

Paper summary in plain terms 

ChatGPT Response: The paper argues that a major source of error in stratospheric emissions 
modeling—especially for SAI from aircraft—is that global Eulerian models instantly dilute narrow 
aircraft plumes into ~100-km grid boxes, wiping out the high concentrations that drive nonlinear 
chemistry and aerosol microphysics. The paper introduces a computationally efficient way to 
represent those sub-grid plumes inside a global model.  

The core idea: a multiscale “Plume-in-Grid” (PiG) framework 

They embed a Lagrangian plume model into a global Eulerian model (GEOS-Chem). Instead of 
immediately mixing emissions into a grid box, the PiG approach keeps each aircraft plume in a 
dedicated sub-grid representation until it is “mixed enough,” and then dissolves it into the host 
grid.  

Plume representation: “segments” + adaptive cross-sections 

Each plume is divided into segments (length chosen to stay smaller than the host grid), and the 
segment cross-section is represented at high resolution early, then simplified later for speed.  

Early stage (first hours): a high-resolution 2-D grid for the cross-section (horizontal ~10² m, 
vertical ~10 m) to resolve sharp gradients.  

Mature stage: when the plume becomes very elongated in cross-section (aspect ratio Rs > ~25), 
they argue horizontal diffusion becomes negligible compared to vertical diffusion + vertical shear, 
and they replace the 2-D grid with a computationally efficient 1-D “slab” representation.  

Filamentation handling: splitting when stretched 

Because wind shear can stretch plumes into long filaments, the model splits plume segments (and 
can split cross-sections) so a single segment doesn’t span heterogeneous background conditions.  

https://davidkeith.earth/wp-content/uploads/2024/05/Sun-et-al.-2022-Developing-a-Plume-in-Grid-Model-for-Plume-Evoluti.pdf
https://davidkeith.earth/wp-content/uploads/2024/05/Sun-et-al.-2022-Developing-a-Plume-in-Grid-Model-for-Plume-Evoluti.pdf
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When does a plume “hand off” to the host model? 

They define multiple dissolution criteria; the most important conceptually is a nonlinearity 
criterion: dissolve only when a representative nonlinear process would produce nearly the same 
result before vs after dilution into the Eulerian grid. Because this paper is a first step using an inert 
tracer, they implement a hypothetical second-order process as a stand-in for things like 
coagulation or ozone chemistry.  

What experiment they ran to demonstrate the point 

They turn off chemistry/aerosols and inject an inert tracer in the stratosphere to isolate plume 
physics. The aircraft flies back-and-forth between 30°S and 30°N along a longitude line (example: 
141°W), at 50 hPa (~20 km), injecting 30 kg/km along track.  

They compare: 

• Standard GEOS-Chem (instant dilution into the Eulerian grid) 
• PiG (sub-grid plume preserved for days, then dissolved) 

Main findings (why PiG changes outcomes) 

A) Plumes stay much more concentrated 

In PiG, about one-third of the injected tracer remains in “active plume segments” at the end of a 
month, at concentrations 2–4 orders of magnitude higher than in the standard Eulerian 
treatment.  

B) Mixing diagnostics show less artificial diffusion 

They use an entropy metric of tracer mixing and find PiG yields about 6% lower entropy (less 
mixing) than the standard GEOS-Chem results.  

C) Nonlinear processes can be wildly mis-estimated in Eulerian models 

Applying the hypothetical second-order process, they find the total “product mass” is about 2 
orders of magnitude larger in PiG than in standard GEOS-Chem—because the reaction rate scales 
like k[C]² and PiG preserves high concentrations.  
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D) “Just run GEOS-Chem at higher resolution” is expensive and still insufficient 

They report that even substantially higher horizontal resolution is not enough to match the 
nonlinear-process difference, and can require far more compute. One explicit comparison they 
cite: GEOS-Chem at 0.5° × 0.625° took 239 CPU-hr vs 30 CPU-hr for PiG, yet still produced much 
less second-order product.  

E) This is “step 1”: chemistry and aerosol microphysics are future work 

They emphasize that this first paper is about plume physical processes; chemical/aerosol 
processes are to be added later.  

F) Validation ultimately needs observations 

They explicitly say long-run validation should be against observations—e.g., aircraft plume 
intercepts or balloon-based methods like SCoPEx, or hybrids.  

How this relates to your Ax, Bx, Cx, Dx experiment suites 

Cx (SAI field experiments): directly on target 

Cx (C1 SO₂, C2 H₂SO₄ aerosol, C3 alternative particles) is exactly where PiG matters most: 

• The paper’s central claim is that SAI outcomes are sensitive to sub-grid plume evolution, 
because aerosol processes like coagulation are nonlinear and depend on high near-field 
concentrations—the very processes that climate/chemistry models may under-resolve.  

• It also points to a clear measurement need: near-field to mid-field plume sampling (minutes 
→ days, km → 100s km) to calibrate/validate plume models, consistent with your “monitor 
aircraft behind injector” concept and your interest in how long a plume stays coherent.  

Practical interpretation for Cx: PiG is an argument that “injection strategy” (point vs pulsed, location, 
sulfur form) affects outcomes partly through near-field physics that global models smear out.  

Ax (aerosol RF experiments): very relevant for your stratospheric A1 variants 

Your A-series stratospheric experiments (A1a SO₂ gas; A1b vapor; A1c/A1d aerosol) aim to 
measure optical properties and forcing efficiency. PiG matters because: 

• If a model instant-dilutes plumes, it can underpredict high-concentration time and therefore 
under/overpredict key nonlinear steps that set the size distribution, which then sets 
AOD/SSA/g. 



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 329 

 

• The paper explicitly motivates PiG partly because SAI studies show sensitivity to injection form 
and strategy, and they note that most studies do not test the influence of Eulerian vs 
Lagrangian plume treatments on simulated impacts.  

So, Ax provides the “physics truth” datasets that can constrain plume-to-grid parameterizations, 
while PiG provides a pathway to make those constraints usable in global models. 

Bx (cloud experiments): not the main target, but complementary 

Bx is mostly about cloud microphysics and radiative closure without injection. This paper is about 
stratospheric plumes, so the overlap is indirect: 

• Methodologically, it’s the same “closure” mindset as B5 (just applied to a different subsystem): 
you need models that resolve the controlling processes at the right scales before you can trust 
radiative implications. 

• Substantively, Bx matters because cloud responses and aerosol-cloud interactions remain a 
major source of uncertainty in translating any forcing perturbation (including from 
stratospheric aerosols) into regional climate outcomes—but PiG itself doesn’t address that; it 
addresses the upstream aerosol/plume representation. 

Dx (Cloud Science Surge): Closest match is D4 “model closure engine,” plus D6 data 

discipline 

Dx is a monitoring/closure program (no injection), but it includes the kind of machinery that makes 
PiG actionable: 

• D4 (model closure engine): PiG is essentially a closure upgrade for stratospheric injection 
representation—exactly the kind of model-improvement module D4 would incubate, test, and 
standardize. 

• D6 (data systems/governance): PiG’s authors emphasize eventual validation against 
observations. That requires the same “standard products + open pipeline + independent 
evaluation” discipline you’ve been building into Dx. 

So Dx is not “the same experiment,” but it’s the institutional architecture that helps turn Cx/Ax 
plume observations into model improvements that stick. 

One crisp takeaway for your portfolio 

This 2022 paper is basically saying: if you’re trying to predict SAI (Cx) or interpret stratospheric 
aerosol forcing experiments (Ax), you cannot skip the plume scale—because preserving plume 
concentrations changes nonlinear process estimates by orders of magnitude, and doing this with a 
PiG approach can be far cheaper than brute-force global high resolution.  
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If you want, I can write a tight “requirements list” for what Cx/A1* measurements are most useful 
for validating a PiG-type model (i.e., the minimum observables that let you constrain 
diffusion/shear/stretching plus the nonlinear microphysics terms once they’re added). 
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Paper: SAI Model Comparison, SO2 vs. H2SO4, 

(Weisenstein 2022) 

User Prompt: Enclosed is a 2022 paper by Weisenstein “An interactive stratospheric aerosol model 

intercomparison of solar geoengineering by stratospheric injection of SO or accumulation-mode 

sulfuric acid aerosols.” Please summarize this paper and comment on how it relates to experiments 

Ax, Bx, Cx, and Dx. 

An interactive stratospheric aerosol model intercomparison of solar geoengineering by stratospheric 

injection of SO or accumulation-mode sulfuric acid aerosols (Weisenstein 2022) 

https://acp.copernicus.org/articles/22/2955/2022/ 

Paper summary in plain terms 

ChatGPT Response: Most SAI modeling has assumed injecting SO₂, by analogy to volcanoes. A well-
known result is that the radiative forcing (RF) per unit injected sulfur falls as injection increases 
(sublinear scaling), because extra sulfur tends to grow existing particles, pushing the aerosol 
population above the size that scatters sunlight most efficiently and increasing sedimentation 
(shorter lifetime). This paper asks whether an alternative approach—injecting accumulation-mode 
sulfuric acid aerosol (they call it AM-H₂SO₄)—can keep particles smaller and increase radiative 
efficacy.  

The modeling experiment 

It’s a coordinated multi-model intercomparison using three interactive stratospheric aerosol 
microphysics models: 

• CESM2(WACCM6) 
• MAECHAM5-HAM 
• SOCOL-AER  

They compare four main dimensions: 

1. Injection form 

• SO₂ gas 
• AM-H₂SO₄ particles (represented in the GCM grid as a lognormal distribution in the 

accumulation mode; i.e., the plume-scale formation is not simulated—only the “grid-scale 
delivered particle distribution” is imposed).  

https://acp.copernicus.org/articles/22/2955/2022/
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2. Injection magnitude 

• All models run 5 and 25 Tg(S)/yr; two models also run 10 Tg(S)/yr.  

 

3. Injection geography 

• “Region” (broad tropical): uniformly distributed between 30°S–30°N, centered around ~20 
km and all longitudes (designed to leverage the tropical reservoir and Brewer–Dobson 
circulation for longer residence time). 

• “2-point”: injected at two model grid points at 30°S and 30°N near ~20 km at one 
longitude (designed to concentrate effects more poleward and explore concentrated 
injections).  

4. Prescribed SSTs 
To simplify interpretation and improve signal-to-noise, they run with specified SST/sea ice 
(climatological) and 2040 GHG/ODS boundary conditions, so differences are mainly 
stratospheric aerosol/chemistry/dynamics rather than ocean feedback differences.  

Main results 

1) AM-H₂SO₄ generally increases “radiative efficacy” 

All three models find that AM-H₂SO₄ injection increases radiative efficacy (RF per Tg S injected) 
compared with SO₂ injection. The reason is that injecting new accumulation-mode particles tends 
to keep the large-scale distribution closer to radiatively efficient sizes than SO₂ injection, which 
more strongly drives coarse-mode growth.  

A practical way they frame this: if you aim for a given RF, AM-H₂SO₄ would require less sulfur, so 
side effects that scale with total sulfate burden (e.g., surface area for heterogeneous chemistry) 
may be reduced for a fixed RF target. They quantify that for the same RF, the aerosol burden 
needed is ~35% lower with AM-H₂SO₄ than with SO₂ in their experiment suite.  

2) Particle sizes are smaller with AM-H₂SO₄ than with SO₂ (for the same injection rate) 

A key diagnostic is effective radius Reff near the injection region (reported at ~60 hPa): 

• With 5 Tg(S)/yr, AM-H₂SO₄ yields Reff ~0.27–0.39 μm, while SO₂ yields Reff ~0.40–0.52 μm 
(model dependent). They note that the AM-H₂SO₄ cases are often within/near an “optimal 
scattering” band, whereas SO₂ cases are often larger than optimal.  
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3) Residence time behavior differs: SO₂ shows the classic “efficiency drop” with higher injection 

They present a normalized burden (interpretable as an effective residence time): 

• SO₂ injections show decreasing residence time with higher injection rate, consistent with 
larger particle sizes and faster sedimentation.  

• AM-H₂SO₄ injections show more complicated behavior: in two models, normalized burden 
increases with injection rate (they discuss interactions with aerosol heating strengthening the 
Brewer–Dobson circulation and QBO effects), while in SOCOL-AER it behaves more like the 
expected decrease.  

4) Geographic distribution matters, but differently for SO₂ vs AM-H₂SO₄ 

A central “mechanistic” point is summarized in their matrix (Table 3): 

• For AM-H₂SO₄, 2-point injections tend to produce more coagulation → larger/coarser 
particles → lower efficacy than regional tropical injections (which keep sizes closer to the 
injected accumulation mode).  

• For SO₂, the sign can differ: regional injections can favor more condensation onto 
existing/background particles and coarse-mode growth (bigger Reff), while 2-point cases can 
behave more “plume-like” in the grid box (higher local nucleation/accumulation) depending on 
resolution and model details. They explicitly warn that resolution and unresolved plume 
scales likely affect these outcomes.  

5) Side effects: stratospheric heating, water vapor, and ozone changes remain significant 

They examine two side effects directly: 

Stratospheric heating and H₂O 

• Sulfate aerosol absorbs in LW and warms the tropical lower stratosphere; they show several-K 
warming profiles in the tropics. 

• For large injections (e.g., 25 Tg(S)/yr), they report large increases in stratospheric water vapor 
near the tropical tropopause region (order factors of 2–4 relative to control at ~90 hPa in the 
two models that compute H₂O interactively).  

Ozone 

• In the two models with interactive chemistry, both SO₂ and AM-H₂SO₄ produce total column 
ozone decreases (with strong latitude structure and large model spread). 

• AM-H₂SO₄ tends to have slightly larger depletion than SO₂ for equal injected sulfur, largely 
because it produces larger aerosol burdens with smaller mean size → higher surface area 
density (SAD) and hence stronger heterogeneous chemistry effects.  
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6) Inter-model spread is large and hard to disentangle 

They emphasize that inter-model differences can be as large or larger than the differences 
between injection strategies, and that differences arise from both: 

• aerosol microphysics formulation (modal vs sectional; size-tail handling), 
• and stratospheric dynamics (including QBO treatment and transport/mixing).  

7) The paper is explicit about the plume-scale gap 

A crucial limitation: the AM-H₂SO₄ cases assume a delivered particle size distribution at the grid 
scale, intended to represent what an aircraft plume might produce, but the plume formation 
physics is not resolved and is “deeply uncertain,” depending on local turbulence, injection rate, 
background aerosol, etc. They explicitly point to plume-in-grid / adaptive mesh approaches and 
small-scale field studies to reduce that uncertainty.  

How this paper relates to your Ax, Bx, Cx, Dx experiments 

Cx (SAI): this is essentially the “C1 vs C2” model casebook 

• C1 (SO₂ gas, SAI) maps directly to their SO₂ scenarios and the classic sublinear forcing problem.  

• C2 (H₂SO₄ aerosol, SAI) maps directly to their AM-H₂SO₄ scenarios: the entire paper is about 
whether injecting (or effectively delivering) accumulation-mode sulfate can increase efficacy 
and reduce the sulfur needed per W/m².  

• C3 (alternative particles) is not simulated here, but the logic is similar: you’d evaluate whether 
alternative particles can reduce heating/ozone penalties for a given RF. This paper’s core 
message—microphysics and size distribution are everything—applies even more strongly to C3. 

Cx takeaway: If your goal is “lowest harm / lowest cost per forcing,” the paper strengthens the 
case that particle form and size control (C2-like strategy) can be more efficient than SO₂-only, but 
it also underlines that near-field/plume physics is the weak link that needs dedicated 
measurement and plume-aware modeling.  

Ax (aerosol RF experiments): A1a vs A1d/A1c is the field analogue of this paper 

Your A1a (SO₂) versus A1c/A1d (H₂SO₄ aerosol/solution) is essentially the observational 
counterpart to this model intercomparison: 

• The paper predicts that “direct accumulation-mode aerosol” should yield smaller particles and 
higher RF per sulfur than SO₂ in many conditions.  

• Ax experiments can test the most decision-relevant pieces of that chain in the real 
atmosphere: 
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o What size distribution is actually produced (and how it evolves), 
o How quickly coagulation pushes sizes upward under realistic dilution, 
o What AOD/SSA/g and radiative closure look like in each approach. 

Ax takeaway: The paper basically tells you what you should measure to judge A1a vs A1d: 
Reff/size distribution evolution + burden/lifetime + radiative efficacy, and how it depends on 
spatial concentration (plume coherence / injection pattern).  

Bx (clouds): indirect, but it explains why cloud uncertainty still matters 

This paper keeps SSTs fixed and focuses on stratospheric aerosol, but it explicitly notes that 
latitudinal RF patterns show variability partly because of tropospheric cloudiness variability, and 
the broader question “what happens to precipitation/ITCZ/clouds under SAI forcing patterns” is 
outside its scope.  

Bx takeaway: Even if C2 improves “forcing per sulfur,” the downstream climate impacts still 
depend on clouds and circulation. Your B1–B5 work reduces uncertainty in the cloud/radiation 
response side that this paper intentionally brackets out. 

Dx (Cloud Science Surge): supports the “model closure + measurement backbone” that this 

paper calls for 

Two parts of Dx are especially aligned: 

• D4 (model closure engine): The paper explicitly flags that outcomes depend on unresolved 
plume scales and suggests plume-aware methods (plume-in-grid, etc.) plus observations. D4 is 
exactly the structure that could take Ax/Cx plume datasets and harden them into model 
improvements and standard tests.  

• D1/D3/D6 (calibrated radiometry + observing backbone + data systems): The paper’s 
conclusions hinge on comparing burden, Reff, AOD, RF, heating, ozone across models; the “Dx 
discipline” of standardized products and independent evaluation is the natural way to make 
those comparisons reliable and auditable. 

Dx takeaway: Dx doesn’t duplicate this SAI intercomparison (it’s cloud-focused), but it provides 
the observational and closure culture that the paper argues is needed to reduce uncertainty in SAI 
modeling. 

One-sentence takeaway 

This paper is the clearest model evidence (across three interactive aerosol microphysics models) 
that injecting/producing accumulation-mode sulfate aerosol (C2/A1d-like) can increase radiative 
efficacy relative to SO₂ (C1/A1a-like), but it also makes explicit that the biggest remaining 
uncertainty is the plume-scale formation and early evolution of the particle size distribution, 
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which is exactly where your Ax/Cx field experiments and plume-aware modeling (and D4-style 
closure work) add the most value.  
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Paper: H2SO4 versus SO2 SAI (Vattioni 2019) 

User Prompt: Enclosed is a 2019 paper by Vattioni entitled “Exploring accumulation-mode H2SO4 

versus SO2 stratospheric sulfate geoengineering in a sectional aerosol–chemistry–climate models.” 

Please summarize this paper and comment on how it relates to experiments Ax, Bx, Cx, and Dx. 

Exploring accumulation-mode H2SO4 versus SO2 stratospheric sulfate geoengineering in a sectional 

aerosol–chemistry–climate models (Vattioni 2019) 

https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1029/2024MS004872 

Paper summary in plain terms 

ChatGPT Response: Most SAI/stratospheric sulfate geoengineering work historically assumed inject 
SO₂ (volcanic analog). This paper asks whether you can do better—i.e., get more shortwave cooling 
per unit sulfur—by instead injecting accumulation-mode sulfuric acid droplets (“AM H₂SO₄,” roughly 
the 0.1–1 µm radius range) so that the stratosphere starts with a population closer to radiatively 
efficient sizes and avoids the “SO₂ → too many tiny new particles → coagulation → overly large 
particles” pathway.  

Model and experiment design 

They use SOCOL-AER, a global 3-D aerosol–chemistry–climate model with sectional (size-bin) sulfate 
microphysics, interactive chemistry (including heterogeneous reactions on aerosol surfaces), and 
interactive radiation. The sectional approach matters because the whole question is about the 
evolving size distribution and its radiative consequences.  

Core experiment set (21 scenarios): 

• All scenarios inject 1.83 Mt S per year, either as: 

o AM H₂SO₄ droplets, or 
o SO₂ gas, or 
o mixtures of the two.  

• Most injections are continuous, at 50 hPa (~20 km), zonally symmetric, with latitude spread 
varied from very narrow (±3.75°) out to ±30°.  

• They add sensitivity cases: 

o higher altitude injection (~25 km), 
o pulsed (two short pulses per year) vs continuous, 
o point source (one equatorial grid box) vs spread around the globe, 

https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1029/2024MS004872
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o initial aerosol mode radius sensitivity (their default dry mode radius is 0.095 µm with 
σ=1.5; they also test 0.15 µm).  

The model is run under fixed boundary conditions (prescribed SST/sea ice, fixed GHG/ODS levels for a 
future-ish state), so they focus on stratospheric aerosol/chemistry and surface radiation, not fully 
coupled ocean response.  

Main findings 

A) AM H₂SO₄ beats SO₂ on forcing efficiency (in this model, at this injection rate) 

Their headline result: for the same sulfur injection (1.83 Mt S/yr), AM H₂SO₄ scenarios produce 
~37% larger stratospheric aerosol burden and corresponding all-sky shortwave radiative forcing 
than SO₂ scenarios (i.e., more cooling magnitude).  

Mechanism (why): 

• SO₂ injection continually creates lots of new nucleation-mode particles (<0.01 µm radius) 
after oxidation to H₂SO₄ vapor. Those small particles coagulate (especially with preexisting 
larger particles) and, together with condensation, drive growth into a coarse mode (>1 µm 
radius) population that is less mass-efficient at reflecting sunlight and sediments faster.  

• AM H₂SO₄ injection starts with particles already in/near the accumulation mode, which 
reduces the “flood of ultrafines” and tends to keep more mass in a size window closer to 
efficient scattering. 

B) SO₂ produces both “too small” and “too big” particles; AM H₂SO₄ keeps more mass in the 

“good” range 

The paper explicitly highlights an “efficient backscatter” size range (roughly 0.12–0.40 µm radius 
for sulfate to retain ≥70% of peak backscattering efficiency; they cite Dykema et al. 2016 for that). 
They show that SO₂ cases push more mass into coarse mode and less into the efficient band 
compared to AM H₂SO₄ cases.  

C) Latitude spread matters, but less than you might think (in these scenarios) 

They find the stratospheric burden is only weakly dependent on how widely the injection is spread 
in latitude: injecting across 30°N–30°S instead of 10°N–10°S reduces burden by only ~10%. Their 
explanation is a trade: 

• broader injection reduces coagulation (smaller particles), 
• but increases loss via stratosphere-to-troposphere transport (e.g., folds / surf-zone mixing).  
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D) Higher altitude injection increases burden but can reduce “forcing per burden” (especially 

for SO₂) 

Injecting higher (their ~25 km cases) increases residence time and aerosol burden, but the benefit 
is partly offset because microphysics shifts toward larger particles, reducing scattering efficiency 
per unit burden—particularly pronounced for SO₂.  

E) “Temporal/spatial concentration” flips sign depending on whether you inject SO₂ or AM H₂SO₄ 

One of the most interesting results is how pulsed/point injection behaves differently for the two 
strategies: 

• For AM H₂SO₄, concentrating mass in space/time tends to increase coagulation, slightly 
reducing burden (and residence time), though radiative forcing doesn’t drop proportionally 
because the size distribution can shift modestly.  

• For SO₂, pulsing or concentrating emissions can reduce global-mean nucleation frequency, 
which reduces sustained coagulation, yielding smaller average particle sizes and longer 
residence times, increasing burden and forcing relative to a fully uniform continuous SO₂ case. 
The paper notes this can partially mimic “aircraft plume” behavior (high local concentrations 
but not continuously everywhere).  

F) Side effects: stratospheric heating, water vapor, and ozone change—AM H₂SO₄ can look 

worse per kg injected, but better per W/m² achieved 

They quantify several “side effect” proxies: 

• warming near the tropical cold-point tropopause, which increases stratospheric H₂O entry 
and thus affects HOx chemistry; 

• ozone column depletion, driven strongly by aerosol surface area density (SAD) enabling 
heterogeneous chemistry. 

They find AM H₂SO₄ cases tend to have larger aerosol burdens and SAD, which can produce more 
ozone depletion and stratospheric heating than SO₂ for the same injected sulfur. But when 
normalized by all-sky SW forcing achieved, the AM H₂SO₄ strategy often looks more efficient 
overall: you get more cooling per injected sulfur and the “impact per W/m²” can be smaller even if 
“impact per kg” is larger.  

G) Key limitation acknowledged: plume-scale physics is not resolved 

They are explicit that a GCM/CCM cannot resolve the full range from mm–m nozzle scales through 
km plumes to global transport. They therefore prescribe a lognormal size distribution for injected 
AM H₂SO₄ based on prior plume modeling work, and call out sub-grid plume processes (filaments, 
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wake microphysics) as a continuing uncertainty and a target for future coupling (e.g., Lagrangian 
plume models).  

How this maps onto your Ax, Bx, Cx, Dx experiment portfolio 

Cx (SAI): this paper is almost a “C1 vs C2” model blueprint 

• C1 (SO₂ gas, SAI) corresponds directly to their SO₂ scenarios and the classic “SO₂ → inefficient 
size distribution at higher loadings” issue.  

• C2 (H₂SO₄ aerosol, SAI) corresponds to their “AM H₂SO₄” strategy: it’s explicitly motivated as a 
way to steer particle sizes toward the accumulation mode and get higher forcing per sulfur.  

• C3 (alternate particles) is not modeled in this paper, but the logic generalizes: candidate 
particle evaluation is fundamentally an exercise in microphysics + optics + chemistry tradeoffs, 
and this paper shows how strongly results depend on size distribution control and SAD-driven 
chemistry. 

Cx implication: If your goal is “lowest cost and harm per W/m²,” this paper strengthens the case 
that direct aerosol (C2-like) could outperform SO₂ precursor (C1-like)—but only if the real-world 
plume actually produces and preserves the assumed accumulation-mode distribution. That 
becomes an empirical question. 

Ax (aerosol RF): your A1a vs A1c/A1d are the observational analogue of this paper 

Your stratospheric forcing experiments: 

• A1a (SO₂ gas) vs 
• A1c/A1d (H₂SO₄ aerosol / H₂SO₄+H₂O solution) 

…are essentially the field-test version of the paper’s central claim. The paper suggests the most 
diagnostic “Ax-style” measurements are: 

• time-evolving size distributions and effective radius, 
• SAD (for chemistry relevance), 
• optical properties AOD/SSA/g and flux closure where possible, 
• and a careful look at how results depend on spatial/temporal concentration (continuous vs 

pulsed / concentrated vs distributed), because the sign can flip for SO₂ vs AM aerosol.  

Bx (clouds): indirect but important (for translating forcing to impacts) 

This paper does not attempt full tropospheric response with coupled oceans, and it notes clouds 
are a major uncertainty not fully treated in their setup.  
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So B1–B5 matter because they constrain the “downstream” part: how any forcing pattern 
(including stratospheric aerosols) maps into changes in clouds, precipitation, and radiative 
feedbacks—often the dominant source of uncertainty when you move from “radiative forcing” to 
“regional impacts.” 

Dx (Cloud Science Surge): provides the closure and evaluation culture the paper says is missing 

Two parts of Dx are especially aligned with the paper’s stated gaps: 

• D4 (model closure engine): this paper is fundamentally about “microphysics closure” (size 
distribution → forcing efficiency → chemistry side effects). D4 is the institutional mechanism to 
make those closure tests systematic across models and data streams. 

• D1/D6 (benchmark radiometry + data systems): their results hinge on comparing forcing and 
optical properties across scenarios; the Dx emphasis on calibrated radiometry, standardized 
products, and independent evaluation is the infrastructure that makes those comparisons 
credible and reusable. 

One-sentence takeaway for your program 

This 2019 paper provides strong model-based support for your C2/A1d intuition—that if you can 
reliably produce accumulation-mode sulfate aerosol (or inject it directly), you can get substantially 
more cooling per unit sulfur than SO₂ injection—while simultaneously underlining that the make-or-
break uncertainty is the near-field plume formation and early evolution of the size distribution, 
which is exactly where your Ax/Cx measurements and plume-aware modeling are most valuable.  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 342 

 

Paper: SRM and Tipping Points (Futerman 2025) 

User Prompt: Enclosed is a 2025 paper by Futerman entitled “The interaction of solar radiation 

modification with Earth system tipping elements.” Please summarize this paper and comment on how 

it relates to experiments Ax, Bx, Cx, and Dx which are described in the enclosed “.pdf” document. 

The interaction of solar radiation modification with Earth system tipping elements (Futerman 2025) 

https://esd.copernicus.org/articles/16/939/2025/ 

Paper summary in plain terms 

Futerman et al. review whether solar radiation modification (SRM)—especially stratospheric aerosol 
injection (SAI)—would lower, delay, or (in some cases) raise the risk of crossing major Earth-system 
tipping elements (cryosphere, oceans, atmosphere, biosphere). Because there are few studies that 
directly simulate tipping behavior under SRM, they often take a “first-order” approach: identify each 
tipping element’s key drivers, then evaluate how SRM is likely to change those drivers.  

Core scenario framing 

They mostly assume a “peak-shaving” SRM use case: greenhouse gases drive a large warming 
overshoot, SRM is used to hold global mean surface temperature (GMST) near a target (e.g., ~1.5°C), 
and later negative emissions reduce CO₂.  

They emphasize SRM cannot “perfectly cancel” CO₂ effects: hydrology, circulation, light quality 
(diffuse vs direct), and high-CO₂ ecosystem impacts can remain different even if GMST is restored.  

How they think about “tipping” 

They distinguish: (1) preventing tipping by reducing drivers before thresholds, vs (2) trying to reverse 
tipping after feedbacks begin. Reversal is generally much harder because onset is hard to predict, 
hysteresis can require extreme forcing, and timescales can be long.  

Big takeaways (their headline conclusions) 

• 9 of 15 tipping elements: the authors judge that spatially homogeneous, peak-shaving SAI 
would be at least partially effective at reducing overall tipping drivers.  

• 4 of 15: they can’t determine even the sign of SRM’s net effect (insufficient process 
understanding / literature).  

• AMOC: the only element where SRM might overcompensate drivers (i.e., overshoot 
cooling/forcing relative to what’s needed), creating its own risks/imbalances.  

https://esd.copernicus.org/articles/16/939/2025/
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• Sub-polar gyre (SPG) and Amazon rainforest dieback: SRM may provide no effective 
compensation (at minimum) for climate-change impacts on key drivers.  

• Uncertainty is “considerable to very large,” especially where drivers are not tightly coupled to 
global temperature (e.g., precipitation / regional circulation / ecology).  

Examples of why effects can be ambiguous or risky 

• Hydrological-cycle uncertainty is central for ecosystems. They argue precipitation/VPD 
responses under SRM are uncertain enough that you can’t give simple answers for many 
ecological tipping risks.  

• Termination shock: if SRM runs for decades then stops abruptly while CO₂ is high/rising, rapid 
warming could trigger rate-dependent tipping in ecological systems.  

• AMOC recovery/management risks: attempts to halt or reverse AMOC weakening under SRM 
might cause regional over-cooling; abrupt SAI onset can halt weakening without reversing it 
(in one cited study) and still produce problematic North Atlantic outcomes.  

• Amazon: SRM could cool, but may still worsen or fail to fix drought/precipitation drivers; 
deforestation is a non-climate driver SRM doesn’t address.  

How Futerman (2025) relates to your Ax, Bx, Cx, Dx experiments  

Your document’s mission is explicitly about improving climate models enough to calculate how much 
sunlight to reflect, when, and where to (a) prevent sea-ice collapse, (b) prevent ocean-current 
collapse, and (c) bend the warming curve.  

That is exactly the decision context Futerman et al. are evaluating: SRM as a potential tool for 
reducing tipping risks, with large uncertainties. 

Below is the cleanest mapping from Futerman’s needs → what each experiment family buys you. 

Ax (aerosol radiative forcing closure): “Can we measure forcing per unit aerosol well enough 

to design SRM for tipping risk?” 

Your Ax family is set up to measure aerosol forcing directly (closure logic like known injected amount 
→ aerosol properties → measured Δflux), e.g., the A-series in the TOC (A1a, A1d, A2–A4).  

Why this matters for Futerman’s tipping framing: 

• Futerman’s main “good news” case is: if a tipping element is mostly temperature-driven, then 
well-implemented SRM that holds GMST down should reduce tipping risk.  
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• But that “well-implemented” assumption quietly requires you to know the mapping from 
injected mass → optical properties → radiative forcing (including evolution with time), which 
is precisely what Ax closure experiments are designed to nail down.  

Practical implication: 

Ax is most directly relevant to tipping elements where temperature is a primary driver (many 
cryosphere risks; some ocean/circulation risks via surface buoyancy forcing), because it reduces 
uncertainty in “how much SRM cooling do you actually get per unit deployment.” 

Bx (cloud-process experiments): “Hydrology and circulation side-effects are the hardest 

part—clouds are a big lever” 

Your document defines Bx as cloud process experiments (B1–B5) covering CCN microphysics, 
drizzle/precipitation, INP/mixed-phase, cirrus formation, and radiative closure.  

Why this matters for Futerman: 

• Futerman repeatedly flags that SRM impacts are hardest to predict when drivers are 
precipitation, regional climate, and ecosystem microclimate, not just GMST.  

• They also explicitly highlight hydrological-cycle uncertainty (precipitation/VPD) as central for 
ecological tipping risks and SRM assessment.  

So Bx’s relevance is indirect but fundamental: 

Bx improves the process realism for cloud–radiation–precipitation coupling, which is one of the 
biggest pathways through which SRM could accidentally increase tipping risks (e.g., Amazon 
drought/precip shifts; monsoon/ITCZ shifts; regional drying/wetting patterns). 

A concrete example: your A2/MCARFE concept explicitly targets both microphysical response and 
macrophysical adjustments (LWP/drizzle/cloud fraction) and requires radiative closure and LES scale-
bridging.  

That is directly aligned with Futerman’s warning that “non-temperature drivers” are where 
uncertainty dominates. 

Cx (SAI pathway experiments): “Futerman’s conclusions assume SAI behavior we still can’t 

validate well” 

Your C-series is explicitly SAI injection (C1 SO₂; C2 H₂SO₄; C3 alternatives).  

Why it maps to Futerman: 
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• Futerman’s main scenario is an SAI-based, relatively homogeneous “peak-shaving” 
deployment.  

• But they also stress outcomes depend on deployment design (timing, location, intensity) and 
can produce regional heterogeneities.  

Cx is the experimental family that most directly tests whether “SAI as assumed in models” is physically 
controllable and monitorable: 

• C2 is explicitly about holding a target size distribution (critical for scattering efficiency vs 
settling).  

• C3 is explicitly about screening “least harm” candidates with chemistry proxy measurements.  

Where Cx is still incomplete relative to Futerman’s tipping needs: 

Futerman’s biggest “hard” tipping elements are driven by ocean heat/freshwater/winds (e.g., 
AMOC/AABW) and regional hydroclimate (e.g., Amazon). Cx validates stratospheric aerosol physics 
and chemistry, but by itself it doesn’t yet validate the downstream ocean-circulation and land-
hydrology responses that dominate those tipping uncertainties.  

Dx (the Cloud Science Surge): “This is the observing + closure + modeling machinery 

Futerman is implicitly calling for” 

Dx is explicitly your integrated program: benchmark radiometry + polarimetry, three major campaigns, 
observing backbone, model closure engine, rapid-response unit, and data systems/governance.  

Why this lines up with Futerman: 

• Futerman’s paper is, in practice, a catalog of where models and evidence are too weak to 
trust tipping conclusions under SRM—especially for non-temperature drivers and for 
detecting/attributing early changes.  

• Dx’s architecture (especially D1/D2/D3/D4) is designed to produce closure-quality constraints 
and then force those constraints into models via a sustained closure pipeline.  

Put bluntly: Futerman’s uncertainty diagnosis is a “why Dx exists” argument, because tipping-
relevant SRM evaluation needs (i) better observations, (ii) better process modeling, and (iii) 
transparent uncertainty accounting—exactly the Dx posture.  
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The key “gap” Futerman highlights that your Ax/Bx/Cx/Dx only partly 

covers 

Futerman’s most consequential uncertainties for tipping risk under SRM are often not aerosol 
microphysics itself, but the coupled system responses: 

• Ocean circulation & freshwater fluxes (AMOC/SPG/AABW): SRM could halt weakening, fail to 
reverse it, or introduce regional overcooling risks; they call out the need to better chart SRM 
impacts on AMOC drivers and disentangle SRM forcing from AMOC feedbacks.  

• Regional hydroclimate (Amazon and other ecosystems): precipitation/VPD/drought 
uncertainties dominate, plus non-climate drivers (deforestation) are outside SRM.  

• Termination/ramp-down dynamics: abrupt termination could trigger rate-dependent tipping; 
the “endgame” strategy matters.  

Your program strongly addresses (a) aerosol forcing physics (Ax/Cx) and (b) cloud/precipitation 
process uncertainty (Bx/Dx), which are necessary foundations. But Futerman suggests that if the 
mission target is tipping elements like AMOC/AABW and Amazon, you likely also need dedicated 
observing/modeling effort aimed directly at those drivers (freshwater budgets, ocean heat transport, 
teleconnections, drought/VPD, land–atmosphere coupling), beyond what’s in the atmospheric-only 
experiment set. 

If you want, I can produce a tipping-element crosswalk table: each tipping element Futerman 
discusses → primary drivers → which of Ax/Bx/Cx/Dx constrains that driver (and which drivers remain 
essentially uncovered). 
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Paper: Low‐Altitude High‐Latitude SAI (Duffey 2025) 

User Prompt: Enclosed is a 2025 paper by Duffey entitled “Low-Altitude High-Latitude Stratospheric 

Aerosol Injection Is Feasible with Existing Aircraft.” Please summarize this paper and comment on how 

it relates to experiments Ax, Bx, Cx, and Dx which are described in “.pdf.” Do not insert links into the 

chat text. 

Low‐Altitude High‐Latitude Stratospheric Aerosol Injection Is Feasible with Existing Aircraft (Duffey 2025) 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2024EF005567 

What the paper is trying to answer 

Most SAI deployment studies assume injections at ~20 km or higher, which generally implies purpose-

built high-altitude aircraft. Duffey et al. ask: If you restrict injection altitude to the range reachable 

by existing large jets (~13 km), how effective can SAI be, and what tradeoffs follow?  

Approach (high level) 

• Model: UKESM1 Earth System Model. 

• Design: An ensemble of short simulations varying altitude, latitude, and season of SO₂ 

injection. In their core set, they inject 12 Tg SO₂/yr total (6 Tg/yr in each hemisphere) and 

compare outcomes across a grid of latitudes (~30–70° N/S) and altitudes (~12–20 km), plus 

seasonal strategies at 13 km, 60° N/S. 

• What they diagnose: Aerosol optical depth and direct (instantaneous) aerosol radiative 

forcing (SW and LW), computed from radiation calls with/without aerosols (“clean-sky” 

approach). They emphasize this is not ERF (it excludes adjustments like cloud changes). 

• Cooling estimate: Because runs are short, they infer likely long-term cooling by scaling from 

relationships between shortwave forcing and temperature response in longer UKESM1 SAI 

simulations (an estimate, not a direct simulated temperature trajectory).  

Main findings (the “so what”) 

1. Yes, meaningful cooling is possible using existing jets—but it’s much less efficient. 

The authors highlight that low-altitude, high-latitude, seasonal injection can “meaningfully 

cool” the planet with existing aircraft, but it has strongly reduced efficiency, implying more 

injection for the same cooling and therefore larger side effects (they specifically mention 

things like increased deposition/acid-rain-type concerns scaling with injection).  

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2024EF005567
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2. Best “existing aircraft” strategy in their tests: 13 km at ~60°N/S in spring/summer 

o They estimate ~0.6°C global cooling for 12 Tg SO₂/yr injected at 13 km, 60°N/S during 

local spring and summer.  

o That strategy delivers only ~35% of the cooling/forcing efficiency of a “conventional” 

20 km, 30°N/S, year-round strategy. 

o Translating that: to get ~1°C cooling, they estimate needing ~21 Tg SO₂/yr with the 

low-alt/high-lat seasonal approach, versus ~7.6 Tg SO₂/yr with the high-alt/subtropical 

approach. 

3. Why efficiency drops at low altitude/high latitude: it’s mostly about sulfate burden/lifetime, 

not just optics. 

In a decomposition, the annually constant 13 km-60° case has a ~25% forcing ratio versus the 

20 km-30° reference, largely because the aerosol burden term collapses (shorter lifetime / less 

sustained burden), partially offset by some optical factors.  

They also note key chemistry/seasonality constraints at high latitudes: AOD and forcing can be 

strongly season-dependent because wintertime OH is limited, slowing SO₂ → H₂SO₄ 

conversion. 

4. Seasonality matters a lot at high latitudes 

For injections at 13 km-60°, restricting injection to spring/summer increases annual-mean 

forcing by ~39% compared with injecting the same annual mass continuously.  

5. Regional pattern changes: more polar-weighted forcing/cooling and reduced tropical efficacy 

They state that high-latitude injection yields forcing that is more polar (and often more 

seasonal) than low-latitude injection.  

They expect this could mean stronger polar cooling/sea-ice restoration per unit global 

cooling, but they flag reduced effectiveness in the tropics as a major disadvantage (they 

quantify one UKESM1 comparison showing lower tropical cooling per °C global cooling for 

high-latitude injection than for equatorial injection, and argue the low-alt case would likely 

under-cool the tropics even more). 

6. Operational/logistical implication: the barrier to deployment could be much lower 

Using aircraft assumptions from Smith et al., they estimate that delivering ~21 Tg SO₂/yr via 

modified Boeing 777F (payload ~110 t; ~5.7 sorties/day; 10% downtime) would require a fleet 

of about 102 aircraft—and they argue this kind of fleet is more attainable than a fleet of novel 

high-altitude “lofter” aircraft, which could increase the number of potential deployers and thus 

the risk of unilateral or poorly planned deployment. 
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How Duffey (2025) relates to your Ax / Bx / Cx / Dx experiments  

Below are comments on how this paper relates to your experiments. 

Cx (SAI injection experiments) — most directly impacted 

Your C-series is explicitly about stratospheric injection pathways (SO₂, H₂SO₄ aerosol, alternatives) and 

is framed in the ~13–20 km “aircraft-accessible” lower-stratosphere band. 

Duffey’s paper is essentially a model-based justification for why 13 km high-latitude injections are 

not “obviously negligible”—they can matter—but it also quantifies the key C-series tradeoff: lower 

technical barriers come with a ~3× mass penalty for the same cooling. 

Practical takeaways for Cx design: 

• Include low-alt/high-lat seasonal test cases (≈13 km, ≈60°) explicitly as “existing-aircraft-

reachable” bounding cases (and compare against higher-alt/subtropical cases). 

• Because Duffey shows that burden/lifetime (and SO₂ oxidation seasonality) is a dominant 

lever, C1/C2 should prioritize measurements that constrain: SO₂→H₂SO₄ conversion rate, 

aerosol surface area/size evolution, and residence time, not just initial optical properties. 

• Their finding that lower altitude/high latitude can push more aerosol into the troposphere 

fraction as altitude/latitude decrease suggests your flight strategies should explicitly quantify 

stratosphere vs troposphere partitioning and removal pathways under those geometries.  

Ax (anthropogenic aerosol forcing / radiative-closure perturbations) — strong technical 

overlap (especially A1a–A1d) 

Your A1a concept (SO₂ in/near the Arctic vortex at ~14 km) is a close cousin of Duffey’s “existing-

aircraft-reachable lower-stratosphere” space, except your goal is measurement/closure rather than 

deployment feasibility. 

Duffey’s results strengthen the rationale for Ax in two ways: 

• They imply that low-altitude SAI regimes are plausible enough that the community needs 

observational constraints on the same chain your Ax experiments target (mass → 

microphysics → optics → ΔSW/ΔLW). 

• They highlight that high-latitude chemistry/seasonality can dominate outcomes, which argues 

for Ax variants that deliberately sample spring/summer vs winter/late-winter 

oxidation/forcing behavior (even if the vortex coherence is best in late winter, the 

photochemical environment can work against you). 
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Your A1d framing—inject pre-formed H₂SO₄–H₂O droplets to get “t=0” optics and do fast radiative 

closure—maps neatly onto the kind of uncertainty Duffey identifies, because it helps isolate optics/RT 

closure from oxidation-limited production. 

Bx (cloud process experiments, mostly monitoring) — indirect but important 

Duffey’s forcing calculations are instantaneous direct forcing and explicitly do not include cloud 

adjustments (ERF components). 

But their headline conclusion is about regional patterns (more polar-weighted cooling, under-cooling 

of the tropics) which, in practice, depends on cloud feedbacks and cloud-radiation coupling—

especially in polar and mixed-phase regimes. 

So B-series work remains complementary: it reduces uncertainty in how a given forcing pattern 

translates into regional outcomes (and thus how you evaluate “benefits vs harms”). 

Dx (cloud “surge” architecture: satellite calibration + field campaigns + model closure) — the 

enabling “trust infrastructure” 

Duffey’s paper also has a governance sting: if existing jets can do something meaningful, more actors 

might be able to act sooner, increasing unilateral-deployment risk. 

That makes Dx’s “trust infrastructure” especially relevant: 

• D1 benchmark radiometry/polarimetry and D6 governance/open products improve 

transparency and detectability of real-world radiative changes, which matters if the barrier to 

action falls. 

• D2b/D2c (Southern Ocean + Arctic cloud campaigns) and D4 model closure engine are 

directly aligned with the regimes Duffey flags as disproportionately affected by a polar-

weighted forcing pattern. 
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Paper: Reflecting Sunlight (NAS 2021 Report) 

User Prompt: Enclosed is a 328-page 2021 National Academy of Sciences report entitled “Reflecting 

Sunlight.” Please summarize this report and comment on how it relates to experiments Ax, Bx, Cx, and 

Dx which are described in “.pdf.” Do not insert links into the chat text. 

Reflecting Sunlight (National Academy of Science Report 2021) 

https://www.nationalacademies.org/projects/DELS-BASCPR-18-04/publication/25762 

What the paper is trying to answer 

1) Purpose and scope 

The National Academies report lays out a research agenda and research-governance framework for a 

narrow set of “solar geoengineering” (SG) approaches—specifically: 

• Stratospheric aerosol injection (SAI) (increase reflective aerosols in the stratosphere), 

• Marine cloud brightening (MCB) (add particles near the surface to brighten low marine 

clouds), 

• Cirrus cloud thinning (CCT) (alter high ice clouds to let more heat escape; technically not 

“solar” but treated alongside).  

The report’s core framing is that SG might reduce some climate risks, but it also introduces new risks 

and uncertainties, and it’s not a substitute for cutting greenhouse-gas emissions—among other 

reasons because it doesn’t address ocean acidification and can create a serious “termination shock” 

risk if stopped after offsetting a large amount of warming. 

2) Big-picture diagnosis 

The committee argues current SG work is fragmented and ad hoc, with major knowledge gaps—

especially outside climate-modeling (e.g., impacts, social dimensions, governance). It emphasizes that 

even “good science” does not guarantee future geopolitical/social conditions will support equitable or 

effective decisions, so research should be grounded in “caution and humility” and global cooperation. 

3) Core recommendations (the “spine” of the report) 

A) Create a coordinated research program (policy-relevant, not a deployment pipeline) 

The report recommends a transdisciplinary SG research program that: 

https://www.nationalacademies.org/projects/DELS-BASCPR-18-04/publication/25762
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• advances knowledge for decision-making, 

• is transparent and balanced across disciplines, 

• includes robust stakeholder engagement (especially climate-vulnerable and underrepresented 

groups), 

• includes periodic reviews and explicit “exit ramps” to stop lines of work if risks or evidence 

warrant, 

• and limits technology work with direct applicability for deployment to early-phase, 

fundamental research.  

It points to the U.S. Global Change Research Program (USGCRP) as a logical coordinator to integrate 

agencies, track budgets, run coordinated solicitations, maintain a public database of research 

(especially outdoor experiments), and ensure public availability of results/data.  

B) Put governance on equal footing with science 

A flagship governance recommendation is that a national program should operate under robust 

research governance and help build toward an international governance mechanism. Key elements 

include: code of conduct, public registry, assessment/review, permitting for outdoor experiments, IP 

guidance, inclusive engagement, international information-sharing/collaboration, and an expert 

committee on international governance needs.  

C) Research agenda: 3 pillars, 13 “clusters” 

The report organizes the agenda into three connected areas and lists 13 “clusters” to pursue: 

• Context & goals (program pathways, future conditions, integrated decision analysis, capacity 

building), 

• Impacts & technical dimensions (atmospheric processes, climate response, other impacts, 

monitoring & attribution, technology development & assessment), 

• Social dimensions (public perceptions/engagement, political & economic dynamics, 

governance, ethics).  

D) Outdoor experiments: allowed, but only under strict conditions and conservative thresholds 

The committee’s position is “limited outdoor experimentation could help,” but only when it provides 

critical observations not otherwise available (including not available from lab/modeling or 

“experiments of opportunity” like volcanoes/ship tracks).  

It recommends: 
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• case-by-case review under the governance framework (including permitting and impact 

assessment),  

• and strict scale limits: releases should be at least two orders of magnitude below what could 

cause detectable global-mean temperature changes or adverse environmental effects. 

They operationalize this with a 100-year normalization and give a conservative illustrative limit 

of ~100 nK global-mean temperature change per experiment (and ~1 µK aggregate globally, 

assuming multiple experiments).  

E) Suggested funding level (for SG specifically) 

For a national SG research program, the committee suggests an initial scale of ~$100–200M total over 

5 years, plus a rule-of-thumb of ~20% of the research budget for governance and public engagement, 

and a budget structure that can accommodate major field campaigns if they meet the outdoor-

experiment constraints.  

How this maps onto the Ax / Bx / Cx / Dx experiments 

Your document organizes experiments into: 

• Ax: aerosol forcing / perturbation “closure” experiments (some involve controlled releases like 

SO₂, H₂SO₄ aerosols, sea salt CCN, smoke; plus baselines), 

• Bx: cloud-process experiments without injection (microphysics → precipitation → ice/INP → 

cirrus → radiative closure), 

• Cx: explicit SAI pathway experiments (C1 SO₂; C2 direct H₂SO₄ aerosol; C3 alternative 

particles), 

• Dx: a “program architecture” (benchmark satellite radiometry/polarimetry; major campaigns; 

supersites/autonomous platforms; model-closure engine; rapid-response natural experiments; 

open data/governance). 

1) Where NAS aligns strongly with your portfolio 

A) NAS “Atmospheric Processes” + “Monitoring & Attribution” ⇄ Ax + Cx + Dx 

NAS explicitly highlights chemistry/microphysics and monitoring/attribution as core technical research 

clusters.  

 

That is exactly what your C1 and C2 are designed to constrain (SO₂ oxidation → sulfate formation; or 
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direct aerosol evolution; then microphysics → optics → forcing, plus heating/ozone-relevant 

diagnostics). 

And NAS’s emphasis on credible detection/attribution maps cleanly onto D1 (benchmark radiometry + 

multi-angle polarimetry with “trend-trustworthy” calibration for aerosol-vs-cloud separation). 

B) NAS “MCB is uncertain” ⇄ your A2 + B-series + D2/D3/D4 

NAS notes MCB is observed in some conditions (ship-track analogy) but remains highly uncertain 

because aerosol–cloud interactions/feedbacks are poorly constrained. 

Your A2 (MCARFE sea-salt CCN) is directly an MCB-type perturbation experiment (“cloud radiative 

effect change”), and your B1–B5 provide the process/closure scaffolding that NAS argues is needed.  

 

Your Dx elements—especially the field-campaign packaging, long-term observing backbone, and 

model closure engine—are the kind of “integrated” approach NAS argues SG research needs (even 

though your Dx is not SG-only). 

C) NAS “governance is inseparable from science” ⇄ your D6 (partial match) 

NAS makes governance elements (registry, permitting, review, inclusive engagement, etc.) a first-class 

requirement. 

Your D6 (open pipeline, standardized products, annual closure challenges, independent evaluation) is 

strongly aligned with the data/credibility slice of that governance.  

But NAS’s governance scope is broader (e.g., public registry of outdoor experiments, 

permitting/impact assessment, stakeholder engagement, international coordination), which your 

portfolio would likely need to add as explicit workstreams if you want to be fully “NAS-compliant.” 

2) Where NAS would push you to adjust emphasis or sequencing 

A) “Experiments of opportunity first” ⇄ leverage D5 + A3/A4 more aggressively 

NAS is explicit that outdoor substance releases should be considered only when they provide 

observations not likely to become available otherwise, including via “experiments of opportunity” 

(volcanoes, ship tracks, etc.).  

Your D5 is built to exploit natural perturbations (smoke, volcanic aerosol, shipping shifts) without 

creating them.  

So, one NAS-consistent sequencing is: 

1. D5 + A4 baseline + Bx closure to squeeze uncertainty using natural contrasts, 
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2. then small controlled releases (A2/A3/C1/C2/C3) only where the marginal information gain is 

clearly “critical and otherwise unavailable.” 

B) Scale limits: your injected-mass “closure bands” look directionally consistent with NAS’s climate-
perturbation caution 

NAS’s scale guidance is framed in terms of “two orders below detectability” and even gives ultra-

conservative temperature-normalized thresholds (100 nK per experiment over 100 years). 

Your document’s typical per-event injected-mass bands for closure-style work are often ~10²–10⁴ kg 

(for several A/C experiments), which are far below climate-scale deployment quantities and are 

presented as “same-flight closure with a compact, trackable plume.” 

The practical NAS implication for you is not “don’t do it,” but “treat any deliberate release as a 

governed, case-by-case action with explicit impact assessment, permitting, transparency/registry, and 

a credible public rationale for why it’s necessary.” 

3) Gaps relative to NAS (things Ax/Bx/Cx/Dx don’t fully cover yet) 

NAS’s agenda includes large chunks that are not instrumentation/physics: 

• Integrated decision analysis, capacity building, and especially the social dimensions (public 

perceptions/engagement, political economy, ethics) are explicitly called out as research 

clusters.  

Your Ax/Bx/Cx/Dx set is strongest on the “impacts & technical dimensions” side, plus data credibility 

(D6). To mirror the NAS blueprint, you’d likely add parallel tracks for: 

• stakeholder engagement design, 

• governance/registry/permitting processes, 

• international coordination norms, 

• and impacts assessment framing (risk–risk comparisons, distributional impacts), all integrated 

into project milestones. 

A compact “crosswalk” (NAS themes → your experiment families) 

• Atmospheric processes (chemistry/microphysics/optics): C1/C2/C3; some Ax (A1c/A1d) 

• Monitoring & attribution: D1 + D2/D3 observing backbone; B5 closure cases 

• MCB uncertainties: A2 + B1–B3 + Dx campaigns/closure engine 

• Outdoor experiment governance + thresholds: requires adding explicit governance machinery 

around any Ax/Cx releases 
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• Social/ethics/governance research: only partially addressed (D6 helps on transparency/data), 

but NAS calls for more 

Global NAS gates that apply to every outdoor substance-release 

experiment 

Below is a practical “NAS gates” checklist you can apply before any flight for each Ax and Cx 

experiment in .pdf. It’s built directly around the NAS 2021 Reflecting Sunlight recommendations on 

when outdoor substance-release experiments are justified, how small they should be (initially), and 

what governance must exist first.  

Gate A — “Critical” test (eligibility) 

• Critical observations: The experiment is expected to provide critical observations not already 

available and not likely to become available via lab work, modeling, or “experiments of 

opportunity” (e.g., volcanoes, ship tracks, rocket plumes).  

• Case-by-case justification: You can articulate (in a few paragraphs) what decision-relevant 

uncertainty this reduces and why alternatives can’t.  

Gate B — “Small enough to avoid detectable climate change” 

• Per-experiment detectability: induced global-mean temperature change < 100 nK (normalized 

to a 100-yr time horizon), and global annual aggregate < 1 µK (same normalization).  

Gate C — “Small enough to avoid toxicity/environmental effects” 

• Material mass limit: ≤ 1,000 kg of non-aqueous particle components per experiment and ≤ 

10,000 kg/year globally (NAS’s conservative default for the next ~5 years, assuming relatively 

inert/low-toxicity candidate materials).  

• If you want to exceed these limits: NAS says that should happen only after new thresholds 

are established via a review process.  

Gate D — Monitoring/attribution is “built in,” not optional 

• Monitoring is adequate to attribute the observed changes to the release (vs 

meteorology/background), and to quantify uncertainty (NAS expects case-by-case evaluation 

and emphasizes governance + impact assessment for this).  
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Gate E — Governance artifacts required before flight 

• National permit for all outdoor SG atmospheric experiments.  

• Independent peer review + plausible-impact assessment (as a funding/approval condition), 

including review of public/stakeholder engagement.  

• Public registry entry (experiment registered in a national public SG research registry; 

researchers participate).  

• Exit criteria (“exit ramps”): explicit stopping rules/protocols if risks become unacceptable or 

results show the approach isn’t viable.  

A-series (measuring anthropogenic aerosols) NAS gates 

For each experiment below we look at: (1) what makes it critical, (2) smallest informative release, (3) 

minimum monitoring/attribution package, and (4) governance artifacts needed pre-flight. 

A1a — Inject SO₂ gas into Arctic vortex (SSRFEx) (Ax) 

1) What makes it “critical” 

• You can’t answer the key question (“SO₂ → sulfate microphysics → optics → ΔSW/ΔLW per 

unit sulfur”) with enough confidence from models + volcanic analogs alone; this is exactly the 

kind of “controlled perturbation” the Ax portfolio is designed for.  

• It is explicitly designed as radiative closure in a relatively coherent/clean environment (vortex) 

to reduce degrees of freedom in the forcing chain.  

2) Smallest informative release (MVP) 

Pick the smallest release that still tests the core closure step you care about: 

NAS-eligible MVP target (to stay under the 1,000 kg “default” ceiling): 

• ≤ 1,000 kg total SO₂ for a single “event,” explicitly scoped as process + near-field closure 

(minutes–hours to a couple days), not “weeks-long plume tracking.” 

o Rationale: your own document notes microphysics-only can be informative at ~1–100 

kg, while closure tends to push into higher mass.  

Document’s current concept (closure over days–weeks) 

• ~10 tonnes SO₂ total over ~20 sorties (≈500 kg/sortie) along ~200 km legs at ~14 km.  
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     This likely exceeds NAS’s conservative “next 5 years” per-experiment mass default unless you 

define each 500-kg sortie as the “experiment” and still remain within annual aggregate constraints 

(NAS’s intent is to avoid uncoordinated escalation).  

3) Monitoring / attribution package (minimum) 

• Three-layer observing geometry (above / in / below plume) with: 

o above-plume flux radiometers + multi-angle polarimetry (and lidar in concept)  

o in-plume aerosol microphysics + chemistry, with profiling lidar context  

o below-plume radiometry/spectrometry/imaging + ground/satellite matchups  

• Minimum observables: plume microphysics vs age + optics + radiation above/below (and 

ideally chemistry as “nice-to-have”).  

4) Governance artifacts required before flight 

• Registry entry (public)  

• Independent peer review + impact assessment (incl. engagement review)  

• National permit  

• Exit criteria/stopping rules  

A1b — Inject H₂SO₄ vapor (Ax) (your label: A1b = H₂SO₄ vapor injection) 

1) What makes it “critical” 

• It targets the hardest-to-model early plume microphysics (new particle formation + 

coagulation regime), which can drive major errors in optical efficiency and lifetime.  

2) Smallest informative release (MVP) 

• Microphysics-only MVP: ~1–100 kg (designed to be sampled in-plume with sensitive 

instruments).  

• If you require aircraft radiative closure: typically trends toward ~10²–10⁴ kg/event.  

(Also, your document flags that vapor routes can be “a bad deal” because nucleation/coagulation can 

undermine optical efficiency.)  

3) Monitoring / attribution package (minimum) 
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• Near-field particle formation rate / initial nm-size spectrum, evolving into sub-µm.  

• Number + mode width evolution (to diagnose coagulation bias).  

• Add “closure-grade” optics/radiation only if the release size is big enough and geometry 

supports it. 

4) Governance artifacts (same NAS list) 

• Registry  

A1c — Inject 100% H₂SO₄ droplets (Ax) 

1) What makes it “critical” 

• Only “critical” if you can argue it provides something not captured by A1d (solution droplets) 

or A1a (SO₂), since your own document says A1c often becomes “A1d but worse” in practice 

(equilibrates to solution anyway).  

2) Smallest informative release (MVP) 

• Microphysics-only: ~1–100 kg  

• Closure-grade: ~10²–10⁴ kg/event  

3) Monitoring / attribution (minimum) 

• Same closure stack as A1d (below), plus very tight near-field characterization of delivered size 

distribution. 

4) Governance artifacts (NAS) 

• Same as above. 

A1d — Inject H₂SO₄ + H₂O solution aerosol (Ax) 

1) What makes it “critical” 

• It creates an immediately radiatively active sulfate layer (“time zero” optics) to do same-day 

radiative closure, avoiding waiting for SO₂ oxidation.  

2) Smallest informative release (MVP) 

• Microphysics-only MVP: ~1–100 kg  
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• Radiative closure MVP: ~10²–10⁴ kg/event (0.1–10 t).  

     If you want to remain within NAS’s conservative mass default, the practical interpretation is: 

design A1d as a ≤1,000-kg “closure feasibility” event first, then justify any scaling beyond that via the 

“new thresholds” path.  

3) Monitoring / attribution (minimum) 

• “Above / in / below” stack: in-plume aerosol sizing/composition + remote profiling (lidar) + 

above/below radiometry/polarimetry.  

• Explicitly vary droplet size + wt% H₂SO₄ as controls and measure equilibration/optics response.  

4) Governance artifacts (NAS) 

• Same as above (registry, peer review + impact assessment, permit, exit criteria). 

A2 — Sea-salt CCN to brighten marine stratocumulus (MCARFE) (Ax) 

1) What makes it “critical” 

• It’s designed to produce the collocated aerosol + cloud + radiation dataset needed for 

attribution/closure of aerosol–cloud forcing (and not just infer it from messy natural 

variability).  

2) Smallest informative release (MVP) 

• Per-run MVP in the document: ~10²–10³ kg sprayed saline (with salt mass ~10 kg order) for ≥ 

~30 min/run.  

o This is important for NAS compliance nuance: NAS’s 1,000 kg cap is stated for non-

aqueous particle components; sea-salt mass can be far below the sprayed water mass, 

making early MCARFE-style MVP runs comparatively easier to fit under the 

conservative default—but you still need a local ecosystem exposure assessment.  

3) Monitoring / attribution (minimum) 

• Lagrangian or matched-control design to separate aerosol forcing from meteorology.  

• Collocated measurements: aerosol size/hygroscopicity/CCN spectra + cloud Nd/re/LWP and 

drizzle + above/below SW flux closure. 

4) Governance artifacts (NAS) 
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• Same (registry, peer review + impact assessment, permit, exit criteria). 

A3 — Smoke / absorbing aerosol forcing (AARaCE) (Ax) 

1) What makes it “critical” 

• Absorbing aerosol (especially above cloud) can flip forcing sign and drive rapid cloud 

adjustments (“semi-direct”), so the attribution problem is severe without closure-grade 

measurements.  

2) Smallest informative release (MVP) 

• If you inject a surrogate: document cites ~10²–10⁴ kg aerosol-equivalent as a closure “sweet 

spot.”  

• A NAS-eligible MVP would aim at ≤1,000 kg aerosol-equivalent first (process + closure 

feasibility), then scale only with a “new thresholds” justification.  

• If you don’t inject: exploit “high-smoke vs low-smoke” matched meteorology cases (still 

“outdoor observational,” which NAS treats differently than releases, but you’d still likely want 

registry transparency).  

3) Monitoring / attribution (minimum) 

• In-layer in situ: size + mixing state + SSA/absorption (optics).  

• Layer-height profiling relative to cloud + above/below radiometry for flux response.  

• Matched-control design (“high-smoke vs low-smoke days”) to support attribution.  

4) Governance artifacts (NAS) 

• Same. 

A4 — Southern Ocean “clean air baseline” (SONABEx) (Ax; no injection) 

1) What makes it “critical” 

• It constrains the near-pristine / preindustrial-like baseline, which strongly affects aerosol 

forcing as “present day – PI.”  

2) Smallest informative “release” 

• 0 kg (observation only).  
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3) Monitoring / attribution (minimum) 

• High-quality CCN/INP + cloud microphysics/phase + TOA/surface flux in remote Southern 

Ocean regimes.  

4) Governance artifacts (what I’d still do) 

Even without release, NAS strongly pushes transparency and stakeholder engagement as norms for 

the program.  

• Registry entry (campaign description, data plan, community engagement plan)  

• Exit criteria (e.g., if unable to access target regimes or quality metrics aren’t met)  

C-series (SAI) NAS gates 

C1 — Inject SO₂ gas (SAI) 

1) What makes it “critical” 

• It targets the SAI chain: SO₂ oxidation → sulfate formation/growth → optics/forcing, including 

heating/ozone-relevant diagnostics, which models still parameterize with large uncertainty.  

2) Smallest informative release (MVP) 

• Process validation MVP: ~1–100 kg SO₂ can be informative.  

• Closure / pathway tests: ~10²–10⁴ kg/event is the typical band discussed in your document.  

3) Monitoring / attribution (minimum) 

Your document’s “C1-grade” architecture is basically the minimum viable package: 

• In situ: SO₂ + sulfur species, aerosol size/number/surface area, aerosol composition 

confirmation, standard met.  

 

• Remote profiling: layer height/thickness/spatial extent; extinction/backscatter structure.  

• Radiation: broadband/spectral SW flux (above/below when possible) + retrieval-grade optics 

(AOD/SSA/g closure).  

• Modeling is explicitly part of the experiment (trajectory + chem box + microphysics).  
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4) Governance artifacts (NAS) 

Same required governance for outdoor releases: registry + peer review/impact assessment + permit + 

exit criteria. 

C2 — Inject H₂SO₄ aerosol (SAI) 

1) What makes it “critical” 

• It isolates the “post-t=0” aerosol evolution and tests whether direct aerosol injection can 

maintain an optically efficient size distribution (and what heating/chemistry fingerprints 

result).  

2) Smallest informative release (MVP) 

• Process MVP: ~1–100 kg  

• Closure/pathway: ~10²–10⁴ kg/event  

3) Monitoring / attribution (minimum) 

• Delivered size distribution + evolution (number/surface area matters for both optics and 

heterogeneous chemistry).  

• Optics closure (AOD/SSA/g) + layer structure/dispersion; heating-rate + ozone-relevant 

diagnostics.  

4) Governance artifacts (NAS) 

Same. 

C3 — Alternative candidate particles (SAI) 

1) What makes it “critical” 

• It is the only way to validate whether non-sulfate candidates (e.g., calcite/alumina/TiO₂ 

families) behave as expected in real stratospheric microphysics and chemistry, especially 

because “little is known” for chemistry impacts and microphysics can dominate outcomes. 

2) Smallest informative release (MVP) 

• C3 can start at kg-scale for microphysics/dispersion/optics benchmarking.  
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• Staying under NAS’s conservative ≤1,000 kg default is generally plausible for early C3 

“screening” releases (assuming the candidate is justified as sufficiently low-toxicity and you 

complete the impact assessment).  

3) Monitoring / attribution (minimum) 

• In situ confirmation of size/number/surface area + composition; profiling of layer 

altitude/thickness; optics/radiation closure (AOD/SSA/g); chemistry context relevant to ozone.  

• Lab/chamber prequalification before any field release is explicitly how your document 

structures C3.  

4) Governance artifacts (NAS) 

Same. 

One “ready-to-use” pre-flight artifact set (copy/paste for each experiment) 

If you want a single standardized packet per experiment (what NAS effectively pushes you toward), 

create these five items and don’t fly until all five exist: 

1. Registry entry (public): objectives, location/season, materials + max mass, expected footprint, 

monitoring plan, data plan.  

2. Independent peer review (technical) + impact assessment (plausible physical + ecological + 

social/geopolitical impacts) including review of stakeholder engagement.  

3. Permit package (national permitting authority): shows compliance with thresholds or justifies 

escalation path.  

4. Stakeholder engagement plan: who is affected, how input was obtained, how concerns 

change design, how results are communicated.  

 

5. Exit criteria / stopping rules (“exit ramps”): what triggers pausing/canceling (safety signals, 

community red-lines, unexpected dispersion/impact, or strong evidence the approach won’t 

work).  
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Paper: SAI and Ozone (2022 Scientific Assessment) 

User Prompt: Enclosed is Chapter 6 “SAI and Ozone” from the 2022 Scientific Assessment of Ozone 

Depletion Report. Please summarize this chapter and comment on how it relates to experiments Ax, 

Bx, Cx, and Dx which are described in “.pdf.” Do not insert links into the chat text. 

2022 Scientific Assessment of Ozone Depletion Report, Chapter 6, SAI and Ozone 

https://csl.noaa.gov/assessments/ozone/2022/downloads/ 

What the paper is trying to answer 

Below is a chapter-level summary of Chapter 6 (“Stratospheric Aerosol Injection and its Potential 

Effect on the Stratospheric Ozone Layer”) from the 2022 Scientific Assessment of Ozone Depletion, 

followed by how its conclusions map onto your Ax / Bx / Cx / Dx experiment families in .pdf. 

1) What the Ozone Chapter is trying to do (in plain English) 

This chapter is the ozone-assessment community’s first comprehensive, ozone-focused synthesis of 

what we know (and don’t know) about SAI—injecting aerosols (or aerosol precursors like SO₂) into the 

stratosphere to reflect sunlight and cool the surface—and how that could change stratospheric ozone 

via chemistry and transport/dynamics. It frames SAI as potentially relevant under temperature 

overshoot, but emphasizes that SAI would “very likely cause unintended consequences,” including 

ozone changes, and that model shortcomings limit confidence in existing estimates.  

2) Core physical/chemical mechanisms the chapter emphasizes 

A. Ozone chemistry changes: “surface area density (SAD) is a big lever” 

Adding sulfate aerosols increases aerosol surface area density (SAD), which accelerates 

heterogeneous reactions that perturb the balance of catalytic ozone-loss cycles (notably involving 

halogen chemistry). The chapter repeatedly frames ozone response as a combination of (i) 

heterogeneous chemistry changes via SAD and (ii) dynamical/transport changes.  

B. Stratospheric heating → circulation changes → ozone redistribution 

Sulfate aerosols also warm parts of the stratosphere (through radiative absorption), which alters 

winds and circulation—especially the Brewer–Dobson circulation (BDC) and polar vortex behavior—

changing how ozone is transported from tropics to higher latitudes. The chapter highlights that 

https://csl.noaa.gov/assessments/ozone/2022/downloads/
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heating-driven transport changes can sometimes increase ozone in some regions/seasons, partially 

offsetting chemical depletion.  

C. Water vapor and the QBO/polar vortex are part of the story 

Heating near the tropical tropopause can increase stratospheric water vapor, shifting HOx chemistry 

and affecting ozone loss pathways; and changes in dynamics (including QBO sensitivity) can modulate 

transport and polar conditions important for heterogeneous chemistry.  

3) Quantitative “headline” findings (as synthesized in the chapter) 

A. Cooling efficiency varies a lot across models (and matters for ozone risk per °C) 

Across six Earth-system models, the chapter reports wide spread in forcing efficiency and 

temperature efficiency for SO₂-based SAI. For ~20 Tg SO₂/yr injection, forcing efficiency spans –0.04 

to –0.1 W m⁻² per Tg SO₂ yr⁻¹, and temperature efficiency spans –0.04 to –0.14 K per Tg SO₂ yr⁻¹, 

implying roughly 8–16 Tg SO₂/yr sustained injection to cool Earth by ~1 K (model-dependent).  

Why this matters for ozone: if you need more sulfur per °C (because your strategy is less efficient), you 

generally drive larger aerosol burdens/SAD and larger dynamical perturbations—raising ozone-risk 

“per degree of cooling.” 

B. “Rule-of-thumb” stratospheric heating per °C cooling (with large uncertainty) 

In the scientific-summary discussion, sulfate aerosols in SAI scenarios heat the lower tropical 

stratosphere by ~4.6 ± 2.7 °C per 1 °C of surface cooling, with strong dependence on both model and 

injection strategy; this heating drives transport changes and BDC acceleration.  

C. Antarctic spring ozone is particularly vulnerable in many scenarios 

The chapter’s scientific summary gives an especially concrete result: for scenarios achieving ~0.5 °C 

global cooling during 2020–2040, models indicate an October Antarctic total column ozone (TCO) 

reduction ~58 ± 20 DU (relative to no SAI); for smaller cooling (~0.2 °C), ~17 ± 9 DU reduction is 

reported.  

D. Ozone-hole recovery can be delayed—by decades—depending on strategy 

For stronger late-century SAI assumptions, the chapter reports that the resulting SH polar TCO 

reductions imply a delay of ozone recovery that can range from ~25 to >55 years depending on 

injection strategy (latitude/altitude).  
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E. Injection strategy matters (altitude/latitude/geometry/timing) 

The chapter summarizes several “knobs” that shift ozone outcomes because they alter SAD, heating, 

and transport: 

• Latitude: injections at/near the equator can produce stronger stratospheric heating/water 

vapor and a stronger SH polar vortex, leading to larger polar ozone depletion than injections 

away from the equator.  

• Altitude: injections at different altitudes change aerosol distribution and transport; one 

summarized finding is that low-altitude injection cases can produce stronger heating and larger 

water vapor increases than high-altitude injection in some model settings, with different 

transport consequences.  

• Spatial distribution: point vs band/regional injection changes particle size/SAD (small particles 

→ larger SAD → stronger heterogeneous chemistry).  

• Timing/seasonality: can change efficiency and the seasonal overlap with polar spring 

chemistry, affecting ozone impacts.  

F. SO₂ gas vs direct H₂SO₄ aerosol: higher efficacy, but potentially more ozone impact per kg 

A particularly relevant comparison (because it maps straight onto your C1 vs C2) is gaseous SO₂ 

injection versus particulate H₂SO₄ injection: 

• The chapter notes H₂SO₄ injection can increase radiative efficacy (smaller particles scatter 

more efficiently and can live longer).  

• But it also reports ~10–20% greater ozone depletion with H₂SO₄ in some studies because it 

can produce larger aerosol burdens, smaller mean size, and therefore larger SAD—while also 

noting that needing less mass for the same forcing could offset this, yielding similar ozone 

impacts per unit forcing.  

G. Alternative particles may reduce heating/dynamical ozone impacts—but uncertainties are large 

The chapter discusses non-sulfate candidates (e.g., alumina, diamond, calcite/CaCO₃) as potentially 

less absorbing (less stratospheric heating), which could reduce dynamical side effects and thus 

“dynamically induced” ozone changes. But it emphasizes large uncertainties: optical properties over 

stratospheric lifetimes, limited dynamical-response studies, and chemistry uncertainties (especially for 

reactive materials like CaCO₃).  

It also notes modeling studies where diamond/alumina can reduce ozone loss compared to sulfate (in 

sensitivity studies), and references lab work on heterogeneous reaction uptake differences versus 

H₂SO₄.  
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4) How this chapter relates to your Ax / Bx / Cx / Dx experiments 

Cx (SAI pathway/process experiments) — the chapter is basically your “why C1/C2/C3 exist” 

C1 (inject SO₂ gas) is explicitly designed to observe the oxidation chain and aerosol formation in situ 

and remotely, including “heating/ozone-relevant effects.”  

How Chapter 6 strengthens C1: it says ozone response depends sensitively on (i) SO₂→sulfate 

microphysics (particle size/SAD), and (ii) heating-driven transport. So C1’s “gold-standard SO₂ 

conversion curves + microphysical evolution constraints” are exactly the missing pieces that 

currently drive model spread in ozone outcomes.  

C2 (inject H₂SO₄ aerosol directly) is framed as a direct test of “microphysics → optics → forcing” plus 

heating/ozone indicators without waiting for SO₂ oxidation.  

How Chapter 6 strengthens C2: the chapter’s SO₂ vs H₂SO₄ comparison (efficacy up, but ~10–20% 

more ozone depletion in some cases due to SAD/size) makes C2’s measurement priorities crystal 

clear: you need direct constraints on size distribution evolution, SAD, heating-rate proxies, and 

ozone-relevant chemistry to test whether H₂SO₄ is “better per W/m²” in the real stratosphere.  

C3 (alternative particles) is explicitly motivated by reducing side effects like stratospheric heating and 

ozone impacts while still achieving SW reflection.  

How Chapter 6 strengthens C3: it argues that reduced absorption could reduce heating-driven 

dynamical impacts, but flags huge uncertainties in optical/chemical evolution of candidate 

materials over stratospheric lifetimes and limited model capability—i.e., C3 needs to be built 

around exactly those uncertainties (coatings, refractive index changes, heterogeneous uptake 

rates).  

Ax (aerosol radiative-forcing “closure” experiments) — critical for translating “kg injected” 

into “W/m² achieved,” which is what ozone responds to 

Chapter 6 repeatedly implies you can’t discuss ozone risk intelligently without knowing how much 

forcing (and heating) you actually produced for the injected mass, because models disagree strongly 

on forcing efficiency.  

Your Ax experiments’ radiative-closure concept—measuring fluxes and optical properties well enough 

to “close the loop with error bars”—is the practical antidote to that. The doc’s minimal closure stack 

explicitly includes: 

1. above-plume & below-plume broadband SW/LW flux radiometers, 

2. HSRL lidar for vertical extinction/AOD structure, 
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3. multi-angle polarimetry for τ(λ), SSA, phase function asymmetry, and 

4. in situ microphysics + composition (size distribution + sulfate mass).  

That same stack is what you need to convert “injection details” into “forcing/heating realized,” 

which is the axis Chapter 6 uses when talking about heating-driven circulation change and 

ozone outcomes. 

Bx (cloud experiments / radiative closure for clouds) — indirect but important for the global 

forcing picture and interpretation 

Chapter 6 is stratosphere-and-ozone focused, but its headline risks are usually expressed per degree 

of cooling or per forcing scenario—so uncertainty in cloud radiative effects and radiative-transfer 

closure bleeds into “how much cooling did we get” and attribution. 

Your B5 is explicitly an “end-to-end energy budget test for clouds,” aiming to reproduce observed 

SW/LW fluxes from measured cloud/aerosol/state inputs, producing “gold standard” cases that 

validate RT codes and satellite retrievals.  

Connection to Chapter 6: ozone risk is discussed in the context of meeting temperature targets and 

the forcing required; Bx reduces uncertainty in the radiative side of that accounting, improving the 

integrity of “cooling achieved” estimates that are upstream of any ozone-impact comparison. 

Dx (observing backbone + closure engine + data systems) — exactly what Chapter 6 says is 

missing: confidence, multi-model evaluation, and sustained observing 

The chapter emphasizes: limited research on stratospheric composition impacts in multi-model 

settings, sparse observational constraints (especially for alternatives), and strong model dependence.  

Your Dx suite is well aligned with that gap: 

• D1 (benchmark radiometry + multi-angle polarimetry) supports the aerosol/forcing observing 

side needed for detectability and attribution.  

• D4 (model closure engine / ensembles + strike teams) mirrors the chapter’s implicit message: 

the uncertainty is as much about model structure (microphysics + dynamics) as it is about 

scenarios.  

• D6 (data systems/governance) supports standardized products and evaluation—essential if 

you want a credible multi-model / multi-observing-system “ozone + SAI” assessment loop.  
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5) Practical takeaways for designing your experiment portfolio (the “so what?”) 

1. Treat ozone impact as a coupled problem: you must measure SAD/size distribution and the 

heating/transport response (BDC, vortex conditions, H₂O) because Chapter 6 says ozone 

outcomes can flip sign regionally depending on chemistry-vs-transport balance.  

2. Make “per W/m²” the key normalization: the chapter explicitly notes cases where impacts per 

kg differ from impacts per forcing (e.g., H₂SO₄ vs SO₂), so Ax-style closure and careful forcing 

estimation are central to interpreting C-series ozone results.  

3. C3 needs a chemistry + materials science spine: Chapter 6 supports the motivation (less 

absorption → less heating → potentially less dynamical ozone damage) but warns that 

optical/chemical evolution and uptake rates are uncertain—so C3 should be structured around 

measuring those “unknown unknowns,” not just scattering.  

If you want, I can turn this into a checklist of specific observables (e.g., which ozone-relevant 

radicals/trace species and which aerosol properties are the highest leverage) mapped to C1 vs C2 vs 

C3, using the measurement language already embedded in your experiment descriptions. 
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Paper: SAI to Manage Tipping Points (Wake Smith 2024) 

User Prompt: Enclosed is a 2024 paper by Wake Smith entitled “On Thin Ice Solar Geoengineering to 

Manage Tipping Elements in Cryosphere by 2040.” Please summarize this paper and comment on how 

it relates to experiments Ax, Bx, Cx, and Dx which are described in the enclosed “.pdf” document. Do 

not insert links into the chat text. 

On Thin Ice Solar Geoengineering to Manage Tipping Elements in Cryosphere by 2040 (Wake Smith 2024) 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2024EF004797 

What the paper is trying to answer 

Smith et al. frame cryosphere tipping elements (Arctic/Antarctic components with nonlinear, 

potentially self-reinforcing responses) as a risk-management problem on a 10–20 year clock, where 

mitigation alone may not prevent crossing key thresholds in time.  

 

They propose that it may be prudent to develop a “ready-by-2040” polar-only SAI capability that 

could be deployed within ~1 year of an emerging emergency, and they focus the paper on what it 

would take—logistically and infrastructurally—to make that capability real.  

Why “polar SAI” rather than global SAI (in their framing) 

They argue a conventional “global peak-shaving” SAI program would likely require novel high-altitude 

aircraft, years of development, and a long ramp—so it may not be available in time if a dangerous 

cryosphere threshold appears earlier than mid-century.  

By contrast, high-latitude injection can access the lower stratosphere at much lower altitude, making 

it plausible to use existing aircraft designs, which they call a “game-changer” for feasibility.  

The deployment concept they analyze (their “illustrative scenario”) 

Target and geometry 

They start from a subpolar-focused scenario (from prior work) with: 

• Goal: ~2°C annual mean cooling for the region north of 60°N (treated explicitly as not 

necessarily optimal; a placeholder).  

 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2024EF004797
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• Bipolar symmetry: Deploying at one pole should be countervailed in the opposite hemisphere 

to avoid large ITCZ shifts and rainfall disruption in the tropics.  

• Seasonality: March–June in the north and September–December in the south (spring/early 

summer), because polar insolation is highly seasonal and you want aerosols aloft when 

sunlight is strongest.  

• Injection location: roughly 60°N and “as close to 60°S as logistics allow,” while acknowledging 

the true optimum is not well constrained and that 60°N/S are “plausible placeholders.”  

• Altitude: 13 km, chosen as a minimum based on high-latitude tropopause height plus a buffer; 

they note 13 km is acceptable but not optimal (higher would be better if aircraft ceilings allow).  

• Material: SO₂ gas, which oxidizes to H₂SO₄ over weeks.  

• Mass: 6.7 Tg SO₂/yr in each hemisphere (13.3 Tg/yr total), treated as order-of-magnitude and 

“subject to substantial refinement.” 

Key physical caveat they flag 

They emphasize that aerosols injected at high latitudes tend to be carried poleward, but some 

fraction can flow equatorward, potentially affecting precipitation patterns.  

What it would take to be “ready by 2040” (their logistics focus) 

Air infrastructure: using existing widebody freighters 

They argue that subpolar SAI at ~13 km could be done with existing aircraft designs, and they 

highlight modified freighters as strong candidates.  

A headline example: a modified 777F (“777 Special Tanker”) could deliver ~110.6 metric tonnes 

payload to ~13 km.  

They estimate: 

• ~3 years to engineer/certify the aircraft modification program,  

• and a fleet of >90 Boeing 777s to support the full intervention magnitude in their scenario.  

They contrast this with the 747-8F’s larger payload but note the production line is closed, making it 

hard to base a fleet on new 747-8Fs.  

They describe this as a “fire extinguisher” posture—an emergency capability that can be used 

quickly—versus the more cautious view that SAI should ramp slowly over decades.  
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Ground infrastructure: airports become the bottleneck (especially in the south) 

They assume four bases (two north, two south) for robustness.  

They focus on Anchorage (ANC) and Stockholm Arlanda (ARN) in the north, where activity roughly 

doubles during the 4-month deployment window in their scenario.  

In the south, they emphasize the geographic constraint: the best existing widebody-capable options 

are around 53–55°S (e.g., Punta Arenas, Ushuaia), but a polar SAI program would increase traffic there 

by ~20–30×, implying massive buildout (and the supporting local economy) may be required.  

They conclude that meeting the 2040 target implies starting the longest-lead tasks by ~1 Jan 2030, 

and that “start” means money flowing to contractors, not just discussions.  

Governance twist they highlight 

They argue the governance challenge is not only “prevent premature deployment,” but also the 

opposite: how to motivate a first mover to fund a non-excludable global public good (their rough 

figure is a ~$35B checkbook) in time.  

How this relates to your Ax / Bx / Cx / Dx experiments 

Below are comments on how this paper relates to the experiments. 

Cx (SAI experiments): Smith’s paper is basically a deployment-scale “outer envelope” for C1 

Smith’s proposed polar program is explicitly SO₂ gas at ~13 km and ~60° latitude, seasonal, bipolar-

symmetric. 

Your C-series includes C1 — SO₂ gas (SAI) and explicitly uses the same “aircraft-accessible lower 

stratosphere” altitude logic (~13–20 km; 43k ft ≈ 13.1 km).  

What Smith adds for your Cx planning: 

• Why 13 km matters: they justify 13 km as “above tropopause + buffer” and acknowledge 

dispatch risk from tropopause variability (which matters for designing real flight windows and 

for interpreting whether you were truly stratospheric that day).  

• Why seasonality matters at high latitudes: they inject only in spring/early summer because 

the polar night makes winter injection pointless for SW reflection, and because high-lat aerosol 

lifetime is shorter (most spring-injected particles fall out by autumn).  



 

Atmospheric Experiments | By AI and Glenn Weinreb  Page 374 

 

• Why “60°N/S” is not settled: they explicitly say location/altitude optima at “high latitudes and 

relatively low altitudes” are not well constrained by models or experiments—i.e., exactly the 

kind of uncertainty your C1/C2/C3 experimental program is trying to reduce.  

• Why consider non-sulfur candidates: they note non-sulfur aerosols may reduce interference 

with ozone recovery (especially Antarctic), directly motivating C3.  

Ax (aerosol radiative-forcing closure experiments): Ax supplies the physics Smith’s 

deployment logic is missing 

Smith is not doing plume-scale closure; it’s largely an infrastructure/logistics paper. But their whole 

argument assumes we can translate: 

(injection mass, altitude, latitude, season) → aerosol evolution → radiative impact in polar regions. 

Your Ax experiments (especially the polar-vortex / lower-stratosphere aerosol RF family at ~13–20 

km) are designed to empirically constrain exactly that chain.  

And your A-series explicitly calls out the polar vortex as a potentially coherent “container” for 

revisits—while also noting the sunlight/vortex-season tension (late winter / early spring is often the 

workable overlap).  

That is conceptually consistent with Smith’s spring/early summer preference for polar interventions.  

One concrete Ax ↔ Smith bridge: Smith notes some injected aerosol can flow equatorward and affect 

precipitation.  

Ax-style tagged-airmass/Lagrangian closure work is exactly how you’d quantify “what fraction stayed 

polar vs leaked equatorward,” and what its optical forcing looked like along the way. 

Bx (cloud experiments): indirectly relevant—because cryosphere outcomes depend on polar 

cloud feedbacks 

Smith’s objective is cryosphere tipping elements (sea ice, ice sheets, permafrost, AMOC/SPG-related 

high-latitude effects), but many of those outcomes depend strongly on Arctic mixed-phase clouds, 

boundary-layer coupling, and the surface energy budget. 

Your B-series is “monitoring/process” cloud science, and your D-series explicitly includes a high-

latitude mixed-phase supersite focus.  

So Bx doesn’t validate Smith’s injection logistics, but it does support the larger question Smith is trying 

to solve: “If we applied a polar forcing perturbation, what happens to the polar surface energy balance 

and cloud-mediated feedbacks?” 
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Dx (program architecture): Smith’s paper is essentially a “why Dx is needed” argument 

Smith’s trigger condition is “convincing data suggesting a tipping element is approaching its 

threshold.”  

That requirement points straight at your Dx suite: 

• D3b (high-latitude mixed-phase + surface coupling, broadband SW/LW, aerosols/CCN/INP, 

intensive soundings) supplies the kind of sustained, regime-aware polar observing needed for 

“convincing data.”  

• D4 model closure engine is the pathway from “observations” to “reduced uncertainty in 

predictions,” which is crucial if policy makers are being asked to fund/authorize emergency 

readiness.  

• D5 (rapid-response natural experiments) matches Smith’s emergency framing—build an 

organization that can mobilize quickly around episodic high-signal events.  

• D6 data systems and governance aligns with Smith’s governance emphasis—especially the 

credibility and auditability needed to support high-stakes decisions.  

A “one-sentence” synthesis 

Smith (2024) is a deployment-readiness + logistics argument for a polar-only, low-altitude (~13 km) 

SO₂-based emergency capability by 2040, while your Ax/Bx/Cx/Dx portfolio is the 

science/measurement/closure + data governance machinery that would be needed to (a) make the 

underlying polar-SAI assumptions credible and (b) create the monitoring/decision framework that 

Smith’s “trigger-based” emergency concept requires. 
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Paper: Focus on Climate Engineering (Heckendorn 2009) 

User Prompt: Enclosed is a 2009 paper by Heckendorn entitled “Focus on Climate Engineering: 

Intentional Intervention in the Climate System.” Please summarize this paper and comment on how it 

relates to experiments Ax, Bx, Cx, and Dx which are described in the enclosed “.pdf” document. Do not 

insert links (i.e. references) to the paper into the chat text. 

Focus on Climate Engineering: Intentional Intervention in the Climate System (Heckendorn 2009) 

https://iopscience.iop.org/article/10.1088/1748-9326/4/4/045101 

What the paper is trying to answer 

Heckendorn et al. model “stratospheric sulfate” solar geoengineering by injecting SO₂ into the lower 

tropical stratosphere (roughly ~20 km, near the equator) at 1–10 Mt S per year, using an aerosol 

microphysics model to generate evolving size distributions and feeding those into a 3-D chemistry–

climate model to evaluate radiation, temperature, and ozone impacts.  

1) Microphysics: continuous injection tends to make particles too big 

A central result is that continuous sulfur injection does not behave like a “repeat Pinatubo”. In their 

simulations, the ongoing supply of H₂SO₄ (from oxidized SO₂) plus newly formed small particles drives 

coagulation (and some condensation) that shifts the distribution toward larger particles than 

volcanic analogs, reducing scattering efficiency.  

Mechanistically, they emphasize that under continuous emissions, the supply of small particles never 

“runs out,” so coagulation is not self-limiting the way it is after a one-off eruption; this pushes growth 

to radii where gravitational settling becomes important.  

2) Radiative efficiency: nonlinearity from sedimentation + size growth 

Because particles grow larger, (a) albedo per unit sulfur decreases and (b) sedimentation increases, 

producing a non-linear relationship between injection rate and resulting aerosol burden / cooling 

(diminishing returns).  

They show that gravitational settling is a key sink once sizes grow, and that assumptions of fixed 

effective radius (common in earlier modeling) can strongly overestimate burden for a given injection 

rate.  

https://iopscience.iop.org/article/10.1088/1748-9326/4/4/045101
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3) “Injection strategy” matters: pulsed and/or more spatially distributed injections help 

They explore alternatives to continuous injection. Pulsed SO₂ injections reduce the mode radius and 

reduce gravitational losses; in their experiments, twice-per-year pulses could reduce mode radius by 

up to ~50% and increase equilibrium aerosol loading by ~30% relative to continuous injection at the 

same annual total.  

They also find that spreading emissions over a larger region can help limit growth (by reducing 

concentrations and coagulation rates).  

4) Ozone risk: heterogeneous chemistry + a “water vapor” feedback 

They project significant ozone depletion in their scenarios (even with reduced future halogens). In 

one headline result: global mean total O₃ decreases by ~4.5% (5 Mt S/yr) to ~5.3% (10 Mt S/yr), with 

notable tropical losses.  

They attribute ozone loss partly to classic aerosol-chemistry pathways (surface area driving 

heterogeneous reactions that shift NOx/ClOx partitioning).  

They also highlight a second pathway: sedimenting aerosols warm the tropical cold-point 

tropopause, increasing stratospheric entry H₂O and strengthening HOx-driven ozone destruction.  

Quantitatively in their runs, H₂O at ~90 hPa increases by ~0.7 ppmv (GEO5) and ~1.6 ppmv (GEO10).  

5) Why this is “decision-relevant” 

The paper’s core message is: the size distribution is the control knob that governs both efficacy 

(cooling per sulfur) and harms (ozone, heating, lifetime)—and you can’t assume it will stay in the 

“good” size range under sustained injection.  

How this relates to Ax, Bx, Cx, Dx  

Ax (anthropogenic aerosol forcing / controlled perturbations): validates the measurement 

targets 

Your Ax experiments are built around measuring the chain “injected material → microphysics → optics 

→ flux change.” For example, A1a explicitly targets SO₂ → H₂SO₄ → sulfate aerosol microphysics → 

aerosol optics → SW/LW flux changes via multi-aircraft closure.  

That is almost a direct experimental counterpart to the paper’s most important uncertainty: how 

injection strategy controls particle growth, sedimentation, and radiative efficacy.  
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A1d (directly injecting H₂SO₄–H₂O droplets) is even more directly aligned with the paper’s “size 

distribution is everything” conclusion, because A1d is designed to do same-day radiative closure while 

varying size/composition as control knobs.  

In other words, Heckendorn et al. tell you why your A1a vs A1d comparison matters: continuous SO₂ 

pathways can create lots of small particles that then coagulate into larger, less efficient particles and 

fall out faster—so you need to measure size evolution and sedimentation propensity, not just initial 

mass injected.  

A particularly actionable mapping from the paper to Ax design is their result that pulsed and/or 

spatially spread injections reduce size growth.  

That implies your Ax closure experiments should explicitly include (or at least emulate) different 

“spatiotemporal concentration” regimes (tight plume vs spread plume; continuous vs segmented 

releases) to test how coagulation scales. 

Bx (cloud process experiments): needed because “all-sky” response depends on clouds 

Heckendorn et al. focus mainly on stratospheric aerosols and surface SW changes and show that all-

sky SW changes are smaller than clear-sky changes (because clouds mask some of the perturbation), 

which is a reminder that translating an aerosol perturbation into climate response depends strongly 

on cloud regimes.  

That’s exactly what your B-series is for—especially B5 radiative closure, which is explicitly designed to 

prove that measured atmospheric state + cloud/aerosol properties reproduce observed SW/LW fluxes 

within uncertainty.  

So, even if Ax/Cx nail “forcing per kg sulfur,” Bx is what reduces uncertainty in how that forcing 

projects onto cloud radiative effect, precipitation, and circulation (which the Heckendorn paper 

largely brackets by using fixed SSTs and focusing on stratospheric changes).  

Cx (SAI pathway experiments): the paper is basically the motivation 

Your C1 (SO₂) and C2 (H₂SO₄ aerosol) are designed to measure exactly what the paper says is decisive: 

SO₂ oxidation, aerosol formation/growth, AOD/SSA/g evolution, and ozone/heating diagnostics.  

In fact, the paper’s headline harm mechanism—tropopause heating → stratospheric H₂O increase → 

HOx ozone loss  

—maps cleanly onto your stated need for “ozone/heating risk modules” in C-series monitoring.  

For C3 (alternative particles), Heckendorn et al. explicitly note that engineered solid particles were 

proposed partly to avoid sulfate coagulation growth, but that their behavior and residence times are 

uncertain without real atmospheric experiments.  
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That is essentially the justification for C3: test whether a candidate can stay in the “good” size range 

and reduce stratospheric heating / ozone impacts, rather than assuming it.  

Dx (cloud science “program architecture”): the enabling backbone for credibility + uptake 

Heckendorn’s core warning is that outcomes depend on microphysics + chemistry + radiation 

interacting across scales. Dx is the machinery that turns a handful of expensive closure events into 

durable uncertainty reduction: 

• D4 (model closure engine) is explicitly about forcing simultaneous closure across radiation, 

clouds, aerosols, precipitation and turning benchmark cases into parameterization upgrades.  

That’s what you need to take Ax/Cx plume datasets and make them “model-hardening” rather than 

one-off case studies. 

• D1 (benchmark radiometry + polarimetry) is the “trend-trustworthy” radiometric anchor that 

makes comparisons of forcing and reflectance credible across time and sensors.  

• D6 (data systems/governance) is the reproducibility layer—standard products + independent 

evaluation—needed when conclusions hinge on subtle differences in burden, effective radius, 

heating, and ozone response.  

Practical “so what” for your experiment portfolio 

If you view Heckendorn et al. as a checklist of what must be measured rather than assumed, the 

highest-value overlaps are: 

1. Size distribution evolution + coagulation rate under realistic dilution (A1a vs A1d; C1 vs C2).  

2. Sedimentation / burden–injection nonlinearity (the “diminishing returns” curve you must 

empirically anchor).  

3. Ozone and heating diagnostics, including the H₂O–tropopause feedback (C-series must treat 

this as a first-class observable, not a side note).  

4. Injection strategy sensitivity (pulsed/segmented/spread releases) because it changes the 

microphysics regime.  

If you want, I can turn those into an “Ax/Cx measurement-and-closure checklist” (what to measure on 

each flight day, what success looks like, and what model parameters each observable constrains). 
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Paper: Efficient formation of aerosol (Pierce 2010) 

User Prompt: Enclosed is a 2010 paper by Pierce entitled “Efficient formation of stratospheric aerosol 

for climate engineering by emission of condensable vapor from aircraft.” Please summarize this paper 

and comment on how it relates to experiments Ax, Bx, Cx, and Dx which are described in the enclosed 

“.pdf” document. Do not insert links (i.e. references) to the paper into the chat text. 

Efficient formation of stratospheric aerosol for climate engineering by emission of condensable vapor 

from aircraft (Pierce 2010) 

https://www.researchgate.net/publication/253465544_Efficient_formation_of_stratospheric_aerosol_for_

climate_engineering_by_emission_of_condensible_vapor_from_aircraft 

What the paper is trying to answer 

Pierce et al. start from a practical microphysics point: 

• Radiative forcing per kilogram of sulfur depends strongly on particle size. 

• Particles that are too large (i) settle faster (shorter lifetime) and (ii) scatter sunlight less 

efficiently per unit mass once you’re beyond an optimal radius (they cite ~150 nm as the 

sweet spot; see their Figure 1). 

• Prior work suggested SO₂ injection can be inefficient because conversion to H₂SO₄ is slow, and 

the resulting growth/coagulation tends to push particles larger than optimal, producing 

diminishing returns. 

Their proposed alternative: emit condensable vapor from the aircraft 

Instead of emitting a non-condensable precursor gas (SO₂), they propose emitting H₂SO₄ vapor (or SO₃ 

that rapidly becomes H₂SO₄) so that aerosol forms rapidly in the aircraft plume, in a way analogous to 

contrail formation: 

• The emitted hot vapor cools as it mixes with ambient air. 

• It nucleates/condenses within seconds, and then the newborn particles self-coagulate as the 

plume expands. 

• The key claim: this gives much better control over particle size, and thus higher forcing per 

delivered sulfur. 

Modeling approach: “near-field plume” → “global stratosphere” 

https://www.researchgate.net/publication/253465544_Efficient_formation_of_stratospheric_aerosol_for_climate_engineering_by_emission_of_condensible_vapor_from_aircraft
https://www.researchgate.net/publication/253465544_Efficient_formation_of_stratospheric_aerosol_for_climate_engineering_by_emission_of_condensible_vapor_from_aircraft
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They couple two modeling steps: 

1. Plume microphysics model that follows the expanding aircraft plume from emission until the 

plume is “relaxed” enough that ambient coagulation dominates (they use a handoff around ~2 

days as a representative timescale). 

2. AER 2-D stratospheric aerosol model for multi-year evolution and steady state. 

They run 10-year simulations to reach steady state for injections of 2, 5, and 10 Mt S/yr, 

spread over 30°S–30°N and 20–25 km altitude, continuously in time. 

Key result #1: particle size is controlled mainly by emission rate + plume dilution 

In their plume calculations (their Figure 2), the resulting size distribution after ~2 days is: 

• Highly sensitive to H₂SO₄ emission rate and plume dilution rate. 

• Remarkably insensitive to uncertain nucleation/condensation rate coefficients—because 

essentially all vapor is consumed quickly, and self-coagulation “erases” many early details. 

They present example injected distributions with number-median radii around 65, 95, or 180 nm 

(depending on emission/dilution assumptions), with a lognormal width ~1.5. 

Interpretation: injector engineering and near-field plume physics are not a detail—they are the 

“control knobs” that determine whether you land near the efficient scattering regime or slide into 

“big, fast-settling” particles. 

Key result #2: H₂SO₄ vapor emission is much more “forcing-efficient” than SO₂ 

Comparing equal sulfur emission rates, their AER-model steady-state size distributions show: 

• SO₂ cases develop a nucleation mode and also more growth into very large particles (via 

condensation onto accumulation mode + coagulation). 

• H₂SO₄-plume-formed cases keep peak mass at smaller sizes, which are both better scatterers 

per mass and longer-lived (slower average fall speeds). 

On forcing: 

• Their H₂SO₄ approach reaches about −4 W/m² (roughly the magnitude needed to offset a CO₂ 

doubling in global mean energy budget) at < ~10 Mt S/yr. 

• A similar SO₂ scheme needs about ~19 Mt S/yr to reach −4 W/m². 

• An equator-only SO₂ injection case at 20 km is dramatically worse (they report it doesn’t reach 

that cooling even at much higher injection rates), underscoring that injection location and 

dispersion matter a lot. 
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Key result #3: less stratospheric heating from lower sulfate mass… but ozone chemistry risk may 
remain 

They argue: 

• At the same cooling (−4 W/m²), the H₂SO₄ cases require ~50–60% less sulfur injection rate 

than continuous SO₂ injection. 

• The resulting stratospheric sulfate mass burden can be ~40% lower, implying less longwave 

absorption and therefore less lower-stratospheric warming. 

However: 

• They emphasize that aerosol surface area density can be similar for similar cooling, meaning 

heterogeneous-chemistry ozone loss (driven by surface area) may not be strongly reduced 

just by switching injection method. 

Key result #4: opens the door to non-sulfate particles—at a risk 

They note the same “condensable vapor → plume aerosol” concept could produce aerosols of other 

compositions (not just sulfate). They mention candidates like alumina as an example of a material 

with potentially higher shortwave scattering per volume and less infrared absorption (hence less 

heating), while warning that “non-natural” particles introduce additional unknown risks. 

Bottom line message of the paper 

If you want stratospheric aerosol geoengineering to be capable of large negative forcing at plausible 

logistics, you must control particle size. Emitting a condensable vapor from aircraft is presented as a 

way to do that and to avoid the “SO₂ makes particles too big” efficiency trap—while still not 

eliminating fundamental limitations (can’t fully compensate CO₂ impacts) or key risks (especially ozone 

chemistry). 

How this maps onto your Ax, Bx, Cx, Dx experiments 

I’ll tie Pierce (2010) directly to the specific experiments described in your doc, using page references. 

Ax: aerosol radiative forcing “closure” experiments 

A1a (page 188) is your “inject SO₂ gas into polar vortex and monitor for days–weeks” closure chain: 

SO₂ → H₂SO₄ gas → sulfate microphysics → aerosol optics → SW/LW flux changes. 

Pierce (2010) is basically a technical critique of the “SO₂ precursor” path: if SO₂ conversion is slow and 

growth/coagulation pushes sizes large, forcing becomes sub-linear and you need a lot more sulfur. 
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A1d (page 196) is the Ax experiment that most directly implements Pierce’s workaround: it’s your 

“inject H₂SO₄ + H₂O solution aerosol, monitor for <1 day,” explicitly motivated by getting an 

immediately optically active aerosol layer and doing tight time-window radiative closure. 

What Pierce adds to Ax design: 

• It tells you exactly what needs to be treated as experimental controls in A1d/A1a comparisons: 

emission rate per flight distance, initial dilution, and injector/airframe plume dispersion—

because their Figure 2 shows these dominate the resulting size distribution. 

• It also implies a useful Ax deliverable: a measured relationship 

(injection strategy + dilution regime) → size distribution evolution → ΔSW/ΔLW, 

which you can use to “ground” model microphysics that otherwise drives huge uncertainty. 

Bx: cloud experiments and radiative closure 

Pierce (2010) is not primarily a cloud paper, but it reinforces why your B5 “cloud radiative closure” 

experiment (page 247) matters: 

• Pierce’s whole argument hinges on radiative transfer being size-sensitive and on separating 

shortwave cooling from longwave heating effects. 

• B5 is your “closure-or-it-didn’t-happen” baseline that tests whether measured 

microphysics/macrophysics + aerosols + atmospheric state reproduce observed SW/LW fluxes 

within uncertainty. 

Connection: even if Ax/Cx perfectly characterize aerosol size distributions, you still need B-series 

closure capability so models can’t “cheat” by compensating aerosol errors with cloud or RT parameter 

tweaks. In practice, B5 is the methodological template for what you want to do in A1d/C2, just 

applied to clouds. 

Cx: stratospheric aerosol injection process experiments 

Pierce (2010) is most directly a Cx justification paper. 

• C1 (page 253) is your “inject SO₂ gas (SAI)” pathway experiment—volcanic analog, oxidation 

chain included. 

• C2 (page 258) is your “inject H₂SO₄ aerosol (SAI)” pathway experiment—chemistry front-end 

largely removed; start with aerosol at t = 0. 

Pierce’s proposal is essentially: make C2 more feasible and more effective by generating the aerosol 

in situ via condensable vapor in the aircraft plume, rather than relying on slow SO₂ conversion (C1). 

What Pierce adds to Cx priorities: 
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• Treat near-field plume physics (first minutes–hours) as mission-critical, not just “deployment 

engineering.” Their model says it sets the size distribution that controls everything 

downstream. 

• Expect that switching from SO₂ (C1) to direct aerosol / plume-formed aerosol (C2) can reduce: 

o required sulfur for a given forcing, 

o sulfate mass burden, 

o and therefore lower-stratospheric heating (helpful for side-effects tied to warming). 

• But don’t assume it solves ozone: Pierce explicitly warns that heterogeneous chemistry 

depends on surface area, which may not fall much at equal cooling. That maps to C2’s need to 

measure not just AOD/SSA/g, but also surface area density and ozone-relevant 

chemistry/heating diagnostics. 

Finally, Pierce’s note about alternative particle compositions lines up with your C3 framing (page 265): 

exploring materials that might reduce heating/ozone impacts—but with added “unknown unknowns.” 

Dx: the program backbone that turns flight data into model improvement 

Pierce (2010) is an example of why Dx exists: the system is nonlinear, and the “answer” depends on 

coupled microphysics + transport + radiation. 

Your Dx architecture pages 34–35 lay out D1–D6, and page 46 explicitly states that D4 (model closure 

engine) supports Ax/Cx interpretation and institutionalizes the closure philosophy. 

How Pierce specifically points to Dx needs: 

• D4 (model closure engine): you need a pipeline that can ingest A1d/C2 plume observations 

and force models to match simultaneously: 

o particle size distribution evolution, 

o sedimentation/lifetime, 

o SW and LW flux changes, 

o and (for C-series) heating/ozone diagnostics. 

• D1 (benchmark radiometry/polarimetry): Pierce’s claimed efficiency gains are ultimately 

about TOA/SW forcing per sulfur. A stable radiometric anchor is what prevents “illusory 

agreement.” 
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• D6 (data systems/governance): plume+microphysics closure is sensitive to details (dilution, 

initial mixing, instrument calibration). Standardized products and independent evaluation are 

what make results portable across campaigns and models. 

The cleanest “Pierce-to-your-portfolio” takeaway 

Pierce (2010) is telling you: C2/A1d are not just “another way to inject” — they are a strategy to hit 

the optimal particle-size regime intentionally. The experiments that matter most are the ones that 

empirically map: 

(emission rate + initial dilution + injector design) → size distribution at hours–days → 

lifetime/sedimentation → SW cooling + LW heating → ozone/heating risk proxies. 

That is exactly the Ax/Cx closure chain you’re trying to measure, B5 is the methodological spine for 

closing the radiative budget, and Dx is the machinery that turns the resulting cases into durable model 

constraints. 
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Paper: Ozone projections under SAI (Bednarz 2026) 

User Prompt: Enclosed is a 2026 paper by Bednarz entitled “Stratospheric ozone projections under 

sulfur-based stratospheric aerosol injection: Insights from the multi-model G6-1.5K-SAI.” Please 

summarize this paper and comment on how it relates to experiments Ax, Bx, Cx, and Dx which are 

described in the enclosed “.pdf” document. Do not insert links (i.e. citation markers) to the paper into 

the chat text. 

Stratospheric ozone projections under sulfur-based stratospheric aerosol injection: Insights from the 

multi-model G6-1.5K-SAI (Bednarz 2026) 

https://egusphere.copernicus.org/preprints/2026/egusphere-2026-310/egusphere-2026-310.pdf 

What the paper is trying to answer 

Bednarz et al. analyze the new GeoMIP G6-1.5K-SAI multi-model experiment, which is intended to be 

more “policy relevant” than earlier GeoMIP SAI setups. 

Key elements (as described in the paper): 

• Scenario: SSP2-4.5 (middle-of-the-road) rather than an extreme high-emissions pathway. 

• Start date: SAI begins in 2035 and runs to 2084. 

• Injection strategy: SO₂ injected near ~21 km at two subtropical latitudes (about 30°N and 

30°S) (symmetric about the equator). 

• Control objective: SO₂ injection is adjusted each year so that global mean near-surface 

temperature is held near a baseline level (their 2020–2039 reference). 

• Models: three ESMs with interactive chemistry/aerosols participate (CESM, MIROC, UKESM). 

They also emphasize that getting heterogeneous chemistry on the SAI aerosols “turned on” 

matters; they specifically rely on UKESM runs that include this coupling. 

Central global result 

All three models simulate a small but robust decrease in global mean total column ozone under this 

subtropical SAI strategy—a few Dobson Units, on the order of ~1–2% relative to the no-SAI scenario. 

Crucially, they find that this result is dominated by heterogeneous halogen activation on sulfate 

aerosols, most clearly expressed in Southern Hemisphere mid- and high latitudes (i.e., the chemistry 

pathway dominates rather than transport “helping” ozone). 

https://egusphere.copernicus.org/preprints/2026/egusphere-2026-310/egusphere-2026-310.pdf
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Why this differs from earlier “equatorial injection” conclusions 

A major throughline is: the sign of the global-mean ozone response depends strongly on the 

injection latitude strategy. 

• Earlier GeoMIP “equatorial” SO₂ injection cases often showed global-mean ozone increases in 

some models/analyses, partly because SAI strongly perturbed the Brewer–Dobson circulation 

(BDC) and changed ozone transport enough to offset (or exceed) chemical losses. 

• In this subtropical strategy, the models show smaller circulation/transport changes, so the 

chemical loss pathway (heterogeneous halogen activation on sulfate) dominates the global-

mean outcome, yielding a net global ozone decrease. 

Time dependence: why ozone impacts are larger earlier in the century 

They show that ozone depletion per degree of cooling is about ~2× larger in 2045–2064 than in 

2065–2084, even though SO₂ injection tends to rise over time to offset warming. The reason is 

chemical: background halogen loading declines over the century, so the “fuel” for heterogeneous 

halogen-driven ozone loss becomes smaller. 

Regional findings (where “the action” is) 

Their regional story is more nuanced than the global mean: 

1. Tropics: 

Models disagree on the sign of tropical total-column ozone change (it’s small in absolute 

magnitude but not trivial because insolation is high). The vertical structure shows competing 

contributions: 

• lower-stratospheric ozone can increase (linked to SAI-induced warming and reduced upwelling 

in the shallow BDC branch), 

• while other layers show decreases tied to chemistry and/or changes in upwelling above the 

aerosol layer. 

They also highlight model differences in the stratospheric water vapor response, which 

matters for HOx-driven ozone loss pathways. 

2. Southern Hemisphere mid-latitudes: 

All three models agree on ozone decreases (order ~up to ~10 DU), with chemistry 

(heterogeneous halogen activation on sulfate) the dominant driver. 

3. Northern Hemisphere mid-latitudes: 

This is a major uncertainty region: the models disagree substantially, reflecting differences in 

(i) heterogeneous chemistry efficiency and (ii) transport/mixing responses. They stress that 
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older “NH mid-lat ozone increases under SAI” conclusions do not robustly carry over to this 

newer subtropical strategy plus newer model configurations. 

4. Springtime polar ozone (especially Antarctica): 

All three models show Antarctic springtime ozone losses under SAI compared with SSP2-4.5, 

but the magnitude varies a lot by model. 

They identify one of the most important synthesis results here: a very strong cross-model correlation 

between Antarctic ozone loss and strengthening of the Southern Hemisphere polar vortex. They 

propose this as a potential emergent constraint: if you can constrain the vortex/heating response, you 

may narrow the ozone-loss uncertainty. 

For the Arctic, ozone decreases occur too, but they do not find a comparably clean correlation with 

vortex strength—consistent with the Arctic vortex’s higher variability and complexity. 

Sensitivity insight: chemistry vs transport (UKESM test) 

To disentangle mechanisms, they compare UKESM runs with and without heterogeneous chemistry 

on the SAI-generated sulfate aerosols. 

• Without heterogeneous chemistry on SAI aerosol, the strong polar ozone losses largely 

disappear—showing that chemistry on SAI aerosol surfaces is a first-order pathway for polar 

impacts. 

• But they still find that transport/mixing changes can contribute meaningfully to some 

subtropical/midlatitude ozone changes, underscoring that “chemistry-only” framing is 

incomplete. 

The paper’s “meta conclusion” 

Bednarz et al. emphasize that ozone outcomes are not a single number—they depend on: 

• SAI strategy (latitude/altitude/season), 

• background halogens and scenario timing, and 

• model structural uncertainty in aerosol surface area density, heterogeneous chemistry 

coupling, and stratospheric transport/mixing. 

How this relates to your Ax, Bx, Cx, Dx experiments  

I’ll tie the Bednarz conclusions to the specific experiment families and the relevant examples in your 

document (by PDF page number). 
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Ax (controlled perturbations to reduce forcing uncertainty) — adds an ozone-chemistry 

“sidecar” that becomes core 

Your A1a (PDF p.188–195) and A1d (PDF p.196–199) are framed primarily around forcing closure—SO₂ 

→ sulfate microphysics → optics → SW/LW flux changes. 

Bednarz (2026) says: for sulfur-based SAI, the ozone response is dominated (in many regions) by 

heterogeneous halogen activation on sulfate surfaces, and that the magnitude depends strongly on 

aerosol surface area density (SAD) and on transport/heating changes. 

Implication for Ax design: even if Ax is “for forcing,” it can (and arguably should) be instrumented to 

measure the ozone-relevant state variables that Bednarz identifies as controlling outcomes: 

• aerosol size distribution and surface area density evolution (not just mass/AOD), 

• lower-stratospheric temperature/heating rates, 

• tracer/diagnostics of transport and mixing (age-of-air proxies, inert tracers), 

• and (at least targeted) chemistry: O₃, plus halogen activation indicators (e.g., ClO/BrO) and 

nitrogen partitioning indicators (e.g., NO₂/N₂O₅ proxies). 

Why it matters: Bednarz’s “strategy changes sign” message (equatorial vs subtropical) hinges on 

whether transport effects are big enough to offset chemistry. Ax is one of your best opportunities to 

create a known perturbation and test whether the modeled relationships between SAD → halogen 

activation → ozone loss and heating → BDC/vortex response hold in reality. 

Bx (cloud experiments) — indirectly essential because heating/RT accuracy controls the 

circulation lever 

Bednarz’s circulation story depends on how aerosols heat the lower stratosphere (shortwave + 

longwave absorption/emission) and how that heating feeds into BDC and polar vortex changes. 

Your B5 (PDF p.247–252) is “full radiative closure” for clouds and aerosols with no injection. It’s not a 

stratospheric ozone paper—but methodologically it’s the same discipline Bednarz implies is required: 

don’t trust model-diagnosed heating/circulation responses unless radiative transfer is actually 

closed against measurements. 

How Bx supports the Bednarz uncertainties: 

• B5’s closure mindset is the template you’d apply to stratospheric aerosol cases: if heating rate 

errors are wrong, the modeled BDC/vortex response (and thus ozone) can be wrong. 

• In practical terms: B-series infrastructure and closure tooling make it harder for models to “get 

the right ozone for the wrong reason” via compensating errors in radiation vs transport. 
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So Bx is the calibration culture that reduces one of Bednarz’s key uncertainty sources: aerosol-driven 

radiative heating and its dynamical consequences. 

Cx (SAI process experiments) — Bednarz is basically the motivation for C1/C2/C3 and for 

“strategy sweeps” 

Bednarz (2026) is squarely about the processes your C-series is meant to test. 

• C1 (SO₂ injection, PDF p.253–257) corresponds directly to the G6-1.5K-SAI setup (SO₂ 

precursor). 

• C2 (H₂SO₄ aerosol, PDF p.258–264) is the “start with particles” pathway, which can yield 

different size/SAD/heating evolution for the same radiative goal. 

• C3 (alternative particles, PDF p.265+) is motivated by the possibility of reducing stratospheric 

heating and/or heterogeneous chemistry impacts — but must be tested because chemistry 

and microphysics are material-dependent. 

What Bednarz adds to Cx prioritization: 

1. Injection latitude and season are first-order: 

Bednarz shows that switching from equatorial to subtropical injection can flip the global-mean 

ozone response sign (transport-dominated vs chemistry-dominated). That argues for C-series 

designs that explicitly test strategy knobs (latitude/altitude/season), not just “material knobs.” 

2. SAD is a key “ozone control knob,” not just AOD: 

If heterogeneous halogen activation is the dominant driver of ozone loss under subtropical 

strategies, then SAD and surface chemistry become primary observables. C1/C2 should be 

structured to retrieve SAD and chemical activation signals robustly. 

3. Emergent constraint opportunity (Antarctica): 

Their strong relationship between Antarctic ozone loss and SH vortex strengthening suggests 

that if C-series experiments (plus monitoring) can constrain lower-stratospheric heating and 

vortex response, you may be able to narrow model spread in polar ozone outcomes—exactly 

the kind of “model discrimination” C-series aims for. 

Dx (the “closure lab” backbone) — Bednarz is a poster child for why D4 and D6 exist 

Bednarz is explicitly multi-model and repeatedly highlights that: 

• model differences in SAD, heterogeneous chemistry coupling, and transport/mixing produce 

materially different regional ozone projections; 

• strategy choice can rival or exceed inter-model spread in some metrics. 
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That’s exactly what your Dx program concept is meant to address (PDF p.34–46), especially: 

• D4 (model closure engine, PDF p.46): you need a machinery that forces models to match, 

simultaneously, aerosol microphysics (incl. SAD), radiative heating, transport diagnostics, and 

composition changes—rather than letting any one part “float.” 

• D6 (data systems/governance, PDF p.35+ and later sections): because the community will 

only trust ozone-risk conclusions if the data products, uncertainty quantification, and 

independent evaluation are standardized and reproducible. 

• D5 (rapid response): Bednarz’s chemical-dynamical interplay can also be interrogated using 

natural analogs (volcanic aerosol + ozone + vortex changes). Rapid-response observations are a 

practical way to harvest “free experiments” that speak directly to the mechanisms they 

emphasize. 

The most actionable crosswalk: Bednarz → what your experiments should 

prove (or falsify) 

If you translate the paper into “things the Ax/Cx program must nail,” it’s this short list: 

1. Does sulfur-based aerosol SAD in the lower stratosphere produce the modeled magnitude of 

heterogeneous halogen activation and ozone loss? 

(A1a/A1d + C1/C2 with a chemistry payload.) 

2. Is the modeled lower-stratospheric heating rate correct enough to predict circulation 

responses (BDC changes, vortex strengthening)? 

(B5-style radiative closure discipline applied to stratospheric aerosol cases; C-series heating 

diagnostics.) 

3. Can we constrain transport/mixing responses well enough that the remaining ozone 

uncertainty is chemistry-dominated (or vice versa)? 

(D4 closure engine + targeted stratospheric tracer/transport observations.) 

4. Do strategy choices (subtropical vs equatorial vs higher-latitude/seasonal) produce the 

predicted trade-offs between “surface-climate side effects” and “ozone outcomes”? 

(C-series “strategy sweeps,” even if only at small informative scales.) 

 “Ozone risk measurement package” checklist 

Bednarz’s core message is that ozone outcomes under sulfur-based SAI are controlled by three 

coupled levers: 
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1. Aerosol surface area density (SAD) and size distribution (sets heterogeneous chemistry 

potential) 

2. Lower-stratospheric heating (sets circulation/vortex response) 

3. Transport/mixing changes (BDC, vortex strength, exchange with mid-latitudes) 

So the measurement package has to let you separate chemistry vs dynamics, not just “did ozone go 

up/down.” 

What you must measure in Experiments Ax (the checklist) 

A1) Aerosol state (because SAD drives chemistry) 

In-situ (primary) 

•  Size distribution from ~3 nm to ~5–10 µm (nucleation → accumulation → coarse tail) 

•  Aerosol number concentration and surface area density (SAD) (report explicitly, not just 

inferred) 

•  Aerosol mass (sulfate / total) and composition (sulfate fraction; acidity if possible) 

•  Hygroscopic growth (RH dependence) / effective density (helps convert size ↔ mass ↔ SAD) 

Remote (context + scaling) 

•  Vertical structure of aerosol layer (lidar curtain: base/top, thickness, lofting) 

•  AOD and extinction profiles; wavelength dependence (to constrain size/optics) 

Derived products (publish as standard) 

•  SAD(z,lat,lon,t), effective radius, number-median radius, mode widths 

•  Sedimentation tendency / lifetime metrics (even crude, but consistent) 

A2) Ozone + key chemical partitions (because “chemistry” is mostly heterogeneous halogen 

activation on sulfate) 

Ozone itself 

•  O₃ vertical profile (in-situ fast O₃ + remote profile if available) 

•  Total column ozone (from ground/satellite context; useful but not sufficient) 

Halogen activation (the load-bearing variables) 

•  ClO (or proxy sensitive to active chlorine) 
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•  BrO (or proxy) 

•  Reservoir species balance (HCl, ClONO₂) if feasible 

Nitrogen partitioning (controls halogen activation) 

•  NO₂ and NOy partitioning (and/or N₂O₅ / HNO₃ context) 

•  Temperature + aerosol SAD together (needed to interpret N₂O₅ uptake and activation 

potential) 

HOx / water vapor pathway (Bednarz flags this as model-sensitive) 

•  H₂O (esp. lower stratosphere; entry level changes matter) 

•  Optional but valuable: OH/HO₂ proxies or constraints (even limited) 

Derived products 

•  “Activation index” time series: (ClO + BrO) vs (SAD, T, NO₂/NOy) 

•  Ozone loss rate diagnostics (where possible): dO₃/dt inferred from repeated sampling + 

chemistry context 

A3) Dynamics/transport (because Bednarz finds ozone impacts tied to vortex strength, 

especially Antarctic) 

Local meteorology 

•  T, p, winds (3-D), turbulence metrics 

•  Potential vorticity (PV) context / equivalent latitude tagging (to know if you’re truly “in 

vortex”) 

Transport tracers (to separate chemistry from “air moved”) 

•  Long-lived tracers: N₂O, CH₄ (classic for stratospheric transport) 

•  Age-of-air style tracer if possible (SF₆ or equivalent constraints) 

•  CO₂ (sometimes helpful as a supporting tracer) 

Vortex metrics (Bednarz’s “emergent constraint” handle) 

•  Zonal wind at vortex edge altitude bands (e.g., ~30 hPa equivalent) 

•  Vortex edge sharpness / mixing barriers (PV gradients) 

•  Stratospheric temperature structure (PSC-relevant thresholds in polar spring) 
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Derived products 

•  Diagnostics that let models be tested: BDC strength proxies, mixing rates, vortex 

strengthening index 

A4) Radiation & heating (because heating drives circulation which then feeds ozone) 

Fluxes 

•  Spectral + broadband SW and LW fluxes above and below the aerosol layer 

•  Actinic flux / photolysis-relevant radiation (if available) 

Heating rates 

•  Direct heating rate retrievals are hard, but you can still constrain them by combining: 

o measured aerosol extinction/SSA/asymmetry + T/H₂O + flux divergence estimates 

•  At minimum: a dataset that lets a radiative transfer model reproduce observed SW/LW flux 

perturbations (“radiative closure”) 

Derived products 

•  Aerosol-induced Δheating(z,t) (even if uncertainty is large—publish it with error bars) 

A5) Metadata that makes it usable (so D4 can actually close models) 

•  Precise injection record: mass flow, duration, altitude, latitude, initial plume geometry 

•  Background state: pre-injection aerosol + ozone + tracers (same day, same air mass) 

•  Uncertainty budgets and calibration traceability (especially radiometry, O₃, SAD) 

The “minimum viable” ozone-risk package vs “gold standard” 

Minimum viable (if you can only carry a small chemistry payload) 

• SAD + size distribution, O₃ profile, T + winds + PV context, NO₂ (or NOy proxy), H₂O, and 

SW/LW fluxes (enough for a heating constraint). 

This already lets you test Bednarz’s main mechanism: SAD-driven chemistry and the role of dynamics. 

Gold standard (what actually nails chemistry-vs-transport) 

Add direct or strong-proxy measurements of: 

• ClO / BrO, plus reservoir species (HCl, ClONO₂) 
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• Better NOy partitioning (N₂O₅/HNO₃ context) 

• A stronger set of transport tracers (N₂O/CH₄/SF₆) 

C. How to map this onto your Ax / Bx / Cx / Dx experiments 

Ax (controlled forcing closure) — add an “ozone sidecar” 

A1a (.pdf p188–195) 

A1a already has the right scaffolding (above/in/below plume; multi-platform; revisits). For Bednarz-

relevant ozone risk, the A1a add-ons are: 

Add to A1a measurement plan 

• Add  SAD reporting as a first-class product (not just size + AOD) 

• Add  O₃ vertical profiling on each revisit (same trajectory logic you already plan) 

• Add  Transport tracers (N₂O/CH₄) to distinguish chemistry from “we sampled different air” 

• Add  NO₂/NOy constraint to interpret activation potential 

• Add  Flux/RT closure on at least 2–3 plume ages to constrain heating evolution 

Why A1a helps Bednarz 

• Bednarz’s uncertainty is partly “models disagree on SAD and transport.” A1a is your best 

platform to observe SAD evolution vs plume age and test whether models’ microphysics 

produce the right SAD—and therefore the right ozone response potential. 

A1d (p196–199) 

A1d is short duration but extremely valuable because it can be designed as a controlled size/SAD 

experiment. 

Make A1d explicitly a “SAD sensitivity sweep” 

• Choose 2–4 injection settings that intentionally span SAD at similar mass: 

o  smaller droplets / higher number → higher SAD 

o  larger droplets / lower number → lower SAD 

• For each setting:  immediate O₃ + NO₂ + T/H₂O + flux closure snapshot 

Why A1d helps Bednarz 
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• Bednarz points to SAD as “the variable most relevant for heterogeneous chemistry.” A1d can 

directly measure how SAD changes at fixed injected mass and what the immediate 

chemical/radiative signatures look like. 

Bx (cloud radiative closure) — export the closure discipline to stratospheric aerosol heating 

B5 (p247–252) 

B5 is your “radiative closure culture.” For Bednarz relevance, the key is to reuse B5’s closure 

machinery (RT validation, calibration-grade fluxes, uncertainty accounting) for C-series stratospheric 

aerosol cases. 

Concrete action 

• Treat each C1/C2 flight day as “B5-style closure,” but for the stratospheric aerosol layer: 

o  measured aerosol optics + state → reproduced SW/LW flux perturbations within 

uncertainty 

• This is how you constrain heating, which Bednarz ties to vortex/circulation changes. 

Cx (SAI process experiments) — this is where the full ozone package belongs 

C1 (p253–257): SO₂ precursor pathway 

Cx ozone package priority for C1 

•  Track conversion chain: SO₂ → sulfate size/SAD evolution 

•  Co-measure O₃ + activation proxies (NO₂/NOy + halogen activation if feasible) 

•  Heating constraint via flux closure + aerosol optics 

•  Transport tracers and vortex diagnostics if done in or near polar regimes 

Bednarz link 

• C1 mirrors the multi-model setup (SO₂ injection strategy). It’s the most direct way to test 

whether models are getting the SAD and chemistry coupling right. 

C2 (p258–264): H₂SO₄ aerosol pathway 

Use C2 as a controlled test of “SAD per forcing” 

•  Compare C2 vs C1 at similar radiative signal: does direct aerosol yield different SAD/heating? 
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•  Same chemistry/dynamics package as C1, so differences can be attributed to aerosol pathway 

not instrumentation 

Bednarz link 

• If ozone loss is SAD-driven, then for the same cooling, the key question becomes: which 

pathway yields lower SAD and/or different activation conditions? 

C3 (p265+): alternative particles 

Make “ozone-safety” the headline evaluation metric 

•  Same ozone package, but now explicitly test whether heterogeneous chemistry potential 

differs (not just optical efficiency) 

•  Heating constraint still required (dynamics can still bite you even if chemistry is improved) 

Dx (program backbone) — where the “emergent constraint” becomes real 

Bednarz suggests a strong path to narrowing uncertainty: polar ozone loss correlates with polar 

vortex strengthening (stronger in the Antarctic than the Arctic). 

Dx actions that operationalize that 

• D1 (p39+): maintain trend-trustworthy radiometry/polarimetry so aerosol heating can be 

constrained consistently over years 

• D2/D3: put at least one observing backbone site/platform in regimes that diagnose vortex and 

lower-stratospheric state (T, winds, tracers, ozone) 

• D4 (p46): hard-require models to match, simultaneously: 

o SAD fields, heating constraints, transport tracers, and ozone changes 

This is where “chemistry vs transport” stops being a debate and becomes a falsifiable 

closure test. 

• D5: rapid-response observations after volcanic eruptions are a high-value analogue for the 

vortex–ozone relationship 

• D6: publish standardized SAD, heating, ozone, and tracer products with uncertainty so cross-

model comparisons are meaningful 

A simple “closure ladder” you can use as success criteria 

Level 1 — SAD & O₃ coherence 
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• You can show that measured SAD changes align with measured O₃ tendencies in the expected 

regions/conditions. 

Level 2 — chemistry mechanism evidence 

• You can show that activation conditions (SAD + T + NOy partitioning + halogen activation 

proxies) explain the O₃ tendency. 

Level 3 — heating & dynamics plausibility 

• You can constrain aerosol-induced heating enough to predict the direction and approximate 

magnitude of circulation/vortex response in the observed regime. 

Level 4 — model discrimination 

• At least one model family fails the simultaneous constraints (SAD + heating + transport + 

ozone), letting D4 actually reduce uncertainty rather than just “average models.” 
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Paper: Response to stratospheric aerosols 

(Krishnamohan 2019) 

User Prompt: Enclosed is a 2019 paper by Krishnamohan entitled “Climate system response to 

stratospheric sulfate aerosols: sensitivity to altitude of aerosol layer.” Please summarize this paper 

and comment on how it relates to experiments Ax, Bx, Cx, and Dx which are described in the enclosed 

“.pdf” document. Do not insert links (i.e. citation markers) to the paper into the chat text. 

Climate system response to stratospheric sulfate aerosols: sensitivity to altitude of aerosol layer 

(Krishnamohan 2019) 

https://esd.copernicus.org/articles/10/885/2019/ 

What the paper is trying to answer 

This paper isolates altitude effects by removing a lot of real-world complexity. 

• They used CESM/CAM4 and prescribed a fixed-mass, fixed-size “volcanic-like” sulfate aerosol 

layer (no microphysics, transport, or sedimentation in the experiment itself). 

• Same aerosol mass in all cases: 20 Tg of “volcanic aerosol” (75% H₂SO₄ / 25% H₂O) with 

effective radius ~0.426 µm (large, aged-volcanic-like particles). 

• They placed that same layer at three heights (their Fig. 1, around pages 3–4): 

o 100 hPa  (~16 km, 52K feet) 

o 70 hPa   (~19 km, 62K feet) 

o 37 hPa  (~22 km, 72K feet) 

• They diagnose effective radiative forcing (ERF) using prescribed-SST + slab-ocean simulations 

(two-point method), explicitly capturing fast adjustments (clouds, water vapor, temperature). 

Core result: higher altitude → more negative ERF → more cooling (even with the same aerosol mass) 

Their Table 1 (page 5) reports the ERF (two-point method) becomes more negative as the layer is 

higher: 

• ~−2.97 W/m² at 100 hPa (~16 km, 52K feet) 

• ~−3.62 W/m² at 70 hPa (~19 km, 62K feet) 

• ~−4.12 W/m² at 37 hPa  (~22 km, 72K feet) 

https://esd.copernicus.org/articles/10/885/2019/
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In the coupled (slab-ocean) equilibrium climate response, global-mean cooling (relative to 2×CO₂) is 

larger when the layer is higher (Fig. 4a, page 7): 

• ~−2.18 K (100 hPa) 

• ~−2.57 K (70 hPa) 

• ~−2.91 K (37 hPa) 

They also find precipitation decreases more as the aerosol layer is higher (Fig. 4b, page 7), consistent 

with SRM’s tendency to suppress global precipitation for a given temperature change. 

Why altitude matters here: “fast adjustments” change ERF (not just lifetime) 

Because they prescribed the aerosol and removed microphysics/transport, the only reason the forcing 

changes with height is radiative + fast-adjustment physics: 

1. Stratospheric heating depends on height (more sunlight available higher up). 

They show short-term heating-rate differences (discussion around page 9). 

2. Cold-point tropopause + stratospheric water vapor response is strongest when aerosols are 

near the tropopause. 

When the layer is low (100 hPa), warming near the tropical tropopause increases stratospheric 

H₂O substantially (they report a very large fractional increase; discussion around pages 9–10). 

That extra stratospheric H₂O causes: 

• more SW absorption (reducing the magnitude of negative SW forcing), and 

• more LW trapping (positive LW forcing), further offsetting the cooling. 

3. Cloud adjustments matter and also depend on height. 

They diagnose SW and LW forcing components (Fig. 3, page 6) and explain altitude sensitivity 

through changes in upper-tropospheric stability, high cloud reductions, and low-cloud 

responses. 

Additional points they emphasize 

• LW forcing is not negligible: they estimate LW forcing is ~13% of the SW magnitude in these 

cases (page 6 discussion). 

• Efficacy < 1: the same ERF from sulfate aerosols produces ~11–14% less global-mean 

temperature change than CO₂ forcing (Table 1, page 5). 

• Limitations (discussion near the end): no aerosol microphysics/transport/removal, no ozone 

chemistry, limited stratospheric dynamics (no QBO), slab-ocean (no deep-ocean transient 

response). 
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How this maps onto your Ax, Bx, Cx, Dx experiments  

Ax (forcing / radiative-closure experiments): altitude is a first-class control knob 

Relevant experiments: 

• A1a (PDF p.188): SO₂ into polar vortex, monitor days–weeks 

• A1d (PDF p.196): H₂SO₄ aerosol, monitor <1 day 

What Krishnamohan changes in your Ax logic: 

• Altitude affects forcing per unit aerosol even if you hold mass and size fixed, because ERF 

includes fast adjustments (H₂O + clouds + temperature). In real SAI, altitude also changes 

lifetime and microphysics—so altitude sensitivity is at least as important as you already think. 

• Your Ax “closure chain” should therefore explicitly include: 

o heating-rate / temperature structure in and below the aerosol layer, 

o cold-point tropopause temperature and stratospheric H₂O (especially if near 

tropopause), 

o cloud changes (especially high clouds) and their SW/LW effects, 

o not just AOD/SSA/size/mass. 

Practical Ax recommendation (very concrete): 

• Make “altitude sweep” a defined sub-experiment: do matched A1d-style releases at (as 

feasible) ~16/19/22 km or spanning “near tropopause” vs “well above tropopause,” and run 

radiative closure (SW+LW) plus H₂O + cloud diagnostics at each. 

Why? Because the paper’s main signal is exactly that near-tropopause injections can lose forcing 

efficiency due to stratospheric water vapor and cloud adjustments. 

Bx (cloud experiments): this paper is basically a warning that “cloud adjustment” is part of 

forcing 

Relevant experiment: 

• B5 (PDF p.247): cloud radiative closure, no injection 

Krishnamohan’s altitude effect is partly mediated by cloud adjustments (their Fig. 3, page 6). That’s a 

strong argument that your B-series closure capability is not optional “nice-to-have” if you want 

credible ERF estimates for SAI-relevant perturbations. 

Bx implication: 
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• B5-style closure tooling should be exportable to stratospheric-aerosol cases: you need to be 

able to say, with uncertainty bars, how much of the ERF difference across altitudes is coming 

from cloudy-sky SW/LW versus clear-sky (H₂O/temperature) terms. 

Cx (SAI process experiments): altitude must be tested as a mechanism, not assumed 

Relevant experiments: 

• C1 (PDF p.253): inject SO₂ (SAI) 

• C2 (PDF p.258): inject H₂SO₄ aerosol (SAI) 

• C3 (PDF p.265): alternative particles (SAI) 

Krishnamohan intentionally excluded microphysics and transport, yet still finds a large altitude 

dependence via ERF adjustments. In C-series (where you do care about microphysics/transport), this 

means: 

• Your C1/C2 designs should treat altitude as a primary dimension alongside material and 

injection strategy. 

• The “must-measure” set for each altitude includes the same trio: 

1. aerosol optics + (ideally) SAD/size 

2. heating-rate / temperature structure 

3. stratospheric H₂O and cloud responses 

Why C2 is especially useful here: 

Because C2 lets you control particle properties more directly, you can more cleanly attribute 

differences in ERF to altitude-driven adjustments rather than SO₂ oxidation timing. 

Dx (program architecture): you need D1 + D4 to turn “altitude sensitivity” into model 

constraints 

Relevant pieces: 

• D1 (PDF p.39): benchmark radiometry + multi-angle polarimetry 

• D4 (PDF p.46): model closure engine 

Krishnamohan’s message is that “forcing” depends on coupled adjustments; models can match TOA 

flux for the wrong reasons. Dx is the antidote: 

• D1 gives you stable, calibration-grade SW reflectance constraints needed to detect (and 

compare) altitude-dependent ERF in real conditions. 

• D4 is where you force simultaneous agreement across: 
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o aerosol optical properties, 

o heating-rate / temperature, 

o stratospheric H₂O, 

o cloud adjustments, 

o TOA and profile fluxes. 

That is exactly the closure approach needed to reduce uncertainty in “how much cooling per kg 

SO₂/H₂SO₄ at altitude X.” 

The clean “takeaway” for your experiment portfolio 

Krishnamohan (2019) says: altitude changes ERF not only because of aerosol lifetime, but because of 

fast atmospheric adjustments—especially stratospheric H₂O when heating is near the tropopause, 

and cloud responses. 

So if your goal is model improvement sufficient for deployment-relevant decisions, your Ax/Cx 

experiments should explicitly measure and close: 

• SW + LW forcing, 

• heating profiles, 

• stratospheric water vapor, and 

• cloud adjustments, as a function of altitude (not just material and mass). 

If you want, I can rewrite your A1a/A1d/C1/C2 “measurement packages” to include a dedicated 

Altitude Sensitivity Module (what instruments/flight legs/time lags are required to isolate the fast-

adjustment pathway highlighted in this paper). 

Altitude Sensitivity Module (ASM) — common core 

Below are updated “measurement packages” for A1a, A1d, C1, and C2 that add a dedicated Altitude 

Sensitivity Module (ASM)—i.e., the extra measurements + flight/measurement logic needed to isolate 

the altitude-driven fast-adjustment pathways highlighted by Krishnamohan (2019): heating-rate 

differences, cold-point/tropopause effects, stratospheric H₂O response, and cloud/radiative 

adjustments, in addition to the usual aerosol optics/microphysics closure. 

I’m writing these so you can drop them into your experiment definitions as an add-on section. 

ASM objective 
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Quantify how forcing efficiency and side-effect-relevant adjustments change when the sulfate layer is 

placed at different heights, even when the injected sulfur (and ideally initial size distribution) is held 

as constant as possible. 

ASM “altitude ladder” 

Use pressure levels (more portable than km): 

• ~100 hPa (near tropopause / lower stratosphere) 

• ~70 hPa (mid–lower stratosphere) 

• ~37–40 hPa (higher stratosphere) 

For polar work where the tropopause is lower and variable, define them as tropopause + Δz (e.g., +1 

km, +3 km, +6 km) and record the equivalent pressure. 

ASM must-measure variables (additions beyond standard optics closure) 

1. Heating / temperature structure 

• High-quality T(z) and stability profiles through and around the layer (repeatable) 

• Enough radiometry + aerosol optics to constrain Δheating(z) (even if indirect) 

2. Stratospheric water vapor & cold-point 

• High-accuracy H₂O (frost-point hygrometer class, or best available) 

• Explicit measurement of cold-point tropopause temperature and H₂O near entry levels 

3. Radiative closure with SW and LW separated 

• Above/below SW and LW flux legs (or stacked profiles) for each altitude case 

• Same solar geometry as much as possible (or correct via RT using measured state) 

4. Cloud screening + cloud-adjustment diagnostics 

• Lidar/IR cloud detection to screen contaminated scenes 

• Record any systematic changes in thin cirrus occurrence near/above the layer (fast adjustment 

pathway) 

ASM design rules (so altitude is identifiable) 

• Keep injected sulfur mass constant across altitude cases. 

• Keep time of day / solar zenith as consistent as practical. 
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• Use isotopic tagging (or other chemical tagging) and strict metadata so altitude cases don’t 

blur. 

• Always do a pre-injection background “stack” and a post-injection stack for each altitude 

case. 

ASM primary deliverables (what D4 can force models to match) 

For each altitude case: 

• ERF components: ΔSW, ΔLW, and net ΔF per injected sulfur (with uncertainty) 

• Aerosol vertical structure: layer base/top/thickness; extinction profile 

• Microphysics: size distribution evolution + SAD(z,t) 

• Thermo/H₂O: ΔT(z), ΔH₂O(z) near cold-point/entry levels 

• Consistency: RT model reproduces observed flux differences using measured inputs (closure) 

A1a Measurement Package + ASM (SO₂ into polar vortex; days–weeks) 

A1a already has the right “Lagrangian revisit” structure. The ASM turns it into a paired (or tripled) 

altitude experiment instead of a single-altitude demonstration. 

A1a ASM concept of ops (what changes) 

Injection design change 

Instead of one injection altitude, execute 3 tagged injections (same total sulfur per injection) at the 

altitude ladder: 

• Case L: near tropopause / ~100 hPa equivalent 

• Case M: ~70 hPa equivalent 

• Case H: ~37–40 hPa equivalent 

Keep them separable by: 

• time separation (e.g., different days) and 

• distinct isotopic tag ratios per altitude case 

Revisit cadence change 

For each case, repeat the same measurement pattern at plume ages: 

• Hours (initial dispersion + early chemistry context) 

• Days–weeks (conversion + growth + optical forcing maturity) 

• Optional longer tail (decay/settling trend) 

A1a ASM measurement additions 
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A1a already measures SO₂, aerosol size, optics, and flux. Add: 

1) Cold-point & H₂O stack (every revisit day) 

• Pre-revisit and post-revisit vertical profiles that cross: 

o below layer → through layer → above layer → up to cold-point region (as feasible) 

• Record: 

o T(z) 

o H₂O(z) (high accuracy) 

o O₃(z) (at least context) 

2) Heating constraint package 

• Ensure the above/below flux legs are paired with: 

o extinction profile (lidar/HSRL) 

o aerosol optical properties (AOD/SSA/g inputs) 

o atmospheric state (T/H₂O) 

Goal: compute or constrain Δheating(z) and how it differs across altitudes. 

3) Cloud-adjustment watch 

Even if plume-scale cloud changes are subtle, the ASM requires systematic logging of: 

• thin cirrus occurrence 

• any consistent changes in upper-tropospheric humidity/stability beneath the layer 

A1a ASM “success criteria” 

A1a becomes “ASM complete” if you can show, across the 3 altitude cases: 

• net forcing efficiency differs in a statistically defensible way (ΔSW/ΔLW components reported) 

• any ΔH₂O near entry levels is bounded (or detected) as a function of altitude 

• models cannot match the fluxes without matching layer height + H₂O + SAD evolution 

A1d Measurement Package + ASM (H₂SO₄–H₂O aerosol; < 1 day) 

A1d is ideal for altitude sensitivity because you can do same-day radiative closure with strict control 

of injected aerosol properties. 

A1d ASM concept of ops (what changes) 
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You already propose segmented plume logic (age-only or step-changed). Add an altitude-encoded 

block structure. 

Two workable variants: 

Variant A (cleanest): three separate short injections (one per altitude) 

• Run three “mini-A1d” releases at L/M/H altitudes (same mass flow, same droplet settings) 

• Do identical sampling/closure for each case 

Variant B (single flight “staircase”): altitude blocks within one continuous injection 

• 100-minute injection becomes three blocks at different altitudes 

• Requires stronger vertical separation and careful sampling to avoid mixing confusion 

A1d ASM measurement additions 

A1d already lists the core optical closure set (size distribution, AOD, SSA, g, lidar geometry, SW/LW 

flux differencing). Add: 

1) Mandatory H₂O + T profiles for each altitude case 

• Before injection at that altitude: one full stack profile 

• After injection: at least one full stack profile (same area/airmass where possible) 

2) LW emphasis 

Altitude sensitivity shows up strongly in LW fraction and in water vapor effects. 

So in A1d, make LW closure non-optional: 

• above/below LW flux measured with the same rigor as SW 

• report ΔLW/ΔSW ratio by altitude case 

3) Heating-rate constraint output 

Even if you can’t directly measure heating, you can constrain it by: 

• extinction profile + SSA/g + state → RT → inferred flux divergence 

• deliver Δ heating (z) with uncertainties, by altitude case 

A1d ASM “success criteria” 

For each altitude case (same injected aerosol properties): 

• closure works (predicted flux deltas match measured) 

• you can report: (ΔSW, ΔLW, net ΔF) per injected sulfur 
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• you can report bounds on ΔH₂O near the cold-point/entry region (even if “no detectable 

change,” that’s still a constraint) 

C1 Measurement Package + ASM (SO₂ SAI process; days–months) 

C1 already mentions “altitude/conditions” in the deliverables; the ASM makes altitude a designed 

axis, not an incidental one. 

C1 ASM concept of ops (what changes) 

1) Make C1 explicitly a 3-case altitude experiment 

Run L/M/H injection cases as above, with tagging to keep them separable. 

2) Tie altitude to the two key C1 unknowns 

C1’s two biggest altitude-sensitive uncertainties are: 

• SO₂ → H₂SO₄ conversion rate (and oxidant environment) 

• resulting aerosol growth pathway (size/SAD evolution) 

So the C1 ASM must enforce comparable measurement coverage across altitude cases during: 

• near-field (gas-dominated) 

• transition (aerosol emergence) 

• early mature aerosol (optics & heating emerge clearly) 

C1 ASM measurement additions 

C1’s existing “C1-grade” package is strong (SO₂ + aerosol size/SAD + composition + lidar structure + 

radiometry + modeling). Add: 

1) Conversion-rate + humidity/temperature context locked to altitude 

For each altitude case: 

• repeated sampling of SO₂ decay + aerosol appearance 

• paired with T/H₂O profiles through the layer and near cold-point 

2) Ozone-relevant chemistry context (minimum) 

C1 is where chemistry realism lives, so add at least: 

• O₃ profiles 

• NO₂/NOy context measurements if feasible 

• SAD(z,t) reported explicitly (not inferred loosely) 
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3) Heating constraint package (same as A1a/A1d) 

• flux differencing where feasible 

• lidar extinction profile + optics inputs to RT 

• deliver Δ heating (z) by altitude case 

C1 ASM “success criteria” 

For each altitude case: 

• SO₂ conversion curves with uncertainty 

• aerosol size distribution and SAD evolution that models must match 

• forcing/heating consistency: you can’t fit observed flux deltas without fitting altitude + H₂O + 

extinction structure 

C2 Measurement Package + ASM (H₂SO₄ aerosol SAI process; hours–months) 

C2 already calls out altitude sensitivity in its success criteria. The ASM turns that into a standardized 

deliverable and makes C2 the fastest path to pin down altitude-dependent forcing efficiency. 

C2 ASM concept of ops (what changes) 

Run the same injected aerosol population (or as close as possible) at L/M/H altitudes, then sample: 

• minutes–hours (equilibration + early coagulation) 

• hours–days (initial forcing/heating signals) 

• days–months (transport/decay; optional but valuable) 

C2 ASM measurement additions 

C2 already requires size/SAD, lidar structure, radiometry, T/H₂O/winds, and modeling. Add: 

1) Tight “early evolution” stacks by altitude 

For each altitude case: 

• at least two repeat stacks in the first few hours (captures rapid evolution) 

• one later stack (captures early drift) 

2) Explicit LW + heating products 

Deliver, for each altitude: 

• ΔSW, ΔLW, net ΔF 

• ΔLW/ΔSW ratio 
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• Δ heating (z) (bounded, not hand-waved) 

3) Ozone-risk context (minimum) 

Even small perturbations can constrain mechanisms if measured well. 

For each altitude case: 

• O₃ profiles + SAD 

• T/H₂O profiles (since HOx/H₂O pathways can be altitude-sensitive) 

C2 ASM “success criteria” 

C2 is ASM-complete if you can demonstrate: 

• the injected distribution’s drift toward/away from “efficient sizes” differs with altitude (or is 

constrained to be similar) 

• forcing efficiency differs by altitude at fixed injected aerosol settings 

• the heating/H₂O response is bounded and usable for model discrimination 

How Dx plugs in (so this isn’t just “nice data”) 

To make the ASM data actually reduce uncertainty: 

D1 (benchmark radiometry/polarimetry) 

• Treat SW/LW calibration drift as an experiment-killer; D1-grade radiometry makes altitude 

comparisons credible. 

D4 (model closure engine) 

• D4 should enforce a simultaneous fit across each altitude case: 

o extinction profile + AOD/SSA/g 

o size/SAD evolution 

o SW/LW flux deltas 

o T/H₂O structure (especially near cold-point region) 

If a model matches ΔF but misses H₂O or layer height, it fails. 
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Copy this Conversation to Microsoft Word (.docx) File 

User Prompt: Please copy the entire ChatGPT conversation into a Microsoft word document and let 

me download the .docx file. Do not change the text. Do not summarize the text. Instead, keep the text 

the same. Also, add a title to each user prompt and give that title style H1. Also, within each response, 

divide that up into several sections with a title that is of style H2. If you want more subsections, then 

give those a title with style H3 or H4. The H1, H2, H3, H4 titles will help with navigation into the file. 

Also, I want you to begin with the enclosed .docx file (“ms_word_template_file.docx”), which already 

has the H1, H2, H3, H4 styles set up in a way that I want. Also, prompt text uses style 

“User_Prompt_Text” and the word “User Prompt: ” appears before it with style 

“User_Prompt_Heading”. 

 

 

 

 

 

 


