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Abstract 

Commercial space operations are entering a regime where launch growth, reentry uncertainty, space weather, and airspace 
congestion behave as one coupled management problem rather than as separate concerns. This paper proposes the 
Commercial Space Operations Impact Environment, an analytic environment that links the Van Allen Beltinator, 
Clearance, and ReentryFlow to an FAA-facing operational transition pathway so that technical signals become decisions 
faster and with clearer grounds for trust. United States institutions already handle launch licensing, reentry licensing, 
aviation safety, air traffic management, space weather forecasting, orbital tracking, and space-domain awareness. The open 
question is how quickly, and how credibly, signals from those domains can be translated into decisions across institutional 
boundaries. Certified operational processes remain the baseline. The proposed environment would add traceable decision 
support, earlier awareness, confidence-banded scenarios, documented evidence lineage, analyst review records, and a 
disciplined route from research prototype to safety-sensitive and policy-sensitive support. A shared evidence layer holds 
source lineage, assumptions, confidence, and replayable decision records, so every forecast and recommendation can be 
interrogated rather than trusted on faith. The concept carries forward a governance lesson from the earlier Cislunar 
Crossroads work: speed without trust is dangerous, and trust without speed is operationally irrelevant [16, 17]. The paper 
sets out the scientific basis, a reference architecture, analytic methods, decision products, a validation strategy, and a staged 
operational transition plan. 
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Status: Draft concept paper for internal research, sponsor discussion, and prototype planning. 
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Executive Summary 

Commercial space operations face four pressures at once: launch growth, reentry that is uncontrolled or 
uncertain, space weather, and congestion in the national airspace. These pressures interact; they do not arrive 
one at a time. A solar event can change the risk profile for a low-altitude satellite deployment, and through its 
effect on upper-atmosphere density it can shift the timing of an uncontrolled reentry. A reentry event can force 
aviation decision makers to choose between a broad precautionary closure and a narrower intervention that 
evidence can support. A surge in launch demand can strain licensing and range coordination and complicate 
spaceport planning and airspace coordination, well before any launch is visible on an operational timeline. 
Decision capacity, in this environment, becomes as scarce as launch capacity. 

This paper proposes the Commercial Space Operations Impact Environment, an evidence-to-decision 
environment for the FAA and its partner communities. Three analytic layers sit over a shared evidence spine. 
The Van Allen Beltinator reads solar, radiation-belt, ionospheric, and thermospheric conditions and states them 
as mission and operations impact levels. Clearance estimates both planned launches and the cadence an operator 
can actually execute. ReentryFlow turns a reentry analysis into intervention options, and it attaches the 
downmass implications, the exposed airspace, and the avoided-cost narrative that a decision maker needs. 
Beneath them, the shared evidence layer keeps source lineage, assumptions, confidence, analyst annotations, 
and a replayable record of each decision, so a recommendation can be traced instead of trusted on faith. 

The environment is an analytic companion to work the FAA already leads. The FAA licenses U.S. commercial 
launches and reentries, including operations conducted abroad by U.S. commercial entities, and its commercial 
space transportation function works with industry to promote safety [1]. The FAA is also building space-data 
integration capabilities to sharpen situational awareness and airspace-management decisions for launch and 
reentry operations [2]. The proposed environment adds to that base. It brings environmental forcing, cadence 
capacity, and downmass economics; it also manages the evidence, runs the scenarios, and captures what each 
event teaches. 

Recent events show why this translation matters. The May 2024 Gannon geomagnetic storm disrupted drag 
prediction, station-keeping, and conjunction assessment across low Earth orbit [18]. The ESCAPADE delay 
likewise showed that elevated solar activity can change launch timelines before liftoff [19]. Together, these cases 
make environmental conditions a first-order operational variable across commercial space. 

These developments also expose an important limitation in current operational practice. Space-weather 
forecasts are inherently probabilistic, particularly for major geomagnetic storms whose timing and magnitude 
remain difficult to predict several days in advance. Decision makers therefore require more than deterministic 
forecasts. They require confidence estimates, evidence lineage, alternative scenarios, and continuous 
reassessment as new observations become available. The Commercial Space Operations Impact Environment 
is designed specifically to translate that evolving evidence into operational recommendations while preserving 
the assumptions and uncertainties behind every recommendation. 
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The near-term payoff is concrete. It gives earlier insight into launch cadence. It translates space weather into 
impact states for aviation, launch, satellite, and reentry operations. It converts reentry uncertainty into airspace 
exposure and avoided-cost estimates. And it leaves an auditable record behind every choice to act, wait, 
coordinate, or escalate. The longer-term contribution is larger: an evidence engine for United States stewardship 
of commercial space growth, one built to protect aviation safety, keep the national airspace efficient, and hold 
institutional credibility. 

Method and Assumptions 

This is a concept-of-operations draft. It follows an academic white-paper structure and keeps the citation 
markers, tables, and statistics that anchor its claims, along with the dates, durations, stage numbers, formula 
variables, and references. Two assumptions shape the design. The environment begins as a research prototype 
and has to earn trust before it takes on any operational support role. Its early models should stay interpretable, 
confidence-banded, and openly governed. The system carries the name Van Allen Beltinator throughout. 
Internal references stay in two forms, as citation markers where they support a specific claim and as reference 
entries where they belong to the evidence inventory, with bibliography normalization and a release-suitability 
review still to come. 

1. The Operating Problem 

The United States already runs mature institutional machinery for this domain. It licenses launches and reentries, 
safeguards aviation, manages air traffic, forecasts space weather, tracks objects on orbit, and maintains space-
domain awareness. The harder task is faster translation across the boundaries between those institutions and 
their technical languages. Space data usually arrives in orbital or heliophysical terms, yet an aviation user needs 
the consequence stated in operational ones: which communication paths, which navigation procedures, which 
sectors, routes, airports, and flight flows. A licensing manager needs a different view, into workload, staffing, 
review timing, airspace coordination, and the cross-agency bottlenecks that future launch demand will create. 
An economic analyst needs a third, the disruption avoided by tighter closures, faster updates, and better 
survivability estimates for reentering objects. 

The FAA licenses U.S. commercial launches and reentries, including operations conducted abroad by U.S. 
commercial entities, and its commercial space transportation function works with industry to promote safety 
[1]. The FAA is developing the Space Data Integrator to improve situational awareness and airspace-
management decision making for launch and reentry operations [2]. The proposed environment sits alongside 
these efforts as an analytic companion, translating upstream space signals into operational and economic 
decision support. 

Recent operational events illustrate why this translation problem is becoming increasingly urgent. During the 
May 2024 Gannon geomagnetic storm, thermospheric expansion dramatically increased atmospheric drag 
throughout low Earth orbit. Satellite operators responded with thousands of orbit-maintenance maneuvers 
over a period of only a few days, altering conjunction geometry across large portions of the orbital population. 
The resulting environment challenged conjunction assessment, orbital prediction, and collision screening 
because both the atmospheric forcing and the resulting satellite responses evolved more rapidly than traditional 
planning assumptions anticipated. The event demonstrated that operational tempo in commercial space is 
increasingly shaped by coupled interactions between the space environment, autonomous spacecraft behavior, 
and decision latency rather than by any one factor alone [18]. 

For launch, the decisive variable is visibility before the operational window opens. Environmental forcing has 
become one of those upstream drivers. Commercial launch decisions increasingly weigh space-weather 
conditions alongside vehicle readiness, range availability, licensing status, and airspace coordination. The delay 
of NASA's ESCAPADE Mars mission because of elevated solar activity illustrates that space weather can 
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influence mission timelines before a vehicle ever leaves the launch pad [19]. Such events reinforce the need for 
launch-cadence models that continuously integrate environmental intelligence with traditional programmatic, 
operational, and regulatory indicators. 

Pressure builds long before that window, and it builds from many directions at once: operator readiness and 
range availability, environmental approvals and supply-chain conditions, mission-program deadlines and 
congressional appropriations, infrastructure changes and return-to-flight decisions. A cadence forecast built 
only from late-stage activity misses managerial strain that is already forming. Clearance treats launch cadence 
as a question of executable capacity, not a calendar count. 

Reentry creates the same translation demand. Estimating where and when an object might come down is useful, 
but aviation decision support needs more than a footprint and a clock. It needs the uncertainty window and 
the time-sliced corridors, the likely surviving mass and the airspace it exposes, the density and importance of 
the traffic in that airspace, and the economic consequence of each intervention choice. ReentryFlow turns 
reentry physics into aviation and economic decision support. 

Space weather ties launch, satellite operations, and reentry into a single operational environment. A geomagnetic 
storm raises neutral density in the thermosphere, increasing drag on recently deployed spacecraft, operational 
constellations, rocket bodies, and naturally decaying debris. The resulting changes propagate outward through 
mission planning, orbit maintenance, conjunction assessment, launch-window evaluation, and ultimately 
uncontrolled reentry prediction. Simultaneously, solar radio bursts, ionospheric disturbances, and geomagnetic 
activity can degrade communications and navigation systems supporting aviation and launch operations. Rather 
than treating these effects as independent advisory products, an integrated operational environment should 
preserve their physical relationships and present decision makers with a coherent assessment of operational 
consequences. 

1.1 Integrated Environment Rationale 

A fragmented operating picture forces analysts to rebuild causal chains by hand. One team watches launch 
manifests while another watches reentry data and a third watches space-weather products, and the airspace, 
economic, and policy analyses run on their own separate tracks. An integrated environment shortens the interval 
between detecting a signal and understanding what it means for a decision. Automation earns its place only 
when it preserves evidence, exposes uncertainty, and hands human decision makers earlier options. 

Cislunar Crossroads supplies the relevant lesson. Seeing an object with a sensor is only the first step; before a 
conjunction window closes, operators also need a trust assessment, the supporting evidence, and a read on 
whether a response is even feasible [16]. Commercial space integration with the national airspace follows the 
same pattern at a different scale. Situational awareness earns its operational value at the moment it becomes 
actionable, trusted, and reviewable. 

1.2 End-State Questions 

The environment is built to answer five questions in sequence: 

1. What changed? Identify new launch signals, reentry updates, solar activity, satellite drag, airspace 
exposure, or economic estimates. 

2. Why does it matter? Name the mission, route, sector, operator, workload, service, or policy decision 
at stake. 

3. How confident are we? Assess source and model quality, data freshness, cross-source agreement, and 
analyst judgment. 
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4. What can be done? Monitor, brief, coordinate, issue an advisory, adjust a launch window, refine a 
closure, gather more data, or escalate. 

5. What does delay cost? Estimate lost lead time, wider closures, delay costs, workload stress, reduced 
safety margin, and missed policy windows. 

Keeping these five questions explicit keeps the environment pointed at decisions rather than displays. 

1.3 System Elements 

Four elements make up the environment: 

• Van Allen Beltinator — Reads solar, radiation-belt, ionospheric, and thermospheric conditions and 
translates them into impact levels for launch and reentry, communications and navigation, satellite drag, 
and aviation operations. 

• Clearance — Forecasts effective launch cadence and the managerial capacity required for licensing, 
coordination, and operational support. 

• ReentryFlow — Converts reentry analysis and downmass estimates into exposed airspace, 
intervention options, delay and reroute cost ranges, and an avoided-cost narrative. 

• Shared evidence spine — Preserves source lineage, assumptions, confidence, analyst annotations, 
and a replayable record of every decision. 

Together, the three analytic components operate over the shared evidence spine. 

2. Scientific Foundation 

The physical chain begins at the Sun and ends in operational consequences on Earth and in orbit. The Sun 
emits several things at once: electromagnetic radiation, plasma flows, energetic particles, and magnetic 
structures. Some solar flares raise X-ray and extreme ultraviolet output fast enough to affect the dayside 
ionosphere within minutes. Coronal mass ejections are eruptions of plasma and magnetic field. Depending on 
their speed, their geometry, and how they interact with the ambient solar wind, they can take many hours to 
several days to reach Earth. High-speed streams from coronal holes drive recurrent geomagnetic activity. Every 
one of these inputs meets Earth’s magnetosphere, ionosphere, thermosphere, and radiation belts. 

Operational products already exist for parts of this chain. The Space Weather Prediction Center issues public 
alerts, watches, and warnings for the severity levels of solar activity affecting the Earth environment [3]. It also 
runs WSA-Enlil, a physics-based heliospheric model that gives a one- to four-day warning of solar wind 
structures and Earth-directed coronal mass ejections capable of causing geomagnetic storms [4]. The Van Allen 
Beltinator does not replace any of this. It consumes these products, places them in context, and translates 
existing operational space-weather output into mission-specific impact states. 

The analytic chain runs in six layers. The solar-source layer estimates the probability and severity of flares, 
particle events, and coronal mass ejections. From there, the heliospheric-transfer layer judges whether and when 
ejecta or solar wind structures will reach Earth. Next, the magnetosphere and radiation-belt layer estimates 
geomagnetic forcing, particle fluxes, satellite charging risk, and orbit-environment stress. The ionosphere layer 
estimates radio propagation and navigation impacts; the thermosphere layer, neutral density and drag. Last, the 
operational layer turns all of these environmental effects into launch, reentry, satellite, aviation, and economic 
consequences. 

2.1 Ionosphere, Communications, and Navigation 

The ionosphere is a charged-particle region that extends roughly from the lower thermosphere into near-Earth 
space, and it doubles as an operating medium for radio, satellite communication, and satellite navigation. Space 
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weather can over-ionize the ionosphere, under-ionize it, or structure it rapidly. The effects show up as high-
frequency radio absorption, scintillation of satellite signals, group-delay errors in navigation systems, and 
changes in satellite communication link quality. For aviation, each of these carries weight. High-frequency radio 
remains important for oceanic and polar routes. Satellite communication and data links support flight 
operations outside dense terrestrial networks, while satellite navigation supports area navigation, surveillance, 
and precision approaches. 

The FAA Communication and Navigation Impact Assessment concept identifies the need to translate live 
space-weather conditions into operational impact states, in the vocabulary of nominal, advisory, degraded, and 
outage [14]. The D-Region Absorption Prediction model supports high-frequency radio degradation and 
blackout guidance for solar X-ray flux and solar energetic particle events [5]. Inside the integrated environment, 
both products serve as evidence inputs. What aviation users still need is the implication, spelled out route by 
route: for sectors and communication circuits, for oceanic tracks, for flight planning and contingency 
procedures. 

2.2 Thermosphere, Drag, and Orbital Decay 

The thermosphere is the upper atmospheric region where many low-Earth-orbit spacecraft feel drag. A 
geomagnetic storm deposits energy there, and that energy can raise upper-atmosphere temperature. Higher 
temperature expands atmospheric scale height, a larger scale height raises neutral density at orbital altitudes, 
and greater neutral density increases drag. In low orbits, a small change in drag can produce a large operational 
effect. 

Drag force scales with atmospheric density, the square of speed, the drag coefficient, and cross-sectional area: 

𝐹𝐹𝑑𝑑 = 0.5𝜌𝜌𝑣𝑣2𝐶𝐶𝑑𝑑𝐴𝐴 

where ρ is atmospheric density, v is velocity relative to the atmosphere, Cd is the drag coefficient, and A is the 
cross-sectional area. Drag acceleration follows from the force and the object’s mass: 

𝑎𝑎 =
𝐹𝐹𝑑𝑑
𝑚𝑚

 

The ballistic coefficient is: 

𝛽𝛽 =
𝑚𝑚
𝐶𝐶𝑑𝑑𝐴𝐴

 

The ballistic coefficient β expresses how susceptible an object is to drag. An object with a low ballistic 
coefficient carries relatively little mass or presents a large area, and either trait makes it more drag-sensitive. 
That distinction matters most for two cases: recently deployed satellites in very low initial orbits, and debris or 
rocket bodies close to natural decay. 

The coupling is not hypothetical. The SpaceX launch on 3 February 2022 deployed 49 Starlink satellites [8]. 
Within days, 38 of the 49 were lost [8]. The identified cause was enhanced neutral density tied to a geomagnetic 
storm [8]. The February 2022 Starlink case shows how much travels together: the launch-window decision, 
deployment altitude, ballistic coefficient, spacecraft posture, the orbit-raising sequence, and the space-weather 
state. Clearance carries that coupling into its executable launch-cadence estimates; ReentryFlow carries it into 
reentry time-window uncertainty. The Gannon storm extended the same coupling from a localized deployment 
loss to enterprise-scale drag and conjunction effects, as discussed in Section 1 [18]. 

The implications extend directly into the proposed Commercial Space Operations Impact Environment. The 
Beltinator should characterize both environmental severity and forecast confidence. Clearance should recognize 
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elevated drag conditions as launch-cadence constraints for low-altitude deployments. ReentryFlow should 
incorporate storm-driven changes in atmospheric density when evaluating decay timelines and uncertainty 
windows. Treating these processes within a unified evidence architecture enables consistent operational 
reasoning across multiple mission domains. 

2.3 Lead-Time Bands 

Lead time varies with the phenomenon, the observation point, and how mature the model is. Solar X-rays arrive 
at the speed of light, so they mainly support rapid detection and immediate radio-impact assessment. Planning 
across hours and days draws on other sources: coronagraph imagery, flare probabilities, active-region evolution, 
and coronal mass ejection modeling. Closer in, solar-wind monitors near the Sun-Earth L1 point can provide 
tens of minutes to roughly an hour of warning for imminent geoeffective solar-wind structures. The Space 
Weather Prediction Center describes the Advanced Composition Explorer as enabling up to one hour of 
advance warning for damaging space-weather events at Earth [6]. The Deep Space Climate Observatory keeps 
up real-time solar-wind monitoring, and NOAA calls DSCOVR monitoring critical to the accuracy and lead 
time of space-weather alerts and forecasts [7]. 

The Gannon case also shows why lead-time products must report confidence: forecasts underestimated the 
storm’s magnitude and duration even within one-day windows [18]. A shorter horizon does not eliminate 
operational uncertainty, so each lead-time product should pair predicted arrival time with explicit confidence, 
model pedigree, supporting observations, and a recommended reassessment interval. 

The integrated environment sorts this range into four lead-time bands. At the scale of days, the evidence is 
active-region evolution, coronal mass ejection forecasts, and mission schedules; that horizon supports launch-
window review, staffing, coordination, and airspace planning. Move into the hours-to-one-day band and the 
evidence shifts to solar-wind propagation models and ensemble arrival estimates, which drive watch posture, 
event briefings, and operator coordination. Tighter still, in the band of tens of minutes to about one hour, solar-
wind monitors near the Sun-Earth L1 point inform imminent geomagnetic storm response, satellite posture, 
and communications contingency. At the scale of minutes, the inputs are solar X-ray, proton, and radio-burst 
observations, and they support high-frequency radio advisories and immediate navigation and communication 
awareness. 

2.4 Radiation Belts and Mission Assurance 

The Van Allen radiation belts are regions of trapped energetic particles held by Earth’s magnetic field. Their 
intensity and spatial structure can change during geomagnetic storms. The operational concerns run from 
spacecraft charging and sensor noise to component degradation, single-event effects in electronics, and 
heightened spacecraft risk near stressed radiation regions. The Van Allen Beltinator maintains a mission-
assurance view that tracks particle fluxes and radiation-belt indicators. 

Radiation belts matter to an FAA-facing launch and reentry environment for two reasons. Survivability and 
post-deployment reliability bear on launch customers and spacecraft operators directly. And radiation and 
charging risk can lower confidence in spacecraft state data or communications during critical windows. 
Commercial activity beyond low Earth orbit will need an evidence architecture that grasps the radiation 
environment, communications delay, and autonomous response. 

Mission assurance increasingly extends beyond spacecraft survivability alone. Launch providers, commercial 
operators, insurers, and government agencies now evaluate radiation exposure, spacecraft health, and 
operational resilience as integrated mission-risk considerations. Recent commercial launch delays associated 
with elevated solar activity [19] illustrate that mission assurance decisions may begin well before launch and 
continue throughout deployment, orbit raising, operational service, and eventual disposal. For the Commercial 
Space Operations Impact Environment, mission assurance therefore becomes another operational decision 
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layer, linking environmental observations to launch readiness, spacecraft performance, and enterprise risk 
management. 

3. Integrated Concept of Operations 

The integrated concept of operations runs in four modes. Strategic planning takes the long view, months to 
years, weighing cadence, workforce, licensing, infrastructure, and budget together. Pre-event watch pulls the 
horizon in to days or hours. It fixes on launch windows, reentry monitoring, space-weather watch states, and 
airspace exposure. Shadow-support runs alongside live or live-style events, building evidence packages while 
existing authorities keep decision control. Post-event learning rebuilds the record: what was known, what 
changed, which recommendations went out, what actually happened, and which thresholds or assumptions 
need updating. 

Through the research and pilot phases the environment stays advisory. It issues no operational commands and 
directs no closures. It approves no launches and replaces no licensed decision authority. Its outputs are auditable 
decision support: impact forecasts, confidence notes, evidence links, scenario comparisons, and brief-ready 
language. Action stays the responsibility of human judgment. 

3.1 Van Allen Beltinator Operating Concept 

The Van Allen Beltinator provides the environmental forcing layer. It ingests public and partner space-weather 
data, sorts observations and models into physically meaningful domains, and converts the result into operational 
impact states. It complements national space-weather forecasting rather than replacing it. The Gannon case 
shows why a single environmental event must yield domain-specific impact assessments from a common 
evidence base [18]. The Beltinator preserves that common evidence while tailoring its outputs to each decision 
domain. Its operating question is straightforward: What does the current or forecast space environment mean 
for a specific launch or reentry, satellite operation or communication path, navigation service, sector, route, or 
decision window? 

The Beltinator Stress Index is domain-specific. Each score breaks into four parts: how likely the event is, how 
severe the consequence would be, how exposed the affected assets are, and how much the number can be 
trusted. The score has to be interrogable, so the source observations, model products, thresholds, assumptions, 
and confidence drivers all stay visible behind it. One primary product is an impact-state map that sorts domains 
as nominal, advisory, degraded, or outage. Nominal means operations sit within expected conditions. Advisory 
means elevated risk or workload is anticipated. Degraded means major impact is expected, with contingency 
action underway or under consideration. Outage means severe impact or service loss, expected or already 
observed. 

3.2 Clearance Operating Concept 

Clearance is the launch-cadence and managerial-capacity analytic tool. It forecasts two things: the number of 
launches, and the effective launch cadence, meaning the launches the system can realistically license, coordinate, 
and support. Planned cadence is not executable cadence. Executable cadence adjusts planned activity for the 
real frictions of the enterprise: licensing workload and range capacity, spaceport and operator readiness, 
environmental constraints, weather and space weather, the airspace coordination burden, and the compression 
that scrubs or recycles impose. 

Clearance answers the questions leadership actually asks about expected launch cadence over the next one, two, 
and five years. The same view shows what has changed since the last forecast and names the drivers, tying them 
to licensing workload, airspace coordination, spaceport readiness, and cross-agency planning, along with the 
economic and operational cost of acting earlier rather than later. The name Clearance frames the existing 
launch-cadence capacity blueprint under the integrated environment [13]. Space weather enters Clearance as 
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one of several operational constraint drivers rather than an isolated environmental variable. Elevated 
geomagnetic activity may alter launch risk assessments for low-altitude deployments, increase uncertainty 
surrounding early orbit-raising operations, or require additional mission coordination between launch providers, 
satellite operators, and regulatory authorities. Recent commercial launch delays associated with elevated solar 
activity [19] further demonstrate that launch cadence depends upon environmental readiness as much as vehicle 
readiness. Clearance therefore evaluates executable cadence as a dynamic interaction among technical, 
environmental, regulatory, and organizational constraints rather than as a simple count of scheduled launches. 

3.3 ReentryFlow Operating Concept 

ReentryFlow turns reentry analysis into aviation and economic decision support. It sits in the gap between 
orbital reentry analysis and airspace operations. Most reentry products stop at where and when an object might 
come down. ReentryFlow adds the next layer: what airspace could be affected, which interventions are available, 
how much traffic each choice would disrupt, and what economic losses better information could avoid. 
ReentryFlow materials define the problem as translation among reentry uncertainty, airspace intervention 
choices, and economic consequences [15]. 

Downmass is the portion of a reentering object likely to survive heating, breakup, and fragmentation in a 
hazard-relevant form. A prototype may lack full-fidelity destructive reentry physics, so the decision-support 
tool makes its assumptions explicit, keeps observed data separate from derived estimates, and presents ranges 
rather than false precision. Certification of a safety boundary stays outside the scope of the work. The goal is 
narrower: prioritize, compare interventions, and quantify what better analytics are worth. ReentryFlow 
produces three synchronized views. The orbital and reentry view holds the object, its time window, the corridor, 
and the uncertainty around it. The airspace and traffic view maps the affected regions, routes, sectors, flight-
density proxies, and exposure windows. The economic and decision view carries the closure strategies, 
estimated delay, reroute burden, fuel proxies, and avoidable cost. 

3.4 FAA Operational Transition Concept 

The transition moves in stages. Recent operational experience suggests that this staged approach is essential. 
Major geomagnetic storms, increasing launch frequency, expanding commercial constellations, and growing 
reentry activity create an environment in which decision-support tools must demonstrate both technical 
competence and institutional trust before supporting operational decisions. Shadow-mode operation provides 
the opportunity to evaluate usefulness, decision latency, analyst confidence, and evidence traceability without 
altering existing authorities. It begins with architecture lock, proceeds to a research prototype and an FAA-
facing pilot, then runs in shadow mode beside existing processes, and only later becomes a limited operational 
support service. That sequence matters because the environment touches safety-sensitive and policy-sensitive 
decisions. A prototype can move fast. An operational capability earns trust the slow way, through governance, 
validation, provenance, and analyst review. The FAA Space Data Integrator is an adjacent operational prototype 
that receives and distributes launch and reentry data for national airspace use [2]. Its purpose is to improve 
situational awareness and airspace-management decision making [2]. The proposed environment complements 
that capability, adding environmental forcing, cadence capacity, downmass economics, evidence management, 
scenario analysis, and post-event learning. 

4. Reference Architecture 

The reference architecture has six layers: data ingestion, normalization and provenance, analytic engines, 
decision products, human review, and learning. It should stay modular, so future models, data, and authorities 
can be added without a rebuild, and it should serve both prototype speed and operational hardening. The design 
must carry clean internal schemas, explicit assumptions, source-quality metadata, and analyst annotations, with 
role-based access added at a later stage and reproducible scenario runs throughout. Table 1 summarizes the six 
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layers and the principal functions assigned to each, providing a reader’s map from raw inputs to reviewed 
products and learning records. 

The controlling architectural choice is the evidence spine. Every displayed forecast, score, map, and 
recommendation traces back to source records, model versions, thresholds, assumptions, and analyst actions. 
The evidence spine connects directly to Cislunar Crossroads. In cislunar operations, a conjunction alert earns 
trust only when evidence provenance travels with it. In FAA-facing commercial space operations, an airspace 
or launch-impact recommendation needs the same provenance to meet operational scrutiny [16]. 

Table 1. Reference Architecture Layers and Functions 

Layer Items 
Data sources NOAA space weather products; NASA model services; solar wind monitors; launch and 

reentry feeds; airspace data; flight-density data; analyst inputs. 
Normalization and 
provenance 

Source registry; event normalization; time-series store; geospatial store; model registry; 
assumptions register; evidence graph. 

Analytic engines Van Allen Beltinator; Clearance; ReentryFlow; national airspace impact translation; 
economic scenario engine. 

Decision products Executive summary; analyst workbench; launch-window impact card; reentry airspace-
economic report; space-weather aviation advisory; replay report. 

Human review and 
governance 

Analyst validation; uncertainty notes; red-team review; audit logs; model-risk controls; 
sponsor-approved dissemination. 

Learning loop Post-event reconstruction; threshold calibration; false-positive and false-negative review; 
updated assumptions; replay archive. 

4.1 Data Ingestion Layer 

Initial ingestion starts with public sources and whatever partner feeds are available. The space-weather source 
classes span several product families. SWPC alerts, watches, and warnings sit alongside WSA-Enlil outputs and 
solar wind observations. High-frequency absorption products, solar X-ray flux, and proton flux come in next 
to geomagnetic indices and radiation environment products. The NASA Community Coordinated Modeling 
Center is best treated as a modeling environment and a research-to-operations bridge, because it supports 
research and development for next-generation space science and space-weather models [11]. Additional 
environmental intelligence should include operational reports documenting significant space-weather impacts 
on commercial missions. Such events provide valuable validation datasets because they link environmental 
observations with actual operational decisions, including launch delays, satellite maneuver campaigns, 
communication disruptions, and navigation degradations. Incorporating operational case studies alongside 
scientific observations strengthens replay, validation, and model calibration activities. 

The reentry source classes start with European Union Space Surveillance and Tracking services. EU SST 
provides services that assess collision risk, uncontrolled reentry risk, and fragmentation events [9]. The 
European Union Agency for the Space Programme describes re-entry analysis as a service that assesses 
uncontrolled reentry risk and generates related information [10]. On the ingestion side, the prototype takes 
portal reports, application programming interfaces where available, geospatial products, tabular products, and 
manual analyst uploads, and it treats format variation as a normal condition rather than an exception. 

The launch-cadence and capacity source classes reach further upstream. They include public licensing and 
permit activity, launch manifests, operator schedule changes, and mission announcements, along with range 
and spaceport information, environmental review milestones, return-to-flight events, procurement milestones, 
and other upstream signals. Those upstream signals can be noisy, and they can arrive well before any formal 
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operational coordination event, so the architecture treats each one as evidence that carries an explicit confidence 
level. 

4.2 Normalization, Provenance, and Common Data Model 

Normalization turns diverse feeds into a common model. A launch signal, a reentry update, a solar-wind shock, 
an ionospheric absorption map, an analyst note: each becomes a structured object. Every object carries required 
metadata, namely source, timestamp, confidence, and transformation history. Cross-domain reasoning 
preserves the original evidence rather than flattening it, so a user can get a direct answer to a provenance 
question: which source provided an observation, when it was observed, how it was transformed, which model 
used it, and which recommendation it supports. The minimum provenance fields cluster into a few groups. 
Identity comes first, with source identifier and source type. Timing follows, with collection time, publication 
time, and ingestion time. The handling record carries the rest: access rights, parser version, source confidence, 
freshness score, transformation history, model version, analyst review status, and release suitability. Release 
suitability matters because the environment may draw on public data, internal research, controlled sponsor data, 
and sensitive operational inputs at the same time. Table 2 identifies the minimum canonical objects and the 
decision-support purpose of each. 

Table 2. Canonical Objects and Purposes 

Canonical object Purpose 
SpaceWeatherEvent Solar flare; coronal mass ejection; solar energetic particle event; geomagnetic storm; 

ionospheric disturbance; radiation-belt stress; thermospheric density anomaly. 
LaunchWindow Planned or candidate launch period with vehicle, site, operator, mission, airspace 

coordination status, and environmental constraints. 
ReentryEvent Monitored reentry object with predicted time, uncertainty window, corridor geometry, object 

class, and update history. 
ImpactState Nominal, advisory, degraded, or outage state for communications, navigation, launch, 

satellite drag, reentry, or airspace. 
EconomicScenario Intervention strategy comparison by closure area, closure duration, exposed flights, delay, 

reroute, direct cost, network cost, and avoided cost. 
EvidenceChain Traceable chain from source record to model output to recommendation to analyst 

disposition. 

4.3 Analytic Engine Layer 

The analytic engine layer starts simple, by design. Transparent rules come first, then interpretable scoring, light 
probabilistic overlays, and confidence bands a reader can actually see. The system can mature later toward 
advanced machine learning or physics-based modeling, yet the first operationally credible prototype has to stay 
explainable. A user should be able to see why a score changed and which assumptions drove it. Each engine 
has a job. The Van Allen Beltinator engine computes domain-specific space-environment impacts. The 
Clearance engine works out executable launch cadence, workload, and coordination pressure. The ReentryFlow 
engine produces time-sliced reentry exposure, hazard severity, intervention strategies, and economic effects. A 
shared translation engine then converts these outputs into operational impact states for managers, analysts, and 
operators. 

4.4 User Interface Layer 

The user interface organizes around four workspaces. The executive command view shows current posture, 
the major changes, the top risks, and the decisions worth watching. The analyst workbench holds the source 
records, model drivers, assumptions, confidence notes, and annotations. The operations watch view shows 
impact states by domain and geography, each paired with a recommended monitoring or coordination action. 
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The replay and validation theater reconstructs historical and synthetic events for learning, threshold calibration, 
and sponsor review. Visualization earns its place only by supporting a decision. Every panel answers a user 
question and exposes its evidence, and a chart passes design review only when it carries decision relevance or 
action support. 

5. Analytic Methods and Models 

First-generation analytic methods should stay simple, with assumptions that remain visible, editable, and open 
to replacement later. The point is model discipline, not mathematical permanence. As the evidence base matures, 
the architecture can absorb improved physics, stronger statistical methods, and sponsor-approved operational 
thresholds. The model family separates five functions: observation, normalization into common objects, 
derivation of domain scores, translation into impact states, and connection to decisions and economic 
consequences. Keeping those functions distinct lets analysts separate raw data from model output, judgment, 
and recommendation. 

5.1 Beltinator Stress Index 

The Beltinator Stress Index works as a set of domain scores, not one universal number. A solar-source score 
can climb while aviation effects stay low. A thermospheric drag score can climb while communications stay 
nominal. A radiation-belt score can matter to a spacecraft and mean little for a given airspace route. 
Decomposition across domain and time horizon is built into the model, not a presentation choice. For each 
domain, the prototype uses a transparent multiplicative form: 

 

Domain Stress Score
= Event Probability × Consequence Severity × Asset Exposure × Confidence Adjustment 

The confidence adjustment disciplines the score operationally: a poorly observed or weakly calibrated estimate 
carries less weight in the decision products. Each output needs two paired fields, a zero to one hundred score 
and an associated state of nominal, advisory, degraded, or outage. Thresholds stay configurable, and replay 
validation checks whether each one maps historical events onto a defensible operational state. 

Six domain scores make up the index. The solar-source score tracks active-region, flare, coronal mass ejection, 
and particle-event likelihood; it drives watch planning, model-run triggers, and leadership notes. Expected 
arrival time and its uncertainty for solar-wind structures set the heliospheric-transfer score, which shapes 
coordination lead time, shift briefs, and scenario updates. The magnetosphere and radiation-belt score reads 
geomagnetic storm state, particle fluxes, and spacecraft charging risk to inform spacecraft posture, mission 
assurance, and satellite health attention. High-frequency absorption, total electron content gradients, and 
scintillation drive the ionosphere score, which feeds communication, navigation, flight planning, and 
contingency guidance. The drag score comes from thermospheric density and low-orbit drag susceptibility, and 
it supports launch-window exposure analysis, orbit-raise planning, and reentry uncertainty modification. Last is 
the operational score. It captures the combined effect on a specific launch, reentry, route, sector, or mission, 
and it drives decision-product generation and the escalation state. 

5.2 Launch Cadence and Managerial Capacity Model 

Clearance needs a cadence model that respects workload. Missions arrive as a stream, and the management 
system holds only finite review, coordination, and operational support capacity. When arrival pressure runs past 
that capacity, backlog, rework, and coordination stress all climb. The prototype can lean on queueing logic, 
scenario sliders, and interpretable driver weights, and it stays clear of an econometric model that would claim 
more precision than the evidence supports. 
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The baseline cadence forecast starts from operator, vehicle, launch site, mission class, and time horizon. A 
leading-indicator layer then adjusts it, reading procurement milestones, infrastructure upgrades, environmental 
delays, mishaps, return-to-flight actions, range outages, policy changes, budget movements, and space-weather 
constraints. Its output belongs in confidence-banded windows, not in a single deterministic schedule. 
Managerial capacity then converts launches and reentries into licensing workload, policy workload, safety-
analysis workload, airspace coordination workload, range coordination workload, and leadership attention. 
Routine cases and complex ones are not the same. A high-cadence period around familiar vehicles and stable 
sites can be easier to execute than a lower-cadence period around new vehicles, new sites, experimental mission 
profiles, and reentry operations. 

Effective Executable Cadence
= Planned Cadence − Constraints + Confirmed Capacity Gains − Disruption Penalties 

Managerial Load Ratio =
Expected Workload

Available Review and Coordination Capacity
 

5.3 Reentry Hazard and Downmass Model 

ReentryFlow treats reentry as a time-sliced traveling hazard corridor instead of a single static polygon. Each 
time slice carries a predicted ground track or corridor, a time uncertainty, a likelihood weight, an object or 
debris severity estimate, and an airspace exposure estimate. The representation lets analysts weigh a full-window 
closure against narrower closures that shrink dynamically as time and geometry sharpen. 

The prototype hazard severity score combines six variables: spatial uncertainty, temporal uncertainty, a 
surviving-mass proxy, a debris-footprint proxy, traffic density, and airspace criticality. The score works as a 
prioritization and scenario-comparison tool, not a certified safety metric. Every assumption stays labeled, and 
the architecture holds open the option to drop in a stronger destructive reentry analysis once sponsor-approved 
methods exist. When downmass variables are available, they cover object class, material, mass, cross-section, 
breakup altitude, thermal survivability, and fragmentation behavior. When they are not, the prototype falls back 
on transparent proxies: object type, mass class, historical object-class behavior, and expert-configured severity 
tiers. Each proxy is marked as a proxy. 

Hazard Severity
= 𝑓𝑓(spatial uncertainty,temporal uncertainty,surviving mass proxy,debris footprint proxy,traffic density,airspace criticality) 

5.4 Airspace Exposure and Economic Impact Model 

The economic model is comparative. It sets strategies against one another under explicit assumptions and leaves 
the exact cost of a future event outside the claim. A first-pass version estimates affected flights, primary delay 
minutes, reroute nautical miles, an additional fuel proxy, a crew and aircraft utilization proxy, a passenger 
disruption proxy, and a network multiplier, then presents the output as a range. The core metric is avoided cost 
relative to a conservative baseline: 

Avoided Cost𝑠𝑠 = CostConservative Baseline − Cost𝑠𝑠 

where s is the intervention strategy being compared. Better information shows up as fewer flights affected, less 
reroute burden, lower delay, and reduced knock-on disruption, as long as improved downmass estimates and 
corridor updates shrink the closure area or duration without eroding safety margin. The model also weighs non-
economic consequences. A narrow closure built on weak evidence can fall outside the accepted safety posture 
even when it costs less, while a broad closure can be the right fit for a severe, high-uncertainty event. Cost, 
uncertainty, confidence, and safety posture appear together. 
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The model compares five closure strategies. A full-window broad closure offers maximum conservatism at the 
largest economic burden; it fits severe uncertainty, high downmass, and sparse updates. A high-risk segment 
closure lowers the burden but leans on better corridor confidence, so it fits moderate to high confidence in 
where spatial risk concentrates. A time-sliced rolling closure adapts to the updated reentry window and works 
best with frequent updates and reliable geometry. An advisory-only posture creates the least direct disruption 
and leans most on monitoring, a fit for low severity or very low exposure. A threshold-triggered closure balances 
lead time against evidence and matches cases with clear triggers and a reliable watch process. 

5.5 Evidence, Confidence, and Uncertainty 

Every model output carries two kinds of uncertainty. Scientific uncertainty comes from the limits of 
observations, model physics, forecast timing, state estimation, and parameter knowledge. Operational 
uncertainty comes from translating that into an affected mission, route, sector, workload, or economic outcome. 
Take a solar-wind arrival forecast: it can be uncertain by hours, and what that uncertainty means operationally 
depends on whether a launch, reentry, route structure, or communication service sits in the affected window. 
Confidence draws on source quality, data freshness, agreement across independent sources, model history, 
scenario sensitivity, and analyst review status. Output stays bounded by input quality. The system turns 
uncertainty into something usable by naming the decision variable: what would change a decision, what data 
would shrink the uncertainty, and when the next update matters. 

6. Decision Products and User Workflows 

The environment serves four user communities, and each one carries a different decision burden. Leadership 
needs a concise posture view that drops straight into a briefing. Analysts need source detail, model drivers, 
assumptions, confidence, and room to annotate. Operations-facing users need plain impact states, expected 
onset and duration, affected geography, and coordination actions. Economic and policy analysts need scenario 
comparisons and defensible value statements. 

6.1 Daily Commercial Space Operations Impact Summary 

The daily summary leads with the operating posture. It then reports the launch cadence outlook, active or 
upcoming launch-window risks, reentry watch items, space-weather impact states, communication and 
navigation effects, the major changes since the prior report, analyst confidence, and recommended coordination 
actions. Every material claim carries a link back to its evidence. If the environment is nominal, the summary 
says so plainly. If launch workload compression is the principal risk, the product separates it from solar activity. 
When elevated solar conditions raise low-altitude deployment risk yet leave aviation communications 
unchanged, the summary keeps those effects apart instead of blending them into a generic alert. 

6.2 Launch-Window Environmental Impact Card 

The launch-window environmental impact card pulls together vehicle, site, mission, launch window, 
environmental constraints, communication and navigation risk, low-orbit drag risk, post-deployment orbit-
raising considerations, confidence, and recommended watch posture. It keeps observed facts, forecast facts, 
derived facts, and analyst assumptions distinct. On low-altitude deployments, it also carries a thermospheric 
drag view and a sensitivity read against geomagnetic storm scenarios. 

6.3 Reentry Airspace-Economic Scenario Report 

The report identifies the object, the predicted reentry window, the corridor, the uncertainty trend, downmass 
severity, affected airspace regions, exposed flight flows, closure strategies, delay and reroute estimates, a direct 
cost range, a network cost range, avoided cost relative to a conservative baseline, and confidence notes. Two 
readers use it, the technical analyst and the executive reviewer, so the decision trade should read clearly without 
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a background in orbital mechanics. A strong report stress-tests the event under several assumptions. What 
happens to closure duration if the uncertainty window shrinks by half? Which closure strategy still holds if 
downmass severity comes in lower? It also asks what economic burden follows if reentry falls over oceanic 
airspace at peak traffic time, and what added airspace needs protection when updates arrive late. Those 
counterfactuals make the value of better data concrete. 

6.4 Space-Weather Aviation Impact Advisory 

The advisory leads with operational language and keeps the science available behind it. It reports the affected 
service, geography, expected onset, expected duration, impact state, confidence, recommended action, and 
source trace. Typical advisory types cover high-frequency radio effects over a sunlit oceanic region, satellite-
navigation degradation where ionospheric scintillation is severe, and satellite-communication effects driven by 
solar radio-burst geometry. The front-line product should tell operators what to expect, not ask them to 
translate heliophysics. 

6.5 Replay and Validation Report 

Post-event reconstruction ranks as a first-class product. A replay report rebuilds the event timeline, source 
inputs, model outputs, analyst annotations, recommendations, actual outcomes, false positives, false negatives, 
and threshold adjustments. Replay builds trust, creates a corpus for future model improvement, and shows 
sponsors that the system learns from the events it observes. 

7. Validation Strategy 

Validation begins with historical replay. A replayed case asks whether the system would have produced earlier, 
clearer, or more useful decision support than manual review. It also surfaces the weak assumptions before they 
reach operational use. The initial replay library covers at least five event classes: a low-orbit drag case, an extreme 
geomagnetic storm, an uncontrolled reentry, a high-cadence launch cluster scenario, and a cislunar conjunction 
demo. Table 3 maps each replay case to the capability it is intended to test. 

The February 2022 Starlink loss is the low-orbit drag case. It tests whether the Beltinator drag score and the 
launch-window impact card would have flagged the low deployment altitude, the elevated density, the orbit-
raising vulnerability, and the operator action window. The May 2024 G5 storm is the extreme, multi-domain 
case; it tests impact states for communications, navigation, satellite drag, geomagnetic stress, and executive 
posture [12, 18]. Uncontrolled reentry tests ReentryFlow. EU SST provides reentry analysis and has recognized 
the need to tailor its service to aviation users [9, 10]. Reentry replay asks whether time-sliced corridors, 
downmass severity, and airspace exposure would reduce unnecessary intervention or clarify the value of broader 
precaution. A synthetic launch-cluster case stresses Clearance under high arrival pressure, constrained airspace 
coordination, weather seasonality, and a space-weather overlay. A cislunar conjunction demo tests provenance, 
human-supervised autonomy, and decision latency under disrupted communications [16]. 

Table 3. Initial Replay and Validation Cases 

Case What it tests Primary system function 
Starlink February 
2022 

Low-orbit drag and post-deployment 
loss. 

Drag score; launch-window card; low-altitude 
deployment sensitivity. 

May 2024 G5 storm Extreme geomagnetic and multi-
domain space-weather impacts. 

Impact-state translation; communications and 
navigation advisories; executive posture. 

Uncontrolled 
reentry case 

Time and corridor uncertainty with 
aviation exposure. 

Downmass severity; rolling closure; avoided-cost 
estimate. 

Synthetic launch 
cluster 

Managerial capacity and airspace 
coordination stress. 

Executable cadence; workload ratio; scenario 
planning. 
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Cislunar 
conjunction demo 

Trust, evidence, decision latency, and 
communications disruption. 

Provenance spine; human-supervised autonomy; 
audit-ready decision record. 

7.1 Performance Measures 

The prototype is judged by decision-support performance, not model metrics alone. Several decision-support 
measures matter most: the lead time an analyst gains before a material decision, the reduction in manual 
synthesis time, the share of forecast changes that carry traceable evidence, and the number of scenarios the 
system generates. Four more round out the picture: analyst confidence in source lineage, the ability to explain 
false positives and false negatives, the stability of economic ranges, and user-rated actionability of the decision 
products. Model-level scoring sits underneath. Space-weather models are checked against arrival-time error, 
event hit and miss rates, false alarms, forecast confidence calibration, and domain-specific impact accuracy. 
Reentry work is scored on time-window evolution, corridor uncertainty, intersection accuracy, exposure 
sensitivity, and scenario stability. Cadence models come down to three: forecast drift, driver attribution quality, 
and workload prediction usefulness. 

7.2 Synthetic Scenario Injection 

Synthetic scenario injection matters because extreme events are rare, and waiting for real ones slows learning. 
The test environment manufactures its own stress: solar storms and radio blackouts, reentry updates and 
launch-cluster pressure, then the harder cases of missing data, degraded data, contradictory sources, and cyber-
confidence overlays. The FAA Communication and Navigation Impact Assessment concept already uses 
synthetic scenario injection to test procedures without waiting for real solar events [14]. The integrated 
environment carries that logic further, into launch cadence, reentry economics, and operational transition. 

8. Operational Transition Pathway 

The prototype moves into operational support through deliberate stages, each with its own exit criteria. A 
polished interface is not readiness. Trust is earned elsewhere: in data governance, model validation, human 
review, and demonstrated utility. Table 4 summarizes the staged pathway; durations are indicative, and 
advancement depends on meeting exit criteria. 

Table 4. Operational Transition Stages 

Stage Purpose Indicative 
duration 

0. Architecture lock Define concept, source registry, ontology, assumptions register, and 
validation plan. 

30-45 days 

1. Research prototype Build event-to-impact vertical slice for space weather, launch 
capacity, and reentry economics. 

3-6 months 

2. FAA-facing pilot Add analyst workflow, evidence packages, replay theater, and 
sponsor review. 

6-12 months 

3. Shadow-mode 
evaluation 

Run beside existing processes without decision authority; measure 
lead time and usefulness. 

12-24 months 

4. Limited operational 
support 

Introduce selected advisory and briefing products after validation 
and governance approval. 

24+ months 

8.1 Governance Requirements 

Governance rests on eight instruments: a source-control policy, a data-rights policy, a model-risk plan, an 
assumptions register, a release-review process, an analyst validation queue, a cybersecurity boundary, and a 
decision-authority map. That last one draws the lines that matter. It separates a tool recommendation from an 
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analyst annotation, a manager approval, an operational-process use, and the actions that fall outside tool 
authority altogether. Model risk gets attention from the start. False precision is the sharpest of these risks, 
because a clean interface can make a weak assumption look authoritative. The countermeasures are plain: visible 
uncertainty, explicit assumptions, ranges where they fit, and an evidence chain behind every material output. 

8.2 Security and Data Boundaries 

The environment may eventually combine public data, internal research products, controlled sponsor data, and 
operational feeds. Those boundaries need design before any sensitive data enters the system. Each source 
record carries its own access rights, citation eligibility, public-release suitability, and retention rules, and analyst 
reports honor the permitted boundary modes. A public-facing example omits internal source details. An internal 
sponsor briefing keeps provenance available for review while protecting credentials, secrets, and restricted data. 

8.3 Human-Supervised Autonomy 

Artificial intelligence and automation accelerate synthesis; they do not bypass accountability. In the near term, 
automation can do the mechanical work: extract events, classify source types, normalize entities, summarize 
changes, draft brief language, and suggest scenario comparisons. Human analysts still validate the high-impact 
inferences, mark the uncertainty, and approve dissemination. Low-risk functions may become default 
automated products over time. Safety-sensitive recommendations stay under human supervision unless a future 
certification and governance process allows otherwise. 

9. Dovetail with Cislunar Crossroads 

Cislunar Crossroads is the conceptual bridge from space traffic awareness to trusted decision support. What 
carries over is not a graphic, an interface pattern, or a display convention. It is the treatment of decision latency 
and data trust as operational variables. The provenance-aware enhancement to cislunar sensing and alerting 
reframes traffic management as a trusted decision-latency problem rather than only a trajectory calculation 
problem [16]. Commercial space integration with the national airspace needs the same pattern at terrestrial 
tempo. 

Stressors define the cislunar case: communications delay, lunar occultation, sparse sensing, multi-body 
dynamics, diverse operators, and uncertain data pedigree. Those conditions expose the limits of centralized, 
ground-only workflows. A provenance-aware, edge-enabled architecture answers them by preserving evidence 
chains, validating data pedigree, computing trust scores, and screening locally before Earth-based review [16]. 
The FAA-facing case runs over shorter distances but across wider institutional boundaries. Six roles need one 
shared evidence-to-decision chain they can interrogate: space-weather forecasters, launch operators, reentry 
analysts, air traffic managers, economic analysts, and policy leaders. 

The dovetail rests on three points. First, situational awareness has limited value until it becomes trusted and 
actionable. Second, decision latency is a strategic variable, not a back-office metric. Third, provenance, evidence, 
and human-supervised autonomy form the bridge between speed and accountability. Cislunar Crossroads looks 
outward to the emerging cislunar economy; this white paper applies the same logic to Earth’s launch, reentry, 
and aviation integration problem. 

9.1 Cislunar Design Patterns Reused 

Several design patterns carry over directly from Cislunar Crossroads. Provenance-aware alerts mean every 
warning or recommendation travels with its full lineage: source pedigree, model path, assumptions, and review 
status. An object-story timeline gives every launch vehicle, reentry object, spacecraft, and evidence product a 
lifecycle and a decision history. Trust scoring lets confidence track source quality, data freshness, cross-source 
agreement, model integrity, and analyst review. A store-and-forward mindset keeps critical metadata bound to 
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the data as it crosses discontinuous networks, organizations, and systems. Human-supervised autonomy lets 
automation accelerate screening and synthesis while humans keep judgment and authority over sensitive 
decisions. A post-event audit record turns each event into a learning artifact for validation, governance, and 
policy development. 

9.2 Positioning Within the Research Arc 

This paper is the terrestrial and near-Earth companion to Cislunar Crossroads. Where Cislunar Crossroads 
explains why trusted, faster, and more governable decision architectures matter as activity moves toward the 
Moon, this paper brings that architecture back to the boundary between commercial space and the national 
airspace. Together the two define a research arc around trusted decision architecture for the space economy. 
Commercial launch, reentry, and aviation impact is the first application. Later extensions reach into cislunar 
traffic management, logistics, communications, and autonomous operations. 

10. Roadmap and Closing Argument 

The near-term build is best scoped as a credible vertical slice, not a maximal platform. Version one does the 
core loop end to end: it ingests representative space-weather inputs, generates domain impact states, and 
connects a space-weather drag modifier to one launch-window case and one reentry case. From there it 
computes airspace exposure for a time-sliced corridor, compares intervention strategies, and produces an 
evidence-backed report, with a replay case and an assumptions register included from the outset. Version two 
adds a source review queue, a scenario lab, an executive brief generator, and a broader replay library. Version 
three layers on an operational shadow mode, richer geospatial analytics, refined economic coefficients, more 
realistic workload modeling, and sponsor-approved data connections. Version four hardens data boundaries, 
security, governance, and model validation for limited operational support. 

The recent operational environment suggests that this capability is becoming increasingly urgent. Commercial 
launch frequency continues to accelerate, low Earth orbit constellations continue to expand, atmospheric 
reentries continue to increase, and severe space-weather events continue to demonstrate enterprise-wide 
operational consequences. Each of these developments independently challenges existing operational practices; 
together they reinforce the need for integrated evidence-to-decision environments capable of supporting 
multiple agencies, commercial operators, and aviation stakeholders simultaneously. 

10.1 Ongoing Collaboration and Future Work 

An immediate collaboration pathway is now defined by the August 6, 2026 NASA Langley Air Traffic 
Operations Laboratory (ATOL) manuscript, “Enabling the Emerging Downmass Industry Through Effective 
Airspace Modeling.” The study combines POST2 Monte Carlo reentry trajectories and dispersion polygons, 
FAA System Wide Information Management traffic data, high-resolution wind data, the Airspace and Traffic 
Operations Simulation, Langley Flyer aircraft models, and the Autonomous Operations Planner to evaluate 
two controlled-reentry trajectories, two- and six-polygon vertically segmented Air Traffic Hazard Area 
configurations, and seven representative traffic periods. Across 168 simulation runs, the planner prevented 
approximately 89.9 percent of modeled hazard-area penetrations. The study also documented traffic 
redistribution, secondary conflicts following reroutes, and limitations that must be resolved before drawing 
broader conclusions about cadence, regulation, or economics. ReentryFlow can carry these event-level 
trajectory, hazard-volume, affected-flight, reroute, and secondary-conflict outputs into intervention and 
economic-impact analysis. Clearance can place validated per-event airspace burdens into longer-range launch 
and reentry cadence, authorization, and managerial-capacity scenarios. Future work should define a live ATOL 
export interface, reconcile metric definitions, preserve secondary-conflict lineage, add human-in-the-loop 
comparisons, and test the integrated chain with FAA and operator stakeholders. This collaboration connects 
NASA’s airspace-modeling workflow to MITRE’s capacity and impact-assessment concept [20]. 
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The central argument is one of operational stewardship. Commercial space transportation has entered an era 
in which launch cadence, space-weather variability, orbital congestion, atmospheric reentry, and aviation 
operations interact continuously rather than independently. Institutions responsible for public safety must 
therefore reason across disciplines at the pace of the environment they oversee. The Commercial Space 
Operations Impact Environment offers one architecture for doing so: an evidence-to-decision environment, 
not merely another dashboard. The Van Allen Beltinator shows when the space environment changes risk; 
Clearance carries that signal into launch cadence and managerial capacity; ReentryFlow carries it into airspace 
exposure and economic impact. The shared evidence spine makes each recommendation explainable by 
preserving source lineage, explicit uncertainty, and accountable human review. Its distinguishing contribution 
is not simply better forecasting, but better operational judgment: see earlier, translate faster, decide from 
evidence, and learn continuously. The stewardship task is plain: preserve safety, protect capacity, and let 
evidence travel as fast as the events it informs. 

Appendix A. Candidate Data Model 

The candidate data model remains compact enough for a research prototype and expandable as data access 
matures. Its purpose is traceability: each object helps explain the source, confidence, time, and assumptions 
behind a recommendation. 

SourceRecord. Evidence custody for ingested material; supports citation, parser audit, and access review. 
Fields: id; title; origin; source_type; access_rights; publication_time; ingestion_time; parser_version; confidence; 
citation_mode. 

SpaceWeatherEvent. Solar and geophysical event record for timing, forecast horizon, and confidence. Fields: 
event_id; type; start_time; peak_time; forecast_horizon; source_refs; physical_parameters; confidence. 

ImpactState. Decision-support state linking domain and geography to onset, severity, action, and evidence. 
Fields: domain; geography; onset; duration; state; score; thresholds; recommended_action; evidence_refs. 

LaunchCapacityCase. Operational case for executable cadence across operator, vehicle, site, mission class, 
workload, constraints, and confidence. Fields: operator; vehicle; site; mission_class; window; workload_score; 
constraints; cadence_effect; confidence. 

ReentryEvent. Prediction record for a returning object, preserving time uncertainty, corridor geometry, and 
update history for replay. Fields: object_id; object_type; predicted_time; uncertainty_start; uncertainty_end; 
corridor_geometry; update_history. 

DownmassAssessment. Breakup-to-hazard record linking surviving mass, debris footprint, lethality proxy, 
severity, and assumptions. Fields: surviving_mass_estimate; breakup_class; debris_footprint_proxy; 
lethality_proxy; severity_score; assumptions. 

AirspaceExposure. Aviation translation record for space-event effects by region, sector, time slice, area, 
exposed flights, density, and confidence. Fields: region; sector; time_slice; impacted_area; flights_exposed; 
traffic_density; confidence. 

EconomicScenario. Policy-comparison case for closure strategy, duration, rerouting, delay, direct cost, 
network cost, and avoided-cost range. Fields: strategy; closure_area; closure_duration; delay_minutes; 
reroute_miles; direct_cost; network_cost; avoided_cost_range. 

AnalystDisposition. Human-review record preserving reviewer, status, annotation, decision, release notes, 
and timestamp. Fields: object_id; reviewer; status; annotation; decision; release_notes; timestamp. 
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ReplayRecord. After-action record for learning, binding event sequence, model versions, recommendations, 
actual outcome, and lessons learned. Fields: case_id; event_sequence; model_versions; recommendations; 
actual_outcome; lessons_learned. 

Appendix B. Glossary 

Airspace exposure. Degree to which launch, reentry, or space-weather conditions affect routes, sectors, 
airports, or aircraft services; converts a space event into aviation action. 

Ballistic coefficient. Measure of how strongly an object responds to atmospheric drag; lower values generally 
mean greater drag sensitivity and wider timing uncertainty. 

Commercial reentry. Atmospheric return of a licensed commercial launch vehicle, spacecraft, stage, or related 
object; the point where licensing, prediction, and airspace coordination meet. 

Coronal mass ejection. Large eruption of plasma and magnetic field from the Sun that can drive geomagnetic 
storms if it reaches Earth; an upstream trigger for impact assessment. 

Downmass. Portion of a reentering object likely to survive atmospheric breakup in a hazard-relevant form; 
the mass term behind severity scoring. 

Effective executable cadence. Number of launches realistically supportable after constraints, workload, and 
coordination demands are applied; the operational version of launch capacity. 

Geomagnetic storm. Disturbance in Earth’s magnetic environment caused by solar-wind energy and magnetic 
fields coupling into the magnetosphere; a driver of drag, communications, and navigation effects. 

Ionosphere. Charged upper-atmosphere region affecting radio propagation and satellite navigation signals; a 
shared dependency for aviation and space operations. 

National airspace system. Integrated U.S. airspace, procedures, facilities, people, and services used to manage 
civil aviation; the environment affected by launch, reentry, and space-weather decisions. 

Provenance. Recorded data lineage: origin, collection time, processing path, and attached confidence; the basis 
for audit, trust scoring, and replay. 

Reentry corridor. Geographic region or time-sliced regions where debris or a reentering object may pass or 
come down; the map between uncertainty and action. 

Shadow mode. Test mode in which a tool runs beside existing operations with advisory status only; useful for 
comparison, calibration, and transition evidence. 

Space weather. Conditions on the Sun, in the solar wind, and in near-Earth space that can affect technology 
and operations; upstream context for impacts in this model. 

Thermosphere. Thin upper-atmosphere region where low-orbit spacecraft experience drag, especially during 
geomagnetic storms; its state can shift orbital decay and reentry forecasts. 

Trust score. Structured confidence estimate using source quality, data freshness, cross-source agreement, 
model integrity, and analyst review; a way to make decision support inspectable. 
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	Abstract
	Commercial space operations are entering a regime where launch growth, reentry uncertainty, space weather, and airspace congestion behave as one coupled management problem rather than as separate concerns. This paper proposes the Commercial Space Operations Impact Environment, an analytic environment that links the Van Allen Beltinator, Clearance, and ReentryFlow to an FAA-facing operational transition pathway so that technical signals become decisions faster and with clearer grounds for trust. United States institutions already handle launch licensing, reentry licensing, aviation safety, air traffic management, space weather forecasting, orbital tracking, and space-domain awareness. The open question is how quickly, and how credibly, signals from those domains can be translated into decisions across institutional boundaries. Certified operational processes remain the baseline. The proposed environment would add traceable decision support, earlier awareness, confidence-banded scenarios, documented evidence lineage, analyst review records, and a disciplined route from research prototype to safety-sensitive and policy-sensitive support. A shared evidence layer holds source lineage, assumptions, confidence, and replayable decision records, so every forecast and recommendation can be interrogated rather than trusted on faith. The concept carries forward a governance lesson from the earlier Cislunar Crossroads work: speed without trust is dangerous, and trust without speed is operationally irrelevant [16, 17]. The paper sets out the scientific basis, a reference architecture, analytic methods, decision products, a validation strategy, and a staged operational transition plan.
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	Executive Summary
	Commercial space operations face four pressures at once: launch growth, reentry that is uncontrolled or uncertain, space weather, and congestion in the national airspace. These pressures interact; they do not arrive one at a time. A solar event can change the risk profile for a low-altitude satellite deployment, and through its effect on upper-atmosphere density it can shift the timing of an uncontrolled reentry. A reentry event can force aviation decision makers to choose between a broad precautionary closure and a narrower intervention that evidence can support. A surge in launch demand can strain licensing and range coordination and complicate spaceport planning and airspace coordination, well before any launch is visible on an operational timeline. Decision capacity, in this environment, becomes as scarce as launch capacity.
	This paper proposes the Commercial Space Operations Impact Environment, an evidence-to-decision environment for the FAA and its partner communities. Three analytic layers sit over a shared evidence spine. The Van Allen Beltinator reads solar, radiation-belt, ionospheric, and thermospheric conditions and states them as mission and operations impact levels. Clearance estimates both planned launches and the cadence an operator can actually execute. ReentryFlow turns a reentry analysis into intervention options, and it attaches the downmass implications, the exposed airspace, and the avoided-cost narrative that a decision maker needs. Beneath them, the shared evidence layer keeps source lineage, assumptions, confidence, analyst annotations, and a replayable record of each decision, so a recommendation can be traced instead of trusted on faith.
	The environment is an analytic companion to work the FAA already leads. The FAA licenses U.S. commercial launches and reentries, including operations conducted abroad by U.S. commercial entities, and its commercial space transportation function works with industry to promote safety [1]. The FAA is also building space-data integration capabilities to sharpen situational awareness and airspace-management decisions for launch and reentry operations [2]. The proposed environment adds to that base. It brings environmental forcing, cadence capacity, and downmass economics; it also manages the evidence, runs the scenarios, and captures what each event teaches.
	Recent events show why this translation matters. The May 2024 Gannon geomagnetic storm disrupted drag prediction, station-keeping, and conjunction assessment across low Earth orbit [18]. The ESCAPADE delay likewise showed that elevated solar activity can change launch timelines before liftoff [19]. Together, these cases make environmental conditions a first-order operational variable across commercial space.
	These developments also expose an important limitation in current operational practice. Space-weather forecasts are inherently probabilistic, particularly for major geomagnetic storms whose timing and magnitude remain difficult to predict several days in advance. Decision makers therefore require more than deterministic forecasts. They require confidence estimates, evidence lineage, alternative scenarios, and continuous reassessment as new observations become available. The Commercial Space Operations Impact Environment is designed specifically to translate that evolving evidence into operational recommendations while preserving the assumptions and uncertainties behind every recommendation.
	The near-term payoff is concrete. It gives earlier insight into launch cadence. It translates space weather into impact states for aviation, launch, satellite, and reentry operations. It converts reentry uncertainty into airspace exposure and avoided-cost estimates. And it leaves an auditable record behind every choice to act, wait, coordinate, or escalate. The longer-term contribution is larger: an evidence engine for United States stewardship of commercial space growth, one built to protect aviation safety, keep the national airspace efficient, and hold institutional credibility.
	Method and Assumptions
	This is a concept-of-operations draft. It follows an academic white-paper structure and keeps the citation markers, tables, and statistics that anchor its claims, along with the dates, durations, stage numbers, formula variables, and references. Two assumptions shape the design. The environment begins as a research prototype and has to earn trust before it takes on any operational support role. Its early models should stay interpretable, confidence-banded, and openly governed. The system carries the name Van Allen Beltinator throughout. Internal references stay in two forms, as citation markers where they support a specific claim and as reference entries where they belong to the evidence inventory, with bibliography normalization and a release-suitability review still to come.
	1. The Operating Problem
	1.1 Integrated Environment Rationale
	1.2 End-State Questions
	1.3 System Elements

	The United States already runs mature institutional machinery for this domain. It licenses launches and reentries, safeguards aviation, manages air traffic, forecasts space weather, tracks objects on orbit, and maintains space-domain awareness. The harder task is faster translation across the boundaries between those institutions and their technical languages. Space data usually arrives in orbital or heliophysical terms, yet an aviation user needs the consequence stated in operational ones: which communication paths, which navigation procedures, which sectors, routes, airports, and flight flows. A licensing manager needs a different view, into workload, staffing, review timing, airspace coordination, and the cross-agency bottlenecks that future launch demand will create. An economic analyst needs a third, the disruption avoided by tighter closures, faster updates, and better survivability estimates for reentering objects.
	The FAA licenses U.S. commercial launches and reentries, including operations conducted abroad by U.S. commercial entities, and its commercial space transportation function works with industry to promote safety [1]. The FAA is developing the Space Data Integrator to improve situational awareness and airspace-management decision making for launch and reentry operations [2]. The proposed environment sits alongside these efforts as an analytic companion, translating upstream space signals into operational and economic decision support.
	Recent operational events illustrate why this translation problem is becoming increasingly urgent. During the May 2024 Gannon geomagnetic storm, thermospheric expansion dramatically increased atmospheric drag throughout low Earth orbit. Satellite operators responded with thousands of orbit-maintenance maneuvers over a period of only a few days, altering conjunction geometry across large portions of the orbital population. The resulting environment challenged conjunction assessment, orbital prediction, and collision screening because both the atmospheric forcing and the resulting satellite responses evolved more rapidly than traditional planning assumptions anticipated. The event demonstrated that operational tempo in commercial space is increasingly shaped by coupled interactions between the space environment, autonomous spacecraft behavior, and decision latency rather than by any one factor alone [18].
	For launch, the decisive variable is visibility before the operational window opens. Environmental forcing has become one of those upstream drivers. Commercial launch decisions increasingly weigh space-weather conditions alongside vehicle readiness, range availability, licensing status, and airspace coordination. The delay of NASA's ESCAPADE Mars mission because of elevated solar activity illustrates that space weather can influence mission timelines before a vehicle ever leaves the launch pad [19]. Such events reinforce the need for launch-cadence models that continuously integrate environmental intelligence with traditional programmatic, operational, and regulatory indicators.
	Pressure builds long before that window, and it builds from many directions at once: operator readiness and range availability, environmental approvals and supply-chain conditions, mission-program deadlines and congressional appropriations, infrastructure changes and return-to-flight decisions. A cadence forecast built only from late-stage activity misses managerial strain that is already forming. Clearance treats launch cadence as a question of executable capacity, not a calendar count.
	Reentry creates the same translation demand. Estimating where and when an object might come down is useful, but aviation decision support needs more than a footprint and a clock. It needs the uncertainty window and the time-sliced corridors, the likely surviving mass and the airspace it exposes, the density and importance of the traffic in that airspace, and the economic consequence of each intervention choice. ReentryFlow turns reentry physics into aviation and economic decision support.
	Space weather ties launch, satellite operations, and reentry into a single operational environment. A geomagnetic storm raises neutral density in the thermosphere, increasing drag on recently deployed spacecraft, operational constellations, rocket bodies, and naturally decaying debris. The resulting changes propagate outward through mission planning, orbit maintenance, conjunction assessment, launch-window evaluation, and ultimately uncontrolled reentry prediction. Simultaneously, solar radio bursts, ionospheric disturbances, and geomagnetic activity can degrade communications and navigation systems supporting aviation and launch operations. Rather than treating these effects as independent advisory products, an integrated operational environment should preserve their physical relationships and present decision makers with a coherent assessment of operational consequences.
	A fragmented operating picture forces analysts to rebuild causal chains by hand. One team watches launch manifests while another watches reentry data and a third watches space-weather products, and the airspace, economic, and policy analyses run on their own separate tracks. An integrated environment shortens the interval between detecting a signal and understanding what it means for a decision. Automation earns its place only when it preserves evidence, exposes uncertainty, and hands human decision makers earlier options.
	Cislunar Crossroads supplies the relevant lesson. Seeing an object with a sensor is only the first step; before a conjunction window closes, operators also need a trust assessment, the supporting evidence, and a read on whether a response is even feasible [16]. Commercial space integration with the national airspace follows the same pattern at a different scale. Situational awareness earns its operational value at the moment it becomes actionable, trusted, and reviewable.
	The environment is built to answer five questions in sequence:
	1. What changed? Identify new launch signals, reentry updates, solar activity, satellite drag, airspace exposure, or economic estimates.
	2. Why does it matter? Name the mission, route, sector, operator, workload, service, or policy decision at stake.
	3. How confident are we? Assess source and model quality, data freshness, cross-source agreement, and analyst judgment.
	4. What can be done? Monitor, brief, coordinate, issue an advisory, adjust a launch window, refine a closure, gather more data, or escalate.
	5. What does delay cost? Estimate lost lead time, wider closures, delay costs, workload stress, reduced safety margin, and missed policy windows.
	Keeping these five questions explicit keeps the environment pointed at decisions rather than displays.
	Four elements make up the environment:
	• Van Allen Beltinator — Reads solar, radiation-belt, ionospheric, and thermospheric conditions and translates them into impact levels for launch and reentry, communications and navigation, satellite drag, and aviation operations.
	• Clearance — Forecasts effective launch cadence and the managerial capacity required for licensing, coordination, and operational support.
	• ReentryFlow — Converts reentry analysis and downmass estimates into exposed airspace, intervention options, delay and reroute cost ranges, and an avoided-cost narrative.
	• Shared evidence spine — Preserves source lineage, assumptions, confidence, analyst annotations, and a replayable record of every decision.
	Together, the three analytic components operate over the shared evidence spine.
	2. Scientific Foundation
	2.1 Ionosphere, Communications, and Navigation
	2.2 Thermosphere, Drag, and Orbital Decay
	2.3 Lead-Time Bands
	2.4 Radiation Belts and Mission Assurance

	The physical chain begins at the Sun and ends in operational consequences on Earth and in orbit. The Sun emits several things at once: electromagnetic radiation, plasma flows, energetic particles, and magnetic structures. Some solar flares raise X-ray and extreme ultraviolet output fast enough to affect the dayside ionosphere within minutes. Coronal mass ejections are eruptions of plasma and magnetic field. Depending on their speed, their geometry, and how they interact with the ambient solar wind, they can take many hours to several days to reach Earth. High-speed streams from coronal holes drive recurrent geomagnetic activity. Every one of these inputs meets Earth’s magnetosphere, ionosphere, thermosphere, and radiation belts.
	Operational products already exist for parts of this chain. The Space Weather Prediction Center issues public alerts, watches, and warnings for the severity levels of solar activity affecting the Earth environment [3]. It also runs WSA-Enlil, a physics-based heliospheric model that gives a one- to four-day warning of solar wind structures and Earth-directed coronal mass ejections capable of causing geomagnetic storms [4]. The Van Allen Beltinator does not replace any of this. It consumes these products, places them in context, and translates existing operational space-weather output into mission-specific impact states.
	The analytic chain runs in six layers. The solar-source layer estimates the probability and severity of flares, particle events, and coronal mass ejections. From there, the heliospheric-transfer layer judges whether and when ejecta or solar wind structures will reach Earth. Next, the magnetosphere and radiation-belt layer estimates geomagnetic forcing, particle fluxes, satellite charging risk, and orbit-environment stress. The ionosphere layer estimates radio propagation and navigation impacts; the thermosphere layer, neutral density and drag. Last, the operational layer turns all of these environmental effects into launch, reentry, satellite, aviation, and economic consequences.
	The ionosphere is a charged-particle region that extends roughly from the lower thermosphere into near-Earth space, and it doubles as an operating medium for radio, satellite communication, and satellite navigation. Space weather can over-ionize the ionosphere, under-ionize it, or structure it rapidly. The effects show up as high-frequency radio absorption, scintillation of satellite signals, group-delay errors in navigation systems, and changes in satellite communication link quality. For aviation, each of these carries weight. High-frequency radio remains important for oceanic and polar routes. Satellite communication and data links support flight operations outside dense terrestrial networks, while satellite navigation supports area navigation, surveillance, and precision approaches.
	The FAA Communication and Navigation Impact Assessment concept identifies the need to translate live space-weather conditions into operational impact states, in the vocabulary of nominal, advisory, degraded, and outage [14]. The D-Region Absorption Prediction model supports high-frequency radio degradation and blackout guidance for solar X-ray flux and solar energetic particle events [5]. Inside the integrated environment, both products serve as evidence inputs. What aviation users still need is the implication, spelled out route by route: for sectors and communication circuits, for oceanic tracks, for flight planning and contingency procedures.
	The thermosphere is the upper atmospheric region where many low-Earth-orbit spacecraft feel drag. A geomagnetic storm deposits energy there, and that energy can raise upper-atmosphere temperature. Higher temperature expands atmospheric scale height, a larger scale height raises neutral density at orbital altitudes, and greater neutral density increases drag. In low orbits, a small change in drag can produce a large operational effect.
	Drag force scales with atmospheric density, the square of speed, the drag coefficient, and cross-sectional area:
	𝐹𝑑=0.5𝜌𝑣2𝐶𝑑𝐴
	where ρ is atmospheric density, v is velocity relative to the atmosphere, Cd is the drag coefficient, and A is the cross-sectional area. Drag acceleration follows from the force and the object’s mass:
	𝑎=𝐹𝑑𝑚
	The ballistic coefficient is:
	𝛽=𝑚𝐶𝑑𝐴
	The ballistic coefficient β expresses how susceptible an object is to drag. An object with a low ballistic coefficient carries relatively little mass or presents a large area, and either trait makes it more drag-sensitive. That distinction matters most for two cases: recently deployed satellites in very low initial orbits, and debris or rocket bodies close to natural decay.
	The coupling is not hypothetical. The SpaceX launch on 3 February 2022 deployed 49 Starlink satellites [8]. Within days, 38 of the 49 were lost [8]. The identified cause was enhanced neutral density tied to a geomagnetic storm [8]. The February 2022 Starlink case shows how much travels together: the launch-window decision, deployment altitude, ballistic coefficient, spacecraft posture, the orbit-raising sequence, and the space-weather state. Clearance carries that coupling into its executable launch-cadence estimates; ReentryFlow carries it into reentry time-window uncertainty. The Gannon storm extended the same coupling from a localized deployment loss to enterprise-scale drag and conjunction effects, as discussed in Section 1 [18].
	The implications extend directly into the proposed Commercial Space Operations Impact Environment. The Beltinator should characterize both environmental severity and forecast confidence. Clearance should recognize elevated drag conditions as launch-cadence constraints for low-altitude deployments. ReentryFlow should incorporate storm-driven changes in atmospheric density when evaluating decay timelines and uncertainty windows. Treating these processes within a unified evidence architecture enables consistent operational reasoning across multiple mission domains.
	Lead time varies with the phenomenon, the observation point, and how mature the model is. Solar X-rays arrive at the speed of light, so they mainly support rapid detection and immediate radio-impact assessment. Planning across hours and days draws on other sources: coronagraph imagery, flare probabilities, active-region evolution, and coronal mass ejection modeling. Closer in, solar-wind monitors near the Sun-Earth L1 point can provide tens of minutes to roughly an hour of warning for imminent geoeffective solar-wind structures. The Space Weather Prediction Center describes the Advanced Composition Explorer as enabling up to one hour of advance warning for damaging space-weather events at Earth [6]. The Deep Space Climate Observatory keeps up real-time solar-wind monitoring, and NOAA calls DSCOVR monitoring critical to the accuracy and lead time of space-weather alerts and forecasts [7].
	The Gannon case also shows why lead-time products must report confidence: forecasts underestimated the storm’s magnitude and duration even within one-day windows [18]. A shorter horizon does not eliminate operational uncertainty, so each lead-time product should pair predicted arrival time with explicit confidence, model pedigree, supporting observations, and a recommended reassessment interval.
	The integrated environment sorts this range into four lead-time bands. At the scale of days, the evidence is active-region evolution, coronal mass ejection forecasts, and mission schedules; that horizon supports launch-window review, staffing, coordination, and airspace planning. Move into the hours-to-one-day band and the evidence shifts to solar-wind propagation models and ensemble arrival estimates, which drive watch posture, event briefings, and operator coordination. Tighter still, in the band of tens of minutes to about one hour, solar-wind monitors near the Sun-Earth L1 point inform imminent geomagnetic storm response, satellite posture, and communications contingency. At the scale of minutes, the inputs are solar X-ray, proton, and radio-burst observations, and they support high-frequency radio advisories and immediate navigation and communication awareness.
	The Van Allen radiation belts are regions of trapped energetic particles held by Earth’s magnetic field. Their intensity and spatial structure can change during geomagnetic storms. The operational concerns run from spacecraft charging and sensor noise to component degradation, single-event effects in electronics, and heightened spacecraft risk near stressed radiation regions. The Van Allen Beltinator maintains a mission-assurance view that tracks particle fluxes and radiation-belt indicators.
	Radiation belts matter to an FAA-facing launch and reentry environment for two reasons. Survivability and post-deployment reliability bear on launch customers and spacecraft operators directly. And radiation and charging risk can lower confidence in spacecraft state data or communications during critical windows. Commercial activity beyond low Earth orbit will need an evidence architecture that grasps the radiation environment, communications delay, and autonomous response.
	Mission assurance increasingly extends beyond spacecraft survivability alone. Launch providers, commercial operators, insurers, and government agencies now evaluate radiation exposure, spacecraft health, and operational resilience as integrated mission-risk considerations. Recent commercial launch delays associated with elevated solar activity [19] illustrate that mission assurance decisions may begin well before launch and continue throughout deployment, orbit raising, operational service, and eventual disposal. For the Commercial Space Operations Impact Environment, mission assurance therefore becomes another operational decision layer, linking environmental observations to launch readiness, spacecraft performance, and enterprise risk management.
	3. Integrated Concept of Operations
	3.1 Van Allen Beltinator Operating Concept
	3.2 Clearance Operating Concept
	3.3 ReentryFlow Operating Concept
	3.4 FAA Operational Transition Concept

	The integrated concept of operations runs in four modes. Strategic planning takes the long view, months to years, weighing cadence, workforce, licensing, infrastructure, and budget together. Pre-event watch pulls the horizon in to days or hours. It fixes on launch windows, reentry monitoring, space-weather watch states, and airspace exposure. Shadow-support runs alongside live or live-style events, building evidence packages while existing authorities keep decision control. Post-event learning rebuilds the record: what was known, what changed, which recommendations went out, what actually happened, and which thresholds or assumptions need updating.
	Through the research and pilot phases the environment stays advisory. It issues no operational commands and directs no closures. It approves no launches and replaces no licensed decision authority. Its outputs are auditable decision support: impact forecasts, confidence notes, evidence links, scenario comparisons, and brief-ready language. Action stays the responsibility of human judgment.
	The Van Allen Beltinator provides the environmental forcing layer. It ingests public and partner space-weather data, sorts observations and models into physically meaningful domains, and converts the result into operational impact states. It complements national space-weather forecasting rather than replacing it. The Gannon case shows why a single environmental event must yield domain-specific impact assessments from a common evidence base [18]. The Beltinator preserves that common evidence while tailoring its outputs to each decision domain. Its operating question is straightforward: What does the current or forecast space environment mean for a specific launch or reentry, satellite operation or communication path, navigation service, sector, route, or decision window?
	The Beltinator Stress Index is domain-specific. Each score breaks into four parts: how likely the event is, how severe the consequence would be, how exposed the affected assets are, and how much the number can be trusted. The score has to be interrogable, so the source observations, model products, thresholds, assumptions, and confidence drivers all stay visible behind it. One primary product is an impact-state map that sorts domains as nominal, advisory, degraded, or outage. Nominal means operations sit within expected conditions. Advisory means elevated risk or workload is anticipated. Degraded means major impact is expected, with contingency action underway or under consideration. Outage means severe impact or service loss, expected or already observed.
	Clearance is the launch-cadence and managerial-capacity analytic tool. It forecasts two things: the number of launches, and the effective launch cadence, meaning the launches the system can realistically license, coordinate, and support. Planned cadence is not executable cadence. Executable cadence adjusts planned activity for the real frictions of the enterprise: licensing workload and range capacity, spaceport and operator readiness, environmental constraints, weather and space weather, the airspace coordination burden, and the compression that scrubs or recycles impose.
	Clearance answers the questions leadership actually asks about expected launch cadence over the next one, two, and five years. The same view shows what has changed since the last forecast and names the drivers, tying them to licensing workload, airspace coordination, spaceport readiness, and cross-agency planning, along with the economic and operational cost of acting earlier rather than later. The name Clearance frames the existing launch-cadence capacity blueprint under the integrated environment [13]. Space weather enters Clearance as one of several operational constraint drivers rather than an isolated environmental variable. Elevated geomagnetic activity may alter launch risk assessments for low-altitude deployments, increase uncertainty surrounding early orbit-raising operations, or require additional mission coordination between launch providers, satellite operators, and regulatory authorities. Recent commercial launch delays associated with elevated solar activity [19] further demonstrate that launch cadence depends upon environmental readiness as much as vehicle readiness. Clearance therefore evaluates executable cadence as a dynamic interaction among technical, environmental, regulatory, and organizational constraints rather than as a simple count of scheduled launches.
	ReentryFlow turns reentry analysis into aviation and economic decision support. It sits in the gap between orbital reentry analysis and airspace operations. Most reentry products stop at where and when an object might come down. ReentryFlow adds the next layer: what airspace could be affected, which interventions are available, how much traffic each choice would disrupt, and what economic losses better information could avoid. ReentryFlow materials define the problem as translation among reentry uncertainty, airspace intervention choices, and economic consequences [15].
	Downmass is the portion of a reentering object likely to survive heating, breakup, and fragmentation in a hazard-relevant form. A prototype may lack full-fidelity destructive reentry physics, so the decision-support tool makes its assumptions explicit, keeps observed data separate from derived estimates, and presents ranges rather than false precision. Certification of a safety boundary stays outside the scope of the work. The goal is narrower: prioritize, compare interventions, and quantify what better analytics are worth. ReentryFlow produces three synchronized views. The orbital and reentry view holds the object, its time window, the corridor, and the uncertainty around it. The airspace and traffic view maps the affected regions, routes, sectors, flight-density proxies, and exposure windows. The economic and decision view carries the closure strategies, estimated delay, reroute burden, fuel proxies, and avoidable cost.
	The transition moves in stages. Recent operational experience suggests that this staged approach is essential. Major geomagnetic storms, increasing launch frequency, expanding commercial constellations, and growing reentry activity create an environment in which decision-support tools must demonstrate both technical competence and institutional trust before supporting operational decisions. Shadow-mode operation provides the opportunity to evaluate usefulness, decision latency, analyst confidence, and evidence traceability without altering existing authorities. It begins with architecture lock, proceeds to a research prototype and an FAA-facing pilot, then runs in shadow mode beside existing processes, and only later becomes a limited operational support service. That sequence matters because the environment touches safety-sensitive and policy-sensitive decisions. A prototype can move fast. An operational capability earns trust the slow way, through governance, validation, provenance, and analyst review. The FAA Space Data Integrator is an adjacent operational prototype that receives and distributes launch and reentry data for national airspace use [2]. Its purpose is to improve situational awareness and airspace-management decision making [2]. The proposed environment complements that capability, adding environmental forcing, cadence capacity, downmass economics, evidence management, scenario analysis, and post-event learning.
	4. Reference Architecture
	4.1 Data Ingestion Layer
	4.2 Normalization, Provenance, and Common Data Model
	4.3 Analytic Engine Layer
	4.4 User Interface Layer

	The reference architecture has six layers: data ingestion, normalization and provenance, analytic engines, decision products, human review, and learning. It should stay modular, so future models, data, and authorities can be added without a rebuild, and it should serve both prototype speed and operational hardening. The design must carry clean internal schemas, explicit assumptions, source-quality metadata, and analyst annotations, with role-based access added at a later stage and reproducible scenario runs throughout. Table 1 summarizes the six layers and the principal functions assigned to each, providing a reader’s map from raw inputs to reviewed products and learning records.
	The controlling architectural choice is the evidence spine. Every displayed forecast, score, map, and recommendation traces back to source records, model versions, thresholds, assumptions, and analyst actions. The evidence spine connects directly to Cislunar Crossroads. In cislunar operations, a conjunction alert earns trust only when evidence provenance travels with it. In FAA-facing commercial space operations, an airspace or launch-impact recommendation needs the same provenance to meet operational scrutiny [16].
	Table 1. Reference Architecture Layers and Functions
	Items
	Layer
	NOAA space weather products; NASA model services; solar wind monitors; launch and reentry feeds; airspace data; flight-density data; analyst inputs.
	Data sources
	Source registry; event normalization; time-series store; geospatial store; model registry; assumptions register; evidence graph.
	Normalization and provenance
	Van Allen Beltinator; Clearance; ReentryFlow; national airspace impact translation; economic scenario engine.
	Analytic engines
	Executive summary; analyst workbench; launch-window impact card; reentry airspace-economic report; space-weather aviation advisory; replay report.
	Decision products
	Analyst validation; uncertainty notes; red-team review; audit logs; model-risk controls; sponsor-approved dissemination.
	Human review and governance
	Post-event reconstruction; threshold calibration; false-positive and false-negative review; updated assumptions; replay archive.
	Learning loop
	Initial ingestion starts with public sources and whatever partner feeds are available. The space-weather source classes span several product families. SWPC alerts, watches, and warnings sit alongside WSA-Enlil outputs and solar wind observations. High-frequency absorption products, solar X-ray flux, and proton flux come in next to geomagnetic indices and radiation environment products. The NASA Community Coordinated Modeling Center is best treated as a modeling environment and a research-to-operations bridge, because it supports research and development for next-generation space science and space-weather models [11]. Additional environmental intelligence should include operational reports documenting significant space-weather impacts on commercial missions. Such events provide valuable validation datasets because they link environmental observations with actual operational decisions, including launch delays, satellite maneuver campaigns, communication disruptions, and navigation degradations. Incorporating operational case studies alongside scientific observations strengthens replay, validation, and model calibration activities.
	The reentry source classes start with European Union Space Surveillance and Tracking services. EU SST provides services that assess collision risk, uncontrolled reentry risk, and fragmentation events [9]. The European Union Agency for the Space Programme describes re-entry analysis as a service that assesses uncontrolled reentry risk and generates related information [10]. On the ingestion side, the prototype takes portal reports, application programming interfaces where available, geospatial products, tabular products, and manual analyst uploads, and it treats format variation as a normal condition rather than an exception.
	The launch-cadence and capacity source classes reach further upstream. They include public licensing and permit activity, launch manifests, operator schedule changes, and mission announcements, along with range and spaceport information, environmental review milestones, return-to-flight events, procurement milestones, and other upstream signals. Those upstream signals can be noisy, and they can arrive well before any formal operational coordination event, so the architecture treats each one as evidence that carries an explicit confidence level.
	Normalization turns diverse feeds into a common model. A launch signal, a reentry update, a solar-wind shock, an ionospheric absorption map, an analyst note: each becomes a structured object. Every object carries required metadata, namely source, timestamp, confidence, and transformation history. Cross-domain reasoning preserves the original evidence rather than flattening it, so a user can get a direct answer to a provenance question: which source provided an observation, when it was observed, how it was transformed, which model used it, and which recommendation it supports. The minimum provenance fields cluster into a few groups. Identity comes first, with source identifier and source type. Timing follows, with collection time, publication time, and ingestion time. The handling record carries the rest: access rights, parser version, source confidence, freshness score, transformation history, model version, analyst review status, and release suitability. Release suitability matters because the environment may draw on public data, internal research, controlled sponsor data, and sensitive operational inputs at the same time. Table 2 identifies the minimum canonical objects and the decision-support purpose of each.
	Table 2. Canonical Objects and Purposes
	Purpose
	Canonical object
	Solar flare; coronal mass ejection; solar energetic particle event; geomagnetic storm; ionospheric disturbance; radiation-belt stress; thermospheric density anomaly.
	SpaceWeatherEvent
	Planned or candidate launch period with vehicle, site, operator, mission, airspace coordination status, and environmental constraints.
	LaunchWindow
	Monitored reentry object with predicted time, uncertainty window, corridor geometry, object class, and update history.
	ReentryEvent
	Nominal, advisory, degraded, or outage state for communications, navigation, launch, satellite drag, reentry, or airspace.
	ImpactState
	Intervention strategy comparison by closure area, closure duration, exposed flights, delay, reroute, direct cost, network cost, and avoided cost.
	EconomicScenario
	Traceable chain from source record to model output to recommendation to analyst disposition.
	EvidenceChain
	The analytic engine layer starts simple, by design. Transparent rules come first, then interpretable scoring, light probabilistic overlays, and confidence bands a reader can actually see. The system can mature later toward advanced machine learning or physics-based modeling, yet the first operationally credible prototype has to stay explainable. A user should be able to see why a score changed and which assumptions drove it. Each engine has a job. The Van Allen Beltinator engine computes domain-specific space-environment impacts. The Clearance engine works out executable launch cadence, workload, and coordination pressure. The ReentryFlow engine produces time-sliced reentry exposure, hazard severity, intervention strategies, and economic effects. A shared translation engine then converts these outputs into operational impact states for managers, analysts, and operators.
	The user interface organizes around four workspaces. The executive command view shows current posture, the major changes, the top risks, and the decisions worth watching. The analyst workbench holds the source records, model drivers, assumptions, confidence notes, and annotations. The operations watch view shows impact states by domain and geography, each paired with a recommended monitoring or coordination action. The replay and validation theater reconstructs historical and synthetic events for learning, threshold calibration, and sponsor review. Visualization earns its place only by supporting a decision. Every panel answers a user question and exposes its evidence, and a chart passes design review only when it carries decision relevance or action support.
	5. Analytic Methods and Models
	5.1 Beltinator Stress Index
	5.2 Launch Cadence and Managerial Capacity Model
	5.3 Reentry Hazard and Downmass Model
	5.4 Airspace Exposure and Economic Impact Model
	5.5 Evidence, Confidence, and Uncertainty

	First-generation analytic methods should stay simple, with assumptions that remain visible, editable, and open to replacement later. The point is model discipline, not mathematical permanence. As the evidence base matures, the architecture can absorb improved physics, stronger statistical methods, and sponsor-approved operational thresholds. The model family separates five functions: observation, normalization into common objects, derivation of domain scores, translation into impact states, and connection to decisions and economic consequences. Keeping those functions distinct lets analysts separate raw data from model output, judgment, and recommendation.
	The Beltinator Stress Index works as a set of domain scores, not one universal number. A solar-source score can climb while aviation effects stay low. A thermospheric drag score can climb while communications stay nominal. A radiation-belt score can matter to a spacecraft and mean little for a given airspace route. Decomposition across domain and time horizon is built into the model, not a presentation choice. For each domain, the prototype uses a transparent multiplicative form:
	Domain Stress Score=Event Probability×Consequence Severity×Asset Exposure×Confidence Adjustment
	The confidence adjustment disciplines the score operationally: a poorly observed or weakly calibrated estimate carries less weight in the decision products. Each output needs two paired fields, a zero to one hundred score and an associated state of nominal, advisory, degraded, or outage. Thresholds stay configurable, and replay validation checks whether each one maps historical events onto a defensible operational state.
	Six domain scores make up the index. The solar-source score tracks active-region, flare, coronal mass ejection, and particle-event likelihood; it drives watch planning, model-run triggers, and leadership notes. Expected arrival time and its uncertainty for solar-wind structures set the heliospheric-transfer score, which shapes coordination lead time, shift briefs, and scenario updates. The magnetosphere and radiation-belt score reads geomagnetic storm state, particle fluxes, and spacecraft charging risk to inform spacecraft posture, mission assurance, and satellite health attention. High-frequency absorption, total electron content gradients, and scintillation drive the ionosphere score, which feeds communication, navigation, flight planning, and contingency guidance. The drag score comes from thermospheric density and low-orbit drag susceptibility, and it supports launch-window exposure analysis, orbit-raise planning, and reentry uncertainty modification. Last is the operational score. It captures the combined effect on a specific launch, reentry, route, sector, or mission, and it drives decision-product generation and the escalation state.
	Clearance needs a cadence model that respects workload. Missions arrive as a stream, and the management system holds only finite review, coordination, and operational support capacity. When arrival pressure runs past that capacity, backlog, rework, and coordination stress all climb. The prototype can lean on queueing logic, scenario sliders, and interpretable driver weights, and it stays clear of an econometric model that would claim more precision than the evidence supports.
	The baseline cadence forecast starts from operator, vehicle, launch site, mission class, and time horizon. A leading-indicator layer then adjusts it, reading procurement milestones, infrastructure upgrades, environmental delays, mishaps, return-to-flight actions, range outages, policy changes, budget movements, and space-weather constraints. Its output belongs in confidence-banded windows, not in a single deterministic schedule. Managerial capacity then converts launches and reentries into licensing workload, policy workload, safety-analysis workload, airspace coordination workload, range coordination workload, and leadership attention. Routine cases and complex ones are not the same. A high-cadence period around familiar vehicles and stable sites can be easier to execute than a lower-cadence period around new vehicles, new sites, experimental mission profiles, and reentry operations.
	Effective Executable Cadence=Planned Cadence−Constraints+Confirmed Capacity Gains−Disruption Penalties
	Managerial Load Ratio=Expected WorkloadAvailable Review and Coordination Capacity
	ReentryFlow treats reentry as a time-sliced traveling hazard corridor instead of a single static polygon. Each time slice carries a predicted ground track or corridor, a time uncertainty, a likelihood weight, an object or debris severity estimate, and an airspace exposure estimate. The representation lets analysts weigh a full-window closure against narrower closures that shrink dynamically as time and geometry sharpen.
	The prototype hazard severity score combines six variables: spatial uncertainty, temporal uncertainty, a surviving-mass proxy, a debris-footprint proxy, traffic density, and airspace criticality. The score works as a prioritization and scenario-comparison tool, not a certified safety metric. Every assumption stays labeled, and the architecture holds open the option to drop in a stronger destructive reentry analysis once sponsor-approved methods exist. When downmass variables are available, they cover object class, material, mass, cross-section, breakup altitude, thermal survivability, and fragmentation behavior. When they are not, the prototype falls back on transparent proxies: object type, mass class, historical object-class behavior, and expert-configured severity tiers. Each proxy is marked as a proxy.
	Hazard Severity=𝑓(spatial uncertainty,temporal uncertainty,surviving mass proxy,debris footprint proxy,traffic density,airspace criticality)
	The economic model is comparative. It sets strategies against one another under explicit assumptions and leaves the exact cost of a future event outside the claim. A first-pass version estimates affected flights, primary delay minutes, reroute nautical miles, an additional fuel proxy, a crew and aircraft utilization proxy, a passenger disruption proxy, and a network multiplier, then presents the output as a range. The core metric is avoided cost relative to a conservative baseline:
	Avoided Cost𝑠=CostConservative Baseline−Cost𝑠
	where s is the intervention strategy being compared. Better information shows up as fewer flights affected, less reroute burden, lower delay, and reduced knock-on disruption, as long as improved downmass estimates and corridor updates shrink the closure area or duration without eroding safety margin. The model also weighs non-economic consequences. A narrow closure built on weak evidence can fall outside the accepted safety posture even when it costs less, while a broad closure can be the right fit for a severe, high-uncertainty event. Cost, uncertainty, confidence, and safety posture appear together.
	The model compares five closure strategies. A full-window broad closure offers maximum conservatism at the largest economic burden; it fits severe uncertainty, high downmass, and sparse updates. A high-risk segment closure lowers the burden but leans on better corridor confidence, so it fits moderate to high confidence in where spatial risk concentrates. A time-sliced rolling closure adapts to the updated reentry window and works best with frequent updates and reliable geometry. An advisory-only posture creates the least direct disruption and leans most on monitoring, a fit for low severity or very low exposure. A threshold-triggered closure balances lead time against evidence and matches cases with clear triggers and a reliable watch process.
	Every model output carries two kinds of uncertainty. Scientific uncertainty comes from the limits of observations, model physics, forecast timing, state estimation, and parameter knowledge. Operational uncertainty comes from translating that into an affected mission, route, sector, workload, or economic outcome. Take a solar-wind arrival forecast: it can be uncertain by hours, and what that uncertainty means operationally depends on whether a launch, reentry, route structure, or communication service sits in the affected window. Confidence draws on source quality, data freshness, agreement across independent sources, model history, scenario sensitivity, and analyst review status. Output stays bounded by input quality. The system turns uncertainty into something usable by naming the decision variable: what would change a decision, what data would shrink the uncertainty, and when the next update matters.
	6. Decision Products and User Workflows
	6.1 Daily Commercial Space Operations Impact Summary
	6.2 Launch-Window Environmental Impact Card
	6.3 Reentry Airspace-Economic Scenario Report
	6.4 Space-Weather Aviation Impact Advisory
	6.5 Replay and Validation Report

	The environment serves four user communities, and each one carries a different decision burden. Leadership needs a concise posture view that drops straight into a briefing. Analysts need source detail, model drivers, assumptions, confidence, and room to annotate. Operations-facing users need plain impact states, expected onset and duration, affected geography, and coordination actions. Economic and policy analysts need scenario comparisons and defensible value statements.
	The daily summary leads with the operating posture. It then reports the launch cadence outlook, active or upcoming launch-window risks, reentry watch items, space-weather impact states, communication and navigation effects, the major changes since the prior report, analyst confidence, and recommended coordination actions. Every material claim carries a link back to its evidence. If the environment is nominal, the summary says so plainly. If launch workload compression is the principal risk, the product separates it from solar activity. When elevated solar conditions raise low-altitude deployment risk yet leave aviation communications unchanged, the summary keeps those effects apart instead of blending them into a generic alert.
	The launch-window environmental impact card pulls together vehicle, site, mission, launch window, environmental constraints, communication and navigation risk, low-orbit drag risk, post-deployment orbit-raising considerations, confidence, and recommended watch posture. It keeps observed facts, forecast facts, derived facts, and analyst assumptions distinct. On low-altitude deployments, it also carries a thermospheric drag view and a sensitivity read against geomagnetic storm scenarios.
	The report identifies the object, the predicted reentry window, the corridor, the uncertainty trend, downmass severity, affected airspace regions, exposed flight flows, closure strategies, delay and reroute estimates, a direct cost range, a network cost range, avoided cost relative to a conservative baseline, and confidence notes. Two readers use it, the technical analyst and the executive reviewer, so the decision trade should read clearly without a background in orbital mechanics. A strong report stress-tests the event under several assumptions. What happens to closure duration if the uncertainty window shrinks by half? Which closure strategy still holds if downmass severity comes in lower? It also asks what economic burden follows if reentry falls over oceanic airspace at peak traffic time, and what added airspace needs protection when updates arrive late. Those counterfactuals make the value of better data concrete.
	The advisory leads with operational language and keeps the science available behind it. It reports the affected service, geography, expected onset, expected duration, impact state, confidence, recommended action, and source trace. Typical advisory types cover high-frequency radio effects over a sunlit oceanic region, satellite-navigation degradation where ionospheric scintillation is severe, and satellite-communication effects driven by solar radio-burst geometry. The front-line product should tell operators what to expect, not ask them to translate heliophysics.
	Post-event reconstruction ranks as a first-class product. A replay report rebuilds the event timeline, source inputs, model outputs, analyst annotations, recommendations, actual outcomes, false positives, false negatives, and threshold adjustments. Replay builds trust, creates a corpus for future model improvement, and shows sponsors that the system learns from the events it observes.
	7. Validation Strategy
	7.1 Performance Measures
	7.2 Synthetic Scenario Injection

	Validation begins with historical replay. A replayed case asks whether the system would have produced earlier, clearer, or more useful decision support than manual review. It also surfaces the weak assumptions before they reach operational use. The initial replay library covers at least five event classes: a low-orbit drag case, an extreme geomagnetic storm, an uncontrolled reentry, a high-cadence launch cluster scenario, and a cislunar conjunction demo. Table 3 maps each replay case to the capability it is intended to test.
	The February 2022 Starlink loss is the low-orbit drag case. It tests whether the Beltinator drag score and the launch-window impact card would have flagged the low deployment altitude, the elevated density, the orbit-raising vulnerability, and the operator action window. The May 2024 G5 storm is the extreme, multi-domain case; it tests impact states for communications, navigation, satellite drag, geomagnetic stress, and executive posture [12, 18]. Uncontrolled reentry tests ReentryFlow. EU SST provides reentry analysis and has recognized the need to tailor its service to aviation users [9, 10]. Reentry replay asks whether time-sliced corridors, downmass severity, and airspace exposure would reduce unnecessary intervention or clarify the value of broader precaution. A synthetic launch-cluster case stresses Clearance under high arrival pressure, constrained airspace coordination, weather seasonality, and a space-weather overlay. A cislunar conjunction demo tests provenance, human-supervised autonomy, and decision latency under disrupted communications [16].
	Table 3. Initial Replay and Validation Cases
	Primary system function
	What it tests
	Case
	Drag score; launch-window card; low-altitude deployment sensitivity.
	Low-orbit drag and post-deployment loss.
	Starlink February 2022
	Impact-state translation; communications and navigation advisories; executive posture.
	Extreme geomagnetic and multi-domain space-weather impacts.
	May 2024 G5 storm
	Downmass severity; rolling closure; avoided-cost estimate.
	Time and corridor uncertainty with aviation exposure.
	Uncontrolled reentry case
	Executable cadence; workload ratio; scenario planning.
	Managerial capacity and airspace coordination stress.
	Synthetic launch cluster
	Provenance spine; human-supervised autonomy; audit-ready decision record.
	Trust, evidence, decision latency, and communications disruption.
	Cislunar conjunction demo
	The prototype is judged by decision-support performance, not model metrics alone. Several decision-support measures matter most: the lead time an analyst gains before a material decision, the reduction in manual synthesis time, the share of forecast changes that carry traceable evidence, and the number of scenarios the system generates. Four more round out the picture: analyst confidence in source lineage, the ability to explain false positives and false negatives, the stability of economic ranges, and user-rated actionability of the decision products. Model-level scoring sits underneath. Space-weather models are checked against arrival-time error, event hit and miss rates, false alarms, forecast confidence calibration, and domain-specific impact accuracy. Reentry work is scored on time-window evolution, corridor uncertainty, intersection accuracy, exposure sensitivity, and scenario stability. Cadence models come down to three: forecast drift, driver attribution quality, and workload prediction usefulness.
	Synthetic scenario injection matters because extreme events are rare, and waiting for real ones slows learning. The test environment manufactures its own stress: solar storms and radio blackouts, reentry updates and launch-cluster pressure, then the harder cases of missing data, degraded data, contradictory sources, and cyber-confidence overlays. The FAA Communication and Navigation Impact Assessment concept already uses synthetic scenario injection to test procedures without waiting for real solar events [14]. The integrated environment carries that logic further, into launch cadence, reentry economics, and operational transition.
	8. Operational Transition Pathway
	8.1 Governance Requirements
	8.2 Security and Data Boundaries
	8.3 Human-Supervised Autonomy

	The prototype moves into operational support through deliberate stages, each with its own exit criteria. A polished interface is not readiness. Trust is earned elsewhere: in data governance, model validation, human review, and demonstrated utility. Table 4 summarizes the staged pathway; durations are indicative, and advancement depends on meeting exit criteria.
	Table 4. Operational Transition Stages
	Indicative duration
	Purpose
	Stage
	30-45 days
	Define concept, source registry, ontology, assumptions register, and validation plan.
	0. Architecture lock
	3-6 months
	Build event-to-impact vertical slice for space weather, launch capacity, and reentry economics.
	1. Research prototype
	6-12 months
	Add analyst workflow, evidence packages, replay theater, and sponsor review.
	2. FAA-facing pilot
	12-24 months
	Run beside existing processes without decision authority; measure lead time and usefulness.
	3. Shadow-mode evaluation
	24+ months
	Introduce selected advisory and briefing products after validation and governance approval.
	4. Limited operational support
	Governance rests on eight instruments: a source-control policy, a data-rights policy, a model-risk plan, an assumptions register, a release-review process, an analyst validation queue, a cybersecurity boundary, and a decision-authority map. That last one draws the lines that matter. It separates a tool recommendation from an analyst annotation, a manager approval, an operational-process use, and the actions that fall outside tool authority altogether. Model risk gets attention from the start. False precision is the sharpest of these risks, because a clean interface can make a weak assumption look authoritative. The countermeasures are plain: visible uncertainty, explicit assumptions, ranges where they fit, and an evidence chain behind every material output.
	The environment may eventually combine public data, internal research products, controlled sponsor data, and operational feeds. Those boundaries need design before any sensitive data enters the system. Each source record carries its own access rights, citation eligibility, public-release suitability, and retention rules, and analyst reports honor the permitted boundary modes. A public-facing example omits internal source details. An internal sponsor briefing keeps provenance available for review while protecting credentials, secrets, and restricted data.
	Artificial intelligence and automation accelerate synthesis; they do not bypass accountability. In the near term, automation can do the mechanical work: extract events, classify source types, normalize entities, summarize changes, draft brief language, and suggest scenario comparisons. Human analysts still validate the high-impact inferences, mark the uncertainty, and approve dissemination. Low-risk functions may become default automated products over time. Safety-sensitive recommendations stay under human supervision unless a future certification and governance process allows otherwise.
	9. Dovetail with Cislunar Crossroads
	9.1 Cislunar Design Patterns Reused
	9.2 Positioning Within the Research Arc

	Cislunar Crossroads is the conceptual bridge from space traffic awareness to trusted decision support. What carries over is not a graphic, an interface pattern, or a display convention. It is the treatment of decision latency and data trust as operational variables. The provenance-aware enhancement to cislunar sensing and alerting reframes traffic management as a trusted decision-latency problem rather than only a trajectory calculation problem [16]. Commercial space integration with the national airspace needs the same pattern at terrestrial tempo.
	Stressors define the cislunar case: communications delay, lunar occultation, sparse sensing, multi-body dynamics, diverse operators, and uncertain data pedigree. Those conditions expose the limits of centralized, ground-only workflows. A provenance-aware, edge-enabled architecture answers them by preserving evidence chains, validating data pedigree, computing trust scores, and screening locally before Earth-based review [16]. The FAA-facing case runs over shorter distances but across wider institutional boundaries. Six roles need one shared evidence-to-decision chain they can interrogate: space-weather forecasters, launch operators, reentry analysts, air traffic managers, economic analysts, and policy leaders.
	The dovetail rests on three points. First, situational awareness has limited value until it becomes trusted and actionable. Second, decision latency is a strategic variable, not a back-office metric. Third, provenance, evidence, and human-supervised autonomy form the bridge between speed and accountability. Cislunar Crossroads looks outward to the emerging cislunar economy; this white paper applies the same logic to Earth’s launch, reentry, and aviation integration problem.
	Several design patterns carry over directly from Cislunar Crossroads. Provenance-aware alerts mean every warning or recommendation travels with its full lineage: source pedigree, model path, assumptions, and review status. An object-story timeline gives every launch vehicle, reentry object, spacecraft, and evidence product a lifecycle and a decision history. Trust scoring lets confidence track source quality, data freshness, cross-source agreement, model integrity, and analyst review. A store-and-forward mindset keeps critical metadata bound to the data as it crosses discontinuous networks, organizations, and systems. Human-supervised autonomy lets automation accelerate screening and synthesis while humans keep judgment and authority over sensitive decisions. A post-event audit record turns each event into a learning artifact for validation, governance, and policy development.
	This paper is the terrestrial and near-Earth companion to Cislunar Crossroads. Where Cislunar Crossroads explains why trusted, faster, and more governable decision architectures matter as activity moves toward the Moon, this paper brings that architecture back to the boundary between commercial space and the national airspace. Together the two define a research arc around trusted decision architecture for the space economy. Commercial launch, reentry, and aviation impact is the first application. Later extensions reach into cislunar traffic management, logistics, communications, and autonomous operations.
	10. Roadmap and Closing Argument
	10.1 Ongoing Collaboration and Future Work

	The near-term build is best scoped as a credible vertical slice, not a maximal platform. Version one does the core loop end to end: it ingests representative space-weather inputs, generates domain impact states, and connects a space-weather drag modifier to one launch-window case and one reentry case. From there it computes airspace exposure for a time-sliced corridor, compares intervention strategies, and produces an evidence-backed report, with a replay case and an assumptions register included from the outset. Version two adds a source review queue, a scenario lab, an executive brief generator, and a broader replay library. Version three layers on an operational shadow mode, richer geospatial analytics, refined economic coefficients, more realistic workload modeling, and sponsor-approved data connections. Version four hardens data boundaries, security, governance, and model validation for limited operational support.
	The recent operational environment suggests that this capability is becoming increasingly urgent. Commercial launch frequency continues to accelerate, low Earth orbit constellations continue to expand, atmospheric reentries continue to increase, and severe space-weather events continue to demonstrate enterprise-wide operational consequences. Each of these developments independently challenges existing operational practices; together they reinforce the need for integrated evidence-to-decision environments capable of supporting multiple agencies, commercial operators, and aviation stakeholders simultaneously.
	An immediate collaboration pathway is now defined by the August 6, 2026 NASA Langley Air Traffic Operations Laboratory (ATOL) manuscript, “Enabling the Emerging Downmass Industry Through Effective Airspace Modeling.” The study combines POST2 Monte Carlo reentry trajectories and dispersion polygons, FAA System Wide Information Management traffic data, high-resolution wind data, the Airspace and Traffic Operations Simulation, Langley Flyer aircraft models, and the Autonomous Operations Planner to evaluate two controlled-reentry trajectories, two- and six-polygon vertically segmented Air Traffic Hazard Area configurations, and seven representative traffic periods. Across 168 simulation runs, the planner prevented approximately 89.9 percent of modeled hazard-area penetrations. The study also documented traffic redistribution, secondary conflicts following reroutes, and limitations that must be resolved before drawing broader conclusions about cadence, regulation, or economics. ReentryFlow can carry these event-level trajectory, hazard-volume, affected-flight, reroute, and secondary-conflict outputs into intervention and economic-impact analysis. Clearance can place validated per-event airspace burdens into longer-range launch and reentry cadence, authorization, and managerial-capacity scenarios. Future work should define a live ATOL export interface, reconcile metric definitions, preserve secondary-conflict lineage, add human-in-the-loop comparisons, and test the integrated chain with FAA and operator stakeholders. This collaboration connects NASA’s airspace-modeling workflow to MITRE’s capacity and impact-assessment concept [20].
	The central argument is one of operational stewardship. Commercial space transportation has entered an era in which launch cadence, space-weather variability, orbital congestion, atmospheric reentry, and aviation operations interact continuously rather than independently. Institutions responsible for public safety must therefore reason across disciplines at the pace of the environment they oversee. The Commercial Space Operations Impact Environment offers one architecture for doing so: an evidence-to-decision environment, not merely another dashboard. The Van Allen Beltinator shows when the space environment changes risk; Clearance carries that signal into launch cadence and managerial capacity; ReentryFlow carries it into airspace exposure and economic impact. The shared evidence spine makes each recommendation explainable by preserving source lineage, explicit uncertainty, and accountable human review. Its distinguishing contribution is not simply better forecasting, but better operational judgment: see earlier, translate faster, decide from evidence, and learn continuously. The stewardship task is plain: preserve safety, protect capacity, and let evidence travel as fast as the events it informs.
	Appendix A. Candidate Data Model
	The candidate data model remains compact enough for a research prototype and expandable as data access matures. Its purpose is traceability: each object helps explain the source, confidence, time, and assumptions behind a recommendation.
	SourceRecord. Evidence custody for ingested material; supports citation, parser audit, and access review. Fields: id; title; origin; source_type; access_rights; publication_time; ingestion_time; parser_version; confidence; citation_mode.
	SpaceWeatherEvent. Solar and geophysical event record for timing, forecast horizon, and confidence. Fields: event_id; type; start_time; peak_time; forecast_horizon; source_refs; physical_parameters; confidence.
	ImpactState. Decision-support state linking domain and geography to onset, severity, action, and evidence. Fields: domain; geography; onset; duration; state; score; thresholds; recommended_action; evidence_refs.
	LaunchCapacityCase. Operational case for executable cadence across operator, vehicle, site, mission class, workload, constraints, and confidence. Fields: operator; vehicle; site; mission_class; window; workload_score; constraints; cadence_effect; confidence.
	ReentryEvent. Prediction record for a returning object, preserving time uncertainty, corridor geometry, and update history for replay. Fields: object_id; object_type; predicted_time; uncertainty_start; uncertainty_end; corridor_geometry; update_history.
	DownmassAssessment. Breakup-to-hazard record linking surviving mass, debris footprint, lethality proxy, severity, and assumptions. Fields: surviving_mass_estimate; breakup_class; debris_footprint_proxy; lethality_proxy; severity_score; assumptions.
	AirspaceExposure. Aviation translation record for space-event effects by region, sector, time slice, area, exposed flights, density, and confidence. Fields: region; sector; time_slice; impacted_area; flights_exposed; traffic_density; confidence.
	EconomicScenario. Policy-comparison case for closure strategy, duration, rerouting, delay, direct cost, network cost, and avoided-cost range. Fields: strategy; closure_area; closure_duration; delay_minutes; reroute_miles; direct_cost; network_cost; avoided_cost_range.
	AnalystDisposition. Human-review record preserving reviewer, status, annotation, decision, release notes, and timestamp. Fields: object_id; reviewer; status; annotation; decision; release_notes; timestamp.
	ReplayRecord. After-action record for learning, binding event sequence, model versions, recommendations, actual outcome, and lessons learned. Fields: case_id; event_sequence; model_versions; recommendations; actual_outcome; lessons_learned.
	Appendix B. Glossary
	Airspace exposure. Degree to which launch, reentry, or space-weather conditions affect routes, sectors, airports, or aircraft services; converts a space event into aviation action.
	Ballistic coefficient. Measure of how strongly an object responds to atmospheric drag; lower values generally mean greater drag sensitivity and wider timing uncertainty.
	Commercial reentry. Atmospheric return of a licensed commercial launch vehicle, spacecraft, stage, or related object; the point where licensing, prediction, and airspace coordination meet.
	Coronal mass ejection. Large eruption of plasma and magnetic field from the Sun that can drive geomagnetic storms if it reaches Earth; an upstream trigger for impact assessment.
	Downmass. Portion of a reentering object likely to survive atmospheric breakup in a hazard-relevant form; the mass term behind severity scoring.
	Effective executable cadence. Number of launches realistically supportable after constraints, workload, and coordination demands are applied; the operational version of launch capacity.
	Geomagnetic storm. Disturbance in Earth’s magnetic environment caused by solar-wind energy and magnetic fields coupling into the magnetosphere; a driver of drag, communications, and navigation effects.
	Ionosphere. Charged upper-atmosphere region affecting radio propagation and satellite navigation signals; a shared dependency for aviation and space operations.
	National airspace system. Integrated U.S. airspace, procedures, facilities, people, and services used to manage civil aviation; the environment affected by launch, reentry, and space-weather decisions.
	Provenance. Recorded data lineage: origin, collection time, processing path, and attached confidence; the basis for audit, trust scoring, and replay.
	Reentry corridor. Geographic region or time-sliced regions where debris or a reentering object may pass or come down; the map between uncertainty and action.
	Shadow mode. Test mode in which a tool runs beside existing operations with advisory status only; useful for comparison, calibration, and transition evidence.
	Space weather. Conditions on the Sun, in the solar wind, and in near-Earth space that can affect technology and operations; upstream context for impacts in this model.
	Thermosphere. Thin upper-atmosphere region where low-orbit spacecraft experience drag, especially during geomagnetic storms; its state can shift orbital decay and reentry forecasts.
	Trust score. Structured confidence estimate using source quality, data freshness, cross-source agreement, model integrity, and analyst review; a way to make decision support inspectable.
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