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Thermospheric density 1s the dominant error source in LEO orbit prediction. Empirical models Engsemble of along-track drift trajectories ol(t) under quiet vs. G5 Gannon storm conditions, £1 km We derive a closed-form first-exit CDF that maps any

disagree by 20-40% during quiet conditions, and densities enhance by factors of 2-5x within g¢atjon-keeping tolerance. calibrated density uncertainty forecast directly to a per-
hours during geomagnetic storms. Current space-weather products deliver calibrated density

uncertainty op — but the translation to operational decisions stops there. No closed-form
expression exists in the open astrodynamics literature for the probability that a satellite
violates 1ts station-keeping tolerance by time t. Operators are left with two options: apply a
blanket conservative margin or wait for post-event tracking data.

Each trajectory is a Monte Carlo realization of the along-track drift under calibrated density uncertainty. ~ Satellite maneuver-decision product

Green paths remain inside the 1 km control box,; red paths violate. Stars mark first-exit events. Under i )
G5 conditions, 100% of trajectories violate by day 2, versus <5% under quiet conditions at the same
epoch.

Theorem 1 — First-exit CDF for Gaussian density uncertainty

Fr(t) = 2[1-@(%)] + R(t)

R(t) < 4.7 x 10 3 (operationally negligible)

Along-track drift 01(t) is Gaussian at every epoch;

Along-Track Drift Ensembles — Warning Time Collapses Under G5 g Jirst-exit probability from the Gaussian tail. )
Quiet Period © 4 & = G5 Gannon Storm

Decision product: per-satellite violation probability vs. time
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Safe path Violated (|61] > 1 km) = = +07(t) envelope (Theorem 1) == +] km control box * First-exit event

Density and ballistic coefficient uncertainty propagate through drag-specialized Gauss Variational Equations to produce along-track GVE propagator validated against KANOPUS-V 3 TLE data during May 2024 Gannon G5. Calibrated B* = 0.00587 m?*/kg

covariance cl(t), which feeds the first-exit CDF. over 75 observations. 61 m RMS over 791 m of observed decay (7.7%).
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First-exit CDF: theorem 1 across storm conditions Toward ROPE Integration Operational Impact
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