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Executive Summary
Every signal that travels between a satellite and the ground — GNSS positioning,satellite communications, remote sensing downlinks — passes through theionosphere. For most of the time, this passage is unremarkable: a small,predictable, correctable delay. But the ionosphere is not a passive window. It is anactive, dynamic layer of charged particles whose state varies by orders ofmagnitude across latitude, time of day, and solar activity — and during disturbedconditions, it does not merely delay signals. It scrambles them.

The ionosphere is the electrically charged region of Earth's upper atmosphere, formed by solarradiation. Its electron density determines how radio signals are refracted, delayed, and in severecases, scattered. For Global Navigation Satellite System signals, ionospheric effects are normallythe largest single error source after satellite clock and orbit corrections— and during geomagneticstorms, that error source can grow by an order of magnitude or more within hours.
The most severe ionospheric disturbances manifest as scintillation — rapid, random fluctuationsin radio signal strength caused by small-scale electron density irregularities. Scintillationconcentrates in two distinct geographic zones: the equatorial region, where persistentatmospheric structure creates recurring risk even in quiet conditions, and the auroral and polarregions, where geomagnetic storm energy is deposited directly into the upper atmosphere.
This paper examines the physics and classification of scintillation, the documented continental-scale impact of the May 2024 storm on GNSS infrastructure, and the regional exposure patternsthat every institution operating GNSS-dependent infrastructure across multiple geographiesneeds to understand.
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1. Scintillation — When the Ionosphere Scrambles theSignal
The Physics and the S4 Index
Scintillation refers to rapid fluctuations in the amplitude and phase of a radio signal caused bysmall-scale irregularities in ionospheric electron density along the signal's path. Theseirregularities act like a turbulent lens, causing interference patterns that vary on timescales ofseconds. The standard metric for severity is the S4 index — the normalised variation in receivedsignal power, ranging from near zero (no scintillation) toward one and occasionally beyond duringthe most severe events.

S4 Index Range Classification Typical GNSS Impact
S4 < 0.3 Weak scintillation Negligible operational impact; within normalreceiver tracking margins
S4 0.3 – 0.6 Moderate scintillation Increased positioning noise; occasional loss oflock on individual satellites
S4 0.6 – 1.0 Strong scintillation Frequent loss of lock; significant degradation ofpositioning solutions
S4 ≥ 1.0 Severe scintillation Receiver can lose lock on most or all visiblesatellites simultaneously; positioning can failentirely for the duration

Table 1: Scintillation Severity Classification and GNSS Impact
The Geography of the Problem

Figure 1: Illustrative Scintillation Intensity (S4) by Geomagnetic Latitude under disturbed conditions. Twodistinct high-risk zones emerge: the Equatorial Ionization Anomaly crests near ±15–20° geomagneticlatitude, and the auroral/high-latitude zones near ±60–75°.
Scintillation is not globally uniform — it concentrates in two structurally distinct geographic bands,each driven by different physics. The equatorial band, extending roughly 20 degrees either sideof the magnetic equator, is shaped by a persistent atmospheric structure that produces two crestsof enhanced electron density. Post-sunset instabilities in this region are the dominant source of
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strong-to-severe scintillation under quiet-to-moderately-disturbed conditions, occurring withnotable regularity during certain seasons even without a storm in progress.
The second band — the auroral and polar regions — experiences scintillation driven directly bygeomagnetic storm energy. During a major storm, energetic particles precipitate into the upperatmosphere, creating intense, structured ionisation across a broad swath of high-latitude terrain.Unlike the equatorial band, where scintillation has strong climatological regularity, high-latitudescintillation is event-driven — it tracks geomagnetic activity directly.

The operational implication of this geography is significant for any institutionoperating across multiple regions. Infrastructure near the equator faces arecurring, climatologically predictable risk that occurs with meaningful frequencyeven in quiet conditions. Infrastructure at high latitude faces an event-driven riskthat is rare but can be severe and geographically extensive when it occurs. Theseare different problems requiring different solutions — not one risk category.
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2. The May 2024 Storm — A Case Study in Continental-Scale Disruption

Figure 2: High-Accuracy GNSS (PPP) Positioning Outage Duration by region during the May 2024 G5storm. Outages of high-accuracy correction services extended to approximately 20 hours in the mostaffected regions.
The May 2024 G5 geomagnetic storm provides the most significant recent case study ofionospheric disruption at continental scale. The storm drove disturbances across a broad rangeof latitudes — not confined to the auroral zone, but extending into mid-latitude regions that do notnormally experience severe scintillation. High-accuracy positioning services used extensively inprecision agriculture, surveying, and autonomous vehicle navigation experienced documentedoutages extending up to approximately 20 hours in the most affected regions of North Americaand Australia.
The mechanism illustrates a critical point: the ionosphere did not merely become more delayedduring this storm— it became spatially structured in ways that correction models could not resolvein real time. The result was not simply degraded accuracy; for the duration of the most severedisruption, it was loss of high-accuracy positioning entirely, with systems falling back to standardaccuracy or, in the most severely affected regions, losing satellite lock altogether.
Standard-accuracy GNSS positioning — the level used by most consumer devices — was lessseverely affected than high-accuracy services, but still experienced documented position errorssignificantly exceeding normal bounds for several hours. The asymmetry matters: the May 2024storm demonstrated that high-precision GNSS-dependent operations are substantially morevulnerable to ionospheric storms than standard-precision operations, even though both use thesame underlying satellite signals.

Regional Exposure
Region Risk Profile Notable Characteristics
Equatorial Africa, SouthAmerica, SoutheastAsia

Persistent equatorial scintillation,particularly post-sunset duringequinox seasons
High climatological frequencyof strong scintillation evenwithout geomagnetic storms;affects regions with rapidlygrowing satellite-dependentinfrastructure
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North America, Europe,East Asia (mid-latitude) Normally low risk, but exposed tolarge-scale disturbances duringmajor storms
May 2024 demonstrated thatmid-latitude regions are notimmune to severe disruptionduring extreme events

Northern Canada,Scandinavia, Russia,Antarctica (high-latitude/polar)

Frequent auroral scintillationduring active periods Polar air routes, Arcticshipping, and polar groundstations face the mostfrequent exposure to storm-driven scintillation
Table 2: Regional Exposure to Ionospheric Disruption
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3. What Resilient Infrastructure Requires
The combination of climatologically predictable equatorial scintillation and rare-but-severe storm-driven disruption at other latitudes means resilient GNSS-dependent infrastructure cannot bedesigned around a single risk model. It requires a layered approach: reception capability acrossmultiple GNSS constellations to increase redundancy; real-time ionospheric monitoring integratedas a standard operational input rather than an exception-handling system; defined fallbackbehaviour for high-accuracy systems so that disturbed conditions produce managed degradationrather than binary failure; and storm-aware scheduling for time-flexible critical operations.
Equally important is recognising that equatorial scintillation is not primarily a storm-responseproblem — it is a routine climatological pattern that occurs with predictable seasonal and local-time regularity. Infrastructure and operations with significant equatorial footprint need this patternbuilt into standard planning, not treated as an exceptional event requiring special alerting.

The ionosphere is the medium through which the value of every satellite isdelivered to the ground. Infrastructure is only as reliable as its least resilientcommunications path through that medium — and for any genuinely globaloperation, that least resilient path is disproportionately likely to run through theequatorial regions where scintillation is most frequent and least exceptional.

About Qontra
Qontra is a deep technology company building planetary-scale orbital intelligence infrastructureacross all 195 countries, including extensive equatorial coverage. Qontra's research onionospheric dynamics is conducted by the Orbital Sustainability Research Unit and theIntelligence Research Unit, with findings directly informing the communications and positioningresilience architecture of the Qontra Orbital Network of Reconnaissance.
For partnership enquiries, sovereign programme engagements, or research collaboration onionospheric resilience, contact Qontra through official channels.
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