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Executive Summary

Earth orbits inside the extended atmosphere of an active star. The Sun is not a
constant background condition — it is a variable, cyclical, occasionally violent
driver of the orbital environment that every satellite operator, government, and
infrastructure-dependent economy relies on. This paper is an authoritative
assessment of that driver: how solar activity actually behaves, what geomagnetic
storms do to satellites and global infrastructure, and what operating responsibly
inside this environment requires.

Solar Cycle 25 — the current 11-year cycle of solar magnetic activity — peaked earlier and
considerably stronger than the official 2019 consensus prediction. Where international forecasters
called for a modest peak sunspot number near 115 around mid-2025, observed activity reached
approximately 175 around October 2024 — roughly 50% above prediction and arriving months
ahead of schedule. This is not a minor forecasting miss. It is the difference between the orbital
environment operators planned for and the one they actually received.

The consequence of this elevated activity was the most severe geomagnetic storm in over three
decades. The May 2024 event — the 'Mother's Day Storm' — reached G5 (Extreme) on the NOAA
Geomagnetic Storm Scale, the first G5 event since March 1989. It produced aurora visible as far
south as 45 degrees latitude, drove high-accuracy GPS positioning outages lasting up to 20 hours
across entire continents, and measurably altered the orbital decay rate of satellites across low
Earth orbit.

This paper examines the behaviour of Solar Cycle 25 and what it reveals about the limits of solar
forecasting; the mechanics of geomagnetic storms and the NOAA scales used to classify them;
and the historical record of major storms and their documented consequences — including at
least one well-known case of a storm directly causing the operational loss of an active satellite
deployment. It concludes with the standard of environmental understanding that responsible
orbital infrastructure operation now requires.
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1. A Star More Active Than Predicted

The Forecasting Gap

Solar activity follows an approximately 11-year cycle of waxing and waning magnetic complexity,
observable through sunspot number, flare frequency, and coronal mass ejection (CME) rates. In
2019, an international panel of solar physicists issued the official consensus prediction for Solar
Cycle 25: a relatively weak cycle, with a peak smoothed sunspot number of approximately 115
expected around mid-2025.

That prediction proved substantially conservative. By late 2024, the cycle had produced a peak
smoothed sunspot number in the region of 175 — around 50% higher than predicted — with the
peak arriving roughly six to nine months earlier than the central estimate. Forecasting authorities
subsequently revised their operational characterisation of the cycle to reflect a stronger, earlier
maximum than the consensus view had anticipated.

Figure: Solar Cycle 25 — Predicted vs Observed Sunspot Activity
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Figure 1: Solar Cycle 25 — Predicted vs Observed Sunspot Activity. The observed trajectory (cyan)
substantially exceeded the 2019 consensus prediction (grey dashed), with the cycle peaking around
October 2024 at roughly 50% above forecast.

Why the Gap Matters

This is not an academic curiosity. Atmospheric density in low Earth orbit — the primary driver of
satellite drag and orbital decay — responds directly to solar output, which scales with solar
activity. A cycle running 50% hotter than predicted means the upper atmosphere expands further
and persists at elevated density for longer than mission planners using the consensus forecast
would have assumed. For institutions and operators that size propellant budgets, station-keeping
schedules, and disposal timelines against published solar predictions, Solar Cycle 25's actual
behaviour is a direct demonstration that those predictions carry a meaningful and consequential
margin of error.

The single most important fact about solar activity forecasting is this: even the
best available consensus forecast, produced by an international panel of experts,
underestimated peak activity by approximately 50% and mistimed the peak by the
better part of a year. Any institution that treats solar forecasts as a precise
planning input — rather than a probabilistic range with a long upside tail — is
planning for the wrong environment.
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2. Geomagnetic Storms — What the Scales Actually Mean

The Three NOAA Scales

NOAA's Space Weather Prediction Center classifies space weather events using three
independent scales, each addressing a distinct physical phenomenon. Understanding the
distinction is essential: a severe event on one scale does not necessarily mean a severe event
on another, and orbital and ground infrastructure are affected differently by each.

Phenomenon Range Primary Operational
Consequence

G — Geomagnetic Disturbance of Earth's G1 (Minor) to Thermospheric heating and
Storm Scale magnetic field driven by G5 (Extreme) expansion - increased
solar wind and CME impact satellite drag and

accelerated orbital decay;
spacecraft charging risk

S — Solar Radiation Flux of energetic protons S1 (Minor) to Electronics degradation and
Storm Scale from the Sun following S5 (Extreme) single-event upsets in
major flares and CMEs satellites; elevated radiation

dose; HF communication
issues over polar regions

R — Radio Blackout X-ray flux from solar flares, R1 (Minor) to Degradation or loss of HF
Scale causing sudden ionospheric  R5 (Extreme) radio communication on the
radio signal absorption sunlit side of Earth; can

coincide with rapid GNSS-
relevant ionospheric
changes

Table 1: The Three NOAA Space Weather Scales — Phenomenon, Range, and Primary Consequence

What G5 Actually Means

Figure: NOAA Space Weather Scales — Relative Operational Impact by Severity Level
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Figure 2: NOAA Space Weather Scales — Relative Operational Impact by Severity Level. Illustrative
comparison of relative satellite drag impact and GNSS positioning error across the storm severity scale,
with the May 2024 G5 event annotated.
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A G5 (Extreme) geomagnetic storm sits at the top of a five-step scale, but the consequences do
not scale linearly — they accelerate sharply at the top end. The thermospheric heating associated
with a G5 event can increase atmospheric density at typical low Earth orbit altitudes by a factor
of several times over quiet-time conditions, for hours to days. For a satellite in this altitude range,
that translates directly into a sudden, measurable increase in drag — and for derelict objects or
satellites near end-of-life, it can meaningfully accelerate their final descent.

Simultaneously, the same storm drives dramatic ionospheric disturbances, degrading GNSS
positioning accuracy across entire continents for periods extending to a full day. A G5
classification is therefore not a single hazard — it is correlated, simultaneous degradation across
orbital mechanics, communications, and positioning infrastructure at once, which is precisely the
combination that stresses any infrastructure-dependent institution on multiple fronts
simultaneously.
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3. The Historical Record — Storms That Have Already
Happened

Severe geomagnetic storms are infrequent on human timescales but not rare on operational
ones. The historical record provides the empirical basis for understanding what extreme space
weather actually does to satellite infrastructure — and the record includes at least one well-
documented case of a storm directly causing the loss of an operational satellite deployment.

Event Classification Documented
Consequences

March 1989 Geomagnetic storm G5 (Extreme) Widespread terrestrial
associated with the Hydro- power grid disruption in
Québec blackout Quebec; significant satellite

drag and tracking
anomalies across low Earth

orbit
October—November 'Halloween Storms' — G5 (Extreme); Multiple satellite anomalies
2003 sequence of major flares R4-R5 radio reported; significant HF
and CMEs blackouts communication disruption
worldwide
February 2022 Geomagnetic disturbance G1-G2 Approximately 38—40 newly
during a major satellite (Minor—-Moderate)  deployed satellites
deployment campaign experienced elevated

atmospheric drag during
early orbit-raising and were
unable to reach operational
altitude, reentering within

days
May 2024 'Mother's Day Storm' — G5 (Extreme) Aurora observed to
strongest since March approximately 45°N; high-
1989 accuracy GNSS positioning

outages of up to 20 hours
across North America and
Australia; measurable
changes in satellite orbital
decay rates

Table 2: Major Geomagnetic Storms of the Space Age — Classification and Documented Consequences

The February 2022 event is the single most instructive case in this record. The
storm itself was only G1-G2 — minor to moderate, nowhere near the top of the
scale. But it arrived during a critical operational window, while dozens of newly
launched satellites were in the most vulnerable phase of orbit-raising, and the
resulting drag increase was sufficient to prevent those satellites from ever
reaching operational altitude. The lesson is not that only extreme storms matter. It
is that the operational consequence of a storm depends as much on timing and
mission phase as on the storm'’s classification.

Page 9 of 10



@ QONTRA - White Paper - WP-SWX-001 - The Space Weather Threat Environment

4. The Standard of Understanding Responsible Operators
Require

The scale and unpredictability of the space weather environment means that responsible
operation of orbital infrastructure cannot be defined by treating solar forecasts as fixed planning
inputs. It requires designing for the realistic range of outcomes — including the kind of upside
surprise that Solar Cycle 25 has already demonstrated — and building operational discipline that
accounts for mission-phase vulnerability, not merely storm severity.

Three principles define the standard the current environment requires. First, propellant and
operational margins must be sized against a realistic distribution of solar activity outcomes, not
a single consensus prediction — the 2019-2024 forecasting gap demonstrates that even expert
consensus carries substantial uncertainty. Second, the most vulnerable mission phases —
particularly early orbit-raising and deployment, as the February 2022 case demonstrates —
require active space weather awareness and, where the mission profile allows, the operational
flexibility to adjust timing around forecast activity. Third, space weather intelligence must be
treated as a continuous operational input across the full constellation lifecycle, not an alert system
that activates only during designated storm watches.

Space weather is not an exotic risk category reserved for extreme events. It is the
variable background condition of the environment every orbital asset operates
within, every day, across an 11-year cycle whose amplitude cannot be predicted
with the precision operators would like. The institutions that treat space weather
intelligence as continuous operational discipline — rather than occasional alerting
— are the ones whose infrastructure survives the events the forecasts did not see
coming.

About Qontra

Qontra is a deep technology company building planetary-scale orbital intelligence infrastructure,
operating by design across all 195 countries. Qontra's research programmes in space weather
and orbital sustainability are conducted by the Orbital Sustainability Research Unit and the
Frontier Research Unit, with findings directly informing the operational design of the Qontra Orbital
Network of Reconnaissance.

For enquiries regarding Qontra's space weather research programme, partnership opportunities,
or intelligence services, contact Qontra through official channels.
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