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Space Weather impacts (SWx impacts)
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Drivers of disturbed SWx

Solar flares

Electromagnetic 
Radiation

Particles

Proton events Coronal Mass Ejections

Solar eruptions
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Coronal Holes
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Solar flares



SWx impacts from solar flares
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SWx impacts from solar flares

• From EUV & X-ray radiation
• Solar flare effect (“magnetic crochet”)

• => Effects from ICMEs

• Shortwave fade (“Radio Blackout”)
• => PECASUS

• From radio emission
• GNSS disturbances

• Radar disturbances

EUV: Extreme Ultraviolet ; GNSS: Global Navigation Satellite Systems ; VLF: Very Low frequency ; MF/HF: Medium/High Frequency
PECASUS: Pan-European Consortium for Aviation Space weather User Services 
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SWx impacts from solar flares on aviation

Solar flares

HF Com GNSS

Ground Support

HF Com: High Frequency Communications (3-30 MHz) ; GNSS: Global Navigation Satellite Systems (GPS, Galileo,,…) Currently NOT covered by SWx advisories for ICAO
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SWx impacts from solar flares on HFCom

• Short-wave fade (SWF)
• Aka “Radio blackout”

• Misleading term

• SXR from solar flare
• Sunlit hemisphere of the Earth
• Increase ionospheric plasma (D-region)

• Increase in HF absorption

• Affects lower frequencies most
• => Backup systems (SATCom,…)

• => Difficult to reach locations (polar 
zones,…) and disaster areas

• Duration depends on
• Intensity/duration solar flare

• Frequent, long duration X-class flares!

• Solar zenith angle

• Advisories for aviation
• X1/X10 (moderate/severe)Credits: Poppe et al. (2006)

HF Com: High Frequency Communications (3-30 MHz) ; SXR: soft x-rays ; SATCom: Satellite Communication ; MHz: megahertz



SWx impacts from solar flares on HFCom

• Short-wave fade (SWF)
• September 2017

• Several strong solar flares following 
hurricanes Irma and Jose in Caribbean
• No HFCom for several hours

• Contact with 1 cargo plane lost for 1.5h 
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Courtesy of CIRES, Terry Bullett



SWx impacts from solar flares on GNSS

GNSS: Global Navigation Satellite Systems (GPS, Galileo,,…) ; sfu: solar flux units ; GHz: gigahertz ; IGS: International GNSS service
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Currently NOT covered by SWx advisories for ICAO
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• From radio emission
• 6 Dec 2006: X6.5
• 1415 MHz: 106 sfu

• Swamped GPS 
receivers on sunlit 
side

• Loss-of-lock
• GPS outages of 

several minutes
• Positioning errors 

of 20 meters (H) 
and 60 meters (V)

• Services impacted
• WAAS, IGS, 

Surveying, offshore 
oil rig positioning, 
and precision 
agriculture.



SWx impacts from solar flares on Ground Support

• Radar disturbance
• 4 November 2015

• M3 flare paralyzes Swedish air traffic

• 23 May 1967
• BMEWS disturbed

• Radio meteors

18Credits: HAER ; BMEWS in Alaska, 5 July 1962

Credits: Felix Verbelen ; 25 October 2013



Space Weather impacts (SWx impacts)
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Proton events
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SWx impacts from proton events



SWx impacts from proton events

• Polar Cap Absorption (PCA)
• => PECASUS

• Radiation
• Astronauts, Polar flights

• => PECASUS

• Satellites
• Star trackers

• Solar arrays

• Single Event Effects (SEE)

• Ground Level Enhancement (GLE)

21
PECASUS: Pan-European Consortium for Aviation Space weather User Services 



SWx impacts from proton events on aviation

Proton events

Radiation

Biological Electronics

HF Com

HF Com: High Frequency Communications (3-30 MHz) Currently NOT covered by SWx advisories for ICAO
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SWx impacts from proton events on HF Com

• Polar Cap Absorption (PCA)
• From 10 MeV proton flux

• Deviated by MF to poles

• Affects lower ionosphere

• Impacts HF Com at poles
• Can last for days

• Polar flight detours
• E.g. 7-8 March 2012

• Frequency
• Proton events:

• Strong: 8 per solar cycle

• Severe: 2 per solar cycle

MeV: megaelectronvolt ; MF: magnetic field ; HF Com: High Frequency Communications (3-30 MHz)  ; pfu: proton flux units ; dB: decibel 
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SWx impacts from proton events on HF Com

• The disappearance of the HMS Acheron (1956)
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SWx impacts from proton events : Electronics

• Ground Level Enhancement (GLE)
• Sharp increase #neutrons @ 

ground

• Main source
• Strong SEPs ~500 MeV per nucleon

• => RARE!! (about 1 per year)

• Impacts
• Computer glitches, servers,…

• Pacemakers, defibrillators, and other 
medical devices,…

• Difficult to prove connection! 
• Jetblue Airways Flight 1230 (A320) 

on 30 October 2025

SEP: Solar Energetic Particles ; GCR: Galactic Cosmic Rays ; MeV: megaelectronvolt
SEU: Single Event Upset ; SEL: Single Event Latchup ; SEB: Single Event Burnout Currently NOT covered by SWx advisories for ICAO
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https://www.stce.be/news/797/welcome.html 

> 500 MeV

A330, Qantas Flight 72, 7 October 2008

https://www.stce.be/news/797/welcome.html


SWx impacts from proton events : Biological

• Energetic particles
• Galactic Cosmic Rays (GCR)
• South Atlantic Anomaly (SAA)
• Solar Energetic Particles (SEP)
• Can damage DNA and cause cancer & 

reproductive problems

• Radiation dose
• Sv/h , mSv/year
• ICAO thresholds for civil aviation

• Mitigation polar flights
• Halloween storms October 2003

• Severe storm (29.500 pfu) + GLE (3!)
• Decrease altitude
• Reroute (away from poles)

• Mitigation astronauts
• Oct 1989, Jul 2000, Oct 2003, Jan 2005,…

• Shelter in more shielded parts of ISS
• No space walks

ICAO: International Civil Aviation Organization ; ISS: International Space Station ; GLE: Ground Level 
Enhancement ; Sv/h: microsievert per hour ; mSv: millisievert ; FL: Flight Level (100 feet) ; pfu: proton 

flux units 
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SWx impacts from proton events : Satellites

• Satellites
• Star trackers

• Spacecraft orientation
• Photonics noise due to proton 

« impacts »

• True stars?

• Misorientation

• Solar panels oriented away 
from the Sun

• No energy

• Science & Data loss

• Gravity Probe-B

• Coronagraphs
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SWx impacts from proton events : Satellites

• Satellites
• Solar Arrays

• Displacement damage

• Reduces efficiency in electricity 
production

• Several % loss from one proton 
event is possible
• 2% loss during Bastille Day 

event (14 July 00)

• 5% loss during extreme 4 
August 1972 event

• Overall aging process of 
satellite and its instruments
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SWx impacts from proton events : Satellites

• Satellites
• Single Event Effect (SEE)

• Direct hit of an electronic 
component by an energetic particle 
resulting in an anomaly

• Several variations
• SEU (bit flip), SEL, SEB,…

• Sources
• Galactic Cosmic Rays (GCR)

• DSCOVR

• Solar proton storms

• Radiation belts
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SEU: Single Event Upset ; SEL: Single Event Latchup

SEB: Single Event Burnout ; DSCOVR: Deep Space Climate Observatory

http://www.nature.com/news/cosmic-rays-may-threaten-space-weather-satellite-1.20880
http://www.nature.com/news/cosmic-rays-may-threaten-space-weather-satellite-1.20880
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Coronal Mass Ejections
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SWx impacts from ICMEs



SWx impacts from ICMEs

• From magnetic field
• Satellites

• Magnetopause crossings
• High-Precision industry
• GCR: Forbush decrease

• From particles
• Aurora
• Satellites

• Drag
• Charging effects
• Satellite-based Comms/Nav applications (GNSS)

• => PECASUS

• HF Communication (aviation)
• => PECASUS

• Geomagnetically Induced Currents (GIC)

43GCR: Galactic Cosmic Rays ; GNSS: Global Navigation Satellite Systems ; Comms/Nav: Communications/Navigation
PECASUS: Pan-European Consortium for Aviation Space weather User Services  ; HF: High Frequency



SWx impacts from ICMEs on aviation

Coronal Mass Ejections

HF Com GNSS

HF Com: High Frequency Communications (3-30 MHz) ; GNSS: Global Navigation Satellite Systems (GPS, Galileo,,…)
44



SWx impacts from ICMEs

• Aurora

>200 km: Oxygen: red

<200 km: Nitrogen: blue

<200 km: Oxygen: green

(<100 km: Nitrogen: crimson)

© G. Gonzales, Iowa State University, Oct 2003
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© G. G. Howes, University of Iowa, 2021



SWx impacts from ICMEs
Aurora on 19-20 January 2026

56

Credits: Jonas Piontek - https://www.youtube.com/watch?v=MxM-h5pU9mE ; STCE newsitem: https://www.stce.be/news/802/welcome.html 

https://www.youtube.com/watch?v=MxM-h5pU9mE
https://www.youtube.com/watch?v=MxM-h5pU9mE
https://www.youtube.com/watch?v=MxM-h5pU9mE
https://www.stce.be/news/802/welcome.html


SWx impacts from ICMEs

• Satellites
• Atmospheric drag

• Low Earth Orbit (LEO)
• Sources

• Shortterm: ICME
• NOAA: Kp > 6

• Longterm: Solar EUV radiation (solar cycle)
• NOAA: F10.7 > 250 sfu

• Orbital decay of satellite
• May burn up in atmosphere

• Examples
• March 1989

• 1000 satellites off-track
• Premature mission end

• Solar Max, Skylab, Starlink
• 10-11 May 2024: ISS lost 0.5 km

• Space debris
• Cleaned up by high solar activity

• SpaceX Dragon crew capsule trunk 
• Early re-entry (27 April 2023)

57
ISS lost 10 km during Bastille Day event



SWx impacts from ICMEs on SATCom/GNSS 

• Satellite Communication (SATCom)
• Media, Meteo, Military, Internet,…

• Wide frequency range
• usually UHF/SHF

• Applications such as WAAS, EGNOS,…

• Signals travel through ionosphere…
• Ionospheric scintillation

• Small scale irregularities in e- density

• May develop in large structures 

• Rapid fluctuations in satellite signal

• Phase and intensity

• May result in signal loss

61
GHz: gigahertz ; (I)CME: (Interplanetary) Coronal Mass Ejection ; WAAS: Wide Area Augmentation System ; EGNOS: 

European Geostationary Navigation Overlay Service ; UHF: ultra high frequency ; SHF: super high frequency 

ionosphere
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GHz: gigahertz ; (I)CME: (Interplanetary) Coronal Mass Ejection ; WAAS: Wide Area Augmentation System ; EGNOS: 

European Geostationary Navigation Overlay Service ; UHF: ultra high frequency ; SHF: super high frequency 



SWx impacts from ICMEs on SATCom/GNSS 

• Battle of Takur Ghar
• 4 March 2002

• Ionospheric disturbance 
contributed to SATCom outage 
during Mil operation
• Despite active to unsettled 

geomagnetic conditions
• Can occur anytime!

63
GHz: gigahertz ; (I)CME: (Interplanetary) Coronal Mass Ejection ; WAAS: Wide Area Augmentation System ; EGNOS: 

European Geostationary Navigation Overlay Service ; UHF: ultra high frequency ; SHF: super high frequency 

• GNSS applications such as WAAS 
& EGNOS
• 7 November 2022

• 10-11 May & 10-11 October 2024
• Complete loss of GNSS applications

for several hours

Credits: US Air Force Research Laboratory



SWx impacts from ICMEs on HF Com

• Auroral Absorption (AA)
• HF Com due to aurora affecting lower 

ionosphere
• 18-19 Sep 1941

• Kp=9- for 24 hours (!)
• Radio broadcast disturbed
• Bombing raids under light of aurora

• Post-Storm Depression (PSD)
• Negative phase of ionospheric storm 

• => strong reduction electron content 
ionosphere

• = Reduce HF higher frequencies

• 25-26 May 1967
• Most negative phase in TEC ever 

recorded

HF Com: High Frequency Communications (3-30 MHz) ; ICME: 
Interplanetary coronal mass ejection ; TEC: Total Electron Content
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SWx impacts from ICMEs

• Geomagnetically Induced 
Currents (GIC)
• Electrons from magnetotail => 

ionospheric currents => Magnetic 
field => currents in crust surface

• Affects all long conductors
• Enters via ground connections

• GIC depends on
• Strength ICME

• Geomagnetic latitude
• Eq. Latitudes too!

• Local conductance

• Network details

70



SWx impacts from ICMEs

• GICs
• Power grids

• Distortions voltage pattern
• Transformer damage

• South-Africa, Oct 2003

• Grid collapse
• Québec, March 1989
• Malmö, Sweden, 2003

• 10-11 May 2024
• No major impacts on grids
• Contingency plans in place

• 19-20 January 2026
• 4 power lines tripped in Victoria, AU

• 8000 customers affected

71
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Effects from ICMEs

• GICs
• Railways

• New York (USA), 14-15 May 1921
• Sweden, 13-14 July 1982
• China, 17 March & 23 June 2015

• Pipelines
• Corrosion => Oil leaks

• Telephone/Telegraph
• Carrington event (1859),…
• Transcontinental cables

• 4 August 1972

• Transatlantic cables
• Copper to optical fiber

• But « optical repeaters »!
• March 1989 event

• High-precision industry
• Wellbore drilling

• Manitoba, Canada, 27 February 2023

72



Questions?

80
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