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What is an extreme event?

• No very concrete definition:
• Tail’s end of a distribution

• No one-on-one correlation 
between frequency and impact
• E.g. July 2012 farside event
• Boundary conditions

• Day/night,…
• Low probability, high impact 

event
• Some high-tech systems and 

applications only have 10-25 years 
of data…
• 1 moderate and 1 weak solar cycle 

since the mid-1990s…
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What is an extreme event?

Acronyms: ev.: event ; Exp. Law: exponential law ; MH: Millionths of a solar hemisphere ; GOES: Geostationary Operational Environmental Satellite ; SXR: soft x-rays ; 
GHz: gigahertz ; sfu: solar flux units ; MeV: Mega electronvolt ; pfu: particle flux units ; (I)CME: (Interplanetary) Coronal Mass Ejection ; Kp: planetary K-index ; Dst: 

Disturbance storm time index ; nT: nano Tesla

Observed, statistically expected, and modelled extreme solar and solar-terrestrial events 
(based on Cliver et al. 2022 ; Gopalswamy 2018)
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Largest sunspot groups in SC18 and SC25

88 April 1947 10 May 2024



Drivers of disturbed space weather
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Impacts of disturbed SWx
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Impacts from solar flares

• From EUV & X-ray
• Solar flare effect

• “magnetic crochet”
• Up to +/- 100 nT

• Short-wave fade (SWF)
• “Radio Blackout”
• Impact on HF Com

• From radio emission
• GNSS disturbances
• Radar disturbances
• Radio amateurs
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Impacts from solar flares on HF Com
• 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 zones

• Duration depends on
• Intensity/duration solar flare

• Frequent, long duration X-class flares!
• Solar zenith angle
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Impacts from solar flares on HF Com
• Short-wave fade (SWF)

• September 2017
• Several strong solar flares following

hurricanes Irma and Jose in Caribbean
• No HF Com for several hours
• Contact with 1 cargo plane lost for 1.5h 
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Impacts from solar flares on HF Com

• About 9 X5+ flares per SC
• Large variability per SC!
• Median duration of 1 hour

• Extremes from 5 up to 10 hours
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1 (full) SWF 
event per 

Duration (h)
(full SWF)

Absorption (dB)
(SZA=0° ; f = 6.6MHz)

1 year 0.63 71

10 years 1.8 130

100 years 4.0 210

1000 years 7.4 320

Estimated extreme events for full SWF (Tao et al. 2020)

SWF: Short-Wave Fade; h: hour; dB: decibel; SZA: Solar Zentih Angle; MHz: megahertz; SC: solar cycle; HF Com: High Frequency Communication



Impacts from SEP events
• From SEP events

• Single event effects
• Affect mainly avionics/electronics
• Ground Level Enhancement (GLE)

• Polar Cap Absorption (PCA)
• Deviated by MF to poles
• Affects D-region
• Impacts HF Com at polar regions

• Radiation
• Biological component

• Solar array damage
• Non-solar sources

• Supernovae (GCR)
• Thundercloud lightning (TLE)
• South Atlantic Anomaly (LEO)

15
SEP: Solar Energetic Particles ; GCR: Galactic Cosmic Rays ; GNSS: Global Navigation 

Satellite Systems ; TLE: Transient Luminous Events ; MF: Magnetic field ; LEO: Low Earth 
Orbit ; HF Com: High Frequency Communication



Impacts from SEP events on HF Com
• Polar Cap Absorption (PCA)

• From 10 MeV proton flux
• Deviated by MF to poles
• Affects lower ionosphere (D-region)
• Impacts HF Com at poles

• Can last for days
• Polar flight

• detours (HF Com)
• lower altitude (radiation hazard) 

22SEP: Solar Energetic Particles ; MF: Magnetic field ; HF Com: High Frequency 
Communication; MeV: mega electronvolt



MeV: megaelectronvolt ; pfu: proton flux unit

Impacts from SEP events on HF Com

• Thresholds
• 10 MeV protons: 10 pfu
• 100 MeV protons: 1 pfu

• Frequency
• Proton events:

• Strong: 8 per solar cycle
• Severe: 2 per solar cycle
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Impacts from SEP events on HF Com

• Halloween events (Oct-Nov 
2003)
• One major airline rerouted 6 

polar flights to non-polar routes
• Antarctic/McMurdo station

• 130 hours of HF communication 
blackout
• Combines solar flares and SEP 

events
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Impacts from SEP events on HF Com
• The disappearance of the HMS Acheron (1956)
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Impact from ICMEs
• From magnetic field

• Satellites
• Magnetopause crossings

• High-Precision industry
• GCR: Forbush decrease

• From particles (ionospheric)
• Aurora
• Geomagnetically Induced Currents 

(GIC)
• HF Communication
• Satellites

• Drag
• Charging effects

• Satellite-based Comms
• Nav applications (GNSS)

26
GCR: Galactic Cosmic Rays ; Comms/Nav: Communications/Navigation ;  
PECASUS: Pan-European Consortium for Aviation Space weather User 
Services ; HF: High Frequency ; (I)CME: (Interplanetary) Coronal Mass Ejection



Impact from ICMEs on HF Com 
• Ionospheric storm

• Example: 23-24 March 2023
• Kp = 8o ; Dst = -163 nT
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Credits images: PECASUS & DLR/IMPC

Credits: ROB/GNSS

(I)CME: (Interplanetary) Coronal Mass Ejection ; Kp: planetary K index ; Dst: Disturbance storm-time index ; nT nano tesla ; (V)TEC: (Vertical) Total Electron Content ; TECU: TEC unit ; 
PECASUS: Pan-European Consortium for Aviation Space weather User Services ; DLR: German Aerospace Centre; IMPC: Ionosphere Monitoring and Prediction Center; GNSS: Global 
Navigation Satellite Systems (GPS, Galileo,,…); DOY: Day Of Year

Positive phase of ionospheric storm
Negative phase of 
ionospheric storm



Impact from ICMEs on HF Com 
• Auroral Absorption (AA)

• HF Com degradation due to 
aurora affecting lower 
ionosphere

• 18-19 September 1941
• Kp > 9- for 24 hours (!)
• Radio broadcast disturbed
• Bombing raids under light of aurora

28
HF Com: High Frequency Communications (3-30 MHz) ; ICME: Interplanetary coronal mass ejection ; TEC: Total Electron Content
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Impact from ICMEs on HF Com 
• Post-Storm Depression (PSD)

• Negative phase of ionospheric 
storm 
• => strong reduction electron 

content ionosphere
• = Reduction higher portion HF 

band
• 25-26 May 1967

• Most negative phase in TEC ever 
recorded
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Impact from ICMEs on HF Com 
• Frequency geomagnetic 

storms
• Kp (planetary K-index)

• ~ 40 severe storm days / SC
• ~ 3 extreme storm days / SC

30
HF Com: High Frequency Communications (3-30 MHz) ; ICME: Interplanetary coronal mass ejection ; SC: solar cycle



Impact from ICMEs on HF Com 
• Frequency geomagnetic 

storms
• Kp (planetary K-index)

• ~ 40 severe storm days / SC
• ~ 3 extreme storm days / SC

• Frequency geomagnetic 
storms
• Dst (Disturbance storm-time index)

• ~ 14 severe storm days / SC
• ~ 2 extreme storm days / SC
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HF Com: High Frequency Communications (3-30 MHz) ; ICME: Interplanetary coronal mass ejection ; SC: solar cycle



Impact from ICMEs on SATCom 
• Satellite Communication (SATCom)

• Media, Meteo, Military, Internet,…
• Wide frequency range

• usually UHF/SHF
• Applications such as WAAS, EGNOS,…
• Signals travel through ionosphere…

32GHz: gigahertz ; (I)CME: (Interplanetary) Coronal Mass Ejection ; WAAS: Wide Area Augmentation System ; EGNOS: European 
Geostationary Navigation Overlay Service ; UHF: ultra high frequency (300 MHz-3 GHz ; SHF: super high frequency  (3-30 GHz)

ionosphere



Impact from ICMEs on SATCom 
• 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

33GHz: 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 



Impact from ICMEs on SATCom 
• 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!
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Credits: US Air Force Research Laboratory



Impact from ICMEs on SATCom 
• Satellite Communication (SATCom)

• GNSS applications such as WAAS /  EGNOS
• 10-11 May 2024 (Kp = 9o)

• WAAS Extreme storm detector (ESD) tripped for 
the first time since its inception in 2007 causing 
an extended loss of LPV/LPV200 over entire 
WAAS coverage volume
• NOTAMs issued advising on navigational 

disruptions
• EGNOS limited over Europe

• ESD tripped again during the 10-11 Oct 2024 
storm…
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GNSS: Global Navigation Satellite Systems (GPS, Galileo,,…) ; ICME: 
Interplanetary coronal mass ejection ; nT: nanotesla ; Dst: Disturbance storm 

time ; dB: decibel ; WAAS: Wide Area Augmentation System (WAAS) ; LPV: 
Localizer Performance with Vertical Guidance ; PECASUS: Pan-European 
Consortium for Aviation Space weather User Services ; EGNOS: European 

Geostationary Navigation Overlay Service ; NOTAM: Notice to Airmen



Impact from CH HSS on SATCom

• Similar to effects from ICMEs 
but less intense

• except…

• From particles
• Satellites

• Deep di-electric charging
• NOT ionosphere related
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Impact from CH HSS on SATCom

• High-Speed Stream (HSS)
• Satellite charging

• Deep di-electric charging
• About 1 to a few MeV e-

• Deeply penetrate spacecraft (S/C)
• Fluxes > 2 MeV e-

• Accumulation effect within S/C 
(ESD: electrostatic discharge)
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Impact from CH HSS on SATCom

• High-Speed Stream (HSS)
• Satellite charging

• Deep di-electric charging
• About 1 to a few MeV e-

• Deeply penetrate spacecraft (S/C)
• Fluxes > 2 MeV e-

• Accumulation effect within S/C 
(ESD: electrostatic discharge)

• Dayside effect
• Fluence (24h)

• Declining phase solar cycle
(coronal holes)
• ~ 20 ESD/yr/GEO sat
• Also strong ICME, e.g. 3-4 Nov 

2021

38Credits: Wrenn et al. (2002)



Impact from CH HSS on SATCom
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Frequency High fluence: ~17 days / year 

C
re

di
ts

: L
ai

et
 a

l. 
20

18

C
re

di
ts

: L
am

 e
t a

l. 
20

12



Summary

HF Com SATCom

Solar flares Short-Wave Fade (SWF)

Solar energetic particle events 
(SEP) Polar Cap Absorption (PCA)

Interplanetary coronal mass 
ejections (ICME)

Auroral Absorption (AA)
Post-Storm Depression (PSD) Ionospheric scintillation

High speed streams from coronal 
holes (HSS/CH) Deep di-electric charging
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