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Space Weather impacts (SWx impacts)

• Recap

• SWx impacts from
• Solar flares

• Proton events

• ICMEs

• Coronal holes
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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



SWx impacts on aviation

Solar flares Proton events Coronal Mass Ejections

HF Com Radiation GNSS

Ground Support Biological Electronics
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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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Coronal Holes



Space Weather impacts (SWx impacts)

• Recap

• SWx impacts from
• Solar flares

• Proton events

• ICMEs

• 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 

14
Courtesy of CIRES, Terry Bullett



SWx impacts from solar flares on GNSS

• From radio emission @ GNSS 
frequencies
• Solar radio burst (SRB)

• 6 December 2006
• X6.5 flare

• 1415 MHz: 106 sfu
• Normally around 100 sfu…

• Radio bursts > 100.000 sfu
• About 2 per year

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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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

19Credits: HAER ; BMEWS in Alaska, 5 July 1962

Credits: Felix Verbelen ; 25 October 2013



Space Weather impacts (SWx impacts)

• Recap

• SWx impacts from
• Solar flares

• Proton events

• ICMEs

• Coronal holes
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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)

22
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 : Biological

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

reproductive problems

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

• 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

31
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
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SWx impacts from proton events : Electronics

• Single Event Effects (SEE)

• 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! 

SEP: Solar Energetic Particles ; GCR: Galactic Cosmic Rays ; MeV: megaelectronvolt
SEU: Single Event Upset ; SEL: Single Event Latchup ; SEB: Single Event Burnout

Qantas Airbus A330 – 7 Oct 2008

Currently NOT covered by SWx advisories for ICAO
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Space Weather impacts (SWx impacts)

• Recap

• SWx impacts from
• Solar flares

• Proton events

• ICMEs

• Coronal holes
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Coronal Mass Ejections



SWx impacts from ICMEs
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Credits: ESA
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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)

44GCR: 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,,…)
45



SWx impacts from ICMEs 

• Satellites
• Magnetopause crossings

• CME pushes magnetopause inside 
GEO

• Satellites directly exposed to solar 
wind
• Orientation problem

46GEO: geostationary (equatorial) orbit



SWx impacts from ICMEs
Rapid geomagnetic variations

• Solar flare effect (SFE)
• Aka “magnetic crochet”

• Source
• Strong solar flare

• H: 2B (30%)

• X-ray: X1 (50%)

• f(local time & latitude)

• Examples
• 4 Nov 2003: + 115nT

• 1 Sep 1859: + 110nT

• Storm Sudden Commencement 
(SSC)
• Sudden impulse (SI)

• = no geomagnetic storm

• Source
• Dayside compression by strong ICME

• Global, but f(local sit.)

• Max. Amplitude: +/- 300 nT
• 10-11 May 2024: 108 nT

47



SWx impacts from ICMEs
Rapid geomagnetic variations

• High-precision industry
• Industries depending on 

amplitude of magnetic field 
• magnetic anomaly surveys

• directional wellbore drilling

• Performance degradation
• Mitigation possible

• 4 August 1972
• Vietnam: sea mine detonation

• 10-11 May 2024
• ONC – Ocean Networks Canada

• Deep-sea compasses activated 

48
IIFR: Interpolated In-Field Referencing



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

53

© G. G. Howes, University of Iowa, 2021



SWx impacts from ICMEs
Aurora on 10-11 May 2024
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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

• Slows down satellite
• Burns 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



SWx impacts from ICMEs on SATCom/GNSS 
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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

Credits: US Air Force Research Laboratory



SWx impacts from ICMEs on SATCom/GNSS
10-11 May 2024 storm - Strongest geomagnetic storm in 20 years 

• 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…

64

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



SWx impacts from ICMEs on HF Com

• Ionospheric storm
• Example: 23-24 March 2023

• Kp = 8o ; Dst = -163 nT

65
Credits images: PECASUS & DLR/IMPC

Credits: ROB/GNSS

HF: High Frequency ; (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

Positive phase of ionospheric storm

Negative phase of 
ionospheric storm



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

69



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

• Longterm effects of power loss!

70
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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

71



Space Weather impacts (SWx impacts)

• Recap

• SWx impacts from
• Solar flares

• Proton events

• ICMEs

• Coronal holes
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Coronal Holes



74

SWx impacts from CHs



SWx impacts from CHs

• Similar to effects from ICMEs but less intense

• except…

• From particles
• Satellites

• Deep di-electric charging

75GCR: Galactic Cosmic Rays ; GNSS: Global Navigation Satellite Systems ; 
PECASUS: Pan-European Consortium for Aviation Space weather User Services 



SWx impacts from CHs on satellites

• 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
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SWx impacts from CHs on satellites

• 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

77Credits: Wrenn et al. (2002)



SWx impacts from CHs on satellites

78

Frequency High fluence: ~18 days / year 
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:Issued: 2024 Mar 17 1231 UTC

:Product: documentation at http://www.sidc.be/products/tot

#--------------------------------------------------------------------#

 DAILY BULLETIN ON SOLAR AND GEOMAGNETIC ACTIVITY from the SIDC     #

#--------------------------------------------------------------------#

SIDC URSIGRAM 40317

SIDC SOLAR BULLETIN 17 Mar 2024, 1231UT

SIDC FORECAST 

SOLAR FLARES  : M-class flares expected (probability >=50%)

GEOMAGNETISM  : Quiet (A<20 and K<4)

SOLAR PROTONS : Quiet

PREDICTIONS FOR 17 Mar 2024  10CM FLUX: 144 / AP: 007

PREDICTIONS FOR 18 Mar 2024  10CM FLUX: 146 / AP: 007

PREDICTIONS FOR 19 Mar 2024  10CM FLUX: 148 / AP: 007

Solar Active Regions and flaring: There are five active regions visible on the solar disk. They all have simple beta or alpha magnetic field configuration and produced minor C-class flaring. The 
main activity in the last 24 hours has been observed from active regions behind the east limb, that will rotate into view in the next hours. The strongest was an M3.5 flare peaking at 16:35 UTC 
on 16 March, from a region not yet visible, located behind the east limb. As these regions rotate into view, we expect more M-class and possible X-class flares in the next 24 hours.

Coronal mass ejections: There was a partial halo CME (angular width about 180 degrees) directed towards the south, first seen at 03:24 UTC by LASCO C2. This CME originates from a filament 
eruption in the southern hemisphere. Since the filament was located close to the disk center, an ICME may arrive to the Earth on 20-21 March (a better estimation will be given when more data 
become available).

Solar wind: The Earth is inside slow solar wind, with speeds close to 350 km/s and an interplanetary magnetic field around 5 nT. Similar conditions are expected for the next 24 hrs.

Geomagnetism: Geomagnetic conditions were quiet both global and locally (NOAA_Kp up to 1 and K_BEL up to 1). Similar conditions can be expected for the next 24 hours.

Proton flux levels: The 10 MeV proton flux (measured by GOES-18) has come below the 10 pfu threshold, but remains elevated. It is expected that it will go back to low levels in the next 24 hrs.

Electron fluxes at GEO:  The greater than 2 MeV electron flux from GOES 16 was below the threshold level in the last 24 hours. It is expected to remain below the threshold during the next 24 
hours. The 24h electron fluence was at normal level and is expected to remain so.

TODAY'S ESTIMATED ISN  : 074, BASED ON 10 STATIONS.

SOLAR INDICES FOR 16 Mar 2024
WOLF NUMBER CATANIA    : ///
10CM SOLAR FLUX        : 144
AK CHAMBON LA FORET    : 005
AK WINGST              : 002
ESTIMATED AP           : 002
ESTIMATED ISN          : 058, BASED ON 23 STATIONS.

NOTICEABLE EVENTS SUMMARY
DAY BEGIN MAX  END  LOC    XRAY OP  10CM Catania/NOAA RADIO_BURST_TYPES 
16  1622  1635 1644 ////// M3.5          ///////      
16  2127  2155 2211 ////// M1.1          ///////      
END

Finding your way

in the

URSIgram

> 2MeV electron flux & fluence



Questions?
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