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Space Weather impacts (SWx impacts)

* Recap

* SWx impacts from i@j}
 Solar flares

* Proton events
e ICMEs
e Coronal holes




Drivers of disturbed SWx

Solar eruptions
\
Electromagnetic Particles
Radiation

Solar flares Proton events Coronal Mass Ejections Coronal Holes




SWx Impacts on aviation

Solar flares Proton events Coronal Mass Ejections Coronal Holes

Drivers

HF Com Radiation
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Ground Support Biological .|?000°®|.| 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 b
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Space Weather impacts (SWx impacts)

* Recap

Solar flares

* SWx impacts from
 Solar flares
* Proton events
e ICMEs
e Coronal holes




SWx impacts from solar flares

Scale | Description | Effect T Average_Frequenw
measure | (1 cycle = 11 years)
Extreme HF Radio: Complete HF (high frequency) radio blackout on the entire sunlit side of the Earth lasting for a X20 Less than 1 per cycle
number of hours. This results in no HF radio contact with mariners and en route aviators in this sector. (2% 10°9)
Navigation: Low-frequency navigation signals used by maritime and general aviation systems experience
outages on the sunlit side of the Earth for many hours, causing loss in positioning. Increased satellite
navigation errors in positioning for several hours on the sunlit side of Earth, which may spread into the night
side,
Severe HF Radio: HF radio communication blackout on most of the sunlit side of Earth for one to two hours. HF radio | X10 8 per cycle

contact lost during this time. (10°%) (8 days per cycle)
Navigation: Outages of low-frequency navigation signals cause increased error in positioning for one to two
hours. Minor disruptions of satellite navigation possible on the sunlit side of Earth.

R3 | Strong HF Radio: Wide area blackout of HF radio communication, loss of radio contact for about an hour on sunlit X1 175 per cycle
side of Earth. (104 (140 days per cycle)
Navigation: Low-frequency navigation signals degraded for about an hour,

R2 | Moderate | HF Radio: Limited blackout of HF radio communication on sunlit side, loss of radio contact for tens of M5 350 per cycle
minutes. (5%1073) | (300 days per cycle)
Navigation: Degradation of low-frequency navigation signals for tens of minutes.

R1 | Minor HF Radio: Weak or minor degradation of HF radio communication on sunlit side, occasional loss of radio M1 2000 per cycle
contact. (109) (950 days per cycle)
Navigation: Low-frequency navigation signals degraded for brief intervals.
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SWx impacts from solar flares

* From EUV & X-ray radiation

e Solar flare effect (“magnetic crochet”)
* => Effects from ICMEs

» Shortwave fade (“Radio Blackout”)
» =>PECASUS
* From radio emission

 GNSS disturbances
e Radar disturbances

'_C EUV: Extreme Ultraviolet ; GNSS: Global Navigation Satellite Systems ; VLF: Very Low frequency ; MF/HF: Medium/High Frequency 11
b, __ SR PECASUS: Pan-European Consortium for Aviation Space weather User Services



SWx impacts from solar flares on aviation

Solar flares

©2024-10-01 22:48:00 |
FNXX02 Z88B 012256
SWX ADVISORY

DTG: 20241001/2248z2
(([ l])) SWXC: CRC

ADVISORY NR:2024/258

HF Com SWX EFFECT:HF COM MOD
0BS SWX: 01/2213Z DAYLIGHT SIDE
FCST SWX +6 HR:02/0500Z NOT AVBL
FCST SWX +12 HR:02/1100Z NOT AVBL
FCST SWX +18 HR:02/1700Z NOT AVBL
FCST SWX +24 HR:02/2300Z NOT AVBL

- — = ‘ RMK: SWX EVENT(SOLAR FLARE)INPR IMPACTING LOWER HF COM FREQ BAND ON

P e o . . . .

THE DAYLIGHT SIDE.HIGHER FREQ MAY BE LESS IMPACTED

. Ground Support NXT ADVISORY: WILL BE ISSUED BY 20241002/0420z= '
o 12 t ;

HF Com: High Frequency Communications (3-30 MHz) ; GNSS: Global Navigation Satellite Systems (GPS, Galileo,,...) == == = Currently NOT covered by SWx advisories for ICAO



SWx impacts from solar flares on @)

* Short-wave fade (SWF)

e Aka “Radio blackout”
* Misleading term
e SXR from solar flare

15

s e Sunlit hemisphere of the Earth

§1o L * Increase ionospheric plasma (D-region)

§ FW?nudeorwy * Increase in HF absorption

ul * Affects lower frequencies most
Shusiinn: I * =>Backup systems (SATCom,...)
Fre“]/‘fg”t’c{; — » => Difficult to reach locations (polar

& zones,...) and disaster areas
e Duration depends on
P Speitat * Intensity/duration solar flare
Freflﬁgfc’; = (SWF)  Frequent, long duration X-class flares!
X-ray event * Solar zenith angle

0 t { f - f $ . . . .
00 06 12(noon) 18 24 e Advisories for aviation

TIME (hours)
Credits: Poppe et al. (2006) e X1/X10 (mOde rate/seve FE)
13
HF Com: High Frequency Communications (3-30 MHz) ; SXR: soft x-rays ; SATCom: Satellite Communication ; MHz: megahertz




SWx impacts from solar flares on
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* Short-wave fade (SWF)
* September 2017

» Several strong solar flares following
hurricanes Irma and Jose in Caribbean
* No HFCom for several hours
e Contact with 1 cargo plane lost for 1.5h

Highest Frequency Affected by 1dB Absorption Estimated Recovery Time

1] 5 10 25 30

15 20
Degraded Frequency (MHz)

Strong X—ray flux Minor Proton Flux
Product Valid At : 2017-09-06 12:50 UTC NOAA/SWPC Boulder, CO USALI+

Q)




SWx impacts from solar flares on GNSS LN

IGS Network Dual Frequency Code Observations, 6§ December 2006

* From radio emission @ GNSS
frequencies

 Solar radio burst (SRB)
* 6 December 2006

10! 102 10> 10" 10°  10°
i . |sFU
OVSA 061206 RHCP

192916 UTC

1933.46 UTC

1936.46 UTC

x10"

1.6 GHz RHCP SFU

" . A -*-‘-JMK .
19 191 192 193 194 195 196 197 198 199 20
UT Hour

Frequency (GHz)

oty
‘| ‘ | Il Figure 6. Receivers in the Global GPS Network that were analyzed during the solar radio burst.
| | Green indicates the normal number of satellites being tracked (fourth panel) During the burst
M | “ ’ | | (power at 1.6 GHz), several sunlit receivers tracked fewer than the four satellites needed for a full
IELREN T | positioning solution (marked in red). (Image of Earth from the The Living Earth, 1996 and is used
here by permission of the publisher. Day/night overlay created using Earth Viewer by J. Walker.)

Credits: Cerruti et al. (2008)

18 19 20
~a UT Hours 17
GNSS: Global Navigation Satellite Systems (GPS, Galileo,,...) ; sfu: solar flux units ; GHz: gigahertz ; IGS: International GNSS service = == = Currently NOT covered by SWx advi§g




<1 SWx impacts from solar flares on A

e Radar disturbance

HUMAIN 2015/11/04

* 4 November 2015 o ST :
e M3 flare paralyzes Swedish air traffic 21%-- - -
03) 138‘ ' B T R A i
* 23 May 1967 §g :
* BMEWS disturbed
e Radio meteors g o] -
z
ct053f2013'. g 641 ] I
1493
13:30 14:30 15:30
Royal Observatory of Belgium - 2015 Time [UT]
* 19
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Space Weather impacts (SWx impacts)

° R EC(J,D Proton events

* SWx impacts from
 Solar flares
* Proton events
* [CMEs
e Coronal holes

20



#| SWx impacts from proton events

Physical
measure
. .. (Flux lewvel Average Freguency
Scale | Description | Effect of >= 10 e p—
MeV
particles)
Extreme Bielogical: Unavoidable high radiation hazard to astronauts on EVA (extra-vehicular activity); passengers 107 Fewer than 1 per cycle
and crew in high-flying aircraft at high latitudes may be exposed to radiation risk.
Satellite operations: Satellites may be rendered useless, memory impacts can cause loss of control, may
cause serious noise in image data, star-trackers may be unable to locate sources; permanent damage to
solar panels possible.
Other systems: Complete blackout of HF (high frequency) communications possible through the polar
regions, and position errors make navigation operations extremely difficult.
Severe Biological: Unavoidable radiation hazard to astronauts on EVA; passengers and crew in high-flying aircraft 104 3 per cycle
at high latitudes may be exposed to radiation risk.
Satellite operations: May experience memory device problems and noise on imaging systems; star-tracker
problems may cause orientation problems, and solar panel efficiency can be degraded.
Other systems: Blackout of HF radio communications through the polar regions and increased navigation
errors over several days are likely.
53 Strong Biological: Radiation hazard avoidance recommended for astronauts on EVA; passengers and crew in 103 10 per cycle
high-flying aircraft at high latitudes may be exposed to radiation risk.
Satellite operations: Single-event upsets, noise in iImaging systems, and slight reduction of efficiency in
solar panel are likely.
Other systems: Degraded HF radio propagation through the polar regions and navigation position errors
likely.
52 Moderate Biological: Passengers and crew in high-flying aircraft at high latitudes may be exposed to elevated 102 25 per cycle
radiation risk.
Satellite operations: Infrequent single-event upsets possible.
Other systems: Small effects on HF propagation through the polar regions and navigation at polar cap
locations possibly affected.
s1 Minor Biological: None. 10 50 per cycle
Satellite operations: None.
Other systems: Minor impacts on HF radio in the polar regions.

=C 21

Space Weether Educetion Center




SWx impacts from proton events

* Polar Cap Absorption (PCA)
 => PECASUS

e Radiation

* Astronauts, Polar flights
 =>PECASUS

e Satellites
e Star trackers

* Solar arrays
 Single Event Effects (SEE)

* Ground Level Enhancement (GLE)

'_C - PECASUS: Pan-European Consortium for Aviation Space weather User Services 22




#| SWx impacts from proton events on aviation

Proton events

((c l))

HF Com Radiation

9999
R ——l

33
Biological 00

2l
; ?].| Electronics
- b
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 ()

 Polar Cap Absorption (PCA)

* From 10 MeV proton flux
e Deviated by MF to poles
» Affects lower ionosphere

Highest Frequency Affected by 1dB Abscrption
= . - —

* Impacts HF Com at poles
e Can last for days
* Polar flight detours
 E.g. 7-8 March 2012

* Frequency

* Proton events:
* Strong: 8 per solar cycle

5 10 25 30

15 20
Deqraded Frequency (MHz)

orrnal X—ray Bockground Strong Proton Flux
roduct Valid At : 2012-03-08 11:15 UTC NOAA/SWPC Boulder, CO USA

07 00:06 -

* Severe: 2 per solar cycle :

6 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015 2018 2021 2024 2027
1K - 10K 10K-100K .
-C 24
Sece Westher Eckcetion Carter MeV: megaelectronvolt ; MF: magnetic field ; HF Com: High Frequency Communications (3-30 MHz) ; pfu: proton flux units ; dB: decibel




SWx impacts from proton events on

* The disappearance of the HMS Acheron (1956)

_C\
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Missing British Sub
Feared Lost, Safe:
Search C

alled Off

Acheron Sighted in Gale-Swept Arctic Sea by Mine-
sweepers Failure of Communications System Made
Contact With Admiralty Impossible; Was Unreport-
ed Since Wednesday When It Made Trial Dive

after the Admiralty reported

o LONDON (P}—The Admiralty today called off a search
for the British submarine Acheron, sighted safe in gale-
swept seas after being feared lost for nearly six hours.

«| The British minesweeper Coquette radioed three hours

the Acheron oyerdue that she

= had made “visual contact” with the sub,

13d Dixie Party

Urged in Fight

+/On Integration

SHREVEPORT, La. UR—Geor-
gia Gov. Marvin Griffin called

. ocratie and Republican Jeaders dis-]'0 m"‘:g"‘"‘-'l lumns 0; fuel arellast night for an all-out war
MIAMI, Fla. UP—The Coast State Agen(ﬂes closed today they were working on|Corsmed aunually at high pres-taguing both major political par-
. . e

Jtiee charcine thev “ara truvine tn

The Coquette also reported the
Acheron, carrying 65 men, said
her communications syslem was
out of order, The Acheron then
proceeded to Iceland.

The search started after the
Acheren falled to make her rou-
tine radio report this morning.

Six hours later the Admirsity
said: “The Acheron has now suc-
ceeded in passing her routine
check signal and as a result the
saarch for her has been led.”

5 Die, 100 Hurt

Seven Coaches Jump Rails
With Train Speeding at
80 Miles Per Hour; Cause
Of Accident Unknown

ODENTON, Md. (® — Seven
cars of a Pennsylvania Railroad
passonger train, racing at 80
mph. through the flat country«
side between Washington and Bal-
timors, jumped the track Jast
nw\\ um‘l u\m wertumed down

Five
were killed and more than 100
injured.

Of 90 persons taken to six
Maryland hospitals, 59 remalned
hospitalized today, Scores of oth-
ors were treated at the scene by
dozens of doctors and nurses.

By mid-mgraing, investigators
still had not determined what
caused the wreck of the New
York-bound Embassy. A Pennsyl-
vania Rallroad spokesman said the
possibility of faulty air brakes
had been ruled out. The engineer
said earller the brakes had ap-
peared to grab suddenly.

The worst mangled car was the

The 1,123-ton Acheron is A sister
ship of the Affray, which sank in
the English Channel in April 1851

with 74 dead

diner. App ly it tipped over
just as it started to pass one of
the heavy steel girders support-
ing the overhead electric cables

that provide pz«g to the engines,

Q)

In Derailment
s/OfP.R.R.Train




* Energetic particles
* Galactic Cosmic Rays (GCR)
* Solar Energetic Particles (SEP)

e Can damage DNA and cause cancer &
reproductive problems

* Radiation dose
* uSv/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
e 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 ; uSv/h: microsievert per hour ; mSv: millisievert ; FL: Flight Level (100 feet) ; pfu: proton
flux units

#| SWx impacts from proton events : )|

SOLAR RADIATION ALERT REGIONS
(Alert regions in orange

g = e e o I 51

Geographic Latitude (degrees)
o

£70 unEinEan [ g
& 80 ‘ 1 ! 1 Ehib s LS SE B =
90
180 150 120 90 60 30 o 30 60 90 120 150 180
West East
Geographic Longitude (degrees)

Space Weather Message Code: ALTPAV Issue Time: 2003 Oct 28 2123 UTC
ALERT: Solar Radiation Alert at Flight Altitudes
Conditions Began: 2003 Oct 28 2113 UTC

Comment:

Satellite measurements indicate unusually high levels of ionizing radiation, coming
Jrom the sun. This may lead to excessive radiation doses to air travelers at Corrected
Geomagnetic (CGM) Latitudes above 35 degrees north, or south.

Avoiding excessive radiation exposure during pregnancy is particularly important.

Reducing flight altitude may significantly reduce flight doses. Available data indicates
that lowering flight altitude from 40,000 feet to 36,000 feet should result in about a 30
percent reduction in dose rate. A lowering of latitude may also reduce flight doses but
the degree is uncertain. Any changes in flight plan should be preceded by appropriate

clearance. )
T |\



#| SWx impacts from proton events : Satellites

e Satellites

e Star trackers

* Spacecraft orientation

* Photonics noise due to proton
« impacts »

* True stars?
* Misorientation

e Solar panels oriented away
from the Sun

* No energy

e Science & Data loss
e Gravity Probe-B

e Coronagraphs

- Cw\\‘wz’f

Space Westher Educetion Center




#| SWx impacts from proton events : Satellites

. Exiting
¢ Satellltes Particle
0 0o/o00o0
e Solar Arrays 0.0/ 000
: 0l 0000
* Displacement damage /OS‘,EOOOOOOOOOO
° d ffici i | ici o O Interstitial
Reduces efficiency in electricity s o
production Raicle
* Several % loss from one proton
eve nt i S p O SS i b | e SOHO Solar Array Degradation, based on tl;‘el sa;;ez;age of the two section currents (PISW1 and
* 2% loss during Bastille Day - )
event (14 July 00) ”
* 5% loss during extreme 4 wi, ERRZE R
August 1972 event e i e
* Overall aging process of ez Y AT |
. . . l\ L Prolon event Dct 26-Nov 08, 03
satellite and its instruments w. B NNNNANN

F 3 =
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#| SWx impacts from proton events : Satellites

- Satellites - [T, T &
 Single Event Effect (SEE) Y
* Direct hit of an electronic "E ok HH\M At A e _o~
component by an energetic particle S ol B 'If'" ? ph.,‘.- I | -
resulting in an anomaly ° b - s

* Several variations ::: | | | s

%)
[=]
o
o

) SEU (b't ﬂ|p), SEL, SEB’ 2001 12_?32[“”5] 2003 2004

Py Sou rces Figure 3: Subset of the data in Fig. 1 during solar maximum. The plot shows a dozen
sharp spikes on top of the solar-cycle-modulated background of SSR SEUs triggered by
cosmic ray hits. These spikes are caused by isolated strong SEP events. Most of them

i G a Ia Ctic COS m iC Rays (G C R) coincide with a CRF down spike.
 DSCOVR UOSAT-2 MEMORY UPSETS

* Solar proton storms
e Radiation belts

BIRL/WELY, FOXIDIX

SEU: Single Event Upset ; SEL: Single Event Latchup
= SEB: Single Event Burnout ; DSCOVR: Deep Space Climate Observatory

pace Westher Educeton wencer



http://www.nature.com/news/cosmic-rays-may-threaten-space-weather-satellite-1.20880
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il PROBA2/SWAP 174 2025-03-11T708:33:30.131 PROBA2/SWAP 174 2025-03-11T09:12:00.172



SWx impacts from proton events :

* Single Event Effects (st

* Ground Level Enhancement (GLE)

* Sharp increase #neutrons @
ground
* Main source
» Strong SEPs ~500 MeV per nucleon .
 =>RARE!! (about 1 per year) Qantas Airbus A336 3
* 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 = == = = Currently NOT covered by SWx advisories for ICAO



kg Space Weather impacts (SWx impacts)

* Recap

* SWx impacts from Coronal Mass Ejections
 Solar flares
* Proton events
* ICMEs
e Coronal holes

40




9 SWx impacts from ICMEs

Credits: ESA
-C b




Ed SWx impacts from ICMEs

=C
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Scale

Description

Effect

Physical
measure

Average Frequency
(1 cycle = 11 years)

Extreme

Power systems: Widespread voltage control problems and protective system problems can occur, some grid
systems may experience complete collapse or blackouts. Transformers may experience damage.

Spacecraft operations: May experience extensive surface charging, problems with orientation,
uplink/downlink and tracking satellites.

Other systems: Pipeline currents can reach hundreds of amps, HF (high frequency) radio propagation may
be impossible in many areas for one to two days, satellite navigation may be degraded for days,
low-frequency radio navigation can be out for hours, and aurora has been seen as low as Florida and
southern Texas (typically 40° geomagnetic lat.).

Kp =29

4 per cycle
(4 days per cycle)

Severe

Power systems: Possible widespread voltage control problems and some protective systems will mistakenly
trip out key assets from the gnd.

Spacecraft operations: May experience surface charging and tracking problems, corrections may be needed
for orientation problems.

Other systems: Induced pipeline currents affect preventive measures, HF radio propagation sporadic,
satellite navigation degraded for hours, low-frequency radio navigation disrupted, and aurora has been
seen as low as Alabama and northern California (typically 45° geomagnetic lat.).

Kp =8,
including a
Q-

100 per cycle
(60 days per cycle)

Strong

Power systems: Voltage corrections may be reqguired, false alarms triggered on some protection devices.
Spacecraft operations: Surface charging may occur on satellite components, drag may increase on
low-Earth-orbit satellites, and corrections may be needed for orientation problems.

Other systems: Intermittent satellite navigation and low-frequency radio navigation problems may occur, HF
radio may be intermittent, and aurora has been seen as low as Ilinois and Oregon (typically 50°
geomagnetic lat.).

200 per cycle
(120 days per cycle)

G2

Moderate

Power systems: High-latitude power systems may experience voltage alarms, long-duration storms may
cause transformer damage.

Spacecraft operations: Corrective actions to orientation may be reqguired by ground control; possible
changes in drag affect orbit predictions.

Other systems: HF radic propagation can fade at higher |atitudes, and aurora has been seen as low as
MNew York and Idaho (typically 55° geomagnetic lat.).

600 per cycle
(260 days per cycle)

Minor

Power systems: Weak power grid fluctuations can occur.

Spacecraft operations: Minor impact on satellite operations possible.

Other systems: Migratory animals are affected at this and higher levels; aurora is commaonly visible at high
latitudes (northern Michigan and Maine).

Kp=25

1700 per cycle
(900 davys per cycle)

43




Ed SWx impacts from ICMEs

* From magnetic field
 Satellites
* Magnetopause crossings
* High-Precision industry

* From particles
* Aurora

e Satellites
* Drag

» Satellite-based Comms/Nav applications (GNSS)
 =>PECASUS

e HF Communication (aviation)
* =>PECASUS
 Geomagnetically Induced Currents (GIC)

"C GCR: Galactic Cosmic Rays ; GNSS: Global Navigation Satellite Systems ; Comms/Nav: Communications/Navigation 44
s i PECASUS: Pan-European Consortium for Aviation Space weather User Services ; HF: High Frequency




g SWx impacts from ICMEs on aviation

Coronal Mass Ejections

:

)

HF Com

'-C
Space Westher Educetion Center

45
HF Com: High Frequency Communications (3-30 MHz) ; GNSS: Global Navigation Satellite Systems (GPS, Galileo,,...)



9 SWx impacts from ICMEs

e Satellites = 53]
* Magnetopause crossings SR e

* CME pushes magnetopause inside
GEO

» Satellites directly exposed to solar
wind
e Orientation problem

GOES Magnetometer (1 minute data)

S50 Begin: 20017 Apr 10 0000 UTG

200

150 h ‘11

woowﬂb&\wﬂu
50

jal

Tl {BT]

NanocTesla (nT)

—50

—100 w
—150 .y
MM NN MM NN YR NN

GOES 8 Hp Long. W 76
GOES10 Hp Long. W 135

—Z00
Apr 10 Apr 11 Apr 12 Apr 13
Universal Time

Updated 2001 Apr 12 23:50:04 UTC NOAA /SEC Boulder, CO USA
=C GEO: geostationary (equatorial) orbit

space Westher Educetion Center




SWx impacts from ICMEs

Rapid geomagnetic variations

* Solar flare effect (SFE)

* Aka “magnetic crochet”

* Source
* Strong solar flare
* Hou: 2B (30%)
e X-ray: X1 (50%)
* f(local time & latitude)
* Examples
* 4 Nov 2003: + 115nT
* 1Sep 1859: +110nT

11" 12 MIDNIGHT 4

/ Crochet Storm Onset
SEPTEMBER 1 SEPTEMBER 2 \
“‘H\«WM I

5 6

||“

—————

L] 1
(=]
-

w[; |

TIME (UT)

‘ e —
Space Westher Educetion Center

s 8

% .

HORIZONTAL FORCE

<+

e Sudden impulse (Sl)
* = no geomagnetic storm
* Source
* Dayside compression by strong ICME

* Global, but f(local sit.)
* Max. Amplitude: +/- 300 nT
* 10-11 May 2024: 108 nT

~ ssc so

e

1
Time,day

Dgt, nT 0

100

—-200+

g '
: == e~ Main phase
’ Storm

] L)
Initial
phase

e Storm Sudden Commencement @
(SSC)
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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

e ONC - 0Ocean Networks Canada
* Deep-sea compasses activated

IIFR: Interpolated In-Field Referencing

263.0
I
* o~ "o
. d . ¥ -y
£ 4 Magnetic
ek f’ Storm
E
q 261.0
N . .
=0 4 — +-Drilling Azimuth
260.0 : .
" IFR Corrected Azimuth
259, ‘
I Uﬂt‘d]l] 3?;]3 3800 :]UILKJ 4000 4100 4200 4300 4400 4500 4600 4700
De pth (feet)
48




g SWx impacts from ICMEs

e Aurora

ELECTRON ACCELERATION

MAGNETOTAIL
RECONNECTION

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

© G. Gonzales, lowa State University, Oct 2003

=C 53
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[ SWx impacts from ICMEs

Aurora on 10-11 May 2024

EN-901

Jean Marie Biets

Marche en Famenne, Belgique

: 11-05-2024 00:39:30
UTC start exp,: 10-05-2024 22:38:30
exp. time; 60 sec.
ZWO AS! 183mc
Fujinon CF2.7HA-L1
camera temp :32.6 °C

Shutter @ 16hz

=C 55
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g SWx impacts from ICMEs

e Satellites Satellite Tracking Problems
After March 13-14, 1989 Storm

* Atmospheric drag 200
* Low Earth Orbit (LEO) Lost. satellites that are [ Magnetic

Satel not where they Storminess
* Sources s (Ap Index)
» Shortterm: ICME '
« NOAA:Kp>6
P * Longterm: Solar EUV radiation (solar cycle)
Q * NOAA:F10.7 > 250 sfu

Slows down satellite
* Burnsup in atmosphere

Day March 1989

¢ Exa m ples International Space Station As Flown Altitude Profile
° March 1989 (Based on MCC-MIUSSP Tracked SY Data)
« 1000 satellites off-track i
* Premature mission end
* Solar Max, Skylab, Starlink , b | |
« 10-11 May 2024: ISS lost 0.5 km
* Space debris i ik
* Cleaned up by high solar activity g ;
 SpaceX Dragon crew capsule trunk < 2 b
* Early re-entry (27 April 2023)
gggg I1SS-fost 10-km-during Bastille Da)% eventé q;gg

a
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g SWx impacts from ICMEs on SATCom/GNSS

'-C
Space Westher Educetion Center

* Satellite Communication (SATCom)
* Media, Meteo, Military, Internet,...

* Wide frequency range
* usually UHF/SHF

* Applications such as WAAS, EGNOS,...
 Signals travel through ionosphere...

Satellite
HSEREEREERRERNEEN — o (LI IRIL]]

Ground Stations

\
RN

ionosphere

~
~
-~
~
~
~
~
~
~

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
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k9 SWx impacts from ICMEs on SATCom/GNSS RN

* Satellite Communication (SATCom) | [ [
* Media, Meteo, Military, Internet,...
* Wide frequency range
* usually UHF/SHF o
1 1 JE‘ 200
* Applications such as WAAS, EGNOS,... 3
* Signals travel through ionosphere... < o)
* lonospheric scintillation
* Small scale irregularities in e* density % - e
* May develop in large structures 200 !
i Rapid fluctuations in Sate”ite Signal 2?200 -250 0 2:0 u:OO -250 0 250 u' -250 0 250 2 : -SOSONFi2(638) 0 252‘0:;;0
« Phase and intensity Zonat Distance () pe s ——
[ ] May result in signal IOSS I:i’%‘uarrzhgglnzfzxample showing the genesis and successive development of EPB (evolving-type) over Kototabang observed from the fan sector maps of EAR on

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

2
' European Geostationary Navigation Overlay Service ; UHF: ultra high frequency ; SHF: super high frequency © b




Ed SWx impacts from ICMEs on SATCom/GNSS AN

e Battle of Takur Ghar
e 4 March 2002

* lonospheric disturbance
contributed to SATCom outage
during Mil operation

* Despite active to unsettled
geomagnetic conditions
e Can occur anytime!

Credits: US Air Force Research Laboratory
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= SWx impacts from ICMEs on SATCom/GNSS

10-11 May 2024 storm - Strongest geomagnetic storm in 20 years

e Satellite Communication (SATCom)

* GNSS applications such as WAAS / EGNOS
 10-11 May 2024 (kp = 90)

* 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 B

* NOTAMs issued advising on navigational WARS LPV200 Coverage Contours
disruptions Week 2234 Day 6

 EGNOS limited over Europe "

e ESD tripped again during the 10-11 Oct 2024 6o
storm...

0.65

: 10.95
50}

Latitude

40

eeeeeeeeeeeeeeeeee

GNSS: Global Navigation Satellite Systems (GPS, Galileo,,...) ; ICME: Interplanetary 0 o 1””:”2;‘? ! gifggz o

99.9 | 9%.76% | 97.34% | 99.94%

: s S coronal mass ejection ; nT: nanotesla ; Dst: Disturbance storm time ; dB: decibel ; 0| eslesk | 970 | snises
Lo M el M. WAAS: Wide Area Augmentation System (WAAS) ; LPV: Localizer Performance with 201 K

Vertical Guidance ; PECASUS: Pan-European Consortium for Aviation Space weather s e 3
=C User Services ; EGNOS: European Geostationary Navigation Overlay Service ; 10 i i i i T G -
Eckucsiion Cartar NOTAM: Notice to Airmen Q




Ed SWx impacts from ICMEs on

¢ I O n OS p h e ri C Sto rm o tontme §J;%55iti\A/e phaserf ionospheric storm |

80 l Negative phase of

* Example: 23-24 March 2023 ) ionosphric storf
* Kp=80; Dst=-163 nT

20

o
-
-
- 4
+

Total Electron Content (TEC) 2023-03-22 00:00:00 UT 100 TTomgude T
-180° —a0° o En 180

»o)

4
Latitude 150,
&0

60

40

VTEC (TECu)

-
-

Longitude | : 5.0°
Latifude 136.0°

60

40

~180° N o oo EnLS 20

lonospheric Range Error (L1) /' m .

| | I 1 REAR B | 1 [

hh 'UTC! 00 08 12 '@ M 06 12 '8 O Q8 12 T8 00 00
dd/mmvyy 20/03/23 21/0323 22/03/23 23'05/23 24/0323 25/0323 26/03/23
DOY 073 080 081 082 083 084 085

.00 .82 .24 488 E.48 g.10 a.r2 11.34 1206 1458 E20 1782 1244 21.08

o 10 20 EI.C- 40 50 50 To a0 30 100 110 120 130

TEC / TECU
Credits images: PECASUS & DLR/IMPC

Credits: ROB/GNSS

Spece Weether Educetion Carter storm-time index ; nT nano tesla ; (V)TEC: (Vertical) Total Electron Content ; TECU: TEC unit

128 00 06 12 1A GO 08 12 18 00 06 12 18 ©

1620
1458
1298

1754

810
68

4

e

1458

HF: High Frequency ; (I)CME: (Interplanetary) Coronal Mass Ejection ; Kp: planetary K index ; Dst

Q)

lonospheric Range Error (L1) in m

Y

: Disturbance
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Ed SWx impacts from ICMEs on (

* 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)

Credits: Felix Verbelen (BRAMS)
10-11 October 2024

SIS RIS

HF Com: High Frequency Communications (3-30 MHz) ; ICME:

* Negative phase of ionospheric storm i S0ssot, Dy Moloees 05,
« =>strong reduction electron content HmHESSSHIG At
ionosphere A 2
* = Reduce HF higher frequencies i <
* 25-26 May 1967 Tl s
. . il N
* Most negative phase in TEC ever Bl I
L o 4O
recorded 2 o =
& 1
'-C 2l;E1é -’.I'l 4; fIJ (IS 7"!8 !; 1‘0 1‘1 11’2 1‘3 1I4 1‘5 1I§‘§ 1I8 1‘9 20 21 22 23 ;4 b
Spece Westher Edtcetion Certer Interplanetary coronal mass ejection ; TEC: Total Electron Content Time (UTC) [Hours]




g SWx impacts from ICMEs

- Magnetic Field from electrojet
v ~ . .

.7 \_ induces voltage potential on

: v\ the surface of the earth

* Geomagnetically Induced
Currents (GIC) N s

* Electrons from magnetotail =>
ionospheric currents => Magnetic
field => currents in crust surface

» Affects all long conductors

* Enters via ground connections
141 cells, depth 80 km

* GIC depends on N o
e Strength ICME 20T ]
¢ Geomagnetic latitude l -, | )
1000 [~ Z ks %D
* Eq. Latitudes too! E sl L0 7
* Local conductance = b ' 2
) I 2
* Network details G § a 8
~1000 5
-1500 R

-2000 -1500 -1000 -500 0 500 1000 1500 2000
E [km]

o

Space Westher Educetion Center
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g SWx impacts from ICMEs

P Meonook (MEA) bosed on 1-minute definitive data
S 1989-03-13
2000 lz_ _:I
E 3

* Power grids

* Distortions voltage pattern S "w,wwl,mwmﬂw W“WW]W
 Transformer damage - ‘#v ____________________ ]
* South-Africa, Oct 2003 = L ]
* Grid collapse |
* Québec, March 1989 e 03‘?“““”{«"“"“““‘%** Wfhi W‘}WWWMW‘VWWMiw
* Malmo, Sweden, 2003 E Lol : : L a
* 10-11 May 2024 Bl e g O o g
* No major impacts on grids

Longterm effects of power loss!

Table 3 Parameters for the GIC emergency alert model. The S
criterion for each alert level is shown in the second column, 2
and the following columns show the expected extreme dB/dt g
values for RC-, AE-, and SC-type GICs S

dB/dr of GICs 5
Alert level Criterion RC (nT/h)  AE (nT/min)  SC (nT/9) %
Caution Dst<=300nT  100-150 2000 40-110 8

Warning Dst<-600 nT  150-400 4000 40-110
Emergency Dst<-900 nT  400-1250 6000 40-110
-C Transient alert  High SEP flux 40-110

Spac eather Educetion Center




k- Effects from ICMEs

* GICs
* Railways
* New York (USA), 14-15 May 1921
* Sweden, 13-14 July 1982
e China, 17 March & 23 June 2015
Pipelines
e Corrosion => Qil leaks
Telephone/Telegraph
e 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

1858 2008




k- Space Weather impacts (SWx impacts)

* Recap

* SWx impacts from Coronal Holes
 Solar flares
* Proton events
* [CMEs
e Coronal holes

72



kg SWx impacts from CHs

‘ Scale | Description | Effect ‘ Physical OB HFE e B
measure (1 cycle = 11 years)
G3 Strong Power systems: Voltage corrections may be required, false alarms triggered on some protection devices. Kp=7 200 per cycle
Spacecraft operations: Surface charging may occur on satellite components, drag may increase on (130 days per cycle)
low-Earth-orbit satellites, and corrections may be needed for orientation problems.
Other systems: Intermittent satellite navigation and low-frequency radio navigation problems may occur, HF
radio may be intermittent, and aurora has been seen as low as Illinois and Oregon (typically 50°
geomagnetic lat.).
G2 Moderate Power systems: High-latitude power systems may experience voltage alarms, long-duration storms may Kp =6 600 per cycle
cause transformer damage. (360 days per cycle)
Spacecraft operations: Corrective actions to orientation may be required by ground control; possible
changes in drag affect orbit predictions.
Other systems: HF radio propagation can fade at higher latitudes, and aurora has been seen as low as
Mew York and Idaho (typically 55° geomagnetic lat.).
G1 Minor Power systems: Weak power grid fluctuations can occur. Kp =25 1700 per cycle
Spacecraft operations: Minor impact on satellite operations possible. (200 days per cycle)
Other systems: Migratory animals are affected at this and higher levels; aurora is commaonly visible at high
latitudes (northern Michigan and Maine).

£C 74
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g SWx impacts from CHs

e Similar to effects from ICMEs but less intense
e except...

* From particles

» Satellites
* Deep di-electric charging

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



g SWx impacts from CHs on satellites

GOES Hlectron Flux (5-minute data)

* High-Speed Stream (HSS) T ————
 Satellite charging .

* Deep di-electric charging

e About 1to a few MeV e- '

* Deeply penetrate spacecraft (S/C)

' Q‘” 00
Y e
* Fluxes >2 MeV e-

00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00
a ar p ar

° AccumUIat|On effect W|th|n S/C Jan 18 Jan 19 Jan 20 Jan 21 Jan 22 Jan 23 Jan 24 Jan 25
(ESD: electrostatic discharge) cots 165 2mey — cors 185 2w

Updated 2025-01-24 1605 UTC Space Weather Prediction Center
.
* Dayside effect
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g SWx impacts from CHs on satellites

* High-Speed Stream (HSS) - | ]

* Satellite charging
* Deep di-electric charging 5 £

t

e About 1to afew MeV e- % é % % % %z

* Deeply penetrate spacecraft (S/C) . :
* Fluxes > 2 MeV e- = ol
* Accumulation effect within S/C o 8
(ESD: electrostatic discharge) T S C““g ’ q
AR e S A e anada

* Dayside effect
* Fluence (24h) ’Fh'\"“
* Declining phase solar cycle (coronal : i T
holes)
e ~ 20 ESD/yr/GEO sat
e Also strong ICME, e.g. 3-4 Nov 2021

1. .
el I
r " .Q =
- ot o
‘“‘,\_ ..
Ll
- !I. I - I
" e
.tgte
-
( —
,— L
by T
H o

Credits: Wrenn et al. (2002)




Ed SWx |mpacts from CHs on satellites

Long-duration electron event

(Key to d

eep-dielectr

ic charging)

1998

Credits: Lai et al. 2018

M ) m m M‘ f WW“ Mw | wi,mml

——>2 MeV electron fluence (e-/em2-day-sr)

Frequency High fluence: ~18 days / year

Anik-E2
Anik-E1

>2 MeV electrons

ATTANLTAY) Vi
W/

10 11 12 13 14 15 16 17 18 19 20 21 22'

January 1994

m/!ts Lam et al. 2012
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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  #
# #

H H

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 1144

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 16351644 ////// M3.5 1111111

16 2127 21552211 ////// M1.1 1111111

END




Questions?

Current WAAS Vertical Navigation Service Snapshot Display

120

R )

100

Lattude

LPV200 Service Contour
( solid yellow line )

~
LPV Service Contour
( solid red line )

LNAVVNAY Service Conlour
( dashed black line, includes LPY )

Color Scale is Vertical Protection Lovel (VPL)

23Mar 23 082417 UTC (WUH FAA Tech Cntr., NJ USA)
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