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NOAA Space Weather Scales
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Category Effect Physical Average Frequency
measure (1 cvele = 11 vears)
Scale | Descriptor Duration of event will influence severity of effects
2 GOES Xmay Number of events when
Ra le B la CkO“ ts peak brightness | flux level was met;
by class and by | (number of storm davs)
flux*

HF Radio: Complete HF (lugh frequency™®*) radio blackout on the entire sunlit side of the Earth lasting for a X20 Fewer than 1 per cycle
number of hours. This results in no HF radio contact with mariners and en route aviators in this sector. (2x107)

R 5 | Extreme | 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 m positioning. Increased satellite navigation errors m
positioning for several hours on the sunlit side of Earth, which may spread into the night side
HF Radio: HF radio commumnication blackout on most of the sunlit side of Earth for one to two hours. HF radio X10 8 pereycle

R4 | Gevan contact lost duning this time. (107) (8 days percycle)
Nawvigation: Outages of low-frequency navigation signals cause increased error in posttioning for one to two
hours. Minor disruptions of satellite navigation possible on the sunlit side of Earth.
HF Radio: Wide area blackout of HF radio commumication. loss of radio contact for about an hour on sunhit side | X1 173 per cycle

R 3 | Strong of Earth. (107 (140 days per cycle)
Navigation: Low-frequency navigation signals degraded for about an hour.
HF Radio: Limited blackout of HF radic commmmication on sunlit side of the Earth. loss of radio contact fortens | M3 350 per cycle

R 2 | Moderate | of minutes. (3x107) (300 days per cycle)
Navigation: Degradation of low-frequency navigation signals for tens of minutes.
HF Radio: Weak or minor degradation of HF radio commmunication on sunlit side of the Earth. occasional loss of | M1 2000 per eyele

R 1 | Miner radio contact. (10%) (950 days per cyele)
Navigation: Low-frequency navigation signals degraded for brief intervals.

*

Fhux. measured in the 0.1-0.8 nm range, in W-m™. Based on this measure, but other physical measures are also considered.

**  (Other frequencies may also be affected by these condifions.

Credit: NOAA/SWPC
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Category Effect Physical Average Frequency
measure {1 cvcle = 11 yvears)
Scale | Descriptor Duration of event will influence severity of effects

Flux level of = | Number of events when

Solar Radiation Storms 10MeV | fiux level was met**

particles (ions)®

Biological: umavoidable high radiation hazard to astronauts on EVA (extra-vehicular activity): passengers and 10° Fewer than 1 per cycle

crew 1 high-flving aircraft at high latitudes may be exposed to radiation nisk, ***

Satellite operations: satellites may be rendered useless. memory impacts can cause loss of control. may cause

S5 Extreme | senious 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 dafficult.

Biological: vmavoidable radiation hazard to astronauts on EVA: passengers and crew i lhugh-flyving awcraft at 100 3 per cycle

high latitudes may be exposed to radiation risk ***

S 4 Severe Satellite operations: may experience memory device problems and noise on tmaging systems; star-tracker
problems may cause orientaiion problems. and solar panel efficiency can be degraded.

Other systems: blackout of HF radio commumications through the polar regions and increased navigation emrors

over several days are likely.

Biological: radiation hazard avoidance recommended for astronauts on EVA: passengers and crew in high-flying | 10° 10 per cycle
aircraft at high latitudes may be exposed to radiation risk **#

5§53 Strong Satellite operations: single-event upsets, noise in mmaging systems. and shight reduction of efficiency m solar
panel are hikely.

Other systems: degraded HF radio propaganion through the polar regions and navigation position errors likely.
Biological: passengers and crew in high-flyving aircraft at high latitudes may be exposed to elevated rachation 10° 235 per cycle
fisk.***

§S2 Moderate | Satellite operations: mfrequent smgle-event upseis possible.

Other systems: effects on HF propagation through the polar regions. and navigation at polar cap locations
possibly affected.

Biological: none. 10 30 per cycle
51 Minor Satellite operations: none.

Other systems: minor impacts on HF radio i the polar regions.

Flux levels are 3 minute averages. Flux in particles s ster'-cm” Based on this measure, but other physical measures are also considered.
These events can kast more than one day.
High energy particle (=100 MeV) are a better indicator of radiation nsk to passenger and crews. Pregnant women are particularly susceptible.

Credit: NOAA/SWPC
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Cis-Lunar and Lunar Surface

HEO

Planetary Space

Van Allen Radiation Belts

Multiple Sources

Solar Energetic Particles
Sun/ Interplanetany Shock Waves |

Everywhere in the Solar System

Galactic Cosmic Rays
Milky Way Galaxy Supemovae
Everywhere in the Solar Sysiem
Radiation Key,

Scientific Term

Origins of the Radiation

Only Earth Orbits

| Where in Space Radiation Occurs

Credit: Nwankwo et al. (2020)
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NOAA Space Weather Scales
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Category Effect Physical Average Frequency
measure {1 cvcle =11 vears)
Scale | Descriptor Duration of event will influence severity of effects
& Ep values* Number of storm events
Geoma gnetic Storms determined | when Ky level was met.
every 3 hours {number of storm days)
Power systems: widespread voltage control problems and protective system problems can occur. some grid Ep=0 4 per cycle
systems may experience complete collapse or blackouts: Transformers may experience damage. (4 days per cycle)
Spacecrafi operations: may expenence extensive surface charging. problems with onentation, uplink/downlink
G 5 | Exens and tracking sate_llite_s. . _ _
= Other systems: pipeline corrents can reach bundreds 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 Flonida and southern Texas (typically 40°
geomagnetic lat.). **
Power systems: possible widespread voltage control problems and some protective systems will mustakenly tnp Kp=8 100 per cycle
out key assets from the gnd. (60 days per cvele)
Spacecraft operations: may expenence surface charging and tracking problems. corrections may be needed for
(4 |severe onentation 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 northemn California (typically 45° geomagnetic lat ). **
Power systems: voltage corrections may be required, false alarms triggered on some protection devices. Kp=7 200 per cycle
Spaceczaft operations: surface charging may occur on satellite components, drag may increase on low-Earth-orbat (130 days per cycle)
G 3 |ssons satellites. and -:qnecril;-ns may be_ ﬂeedfd fc_r orientation problems. . " »
T Other systems: internuttent satellite navigation and low-frequency radio navigation problems may occur. HE
radio may be intermittent, and aurora has been seen as low as [llinois and Oregon (typically 50° geomagnetic
lat.). **
Power systems: high-latitude power systems may experience voltage alarms. long-duration storms may cause Kp=6 600 per cycle
transformer damage. (360 days per cycle)
G D | e Spacecraft cﬂﬂ_’atiom;_: cprrective actions to onentation 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 New York
and Idaho (typically 535° geomagnetic lat) **
Power systems: weak power grid fluctuations can occur. Kp=3 1700 per cycle
G1 |m Spacecraft operations: munor impact on satellite operations possible. (900 days per cycle)
Other systems: mugratory animals are affected at this and ligher levels: aurora 1s commonly visible at high
latrtudes (northern Michigan and Maine) **

=

&%

Based on this measure, but other physical measures are also considered.
For specific locations around the slobe, use seomagnetic latitude to determine hikely sighiings (see www swpc.noaa gov/Auroral

Credit: NOAA/SWPC




Changing Magnetic Fields Induce an Electric Current

Geomagnetically
induced current (GIC)

Transformer

Underground
Pipelines

Power Lines

GIC flow

1
Solar physics
and eruptive
phenomena

2
CMEs and solar wind

CMEs and solar wind interact
with the Earth’s magnetic field

Magnetospheric and ionospheric
current variations

Geomagnetic field

Earth resistivity and geoelectric field

Power transmission system response )
Credit: NASA,

GAO




March 1989 power—system anomalies August 1972 power—system anomalies
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THE CONVECTION ZONE
Energy moves toward the surface
through convection currents of
heated and cooled gas.

15 51
THE RADIATIVE ZONE

Energy moves slowly
putward from the core,
taking mare than 170,000
years to radiate through.
CANNN

A}

THE CORE

Energy is generated by

thermonuclear reactions,
creating temperatures of
around 15 million degrees

EBISiUSg T‘ﬁ

THE CHROMOSPHERE

This relatively thin layer is sculpted
by magnetic fields that restrain
the electrically charged solar

plasma. Occasionally larger plasma

features—called prominences—

form and extend far into the corana,
ejecting material away from the Sun.

https://www.nzgeo.com/stories/the-end-of-days/

sk IR /%E
PHOTOSPHE

The photosphere is
composed of convection cells
called granules, each around
1000 kilometres in diameter
with hot plasma rising in the
centre and coaler plasma
falling in the narrow spaces
between them.

SUN SPOTS

Sun spots are caused by
intense magnetic activity which
inhibits convection, forming
areas of reduced surface
temperature.

P 3

. THE CORONA

lonised elements within the
corona glow in the X-ray
and extreme ultraviolet
wavelengths.

CORONAL STREAMERS
Outward-flowing plasma

from the corona is shaped by
magnetic fields into tapered
coronal streamers which extend
millions of kilometres into space.



Basic Solar Parameters

Age: 4.5 x 10° years
Spectral type: G2V
Radius (Rs): 6.955 x 108 m (1Rs;=0.004649 AU; ~109 radii of Earth)
Mass (M;): 1.989 x 1030 kg (332 946 masses of Earth)

Volume: 1.41x1027 m3 (1.3 million times the volume of Earth)

Mean density: 1.409 g/cm3 (0.256 of mean density of Earth)

Effective temperature: 5770 K \
Luminosity: 3.86 x 1033 erg/s (3.86 x 1026 W)

Sun

Sidereal rotation period:
At equator: 25.05 days
At poles: 34.4 days

Distance from the Earth: \
Mean (1 AU): 1.496 x 108 km \
In perihelium: 1.471 x 108 km

In aphelium: 1.521 x 108 km Earth

6=31' 59.26"
160, 1'260"

Apparent diameter at 1 AU: 31' 59.26"
1 arcmin (1) at 1 AU: 43 520 km
1 arcsec (1") at 1 AU: 725.3 km

Light travel time to the Earth: 8.32 min

http://en.wikipedia.org/wiki/Sun http://sob.nao-rozhen.org/content/basic-solar-parameters-and-information



Chemical composition of photosphere (by mass):
Hydrogen: 73.46%
Oy 077 LR T75%nd A B 0 25% 84 0 2 A6 ki)
Carbon: 0.29% SRC )l S
Iron: 0.16%
Density (water=1000):
Mean density of entire Sun: 1410 kg/m3
Interior (center of Sun): 160000 kg/m3
Surface (photosphere): 10-¢ kg/m3
Chromosphere: 102 kg/m3
Low corona: 10713 kg/m3
Sea level atmosphere of Earth (for comparison): 1.2 kg/m3
Temperature:
Interior (center): 15 000 000 K
Surface (photosphere): 6050 K
Sunspot umbra (typical): 4240 K
Penumbra (typical): 5680 K .
Chromosphere: 4300 10 50 000k = [% ¥ #(solar constant):
Corona: 800 000 to 3000000K > & ,P'jﬁ‘j BRHTFFEE TS g g B

Magnetic Field Strengths: o . b
Sunspots: 3000 Gauss >1% E s mf % ;L*‘I'% R T 1~2C ”:%’%
Polar field: 1~2 Gauss DT EFTAE > - EF P g itg R G91%
Prominences: 10~100 Gauss - 3;"5 SR_f i ehE P ";g veo@m d Bl 5 g

Earth (for comparison): 0.3~0.6 Gauss
Solar Radiation:
Entire Sun: 3.83x10%23 kW
Unit area of surface of Sun: 6.29x10% kW/m?
Received at top of Earth's atmosphere: 1366 W/m?

http://www.phys.ncku.edu.tw/~astrolab/e_book/sun/sun.html#solar_model
http://sob.nao-rozhen.org/content/basic-solar-parameters-and-information
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http://www.phys.ncku.edu.tw/~astrolab/e_book/sun/sun.html#solar_model http://web.fg.tp.edu.tw/~earth/learn/tasastro/ch081.htm



4% & 7 ':"ﬁ)?ﬁ‘_g_ Mgy = 6.693*10-27 kg
1 § P2 £ My, —6.645%1027 kg
bd f LA 44 Am = 0.048%10%7 kg

RN AR Sl

AE =(Am) c?
= (0.048*10-¢7 kg)*(3*108 m/sec)?
=4.3*10-12 J

http://www.phys.ncku.edu.tw/~astrolab/e_book/sun/captions/pp_chain.html
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http://www.phys.ncku.edu.tw/~astrolab/e_book/sun/sun.html#solar_model http://web.fg.tp.edu.tw/~earth/learn/tasastro/ch081.htm



Proton-Proton Chain (PP Chain)---90% = I5 & e g 4 =3 3
A4z 21p g+ £+2 B P F
'H+'H >?H+e* +v
’H +'H 23He +vy
3He + 3He >*He + 2 'H

~~~ v Gamma ray Neutron

---------- v Neutrino () Positron

Proton-proton chain.
http://crab0.astr.nthu.edu.tw/~hchang/gal/f1803-PP_1.JPG



CNO Cycle (Carbon-Nitrogen-Oxygen)

12¢ . 1TH--13N +Y
BN_-13C +et+v

13¢ + TH--14N +7

14N 1H—>150+}/
150 .15N + et +v

15N + TH—~4He + 12C

~~~ Y Gamma ray
.......... v Neutrino
@ Positron

http://crab0.astr.nthu.edu.tw/~hchang/gal/f1803-CNO_1.JPG
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Rising Gas Sinmng Gas &

https://www.noao. edu/outreach/ press/ 9808|mage h'rml
https://www.nso.edu/telescopes/dkist/first-light-cropped-image/
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Magnetic fields
trap gas.

1908 =% £ W= <~ & R_
75‘““” George Ellery Hales .2,
convton N T T L & PR T Sop
%% 01 910007 (3 3 15
| 23505 Gauss kBB E
@O o3 %10 Gauss » 2.+ B
Magnetic fields of sunspots suppress

% i£ £1000 Gauss) © &
T RS A RS
i%’a‘/ﬁ it B @%J”Lr = o
convection and prevent surrounding plasma
(b) from sliding sideways into sunspot.
Copyright @ Addison Weskay

d 3R 3 %P RSP kop JDTTJ%]T > ¥
@%J Flaf B BTkl o E 2
P b fk Tk o

sunspots
T=4500K

T =5,800K

A 22k

_&-
/)
+ B PNER

http://ircamera.as.arizona.edu/NatScil02/NatScil02/lectures/suninterior.htm
http://content.edu.tw/ junior/earth/tn_gz/astro/sumsite/sun3a.htm# 2 1JRGA



Juy’s Law
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Hale's Polarity Law
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Magnetic Butterfly Diagram
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