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The magnetosphere

» ..thatarea of space,
around a planet, thatis
controlled by the
planet's magnetic field.

* |ts... shape is the direct
result of being blasted
by solar wind.

* Field lines connect the
magnetosphere with T et b Topganenio
the ionosphere
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Definition from NASA: https://www.nasa.gov/mission_pages/sunearth/science/magnetosphere2.html
Animation from https://commons.wikimedia.org/wiki/File:Animati3.gif

Created by Dr Tsyganenko (NASA)
Moreinfo andanimations at http://geo.phys.spbu.ru/~tsyganenko/modeling.html

Note thatplanets withouta (strong) intrinsic magneticfield have an “induced magnetosphere”, for
which the above defintion obviouslyis not applicable. However, thisis also not the focus of this
lecture, which will consider the earth environment only.

“Induced magnetospheres” by Luhmann etal. (2004)
https://www.sciencedirect.com/science/article/pii/S0273117704000158

Induced magnetospheres occur around planetarybodies that are el ectrically conducting or have
substantial ionospheres, andare exposed to a time-varying external magnetic field. They can also
occur where a flowing plasma encounters a mass-loading region in which ions are added to the flow. In
this introductionto the subject we examine induced magnetospheres of the former type. The solar
wind interactionwith Venus is used to illustrate theinduced magnetosphere thatresults fromthe
solar windinteraction with anionosphere.
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The geomagneticfield

* Createdinand by the
Earth’s interior

Copyright © 2004 Pearson Prentice Hall, Inc.

From Wiki: https://en.wikipedia.org/wiki/Earth%27s_magnetic_field#Physical_origin

The Earth's magneticfieldis believed to be generated by electric currents in the conductive material of
its core, created by convection currents due to heat escaping fromthe core. However the processis
complex, and computer modelsthatreproduce some of its features have only been developedin the
lastfew decades.

The interior structure of the Earth is layered insphericalshells: an outer silicate solid crust, a highly
viscous mantle, a liquid outer core thatis much less viscous than the mantle, and a solidinner core.



The geomagnetic field

* Createdinand by the
Earth’s interior
o Dlpole (not perfect)
— In absence of
disturbances
— Enters north pole (-),
leaves at south pole (+)
— Intensity:
* 25000-65000nT
* Weakestatequator
* Strongestatpoles

(@

From Wiki: https://en.wikipedia.org/wiki/Earth%27s_magnetic_field#Physical_origin

The Earth's magneticfieldis believed to be generated by el ectric currents in the conductive material of
its core, created by convection currents due to heat escaping fromthe core. However the processis
complex, and computer modelsthatreproduce some of its features have only been developedin the
lastfew decades.

From Wiki: https://en.wikipedia.org/wiki/Earth%27s_magnetic_field#Main_characteristics

The interior structure of the Earth is layered insphericalshells: an outer silicate solid crust, a highly
viscous mantle, a liquid outer core thatis much less viscous than the mantle, and a solidinner core.
By comparison, a strong refrigerator magnet has a field of about 10,000,000 nanoteslas

Also at http://www.unc.edu/depts/oceanweb/turtles/geomag.html

Note thatthe « entering » or « leaving » of magneticfield linesis nota physical reality, butentirelya
matter of definition.



The geomagnetic field

* Due to solarwind
— Drop shape
* 10R:atdayside
* >200 R atnightside

* Magnetic axis
— 11° tiltwrt Earth’s

rotational axis

* Compassdoes NOT point
totrue north

— 500 km offsetto north
* Weakness over Brazil

From Wiki: https://en.wikipedia.org/wiki/Earth%27s_magnetic_field#Magnetosphere

Earth's magnetic field, predominantlydipolaratits surface, is distorted further out by the solarwind.
This is a stream of charged particles leaving the Sun's corona and accelerating to a speed of 200to
1000 kilometres per second. They carry withthem a magnetic field, the interplanetary magneticfield
(IMF).

The solarwind exerts a pressure, and if it could reach Earth's atmosphere it would erodeit. However,
itis keptawayby the pressure of the Earth's magneticfield. The magnetopause, the area where the
pressures balance, is the boundary of the magnetosphere. Despite its name, the magnetosphereis
asymmetric, with the sunwardside being about 10 Earth radii out but the other side stretchingoutina
magnetotail that extends beyond 200 Earth radii.

See alsoat NASA:
https://www.nasa.gov/audience/forstudents/postsecondary/features /29dec_magneticfield.html

From Wiki: https://en.wikipedia.org/wiki/Earth%27s_magnetic_field

Roughly speakingitis thefield of a magneticdipole currentlytilted atanangle of about 11 degrees
with respectto Earth's rotational axis, as if there were a bar magnet placed atthatangleatthe center
of the Earth. The North geomagnetic pole, located near Greenland in the northern hemisphere, is
actuallythesouth pole of the Earth's magneticfield, and the South geomagnetic poleis the north pole.



The geomagnetic field
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Another good view on Earth’s changing magnetic field is at http://wdc.kugi.kyoto-u.ac.jp/igrf/anime/index.html

Stassinopoulos et al.(2015) - Forty-Year "Drift" and Change of the SAA
https://ntrs.nasa.gov/search.jsp?R=20160003393

The SAAis really not an “anomaly” at all, but an apparent local depression of the Earth's magnetic field. When
first observed, the SAAwas considered an “anomaly” of the field, an aberration [1]. Later, the SAAwas defined as
stemming from the tilt, the eccentricity, andthe displacementofthe dipole axis from the center of the Earthi.e.
the SAA is determined by (a) the tilt of the magnetic dipoleaxisto the axis of rotation (approximately ~11
degrees), (b)and is considered eccentricbecauseit does not pass through the center of the planet, and (c)is
displayed (by about 500 km) away from the center towards the North Pacific, thus producing a weaker magnetic
field over Brazil and a stronger field over the North Pacific.

From NASA: https://www.nasa.gov/audience/forstudents/postsecondary/features/29dec_magneticfield.html
The magnetic field waxesand wanes, poles drift and, occasionally, flip. Change is normal, they've learned. And no
wonder. The source of the field, the outer core, is itself seething, swirling, turbulent."It's chaoticdown there,"
notes Glatzmaier. The changes we detect on our planet's surface area sign of thatinnerchaos.

They've also learned what happens during a magnetic flip. Reversals take afew thousand yearsto complete, and
duringthat time-contrary to popular belief-the magnetic field does not vanish. "It just gets more complicated,”
says Glatzmaier. Magnetic lines of force near Earth's surface become twisted and tangled, and magneticpoles pop
up in unaccustomed places. Asouth magnetic pole might emerge over Africa, forinstance, or a north pole over
Tahiti. Weird. But it's still a planetary magneticfield, and it still protects us from space radiation and solar storms.

Airports Keep Renaming Runways for a Peculiar Reason: Magnetism
https://www.popularmechanics.com/flight/airlines/a15759858/earth-magnetic-field-airport-runways/



The geomagnetic field

d Pa ra mete rs True North é&f Magnetic North
— Declination L
* BE (2020) Horizontal

— +1°40’ (east) —
— Inclination ;
* BE (2020) Declin'ation
— +/-66°
* Akathe «dipangle»
— L-shell
* Setof MFlines
* CrossingEarth’s magnetic
equator
* Atthe number of earth
radii (L)
— L=1:Earth’ssurface
— L~6.6: GOES orbit

Inclination

From Wiki: https://en.wikipedia.org/wiki/Geomagnetic_reversal
The current time scale contains 184 polarity intervalsin the last 83 millionyears.

From Wiki: https://en.wikipedia.org/wiki/Brunhes%E2%80%93Matuyama_reversal

The Brunhes—Matuyama reversal,named after Bernard Brunhes and Motonori Matuyama, was a geologic event,
approximately 781,000yearsago, when the Earth's magneticfield last underwent reversal. Estimations vary as to
the abruptness of the reversal: it might have extended over severalthousand years, or much more quickly,
perhaps within a human lifetime. The apparentduration at any particular location varied from 1,200to 10,000
years depending on geomagnetic latitude and local effects of non-dipole components of the Earth's field during
the transition.

Values from the US/UK World Magnetic Model (2015-2019).
See https://en.wikipedia.org/wiki/World_Magnetic_Model &
https://en.wikipedia.org/wiki/World_Magnetic_Model

2020 values are at https://www.magnetic-declination.com/

From USGS:: https://www.ngdc.noaa.gov/geomag/faggeom.shtml#What_are_the_magnetic_elements
Magnetic declinationisthe angle between magnetic north and true north. D is considered positive when the
angle measured is east of true north and negative when west. Magnetic inclination is the angle between the
horizontal plane and the total field vector, measured positive into Earth. The parameters describing the direction
of the magnetic field are declination (D) and inclination (I). D and | are measured in units of degrees, positive east
for D and positive down for I.

From Wiki: https://en.wikipedia.org/wiki/L-shell

L-shell: The L-shell, L-value, or Mcllwain L-parameter (after Carl E. Mcllwain)is a parameter describing a particular
set of planetary magnetic field lines. Colloquially, L-value often describes the set of magnetic field lines which
cross the Earth's magnetic equator at a number of Earth-radii equalto the L-value. For example, "L =2"describes
the set of the Earth's magnetic field lines which cross the Earth's magneticequator two earth radiifrom the
center of the Earth.



The geomagnetic field
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http://www.uio.no/studier/emner/matnat/fys/FYS3610/h14/documents/handouts/h01.pdf
https://www.s.u-tokyo.ac.jp/en/utrip/archive/2013/pdf/06NgYuting.pdf
https://www2.mps.mpg.de/solar-system-school/lectures/space_plasma_physics_2007/Lecture_3.pdf

Also very good (and less mathematically):
https://www.plasma-universe.com/Charged_particle_drift
http://slideplayer.com/slide/8028238/

Gyration

The particle moves in a circle, perpendicular to the background magnetic field. It "gyrates". Because of the
dependence on g, the direction of the gyromotion of positively charged particles (ions) is opposite that of
negatively charged particles (electrons). When considering the gyromotion of electronsand ions, for the same
perpendicular energy, the gyrofrequency of electrons is much higher (me <<mi) while the gyroradius is much
larger.

Bouncing

As particles move alongfield lines toward the magnetic poles, they experience stronger magnetic fields and are
eventually mirrored. As they gyrate they aresaid to "bounce" between hemispheres; they are trapped in the
terrestrial magneticfield. The pitch angleis defined by the ratio between vparaand vperp. From energetic
considerations, it can be shown that the particle’s movement along the field line (vpara) slows down. Once the
field-aligned movement stops, there is still a force on the gyrating particle, pushingit back out of the region of
higher B. However, if the pitch angle decreases below a certain critical value, the particle will hit the Earth’s
surface before it has a chance to mirror, therefore, all particles with the pitch angle < crit val, are lost; this defines
the loss cone (for that particular field line at that particulardistance).

Drifting

Generally speaking, when there isa force on the particles perpendicularto the magneticfield, then they driftina
direction perpendicular to both the force andthe field. The curvaturedrift is charge dependent, i.e., positively
and negatively charged particles drift in opposite directions, creating a current.

11
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Main features

Plasma mantle
i
(REEIR €I North Lobe
Magnetotail
— . Neutral point
Solar Wind & j ia

Interplanetary Medium &Magnetopause

Magnetotail
Bow Shock / South Lobe

Plasmasphere

Magnetosheath
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FigurefromESA/ C. Russell
http://sci.esa.int/cluster/50633-cluster-looks-into-waves-in-the-magnetosphere-s-thin-boundaries/

Note that, intheabovefigure, the placement of "Magnetotail" maybea bit confusing. It seems to
suggestthatthetailis somehow between plasma sheetandlobes, butthisis notthecase: The
magnetotail is the whole magnetosphere stretchingout on the night side.



Main features

* Bow shock
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Figure from ESA/ C. Russell
http://sci.esa.int/cluster/50633-cluster-looks-into-waves-in-the-magnetosp here-s-thin-bo unda ries/

SwRI: http://pluto.space.swri.edu/image/glossary/bow_shock.html

From ESA/Cluster

http://sci.esa.int/cluster/49643-cluster-measures-the-size- of-earth-s-b ow-shock/
https://directory.eoportal.org/web/eoportal/satellite-missions/conte nt/-/article/cluster

The bow shock is a standing shock wave that forms when the solar wind encounters the magnetosphere of our planet.
the bow shock formed by the solar wind as it encounters Earth's magnetic field is remarkably thin: it measures only 17 km
across. Thin astrophysical shocks such as this are candidate sites for early phases of particle acceleration.

Also at https://www.astrobio.net/also-in-news/earths-bow-shock-is-remarkably-thin/

Cluster: http://www-ssg.sr.unh.edu/tof/Outreach/music/cluster/index.html#tgraph

The region around the Earth that is controlled by the Earth’s magnetic field, called the Magnetosphere, acts for the solar wind
as an obstacle, like a rock in a flowing river. Since the solar wind with a speed of 250 — 800 km/s is highly supersonic, the
situation is more like a supersonic jet plane rushing through the air. As a jet produces the audible supersonic boom, a loud
shock wave (to be heard after the jet has passed already the observer’s position), the Earth’s Magnetosphere produces the
equivalent structure, the so-called Bow Shock, in the solar wind.

Such shock waves are formed in many places in the universe with violent motion, around planets, atthe Sun, around the solar
system where the solar wind is stopped, and where supernovae blastinto their neighborhood. In all these cases these shock
waves slow down the solar wind, compress the flowing gas or plasma and the magnetic field, heat it up, and accelerate some
particles to very high energies. The Cluster satellites cross the Earth’s Bow Shock usually several times during orbits that lead
into the solar wind. Thus they can study this shock wave at our front doorstep in detail.

More on supersonic/subsonic speeds in interplanetary space:

- http://how.gi.alaska.edu/ao/msp/chapters/chapter6. pdf
- https://en.wikipedia.org/wiki/Alfv%C3%A9n_wave#Alfv%C3%A9In_velocity
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Main features

* Magnetosheath

Interplanetary Medium &Magnetopause _ Tu rbu I e nt reg| On
between bow shock and
magnetopause

Polar Cusp

— Solar wind dominated
* Deflected aboveand
below the magnetopause
— High particle energy flux
* «shocked »
Bow S,,Ock/ * MFvaries erratically

Plasmasphere * Muchsmallerthan
Magnetosheath geomagnetic field

Solar Wind (
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FigurefromESA/ C. Russell
http://sci.esa.int/cluster/50633-cluster-looks-into-waves-in-the-magnetosphere-s-thin-boundaries/

SWRI: http://pluto.space.swri.edu/image/glossary/bow_shock.html

Wiki: https://en.wikipedia.org/wiki/Magnetosphere#Magnetosheath

The magnetosheath is the region of the magnetosphere between the bow shockandthe
magnetopause. Itis formed mainlyfrom shocked solar wind, though it contains a small amount of
plasmafromthe magnetosphere.ltisan area exhibiting high particle energy flux, where the direction
and magnitude of the magnetic field varies erratically. This is caused by the collection of solar wind gas
thathas effectively undergone thermalization. [tacts as a cushion that transmits the pressure from the
flow of the solar wind and the barrier of the magneticfield fromthe object.

15



Main features

* Magnetopause
Interplanetary Medium - Magnetopause —_— Sharp bou ndary

\' * Pressurebalance

* =sumofmagnetic +
plasmapressureis
constant

— Earth vs. Solar Wind

— Magnetic reconnection
e Currentsheet

— Location:

Bow Shock—/ ¢ 10-12 R (6-15R¢)

Solar Wind

Plasmasphere A

e * Narrow regions of

opened/merged MF lines
* In/outflow of particles

Figurefrom ESA/ C.Russell
http://sci.esa.int/cluster/50633-cluster-looks-into-waves-in-the-magnetosphere-s-thin-boundaries/

Wiki: https://en.wikipedia.org/wiki/Magnetopause

During high solaractivity, i.e. the passing of strong coronal mass ejections, the magnetopause may be
pushed much closer to the Earth thanusual, sometimes even closer than 6.6RE whichis thelocation of
the GOES satellites. At that point, these satellites become entirely exposed to the solar wind particles,
which can beseen inerratic measurements of e.g. Hp. This is called a magnetopause crossing. See the
course chapter on SWxeffects.

Cusp: http://pluto.space.swri.edu/image/glossary/cusp.html

Inthe"open" model of the magnetosphere, the polarcusps are narrow regions of recently "opened"
or merged magnetic field lines mapping to the high-latitude ionosphere just poleward of the last
closedfieldline on the Earth's day side. The open field lines of the cusps are connected with those of
the interplanetary magneticfield, whichallows the shockedsolar wind plasma of the magnetosheath
to enter the magnetosphereandto penetrateto theionosphere. Associated withthe cuspisthe "cleft
ion fountain," from which plasma flows upward from theionosphere into the magnetosphere, with
the peak outflow occurringinthe pre-noon sector.

The Earth’s magnetosphereis thearea withinthered line, so without the magnetosheath and the bow
shock.

Magnetopause: As thereis pressure balance, this means thatthe sum of magnetic+ plasma pressureis
constant. The plasma pressure usually is considerably larger on the magnetosheath side than on the
magnetosphericside, andthe magneticfieldthusistypicallysmaller on the magnetosheathside.
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Main features

* Magnetotail
- Seve ral 100 RE |Ong &Magnetopause Plasma mantle
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FigurefromESA/ C. Russell
http://sci.esa.int/cluster/50633-cluster-looks-into-waves-in-the-magnetosphere-s-thin-boundaries/

From Wiki:https://en.wikipedia.org/wiki/Magnetosphere#tMagnetotail

Oppositethe compressed magneticfieldis the magnetotail, where the magnetosphere extends far
beyond the astronomical object. It contains two lobes, referred to as the northernand southern tail
lobes. Magnetic field lines in the northern tail lobe pointtowards the object while thoseinthe
southern tail lobe pointaway. Thetail lobes are almost empty, with few charged particles opposing
the flow of thesolarwind. Thetwo lobes are separated by a plasma sheet, an area where the
magnetic field is weaker, and the density of charged particles is higher.

http://pluto.space.swri.edu/image/glossary/magnetosphere.html

NASA: The tail of the magnetosphere
https://www-s pof.gsfc.nasa.gov/Education/wtail.html

Note that, in theabovefigure, the placement of "Magnetotail" maybea bit confusing. It seems to
suggestthatthetail issomehow between plasma sheetandlobes, butthisis notthecase:The
magnetotail is the whole magnetosphere stretchingouton the night side.

Also, reconnection tends to occuralways. During quiet times, ithappensin the distant tail. During
disturbed times, youcan have reconnectioncloserto Earth (at~20 R_E).
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Main features

* Plasmasphere
— Donut shaped region g:4agnempa.

* Specificfeatures Polar Cusp
— Cold plasma \

* Fromionosphere
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Figure from ESA/ C. Russell
http://sci.esa.int/cluster/50633-cluster-looks-into-waves-in-the-magnetosphere-s-thin-boundaries/

Stanford: http://vif.stanford.edu/research/extreme-ultraviolet-imaging-plasmasphere

NASA: https://plasmasphere.nasa.gov/

The upperreaches of our planet's atmosphere are exposed to ultraviolet light from the Sun, and they are ionized
with electrons that are freed from neutralatmospheric particles. The electrons in plasmagain more energy, and
theyare verylowin mass . They move along Earth's magnetic field linesand their increased energy is enough to
escape Earth's gravity. Because electronsarevery light, they don't have to gain too much kinetic energy from the
Sun's ultraviolet light before gravity loses its grip on them. For a planetlike Earth with a strong planetary
magnetic field, these outward moving particles remain trapped near the planet unless other processes further
draw them away and into interplanetary space. Over only a short time period of hours and days this escaping
plasma can, in someplaces, build up in concentration untilan equilibrium isreached whereas much plasma flows
inward into the ionosphere as flows outward. This "donut shaped" region of cold (about 1 electronvolt in energy)
plasma encircling the planetiscalled the plasmasphere.

Generally, that region of space where plasma from the ionosphere hasthe timeto build up to become identified
as the plasmasphere rotates or nearly rotates with the Earth. That region shrinks in size with increased space
weather activity and expands or refills during times of inactivity. As it shrinks with increasing activity, some of the
plasmasphere is drawn away from its main body (plasmaspheric erosion)in the sunward direction toward the
boundaryin space between that region dominated by Earth's magnetic field and the much larger region
dominated by the Sun's magnetic field.

Moldwin et al. (2002): Anew model of the location of the plasmapause: CRRES results
https://ui.adsabs.harvard.edu/abs/2002JGRA..107.1339M/abstract
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Main features

e Radiation belts
— Outer belt
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Figurefrom ESA/ C.Russell
http://sci.esa.int/cluster/50633-cluster-looks-into-waves-in-the-magnetosphere-s-thin-boundaries/

ESA: http://sci.esa.int/cluster/52831-earth-plasmasphere-and-the-van-allen-belts/

The plasmasphere—theinnermost part of the Earth's magnetosphere —is a doughnut-shaped region
of low energy charged particles (cold plasma) centred aroundthe planet's equatorand rotating along
withit. Its toroidal shapeis determined by the magneticfield of Earth. The plasmasphere begins above
the upper ionosphere and extends outwards, withthe outer boundary varying (depending on
geomagnetic conditions) from 4.5 Earthradii (R¢) to 8 Rg.

The two Van Allen radiation belts are concentric, tyre-shaped belts (showninblue) of highlyenergetic
(0.1-10 MeV) electrons and protons, which are trapped by the magneticfield and travel aroundthe
Earth. Theseradiation belts partly overlapwith the plasmasphere. Theinner Van Allenbeltis located
typically between 6000and 12000km (1 - 2 Earth radii [R¢]) above Earth's surface, althoughit dips
much closer over the South Atlantic Ocean. The outer radiation belt covers altitudes of approximately
25000t045000km (4 to 7 Rg).

SAMPEX figure from Spaceflight101: http://www.spaceflight101.net/rbsp-mission-updates.html
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Main features

e Radiation belts
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Main characteristics

Outer Radiation Belt—mostly e--0.1-10 MeV -3 < L < 8 (ESA; variable) - the outer beltstarts at L=
3.5, especially for electrons with E>1 MeV

Baker etal.(2017): Space Weather Effects in the Earth's Radiation Belts
http://adsabs.harvard.edu/abs/2018SSRv..214...17B

Inner Radiation belt
10-500 MeV protons at1.5<L< 2
100-500keVe-at1.2<L<2.5-IntheSAA andintheinner belt, thereareno
electrons withE>2 MeV.

South Atlantic Anomaly —e-and p+-1.03 <L < 1.2 (lower edge Inner Belt) - the SAAis created by
electronsand protons of theinner belt. Inthe SAAand in theinnerbelt, thereare no electrons with
E>2 MeV.

Occasionally, during strong geomagneticstorms, there canbean injectionof >15MeV p+and >3MeV
e- which can reach all theway down into the Inner Radiation Beltand cause even the presence of a
third radiationbelt during several days.



Main features
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Figure from ESA/ C. Russell
http://sci.esa.int/cluster/50633-cluster-looks-into-waves-in-the-magnetosphere-s-thin-boundaries/

ESA: http://sci.esa.int/cluster/52831-earth-plasmasphere-and-the-van-allen-belts/

The plasmasphere —the innermost part of the Earth's magnetosphere —is a doughnut-shaped region of low
energy charged particles (cold plasma) centred around the planet's equator and rotating along with it. Its toroidal
shape is determined by the magnetic field of Earth. The plasmasphere beginsabove the upperionosphere and
extends outwards, with the outer boundary varying (depending on geomagneticconditions) from 4.5 Earth radii
(Rg) to 8 Re.

The two Van Allen radiation beltsare concentric, tire-shapedbelts (shown in blue) of highly energetic (0.1-10
MeV) electrons and protons, which are trapped by the magnetic field and travel around the Earth.These radiation
belts partly overlap with the plasmasphere. The inner Van Allen belt is located typically between 6000 and 12 000
km (1 - 2 Earth radii [Rg]) above Earth's surface, although it dips much closer over the South AtlanticOcean. The
outer radiation belt covers altitudes of approximately 25000 to 45 000 km (4 to 7 Rg).

Figure from Spaceflight101: http://spaceflight101.com/rbsp/science-overview/

Figure from NASA: https://www.nasa.gov/content/goddard/van-allen-probes-mark-first-anniversary/

From SpaceSafety: http://www.spacesafetymagazine.com/media-entertainment/radiation-belt-surprises-rbsp-
scientists/

Reminder: the SAA exists due to the fact thatthe geomagnetic field is not perfectly symmetric;one can
approximately say that the bar magnet inside Earth is located slightly off-center. See the inserted figure and slide
8.

Space.com: Van Allen radiation belts: facts and findings - https://www.space.com/33948-van-allen-radiation-
belts.html

NASA press conference on 3rd radiation belt: https://www.youtube.com/watch?v=yLw9a5t-sUs

Sky and telescopre: https://skyandtelescope.org/astronomy-news/observing-news/earth-briefly-gains-third-
radiation-belt/
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Main features

* Radiation belts
— Strong geomagnetic ' 3
storms

* Creationofa third
radiation beltduring
several days

4€ D

— South AtlanticAnomaly ek, xpinded_~ Tarsent

outer belt
¢ Extensionofinnerbelt
closestto Earth
— altitude: 200 km
— Over Brazil

» Drift westward at
3°/decade

Main characteristics

Outer Radiation Belt—mostly e--0.1-10 MeV -3 < L < 8 (ESA; variable) - the outer beltstarts at L=
3.5, especially for electrons with E>1 MeV

Baker etal.(2017): Space Weather Effects in the Earth's Radiation Belts
http://adsabs.harvard.edu/abs/2018SSRv..214...17B

Inner Radiation belt
10-500 MeV protons at1.5<L< 2
100-500keVe-at1.2<L<2.5-IntheSAA andintheinner belt, thereareno
electrons withE>2 MeV.

South Atlantic Anomaly —e-and p+-1.03 <L < 1.2 (lower edge Inner Belt) - the SAAis created by
electronsand protons of theinner belt. Inthe SAAand in theinnerbelt, thereare no electrons with
E>2 MeV.

Occasionally, during strong geomagneticstorms, there canbean injectionof >15MeV p+and >3MeV

e- which can reach all theway down into the Inner Radiation Beltand cause even the presence of a
third radiationbelt during several days.

Wiki: https://en.wikipedia.org/wiki/South_Atlantic_Anomaly

h [/ www m/watch?v=3zNm Xk
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Main features

South Atlantic Anomaly (1999-2016) by SWARM

23 >

ESA /DTl Snace

http://www.esa.int/spaceinvideos/Videos/2016/05/Changes_in_strength_of Earth_s_magnetic_field
http://www.esa.int/Our_Activities/Observing_the Earth/Swarm/Earth_s_magnetic_heartbeat

Title Changesin strength of Earth’s magnetic field
Released:10/05/2016

Language English

Footage Type Animation

Copyright DTU Space

Description

Based on results from ESA’s Swarm mission, the animation shows how the strength of Earth's
magnetic field has changed between 1999 and mid-2016. Blue depicts where thefield is weak andred
shows regions wherethefield is strong. Thefieldhas weakened by about 3.5% at high latitudes over
North America, whileithas grown about 2% stronger over Asia. Theregion wherethefield isatits
weakestfield —the South Atlantic Anomaly—has moved steadily westward and further weakened by
about2%. In addition, the magneticnorthpoleis wandering east.
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Main features

* Magnetospheric Currents

Magnetopause current trpantary

Magnetic Field

Ring current
Field-Aligned Current (FAC)
Neutral sheet current

Tail current

[Neutral Sheet Current

Solar Wind Magnetopause

[Magnetopause Curren

24 L'.a

Geomag/US: http://geomag.us/info/magnetosphere.html

Note that during times of unusually large solar wind ram pressure the magnetopause may move substantially Earthwards.
Indeed, sometimes the magnetopause is observed inside geosynchronous orbit (6.6 RE).

The magnetopause current layer is important intwo other ways. First, the magnetic field associated with the current layeris
also observable at the surface of the Earth. This is particularly true during times when the magnetopause is compressed
Earthwards, leading to anincrease in the magnetic field measurable at the surface (since the current layer's field adds to the
Earth's field inside the magnetopause). As seenin Lecture 15, this effect can lead to an increase in the geomagnetic activity
index at the start of a geomagnetic substorm, while the subsequent increase of the ring current leads to major decrease of the
surface field (Section 14.3). Second, and perhaps more importantly, the magnetopause current layer is a global phenomenon
that persists wherever the magnetopause does.

Chapman-Ferraro current: https://www.britannica.com/science/Chapman-Ferraro-curre nt-system
http://shadow.eas.gatech.edu/~cpaty/courses/SpacePhysics2013/SpacePhysics2013/Lectures_files/Lecture13_14_15_2013.pdf
A perspective view of the northern portion of the magnetopause current, as seen from above the ecliptic plane. Charged
particles in the solar wind are deflected in opposite directions by the Earth's main field, creating a boundary current. This
current confines the field inside a finite volume called the magnetosphere (see text).

« The Sun, The Earth and Near-Earth space » by John A. Eddy (Fig. pp. 83)
The dayside magnetopause current has a nighttime equivalent (tail current or night-time magnetopause current).

Ring current (pp. 87):

The third obligatory motion is aninduced, slower drift in longitude that results from the curvature of the MF lines and the
diminuished strength of the field with distance above the surface of the planet. The effect is to nudge to gyrating particle a little
bit in longitude —an e- in the eastward direction, a p+ or other positive ions westward — each time it bounces. Repeated

nudging pushes it bit by bit around the Earth, such that the pole-to-pole motions of the particle sweep over the entire surface of
the planet, allin about one hour. ...is a ring of current flowing around the magnetic equator of the Earth...

Ring current (Wiki: https://en.wikipedia.org/wiki/Ring_current )

Earth’s ring current is responsible for shielding the lower latitudes of the Earth from magnetospheric electric fields. It therefore
has a large effect on the electrodynamics of geomagnetic storms. The ring current system consists of a band, at a distance of 3
to 8 Re, which lies in the equatorial plane and circulates clockwise around the Earth (when viewed from the north). The particles
of this region produce a magnetic field in opposition to the Earth's magnetic field and so an Earthly observer would observe a
decrease in the magnetic field in this area. The negative deflection of the Earth's magnetic field due to the ring current is
measured by the Dstindex. The ring current energy is mainly carried around by the ions, most of which are protons.
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Main features

* Magnetospheric Currents

— Magnetopause current trpantary

Magnetic Field

- [Tail Current

Ring current
Field-Aligned Current (FAC)
— Neutral sheet current

— Tail current

Solar Wind Magnetopause

[Magnetopause Curren

Field-aligned currents: https://wiki.oulu.fi/display/SpaceWiki/Field-aligned+currents

Field-aligned currents (FAC, alsocalled the Birkeland currents) are essential to the coupling between
the solarwind - magnetosphere systemandtheionosphere. The mainlarge scale FAC systems are the
Region 1and 2 currents.

Plasma universe: https://www.plasma-universe.com/Birkeland_current

A Birkeland current usually refers to the electriccurrentsin a planet's ionosphere that follows
magnetic field lines (i.e. field-aligned currents), and sometimes used to described anyfield-aligned
electriccurrentin a space plasma. They are caused by the movement of a plasma perpendicularto a
magnetic field.

Also at https://en.wikipedia.org/wiki/Birkeland_current

A Birkeland currentis aset of currents that flow along geomagnetic field lines connecting the Earth’s
magnetosphereto the Earth's highlatitudeionosphere. In the Earth’s magnetosphere, the currents
aredriven by thesolar windandinterplanetary magneticfieldand by bulk motions of plasma through
the magnetosphere (convectionindirectly driven by the interplanetary environment). The strength of
the Birkeland currents changes with activity in the magnetosphere (e.g. during substorms). Small scale
variationsin the upwardcurrent sheets (downward flowing el ectrons) accelerate magnetospheric
electrons which, when they reachthe upper atmosphere, create the Auroras Borealisand Australis. In
the high latitudeionosphere (or auroral zones), the Birkeland currents close through the region of the
auroral electrojet, which flows perpendicularto the local magnetic field in the ionosphere.
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Main features

Energy

1GeV

100 MeV

Inner Belt

10Mev | B

1MeV

100 keV

10 keV

1 keV

100 eV

10ev Plasmasphere -

lev

This sketch provides a quick overview on the location and energies associated with the featuresin the
magnetopshere. It’s certainly not meant asa final scientificmodel, but rather aims atprovidinga general idea.
Also, the boundaries are not strictand can depend on the energies, on the geomagneticactivity etc... Hencethe
energies and boundaries of the different regions are just approximations.

The sketch was developed by J. Janssens (STCE) with important contributions by V. Pierrard (BISA).

It shows the main regions of the magnetosphere and ionosphere brought back to the Earth’s magneticequator (L -

shell, horizontal axis) and showing the energies of the respective particles (eVto GeV; logaritmic scale; vertical
axis).

Plasmasheet —e- & ions —hundreds ofeVto several keV-6< L

Ring Current —e- & i - generally considered from 1 keV up to 200 keV (for 100 keV and for higher energies, one
canconsideritis electron radiationbelts), —2<L<6

Plasmasphere —e-& i—1t0100eV—-1.2<L<4.5t09 (variable); The plasmasphere isthe extension of the
ionosphere at higher Land indeed the energy is sligthly increasingin the plasmasphere.

lonosphere —e-, iand neutrals —0.1-10eV-1.01<L< 1.2

Aurora —e- - hundreds ofeVto several keV—-1.01<L< 1.1 (about 400 km) - Aurora are due to injection of
plasmasheet electronsin the atmosphere, typically between 90 and 300 km (so the energies of aurora and
plasmasheet aresimilar). Since the auroral particlesareaccelerated plasmasheet particles, they (yellow box) have
somewhat higher energiesthan the plasmasheet particles (green box), say,up to 20 keV, which are indeed the
upper energies observed for auroral precipitating particles.
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Main features

Energy
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Plasmasphere -

Outer Radiation Belt—mostly e--0.1-10 MeV—3.5 <L < 8 (ESA; variable) - the outer beltstartsatL=
3.5, especially for electrons with E>1 MeV

Inner Radiation belt
10-500 MeV protons at1.5<L< 2
100-500keVe-atl1.2<L<2.5-IntheSAA andintheinner belt, thereareno
electrons withE>2 MeV.

South Atlantic Anomaly—e-and p+-1.03 <L< 1.2 (lower edge Inner Belt) - the SAAis created by
electrons and protons of theinner belt. In theSAAand in theinner belt, thereare no el ectrons with
E>2 MeV.

Occasionally, during strong geomagneticstorms, therecanbean injectionof >15MeV p+and >3MeV
e- which can reach all the way down into the Inner Radiation Beltand cause even the presence of a
third radiationbelt during several days.

All features rotate with (around)the Earth except the plasmasheet which can be considered as part of
the magnetotail.

Also the outer edges of the plasmasphereare not exactlyrotating with the Earth in24h, butmorein
27h.

IntheRing current, Theions drift westwards andthe electrons drift eastwards, giving rise to a net
westward currentcirculating aroundthe Earth. This currentis knownas the ring current.
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Main features

e Satellite Earth orbits

EFINITIONS

OREIT NAME ORI MITIALS | ORBIT ALTITUDE DETAILS / CO TS
EAR
RFACE)
LEC

Low Earth Orbit 200 - 1200
Medium Earth MEQ 1200 - 35790
Orbit
Geosynchronous G50 35790 Orbits ance a day, but not necessarily in the
Orbit same direction as the rotation of the Earth -
not necessarily stationary
Geostationary GEQ 35790 Orbits once a day and moves in the same
Orbit direction as the Earth and therefore appears
stationary above the same point on the Earth's
surface. Can only be above the Equator.
High Earth Orbit HEO Above 35790

28[b

Table from radio-electronics
http://www.radio-electronics.com/info/satellite/satellite-orbits/satellites-orbit-definitions.php

Figurefrom ESOA
https://www.esoa.net/technology/satellite-orbits.asp



Main features

e Satellite Earth orbits

Orbital period |20 hours

Galileo ,’; 15 hours IPAS:
oo GLONASS

Inner|Van \
Allen| belt Height above
Hubble \ sea level

A\ 10000 20000| 30000 km

Radius
of orbit

10000/// /20000 miles
15000 mph —E 25000 km/h

20000 km/h
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/Comparison_satellite_navigation orbits.svi

https://upload.wikimedia.org/wikipedia/commons/b/b4/Comparison_satellite_navigation_orbits.svg

From Wiki: https://en.wikipedia.org/wiki/Medium_Earth_orbit
Medium Earth orbit (MEO), sometimes called intermediate circular orbit (1CO), is the region of space
around the Earthabove low Earth orbit (altitude of 2,000 km) and bel ow geostationary orbit (altitude

of 35,786 km).

The mostcommon use for satellites inthis region is for navigation, communication, and
geodetic/space environmentscience. Themost commonaltitude is approximately 20,200 kilometres,
which yields anorbital periodof 12 hours, as used, for example, by the Global Positioning System
(GPS). Other satellites in medium Earth orbitinclude Glonass (withan altitude of 19,100 kilometres
and Galileo (with analtitude of 23,222 kilometres) constellations. Communications satellites that cover
the North and South Polearealsoputin MEO.

The orbital periods of MEO satellites range fromabout 2 to nearly 24 hours.[1] Telstar 1,an
experimental satellite launched in 1962, orbited in MEO.
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Main features

momentum

Magnetic
Equator

Figure 66: L-shell contours with rigidity imposed energy penetration limits.
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From NASA: https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20160003393.pdf
https://ntrs.nasa.gov/search.jsp?R=20160003393

The questionof energeticproton penetration into theinner zone of the Van Allen belts,andhence
the SAA, is of particularimportance becauseitis frequently mentioned in several publications, which
claimthatthese particles affected their measurementsinthe SAAand had animpacton theSAA’s
evolution. However, the “rigidity principle ” applies to theinner zone of the radiation belts, and
consequently the SAA; protons must have energies greaterthan2.9 GeV (as mentioned above) at
least, tobeabletoreach thelowaltitude range of theanomaly.

CosmicRays. Afew papers mentioned concern aboutthe penetrationof cosmicraysintothe SAA
region. Solar and galactic cosmicrays are high- energy heavyions : 90% hydrogen, 9% alpha particles,
and 1% nuclei of heavier elements. In order for these particles to reach theinner zone of the Van Allen
belts, andhencetheSAA, they musthaveenergiesinexcessof 1.15GeV per nucleon . All cosmic rays
with lower energies are deflected by the Earth’s magneticfield (rigidity cutoff). Most workers consider
the galactic cosmic rays reaching the vicinity of the Earth (about 1 AU) as fullyionized , which means
maximum deflection. As a consequence, very few of these particles reach the SAA. Asolarcycle
variation has been observed inthe cosmicray fluxlevels between solar minimum andsolar maximum.
Duringtheactive phase of the solar cycle, the cosmic rayintensities are about a factor of two or so
lower than during solar minimum. Itis obvious, considering Figure66, that more cosmicrays have
access to the higher latitude regions than near the equator, with a free unimpeded penetration over
the poles, where open field lines connect directly to theinterplanetary medium.

Interesting reading: the STARFISH prime project
https://en.wikipedia.org/wiki/Starfish_Prime
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* The magnetosphere

a.

Exercise: Magnetosphere

Stretchesall the way to
the bow shock

Stretchesall the way to
the magnetopause

Containsonly specific
areas such as the
radiation belts
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Geomagnetic (sub)storm

* Growth phase

— Reconnection at
magnetopause
* Magnetic erosion

— Openfieldlinesare
swept back into
magnetotail

* Some particles getaccess
via cusps

* Building of magneticflux
in magnetotail

Earth Distant neutral line
(Growth phase: Energy loading

Near-Earth neutral line

Expansi hase: Energy dissipation

lasmoid

Recovery|phase: Return to quiet
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Pulkkinen 2007 (Figure 5)

Figure from Pulkkinen 2007: https://link.springer.com/article/10.12942%2FIrsp-2007-1

A full description of the evolution of a geomagnetic (sub)storm can be foundinthe SIDC SWx Forecast
Guide: http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather_Forecasting Guide_|atest.pdf



Geomagnetic (sub)storm

* Growth phase

— Reconnection at
magnetopause
* Magnetic erosion

— Openfieldlinesare
sweptback into
magnetotail

* Some particles getaccess
via cusps

* Building of magneticflux
in magnetotail

“

See http://sci.esa.int/cluster/51744-magnetic-reconnection-in-earth-s-magnetosphere/ for another
animation

A full description of the evolution of a geomagnetic (sub)storm can be foundinthe SIDC SWx Forecast
Guide: http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather_Forecasting Guide_|atest.pdf



Geomagnetic (sub)storm

* Expansion phase

— Explosive release of
built-upenergyin
magnetotail

* Particles getaccelerated
to Earth
— Aurora, Ring current
enhancement,...
* Aplasmoidgets ejected
tailwardback into solar
wind

Earth Distant neutral line

Growth phase: Energy loading

Thin clirrent sheet

xpansion onset: [nstability formation

Recovery|

35

Pulkkinen 2007 (Figure 5)
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Figure from Pulkkinen 2007: https://link.springer.com/article/10.12942%2FIrsp-2007-1

A full description of the evolution of a geomagnetic (sub)storm can be foundinthe SIDC SWx Forecast
Guide: http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather_Forecasting Guide_|atest.pdf



Geomagnetic (sub)storm

* Expansion phase

— Explosive release of
built-upenergyin
magnetotail

* Particles getaccelerated
to Earth

— Aurora, Ring current
enhancement,...

* Aplasmoidgets ejected
tailwardback into solar
wind

“

See http://sci.esa.int/cluster/51744-magnetic-reconnection-in-earth-s-magnetosphere/ for another
animation

A full description of the evolution of a geomagnetic (sub)storm can be foundinthe SIDC SWx Forecast
Guide: http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather_Forecasting Guide_|atest.pdf



Geomagnetic (sub)storm
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PuTkkinen 2007 (Figure 5)

Figure from Pulkkinen 2007: https://link.springer.com/article/10.12942%2FIrsp-2007-1

A full description of the evolution of a geomagnetic (sub)storm can be foundinthe SIDC SWx Forecast
Guide: http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather_Forecasting Guide_|atest.pdf



Geomagnetic (sub)storm

* |n summary

— Growth phase

* Reconnectionat
magnetopause

— Expansion phase
* Reconnectionin near-tail
* Particle acceleration
— Recovery phase
* 4105 substorms / day
— Energyinput of 30-60’
— 2-3 hours each
* If energy input >3 hrs

— Development of
geomagnetic storm

From; Windows to the Universe
https://www.windows2universe.org/glossary/plasmaspheric_gain.html&edu=high

Movie with substorm: NASA: https://svs.gsfc.nasa.gov/20097
Magnetos phere from ESA: http://sci.esa.int/cluster/54025-model-of-changing-magnetosphere/

A full description of the evolution of a geomagnetic (sub)storm can be foundinthe SIDC SWx Forecast
Guide: http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather Forecasting Guide_|atest.pdf
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Exercise: Geomagnetic (sub)storms

* Inthe magnetosphere,
magnetic reconnection
cantake place:

a. Nearthe
magnetopause

b. Inthe plasmasheet

c. Inthe plasmasphere

d. Inthe Van Allen
radiation belts

Magnetosheath
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See alsoat http://sci.esa.int/cluster/51744-magnetic-reconnection-in-earth-s-magnetosphere/

A full description of the evolution of a geomagnetic (sub)storm can be foundinthe SIDC SWx Forecast
Guide: http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather_Forecasting Guide_|atest.pdf
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Geomagnetic indices

* Measure for (e 1 and D pair, o allemalivey. e X and Y Companents) e Subractng e day Soiar
geomagnetic unrest

regular (Sg) variation for the particular component (cf. Fig.2).
* Ground-based 10
magneto meter
networks
— Intensity and changesin

intensity of the
geomagneticfield

— Corrected fordiurnal
and seasonal variations
(quietSun)

Hres [ nT]
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Figurefrom Stankovetal.(2010): Local Operational Geomagnetic Index K Calculation (K-LOGIC) from
digital ground-based magnetic measurements
http://swans.meteo.be/sites /default/files/documentation/TN-RMI-2010-01_K-LOGIC.pdf
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Geomagnetic indices

K index Kp index
« Kennziffer * Planetarische Kennziffer
* From network
* Local — 13 observatories
— E.g. Dourbes * Quasi-logaritmicscale
* Quasi-logaritmicscale * Expressedin 1/3

— 00,0+, ..=>..,9-,9%

* Expressedin full units « 3hrsinterval

-01,..,,9 — 0-3UT, ..., 21-24UT
* 3hrs interval * Usedin NOAA scales (G)
— 0-3UT... 21-24UT — Auroral visibility maps

Estimated Kp

— 1hrs possible (Dourbes) Going back to 1932

- (@

OntheK and Kp index: SWPC: https://www.swpc.noaa.gov/sites /default/files/images/u2/TheK-
index.pdf
Potsdam: https://www.gfz-potsdam.de/en /kp-index/

The reported values, be they updated every houror every 3 hours, always cover the recordings of the
last3 hours.
E.g. the 10UTvaluereported by Dourbes covers theinterval 07-10UT.

The estimated Kp values are the ones that canbefound at NOAA/SWPC:
https://www.swpc.noaa.gov/products/planetary-k-index

The final Kp values are determined by GFZ Potsdam and canbe downloaded at KyotoWDC:
http://wdc.kugi.kyoto-u.ac.jp/kp/index.html

The geomagneticthree-hourlyKp index was introduced by J. Bartelsin 1949andis derived from the
standardized Kindex (Ks) of 13 magnetic observatories. Itis designed to measure solar particle
radiation by its magnetic effects andtoday itis considered a proxyfor the energy inputfromthesolar
wind to Earth.

The maps for auroral visibility can be found at https://www.swpc.noaa.gov/content/tips-viewing-
aurora
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Geomagnetic indices

* NOAA-scales: G-scale

Scale

Description | Effect

Physical
measure

Average Frequency
(1 cycle = 11 years)

Extreme

Severe

Strong

G2

Moderate

G1

Minor

Kp =8

4 per cycle
(4 days per cyde)

8,
including a
a-

100 per cycle
(60 days per cyde)

Kp=7

200 per cycle
(130 days per cycle)

Kp=6

600 per cycle
(360 days per cycle)

Kp =5

1700 per cycle
(900 days per cycle)
43

Fromthe SWPC webpage:

NOAA Space WeatherScales

The NOAA Space Weather Scales wereintroduced as a wayto communicate to the general publicthe
currentand future space weather conditions and their possible effects on people andsystems. Many
of the SWPC products describe the space environment, but few have described the effects thatcan be
experienced as the result of environmental disturbances. These scales are useful to users of our

products and those who areinterested in space weather effects. The scales describe the

environmental disturbances for three event types: geomagneticstorms, solar radiation storms, and
radioblackouts. The scales have numbered levels, analogous to hurricanes, tornadoes, and
earthquakes that convey severity. They list possible effects ateachlevel. They alsoshow how often

such events happen, andgive a measure of the intensity of the physical causes.

The « G » stands for Geomagnetic storms. Note it starts only from Kp =5 or higher.

Moreathttp://www.stce.be/news/366/welcome.html
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Geomagnetic indices

* NOAA-scales: G-scale
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Moreon the NOAA-scales atat http://www.stce.be/news/366/welcome.html

Each graphshows the yearly accumulationof the events, with the yearly International Sunspot
Number (SILSO) superposed on itasthegray dashed line.

The plot of the geomagneticstorm days bears much less resemblance with the evol ution of the
sunspotnumberthanin the previous two charts. This is because minor to strong geomagnetic
disturbances canalsobe causedby the high speed solar windstreams (HSS) from coronal holes, hence
distorting the familiar outlook of the sunspot cycle. Nonetheless, even then itis very clear that SC24
has been quite disappointing when it comes to the number and intensity of geomagneticstorms, with
no extreme storms (G5) sofarand precious few severe events (G4). Worse, the numbers even get
depressinglylow when one compares to other years such as e.g. the 120 storming daysin 2003.
Interestingly, the number of geomagneticstorm daysis peakingin2015-2016, soafter the SC24
maximumin 2014. This s particularly due to the HSS from numerous coronal holes, and is a wel | -
known aspect of this stage of a solar cycle.

More on SC24 geomagnetic performance at http://www.stce.be/news/243/welcome.html

A quick analysis of thefinal Kp indices as archivedatthe Kyoto World Data Centre (WDC)for
geomagnetismreveals thatthe currentsolar cycle (SC24)is really underperforming so far. Not only has
there not been any day with extreme geomagnetic storming, SC24 also has a lot more "quiet" days
compared to the average of the previous 7 solar cycles (SC17-23). Of course, most of those cycles had
alreadypassed theirmaximumfor 1-2 years, whereas SC24 is peaking onlynow and ata much lower
solar activity level.
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Geomagnetic indices

* FromKtoKp (1/2)
— Measurement of local H-components
— Removal of diurnal variations (quiet days)
— Range (Min-to-Max) during 3-hours interval
— Conversion to quasi-logaritmic integer K
* Local K index (O, ..., 9)

* Scale islocation specific+ normalization of occurrence
frequency
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Source: Lovel.)., Remick K.J. (2007) Magnetic Indices. In: Gubbins D., Herrero-Bervera E. (eds)
Encyclopedia of Geomagnetism and Paleomagnetism. Springer, Dordrecht
https://doi.org/10.1007/978-1-4020-4423-6_178
https://geomag.usgs.gov/downloads/publications/Magnetic_Indices.pdf

H-component:the horizontalintensity of the magneticfield vector
http://geomag.nrcan.gc.ca/mag_fld/comp-en.php
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Geomagnetic indices

* FromKtoKp (1/2)

The K index s derived from the amplitude of the variations of the field's horizontal components
(the H and D pair, or alternatively, the X and Y corrponents) after subtracting the daily solar
reguiar (S) variation for the particular component (cf. Fig.2).

K-index Timits of Range Classes. nT | Limits of Range Classes, nT
=3 \'\\\L value (Niemegk) (Dourbes)
': bl R 0 0-5 0-49
R N 1 510 49-9.7
g3 R Ry 2 10 -20 9.7-19.4
Pk 3 20-40 194 -38.9
T 803 4 40-70 38.9-68.0
403 5 70 - 120 68.0-116.6
s0d 6 120 - 200 116.6 - 1944
o] 7 200 - 330 1944 -320.8
- - - 8 330 -500 3208 -483.0
° g © Uliversal e fhour *® “ & 9 500 + 483 +

Fig.2. Calculation of the 3-hour K index over a 24 hour period. A daly record of 1-min measurements of the H
is presented here to lusirate the elimination of the solar regular variation, the S curve (the solid
line), and the consequent determination of the 8 ranges (R, /=1 8). The difierence between the upper (maxmum)
and lower (minimum) envelopes that are parallsl to the S, cune, determins the disturbance range within every
hour interval
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Geomagnetic indices

* FromKtoKp (2/2)
— Correction for local, diurnal and seasonal
differences between the stations
* Conversion tables (different for each station)

— Resultis a standardized Kindex « Ks » for each of
the 13 stations

* In thirds (0o, 0+, ..., 9-, 90)
— The Kp index is the average of the 13 stations Ks

* Estimated Kp is average of 8 stations

From GFZ Potsdam: https://www.gfz-potsdam.de/en/kp-index/

F. De Meyer (2006): The geomagneticaaindexas precursor of solaractivity
www.meteo.be/meteo/download/de/520427/pdf/

The Kp index forms the basis for several otherindices. Although theKp index is veryuseful asan
indicator of geomagneticactivity inthe sub-auroralregion, ithasto berealized thatitis nottrulya
planetaryindex since the network of stations is not uniformly distributed in longitude over the globe.
The Sovietsectorbetween 100°and250° Eand the AtlanticOceanbetween 350°to 80° Eare not
covered. Thesouthern hemisphereis represented by only two stations. An ideal networkshould have
equal representation of observatories in both hemispheres. Moreover, the standardization procedure
for evaluation of theindex is largely empirical, which effectively cancels out some true features of

geomagnetic activity suchas summer/winter difference and Universal Time variations (Mayaud, 1980).
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Geomagnetic indices

Nomenclature
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Left figure taken from HAO/UCARSW 103 Lecture 4: Geomagneticindices andspace weather models.
https://www2.hao.ucar.edu/sites/default/files /users/whawkins/SW102_4 _Indices.pdf

The nomenclatureisthe one mentioned inNOAA/SWPC’ User guide.
https://www.swpc.noaa.gov/sites/default/files/images/u2/Usr_guide.pdf

The 13 observatories for Kp are (currently operational: https ://www.gfz-potsdam.de/en/kp-index/):
Sitka, Alaska, USA; Meanook, Canada; Ottawa, Canada; Fredericksburg, Virginia, USA; Hartland, UK;
Wingst, Germany; Niemegk, Germany; Canberra, Australia; Brorfelde, Denmark; Eyerewell, New
Zealand; Uppsala, Sweden; Eskdalemuir, UK; Lerwick, UK.

All these stations have geomagneticlatitudes between 35°and 60°. This zone s called the subauroral
zone.

The main purpose of the standardized indexKs is to provide a basis for the global geomagneticindex
Kp which is the average of a number of "Kp stations", originally 11. The Ks data forthe two stations
Brorfelde and Lovo/Uppsala, as well as for Eyerewell and Canberra, are combined sothat theiraverage
enters into thefinal calculation, the divisor thus remaining 11.

The Estimated 3-hour Planetary Kp-index is derived at the NOAA Space Weather Prediction Center
using data from the following ground-based magnetometers: Sitka, Alaska; Meanook, Canada; Ottawa,
Canada; Fredericksburg, Virginia; Hartland, UK; Wingst, Germany; Niemegk, Germany; and Canberra,
Australia.
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* RMI GeophysicalCentre of Dourbes

Local K index at Dourbes (50.1°N, 4.6 °E)
from ground-based measurements

(copyright RMI)
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Dourbes: http://ionosphere.meteo.be/geomagnetism/ground_K_dourbes

An important network of geomagnetic observatories is « Intermagnet »
http://www.intermagnet.org/data-donnee/dataplot-eng.php

INTERMAGNET has its roots indiscussions held atthe Workshop on Magnetic Observatory Instruments
in Ottawa, Canada, in August 1986 and at the Nordic Comparison Meetingin Chambon La Foret,
France,in May 1987. Apilot scheme between the United States and British Geological Surveys was
described in the sessions of Division V of the International Association of Geomagnetism and
Aeronomy atthe 19t General Assembly of the International Union of Geodesyand Geophysicsin
Vancouver, Canada, inAugust 1987. This scheme used the GOES East satellite to successfullytransfer
geomagnetic data between the two organisations. INTERMAGNET was founded soon after inorder to
extend the network of observatories communicatinginthis way. Inorderto direct the work and
overseethe operations of INTERMAGNET, an Executive Council andan Operations Committee were
setup. The first Geomagnetic Information Node (GIN) was established in1991, the first CD-ROM/DVD
was also published in1991.

Other important networks of geomagnetic observatories are « USGS » (USA; U.S. Geological Survey:
https://geomag.usgs.gov/plots/ ) and “Izmiran” (Russia; http://forecast.izmiran.ru/en/index.php). An
overview of smaller networks is at http://flux.phys.uit.no/Last24/, allowingalsofor real-time
monitoring of selected stations with the tool “Stackplot” at http://flux.phys.uit.no/stackplot/
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* Ap, ap * aa
— Derived from Kp — Derived (weighted
average) fromKindices
from 2 antipodal,
— « ap » value perinterval subauroral stations
(Kp) * Canberra

* Hartland
— Unit: nT
— Going back to 1868

¢ Oneofthe oldestindices
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» 6 2 3 4 5 6 7 9 11518 2 n
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From GFZ/Potsdam: https://www.gfz-potsdam.de/en/kp-index/

The three-hour index ap and the dailyindices Ap, ... are directlyrelated to the Kp index. In order to
obtainalinearscalefromKp, J. Bartels gave the [above] table to derive a three-hour equivalentrange,
named ap index. Thistableismadeinsucha waythatata station ataboutdipolelatitude 50 degrees,
ap may beregarded as the range of the most disturbed of the two horizontal field components,
expressedintheunitof 2nT.

Ontheaa-index:F.De Meyer (2006): Thegeomagneticaa index as precursor of solar activity
www.meteo.be/meteo/download/de/520427/pdf/

The availability of magnetic records from two old observatories, Greenwich(51.5°N,0.0°E) and
Melbourne(37.8°5,145.0°E), whichare almost antipodal, gave the possibility of obtaining a reliable
longseriesifK scalings were made on their records (Mayaud, 1972). The two stations are nearly at the
same geomagnetic latitude (onein the northern hemisphere, Greenwich:50.1°,and oneinthe
southern hemisphere, Melbourne: {48.9°) and about 10 h apartin longitude. TheK indices fromthese
two observatories at sub-auroral latitudes were first standardized for the corrected geomagnetic
latitude of 50°in orderto obtain avalueidenticalwith the onethat would be obtained at a distance of
19°fromtheauroral zone. The converted equivalent amplitudes akof the two stations were then
averaged to provide the three-hourly index aa (expressed in units of nanotesla), whichaims at
monitoring the averageintensity of the transient magneticvariations at sub-auroral latitudes.

Moreinformation on the aa-index also at BGS:
http://www.geomag.bgs.ac.uk/data_service/data/magnetic_indices/aaindex.html
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Exercise: Calculation of Ap

* On 8 September 2017, the 8 Kp values for that
day were 8 5-4+5 8+7+6+5- (Kyoto, WDC).
Whatis the Ap value for that day?

YYYYMMOD KoL) Sun apl8
a. 6.3 20170901 3+3+2
20170902

b. 48.7 20170903
20170904

c. 106 nT 20170505
d. 236nT

—— I
] T D0 — T - T T T

20170907
POT70908 8 H-4
20170909
20170910
20170911
20170912

fexl el dg Rani OO EdaResla) RoaRon Kag | gte)

] — e a2l

20170908 8 5-4+5 8+7+6+5-49-207 39 32 48236154 94 39106

Du et al. (2000): A sensitive geomagnetic activity index for space weather operation
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2010SW000609

[3] The Kindex was introduced by Bartels et al. [1939] to provide an objective monitoring of the irregular variations observed at
a given station. Itis based on the amplitude of the variations of the observed horizontal components after removing the solar
regular variations such as the solar quiet (S,) daily variation. The Kindex is computed once every 3 h, beginning at 00 universal
time (UT). Itis a pure code to characterize geomagnetic activity level from 0to 9 (0 being the least active field and 9 the most
active field). Each observatory has its own table for converting the amplitude to the Kindex, and the conversion table depends
on the geomagnetic latitude of the observatory. The K-derived planetary index Kp, the mean standardized Kindex from 13
reference observatories, is designed to measure the global geomagnetic activity. Kp index has been one of the most widely used
indices for exploring the causes and consequences of geomagnetic activity [ Thomsen, 2004]. However, the quasi-logarithmic
scale of Kand Kp is more inconvenient than the linear scale for arithmetic manipulation. Thus, the “3 h equivalent amplitude”
index, ak, and the “3 h equivalent planetary amplitude” index, ap, were introduced. They are obtained by transformation into
amplitudes of the individual K and Kp, again through their conversion tables, respectively. The Ak and Ap indices are the daily
average of ak and ap, respectively. The Ap index is used to describe the daily global geomagnetic activity level. The AE index is
derived from geomagnetic variations in the H component observed at selected observatories along the auroral zone in the
northern hemisphere. Another famous geomagnetic index is Dst index, which is designed to describe the symmetric equatorial
ring current. The Dstindex is derived ona 1 h basis from the disturbances of H component measured from four geomagnetic
observatories at middle-to-low latitudes.
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e Dst
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Source: Lovel.)., Remick K.J. (2007) Magnetic Indices. In: Gubbins D., Herrero-Bervera E. (eds)
Encyclopedia of Geomagnetism and Paleomagnetism. Springer, Dordrecht
https://doi.org/10.1007/978-1-4020-4423-6_178
https://geomag.usgs.gov/downloads/publications/Magnetic_Indices.pdf

One of the most systematic effects seen inground-based magnetometer data is a general depression
of the horizontal magneticfieldas recorded at near-equatorial observatories (Moos, 1910). Thisis
often interpreted as anenhancement of a westward magnetospheric equatorial ring current, whose
magnetic field atthe Earth’s surface partially cancels the predominantly northerly component of the
main field. The storm-time disturbanceindex Dst (Sugiura, 1964) is designed to measure this
phenomenon. Dstis one of the mostwidely used indices inacademicresearch on the magnetosphere,
inpartbecauseitis well

motivated by a specific physical theory. The calculation of Dstis generally similarto that of AE, butitis
morerefined, since the magneticsignal of interestis quite a bit smaller. One-min resolution horizontal
intensity data from low-latitude observatories are used, and diurnal and secular variation baselines are
subtracted. Ageometricadjustmentis madeto the resulting data from each observatory so that they
areallnormalized to the magneticequator.

The average, then, isthe Dstindex. Itis worth noting that, unlike the other indices summarized here,
Dstis nota rangeindex.

The 4 stations are Kakioka (Japan), Hermanus (South Africa), Honolulu (Hawaii, USA), San Juan (USA).
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Fromthe SIDC SWx Forecast Guide:

http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather Forecasting_Guide_latest.pdf

The Dstor disturbance stormtimeindexisa measure of gecomagneticactivity used to assess the
severity of magnetic storms. It is often considered to reflect variations in the intensity of the
symmetricpartoftheringcurrentthatcircles Earth ataltitudes rangingfrom about 3 to 8 Earth radii
(RE), and isproportional to the total energy in the drifting particles that form the ring current
(Wanliss etal. 2006, and references therein). Itis calculated as an hourlyindex from the horizontal
magnetic field component (H) atfourobservatories |located close enough to the magneticequator
thattheyarenotstrongly influenced by auroral current systems. Atthe sametime, these stations are
far enough away from the magnetic equatorsothatthey are notsignificantly influenced by the
equatorial electrojet current thatflows intheionosphere. They are also relativelyevenlyspaced in
longitude.... The convolution of their magnetic variations forms the Dst index, measuredin nT,
whichisthoughtto provide a reasonable global estimate of the variation of the horizontal fieldnear
the equator.

So:Dstrepresents an induced magneticfield caused by the ring current particles, whichare
plasmasheet particles thatare accelerated towards Earth during (sub)storms, where el ectrons rotate
around Earthin onesense, andtheionsinthe other sense (asin theradiationbelts) thus creating a
current.
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* Dst * Real-time monitoring at
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Real time monitoring at http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/presentmonth/index.html

A description on how the Dstindexis determined canbe found at http://wdc.kugi.kyoto-
u.ac.jp/dstdir/dst2/onDstindex.html

3.INTERPRETATION OF THE Dst INDEX

The Dstindex represents the axially symmetric disturbance magneticfieldatthe dipole equator on the
Earth's surface. Major disturbances in Dst are negative, namelydecreases in the geomagneticfield.
Thesefield decreases are produced mainly by the equatorial current systemin the magnetosphere,
usuallyreferred to asthering current. The neutral sheet current flowing across the magnetospheric
tail makes a small contributionto thefield decreases nearthe Earth. Positive variationsin Dstare
mostly caused by the compression of the magnetosphere from solar wind pressure increases.

Reminder: Dstrepresentsaninduced magneticfield caused by thering current particles, whichare
plasmasheet particles thatare accelerated towards Earth during (sub)storms, where el ectrons rotate
around Earthin onesense, andtheionsintheother sense (asin theradiationbelts) thus creatinga
current.

55



Geomagneticindices

* Dst
— Phases of a geomagnetic
storm
* Initial phase
* Main phase

Initial phase

* Recoveryphase

— Most intense storms of SC24 . . /
* 17 March 2015 (-223 nT) L A
* 23Jun 2015(-204nT) pany

— Extreme storms STAFF viewer, hitp:/www.staff oma.be

* 30 0ct2003:-383nT
* 14 Mar1989:-589 nT

Recovery phase (~ days)

56 ;b

Real time monitoring at http://wdc.kugi.kyoto-u.ac.jp/dst_realtime/presentmonth/index.html

From the SIDC SWx Forecast Guide:
http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather_Forecasting_Guide_latest.pdf

Magnetic storms occur when the number and energy of positive ions and electrons drifting in the outer radiation
belts increase significantly. Since electrons and protons drift in opposite directionsthey produce aring current
around the Earth. The direction of this current is westward causing a decrease in the surface field. The Dst
index is a measure of the total energy of these drifting particles. Amagnetic storm typically consists of three
phases (Figure above). The initial phaseis aresult of an increase in solar wind dynamic pressure. This
increase presses the magnetopause current closer to the Earth causing a positive perturbation in H. The
main phase is a consequence of a southward turning of the interplanetary magnetic field (IMF). When the
IMF turns southward, magneticreconnection occurson the dayside allowinga fraction of the solar wind electric
field to penetrate the magnetosphere. This field transportsions from the tailto the inner magnetosphere where
theyare trapped in the ring current, causingthe Dstindex to become more negative. The recovery phase is a
consequence of the IMF turning northward shutting off the magnetospheric electric field. Particle injection
decreases while the driftingions charge exchange with atmospheric neutral particles losing their energy and
thereby decreasing the strength of the ring current (McPherron et al. 2001)

From the SWPC glossary: https://www.swpc.noaa.gov/content/space-weather-glossary#suddenimpulse

Sudden Impulse (SI): A sudden perturbation, positive or negative, of several nanoteslain the northward
component (X component of the horizontal component) of the low-latitude geomagnetic field, *not* associated
with a following geomagnetic storm. An Sl becomes a Storm Sudden Commencement (SSC)ifa storm follows.

SWPCsends alerts for these SI: https://www.swpc.noaa.gov/content/subscription-services

A Geomagnetic Sudden Impulse (SI) Expected Warning is issued when a shock has been observed in the upstream, in situ solar
wind data. Based on the post-shock velocity, space weather forecasters generate a warning period indicative of when this
disturbance is expected at Earth. The Geomagnetic Sudden Impulse Summary product is issued when the shock is actually
observed at Earth, as indicated by the response of ground-based magnetic observatories. These products are useful in that they
can confirm the actual arrival of anticipated coronal mass ejection (CME).
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From the SIDC SWx Forecast Guide:

http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather Forecasting_Guide_latest.pdf

During geomagnetic storms, magnetospheric el ectriccurrents are often diverted along field lines, with
currentclosurethrough theionosphere. The Auroral Electrojet (AE) index was originally introduced by
Davisand Sugiurain 1966 as a measure of this globalelectrojet activity in the auroral zone. The
configuration of the auroral ovals, roughly centred around the north and south magnetic poles where
bright, activeauroraeandstrong magneticdisturbances are observed, is approximately a circle. The
ovals contractduring quiteintervals, and expand equatorwards during enhanced geomagneticactivity
(Perroneetal.1998).

Ideally, theindex shouldbe derived from data collected from an equally s pread series of stations
forming a string situated underneath the northernandsouthern auroral ovals, butinpractice the
number of stations on the southern hemisphereis too sparse for reasonable utility in calculating AE
(Loveet al.2007).Hence, the AEindex is derived from 12 ground stations on the northernhemisphere
between latitudes +60°and +71°.

The calculation of AE is relatively straightforward. One-minute resolution data from auroral
observatories are used, and the average horizontal intensity during the five magnetically quietest days
is subtracted. Thetotal range of the data from among the various AE observatories foreachminuteis
measured, with AU being the highest value and ALbeing the lowest value (Love 2007). The symbols AU
and AL, derivefromthefactthatthesevalues formthe upper andlower envelopes of the superposed
plots of allthe data fromthese stations as functions of UT. The differenceis defined as AE=AU - AL,
which areindicators of the strength of the eastward and westward electrojet res pectively. For
completeness, theaverageisalso defined asAO =1/2 (AU + AL) (Perroneetal.1998). Figure 50 shows
the evolution of the AEindex during the St-Patrick’s day eventon 17 March 2015.
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:Issued: 2014 Apr 17 1325 UTC
:Product: fon at http://www.sidc. be/p ts/tot
# #

# DAILY BULLETIN ON SOLAR AND GEOMAGNETIC ACTIVITY from the SIDC  #
#

#

SIDCURSIGRAM 40417
SIDCSOLAR BULLETIN 17 Apr 2014, 1304UT

SIDCFORECAST (valid from 1230UT, 17 Apr 2014 until 19 Apr 2014)
lass_flares expected, probability >=50%)

SOLAR PROTONS : Quiet

PREDICTIONS FOR 17 Apr 2014 10CM FLUX: 180 /JAP: 013
PREDICTIONS FOR 18 Apr 2014 10CM FLUX: 184 /|AP: 007
PREDICTIONS FOR 19 Apr 2014 10CM FLUX: 188 /JAP: 005

COMMENT: Eleven sunspot groups were reported by NOAA today. NOAA ARs 2035,2036, and 2037 (Catania numbers 24, 25, and 26 respectively) maintain the beta-
gamma configuration of the photospheric magnetic field. The strongest flare of the past 24 hours was the M1.0 flare peaking at 19:59 UT yesterday in the NOAA AR 2035
(Catania number 24). The flare was associated with an EIT wave and a weak coronal dimming, but the associated CME was narrow and is not expected toarrive at the
Earth.

We expect further flaring activity on the C-level, especially in the NOAA ARs 2035 and 2037 (Catania numbers 24 and 26 respectively) as well as in the NOAA AR 2042 (no
Catania number yet) that yesterday appeared from behind the east solar limb, with a good chance for an M-class event.

Since yesterday evening the Earth is situated inside asolar wind structure with an elevated interplanetary magnetic field magnitude (occasionally up to 10 nT). It may be|
aweak ICME or the compression region on the flank of an ICME that missed the Earth. The solar origin of this structure is not clear. The north-south magnetic field
component Bz was not strong, so no significant geomagnetic disturbance resulted (Kindex stayed below 4). Currently the solar wind speed is around 380 km/s and the
IMF magnitude is around 8 nT.

We expect quiet to unsettled (K index up to 3) i it with active { itions (K = 4) possible, but unlikely.
TODAY'S ESTIMATED ISN : 145, BASED ON 17 STATIONS.
99999

SOLAR INDICES FOR 16 Apr 2014

WOLF NUMBER CATANIA Y/ ” . .
s g i Geomagnetic activity

AK CHAMBON LAFORET 1012
AK WINGST 1 004

ESTIMATED ISN 1139, BASED ON 29 STATIONS.

NOTICEABLE EVENTS SUMMARY

DAY BEGIN MAX END LOC XRAY OP 10CM Catania/NOAA RADIO_BURST_TYPES
16 1954 1959 2004 S14E09 M1.0 1IN 24/2035 172

END
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Frangais | English

INTERMAGNET ~

History INTERMAGNET

Principles, Conditions, and Policies

Organizational Structure International Real-time Magnetic Observatory Network

Geomagnetic Information Nodes (GINs)

Geomagnetic Activity Map Welcome to INTERMAGNET - the global netwark of obsenatories, monitoring the Earth's magnetic field. At this site you can find data and information
mQ from geomagnetic obsenatories around the world

The INTERMAGNET programme exists to establish a global netwark of cooperating digital magnetic obsenatories, adopting modem standard
specifications for measuring and recording equipment, in order to facilitate data exchanges and the production of geomagnetic products in close to real
time.

Where local support is lacking it is a futther goal of INTERMAGNET to aid in the establishment of new obsenvatories or to provide assistance with the
upgrade and maintenance of existing facilities. Supplemental to this aim is the promotion of moder standards for measuring and recording the Earth's
magnetic field. INTERMAGNET is constituted from existing groups whose primary task is one of

Member of:

’E.Q

| icsu
WORLD DATA SYSTEM

Date modified: 2017-02-24

s (@

Dourbes: http://ionosphere.meteo.be/geomagnetism/ground_K_dourbes

An important network of geomagnetic observatories is « Intermagnet »
http://www.intermagnet.org/data-donnee/dataplot-eng.php

INTERMAGNET has its roots indiscussions held atthe Workshop on Magnetic Observatory Instruments
in Ottawa, Canada, in August 1986 and at the Nordic Comparison Meetingin Chambon La Foret,
France,in May 1987. Apilot scheme between the United States and British Geological Surveys was
described in the sessions of Division V of the International Association of Geomagnetism and
Aeronomy atthe 19t General Assembly of the International Union of Geodesyand Geophysicsin
Vancouver, Canada, inAugust 1987. This scheme used the GOES East satellite to successfullytransfer
geomagnetic data between the two organisations. INTERMAGNET was founded soon after inorder to
extend the network of observatories communicatinginthis way. Inorderto direct the work and
overseethe operations of INTERMAGNET, an Executive Council andan Operations Committee were
setup. The first Geomagnetic Information Node (GIN) was established in1991, the first CD-ROM/DVD
was also published in1991.

Other important networks of geomagnetic observatories are « USGS » (USA; U.S. Geological Survey:
https://geomag.usgs.gov/plots/ ) and “Izmiran” (Russia; http://forecast.izmiran.ru/en/index.php). An
overview of smaller networks is at http://flux.phys.uit.no/Last24/, allowingalsofor real-time
monitoring of selected stations with the tool “Stackplot” at http://flux.phys.uit.no/stackplot/
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Mid-Europe UiT / Arctic University of Norway USGS £
http://flux. phys. uit. no/stackplot/ 60 L&Q

Dourbes: http://ionosphere.meteo.be/geomagnetism/ground_K_dourbes

An important network of geomagnetic observatories is « Intermagnet »
http://www.intermagnet.org/data-donnee/dataplot-eng.php

INTERMAGNET has its roots indiscussions held atthe Workshop on Magnetic Observatory Instruments
in Ottawa, Canada, in August 1986 and at the Nordic Comparison Meetingin Chambon La Foret,
France,in May 1987. Apilot scheme between the United States and British Geological Surveys was
described in the sessions of Division V of the International Association of Geomagnetism and
Aeronomy atthe 19t General Assembly of the International Union of Geodesyand Geophysicsin
Vancouver, Canada, inAugust 1987. This scheme used the GOES East satellite to successfullytransfer
geomagnetic data between the two organisations. INTERMAGNET was founded soon after inorder to
extend the network of observatories communicatinginthis way. Inorderto direct the work and
overseethe operations of INTERMAGNET, an Executive Council andan Operations Committee were
setup. The first Geomagnetic Information Node (GIN) was established in1991, the first CD-ROM/DVD
was also published in1991.

Other important networks of geomagnetic observatories are « USGS » (USA; U.S. Geological Survey:
https://geomag.usgs.gov/plots/ ) and “Izmiran” (Russia; http://forecast.izmiran.ru/en/index.php). An
overview of smaller networks is at http://flux.phys.uit.no/Last24/, allowingalsofor real-time
monitoring of selected stations with the tool “Stackplot” at http://flux.phys.uit.no/stackplot/
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Miscellaneous

Average Number of Geomagnetically Disturbed Days 1932-2007

a

March
October

e Seasonal variation

— More geomagnetic
storms during equinoxes
than during solstices

April

September

— Probable explanation by

Russell & McPherron 12 3 4 5 6 7 8 8 1011 12

Month of Year

(1973) -

Fig. 4. One of the possible orientations of the
Y-Z planes of the solar equatorial (GSEQ), solar
ecliptic (GSE), and solar magnetospheric (GSM)
coordinates, showing how a vector in the solar
equatorial plane can have a southward (along the
—Z axis) GSE and GSM component. Braw ]

Baiosu—]

From the SIDC SWx Forecast Guide:
http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather_Forecasting_Guide_latest.pdf

Another element is the seasonal variation of the geomagneticdisturbances (Figure 52). Already in 1856, Edward
Sabine showed from magnetic recordingsthat “... January and June are the months of minimum disturbance,
September and April the months of maximum disturbance. The aggregate value of the disturbances in the
equinoctial months isaboutthree times asgreatas in the solstitial months.” (Sabine 1856). This finding has been
assessed and confirmed on numerous occasions and for various geomagneticindices (e.g. Cliver et al. 2001,
Svalgaard et al. 2002, Balan et al. 2017). The semiannual variation has been interpreted in terms of the (1) axial

hypothesis based on the variation of the heliospheric latitude of the Earth with time of year (e.g., Cortie 1912), (2)

equinoctial hypothesis based on the variation of the angle between the Earth—Sun line and Earth’s dipole axis
(e.g., Bartels 1932)and (3) Russell-McPherron (RM) effect based on the varying angle between the GSM
(geocentric solar magnetospheric) Z-axis and GSE (geocentric solar ecliptic) Y-axis (Russell and McPherron 1973).
From a review of subsequent papers, Bothmer et al.2007 concluded that hypothesis (1) does not seem to play a
keyrole in the origin of the semiannualvariation.

Russell, C. T., McPherron, R. L. (1973): Semiannualvariation of geomagnetic activity
http://adsabs.harvard.edu/abs/1973JGR....78...92R

*** .. geomagnetic activity is caused by substorms,and, whereas the magnitude of the southward component
has been shown to control substorm activity, the solar wind velocity, which controls the Kelvin-Helmholtz
instability, has not. ... The semiannual variation of geomagnetic activity is a manifestation of the varying
probability of a southward componentoccurringin solar magnetosphericcoordinates due to the changing
orientation of the solar magnetospheric coordinate system relative to the solar equatorial system. This theory is
both an axial theory, becausethe solar equatorial system depends on the heliographiclatitude of the earth, and
an equinoctial hypothesis, because the orientation of the solar magnetospheric coordinate system dependson
the orientation ofthe earth's rotationaxisrelative to the solar wind. ... We can further test the models, though,
by examining auxiliary predictions of the models.

In particular, the southwardcomponent model predicts that the spring maximum in activity isassociated on the
average with fields toward the sun and the fallmaximum with fields away from the sun.***
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Miscellaneous
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Fromthe SIDC SWx Forecast Guide:
http://www.sidc.be/PRODEX_SIDEx/docs/Space_Weather Forecasting_Guide_latest.pdf

The hypothesis proposed by Russell and McPherron (1973) has alsoanother effect to be considered,
i.e.thatthe high speed streams associated with coronal holes have different effects pending the
season of theyear they occur. Indeed, as the authors write from their analysis “...the prediction of the
model using the southward componentinsolar magnetosphericcoordinates that geomagneticactivity
is stronger in the spring forinward interplanetaryfields and stronger inthe fall for outward
interplanetaryfieldsis supported.” This has generally become known as the SNAP -principle, i.e. during
spring months negative magneticfields (directed towards the Sun) are more geo-effective, whereas
duringthefall months the positive magnetic fields (directed awayfrom the Sun) aremore geo-
effective.

63



Summary

* The magnetosphere

— Has a drop-shape
* Compressed at sunside, stretched at nightside

— Contains several zones w/ particles of varying E
* Van Allenradiation belts,...

— Protects us against high-energetic particles
* Geomagneticstorm

* The most often used geomagneticindices are:
— Kp, Ap, Dst
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A. Burns, T. Killeen and W. Wang

The lonosphere

Jan Janssens, Dr Nicolas Bergeot, Dr Jean-Marie Chevalier

66fb

Movie courtesyof A. Burns, T. Killeen and W. Wang at the University of Michigan

Movie and textfrom Windows to Universe:
https://www.windows2universe.org/spaceweather/disturbed_ionosphere.html

You areviewinga 24-hourlong simulation of the total electron contentina column abovethe Earth's
surface (between 100 and400 km altitude) during the April 10-11, 1997 ionospheric storm event. This
storm occurred inassociation with a magneticstormthatbeganinnear-Earth spaceat~21 UT on April
10 dueto the arrival of a coronal massejectionfromthe Sun. The storm subsided ataround 9 UT on
April 11 butthe changes to theionosphere lasted much longer.
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The ionosphere

e
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ionized atmosphere
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Picture from NOAA/SEL: https://commons.wikimedia.org/wiki/File:lonosphereProfileNOAA.png
Various layers of the ionosphere and their predominant ion populations are listed at their respective heights
above ground. The density in the ionosphere varies considerably, as shown.

Definition from NASA: https://www.hq.nasa.gov/iwgsdi/lonosphere.html

A shell of partially ionized atmosphere surrounding the Earth from approximately 60-1000 km. Absorption of
short wavelength radiation from the Sun photo-ionizes gasesin the atmosphereto produce the ionosphere. Gas
dynamics and electromagnetic interactions dominate the behavior of the ionized gases. The gasesionize during
daytime and recombine during night.

Definition from ROB/GNSS at http://gnss.be/ionosphere_tutorial.php#x2-10000

The ionizingaction ofthe sun's radiation on the Earth's upper atmosphere produces free electrons. Above about
60km the number of these free electronsis sufficientto affect the propagation of electromagnetic waves. This
"ionized" region ofthe atmosphere is a plasmaandisreferred to asthe ionosphere.

Definition from Wikipedia at https://en.wikipedia.org/wiki/lonosphere

The ionosphere is the ionized part of Earth's upper atmosphere, from about 60 km to 1,000 km altitude, a region
thatincludes the thermosphere and parts of the mesosphere and exosphere. The ionosphere isionized by solar
radiation. It playsan important rolein atmospheric electricity andforms the inner edge of the magnetosphere. It
has practical importance because, among other functions, it influences radio propagation to distant places on the
Earth.

From NOAA/SWPC Glossary at https://www.swpc.noaa.gov/content/space-weather-glossary#i

The region ofthe Earth’s upper atmosphere containing free electronsand ions produced by ionization of the
constituents of the atmosphere by solar ultravioletradiation at shortwavelengths <100nm)and energetic
precipitating particles. The ionosphereinfluences radiowave propagation of frequencieslessthanabout 300 MHz.
(See D region, Eregion, F region.)
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The ionosphere
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From: Earth’s atmosphere (Iver Cairns, 1999)
http://www.physics.usyd.edu.au/~cairns/teaching/lecture16/node2 .html

International Quiet Solar Year daytimeionosphericand atmosphericcomposition based on mass
spectrometer measurements (Johnson, 1969; Luhmann, 1995).

IRl model: http://irimodel.org/ & https://ccmc.gsfc.nasa.gov/modelweb/models/iri_vitmo.php
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lonospheric layers

Layer Altitude (km)| Peak (km) Constituents Radiation Day/Night Radio reflection

200 - 1000 +/- 350 o', H', e uv Day/Night
HF (3-30 MHz)
140- 200 +/- 200 o', e UV and EUV Day
Short-lived and unpredictable clouds of intense ionization | Min. to hours | VHF (30 - 300 MHz)
85- 140 120 0,",NO*,e” | EUVandSXR | Day/Night MF (0.3 - 3 MHz)
60- 85 65 0,",NO", e’ Ly-a., HXR Day LF (30- 300 kHz)

300 ‘

Height (Km)

Night Day

Daytime
Tonospheric reflection
Cunder normal condition)

-

The table was created from inputs from:

NASA: https://www.hg.nasa.gov/iwgsdi/lonosphere.html

ROB/GNSS at http://gnss.be/ionosphere_tutorial. php#x2-10000

Wikipedia at https://en.wikipedia.org/wiki/lonosphere

NOAA/SWPC Glossary at https://www.swpc.noaa.gov/content/space-weather-glossary#i
INGV: http://roma2.rm.ingv.it/en/research_areas/4/ionosphere

The figure on the left is from Wikipedia: https://en.wikipedia.org/wiki/lonosphere#/media/File:lonosphere_Layers_en.svg
The figure on the right is from Wikimedia: https://commons.wikimedia.org/wiki/File:lonospheric_reflectionDay_and_Night.P NG
Alternative: https://radiojove.gsfc.nasa.gov/education/educ/radio/tran-rec/exerc/iono.htm

Ly-a (Lyman alpha): the Lyman-alpha line ... is a spectral line of hydrogen ... its wavelength of 1215.67 angstroms (121.567 nm ...
), ..., places the Lyman-alpha line in the vacuum ultraviolet part of the electromagnetic spectrum, which is absorbed by air.

From Electronics notes (https://www.electronics-notes.com/articles/ante nnas-propagation/ionosp heric/ionospheric-layers-
regions-d-e-f1-f2.php ) and Kenneth Davies (1990) lonospheric Radio (https://books.google.be/books?isbn=086341186X )
There is a C-layer at about 55 km caused by galactic Cosmic Rays (hence C), but the level of ionisation is so low that it does not
affect radio signals/communications.

From Electronics notes (https://www.electronics-notes.com/articles/ante nnas-propagation/ionosp heric/sporadic-e-es.php )
and Wikipedia (https://en.wikipedia.org/wiki/Sporadic_E_propagation ):

Sporadic E propagation, by its name is sporadic and unpredictable by nature, but it enables radio signals to travel over much
greater distances and often at higher frequencies than would normally be possible via the ionosphere. ... Sporadic E, Es, arises
when intense clouds of ionisation form in the E region of the ionosphere. The level of ionisation is up to about five times that of
the levels reached during the peak of a sunspot cycle when they would normally be at their highest. The high levels of ionisation
resulting from Sporadic E enable signals well into the VHF region of the spectrum to be refracted by these ionised clouds -
frequencies up to 150 MHz may be affected. The levels of ionisation also mean that losses are particularly low - often low power
transmitters may be heard via sporadic E.
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lonospheric layers

Layer Altitude (km)| Peak (km) Constituents Radiation Day/Night Radio reflection

200 - 1000 +/- 350 O, H, e uv Day/Night
HF (3-30 MHz)
140 - 200 +/- 200 0, e UV and EUV Day
Short-lived and unpredictable clouds of intense ionization | Min. to hours | VHF (30 - 300 MHz)
85 - 140 120 0,",NO*, e | EUVandSXR| Day/Night | MF(0.3-3MHz)
60- 85 65 0,",NO", e | Ly-a, HXR Day LF (30- 300 kHz)

300 ‘

Height (Km)

Night Day

Daytime
Tonospheric reflection
Cunder normal condition)

2 \—-—

il

... Although Sporadic E may appear to give an improvement in some HF communications, while also allowing communications /
interference to propagate on frequencies well into the VHF portion of the spectrum, it can also have the effect of degrading
some HF communications.

The very high levels of ionisation in the clouds will reflect any signals in the HF portion of the radio spectrum. This may prevent
them from reaching the higher F regions, thereby preventing them from being able to achieve much greater distances.

... The mechanism behind sporadic E is not well understood. Itis thought that there may be several phenomena that give rise to
its formation: Meteors, electrical (thunder) storms, auroral activity, upper atmospheric winds.

There seems to be a seasonal (more often during hemispheric summer) and solar cycle (more openings during sunspot minima)
effects.

Sporadic E is not normally used for communications purposes (although radio amateurs use it) because of the sporadic nature
of its occurrence, and it cannot be relied upon. Instead its occurrence should be noted as it can result in raised levels of
interference as signals are propagated over much greater distances than would normally be expected.

Raulin etal. (2013): Response of the low ionosphere to X-ray and Lyman-alpha solar flare emission
https://hal-insu.archives-ouvertes.fr/insu-01179432/document

http://adsabs.harvard.edu/abs/2013JGRA..118..570R

MUF maps_ http://www.spacew.com/www/realtime.php

HF radio propagation: http://www.sws.bom.gov.au/Educational/5/2/2

INGV: MUF and such: http://roma2.rm.ingv.it/en/themes/24/ionospheric_sounding

SID _ MUF LUF: http://slideplayer.com/slide/8022458/
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lonosphere — Units and terminology 1

* TEC
— Total Electron Content

— =total #e alongline-of-sightfrom
m spacecraft to ground receiver

— =STEC

=N + Slant TEC
[ — Unit: TECu
N - TEC unit
¢ 1TECu =106 e perm?
* VTEC (Vertical TEC)
— Iypical max. daily values BE (medium SC)
* SCmin: 10 TECu ; SC max: 30 TECu
* ROTI
— Rateof TEC index (ROTindex)
e TEC/min
* Info on temporalionosphericirregularjties

74 }\
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STEC
VTECat IPP

lonospheric Piercing Point
(1PP)

“ouo|

Oryema et al. (2015): Investigation of TEC variations over the magnetic equatorialand equatorial anomaly regions
of the African sector

https://www.sciencedirect.com/science/article/pii/S0273117715003774

... TEC is defined as a measure of the totalnumber of electronsin a unit areaalongthe line of sight of GPS signal
from space satellite to ground receiver (Bhuyan and Borah, 2007).

Patel etal. (2016): Comparison of GPS-derived TEC with IRI-2012 and IRI-2007 TEC predictions atSurat, alocation
around the EIA crestin the Indian sector, during the ascending phase of solar cycle 24
https://www.sciencedirect.com/science/article/pii/S0273117716306524

The ... receivertracks up to 11 GPSsatellites atthe L1 (1575.42 MHz) and L2 (1227.60 MHz) frequency at a time
which are at different elevation angles (Van Dierendonck et al., 1996). The computed values of TEC from ...
receiver are slant TEC (STEC), defined as the integral of the electron density along the satellite to the receiver line
of sight. These are then converted into vertical TEC (VTEC) using suitable mapping function at different IPP
(lonospheric Pierce Point) positions which are determined by the established formulae (Mannucci et al., 1993;
Langleyetal., 2002).

The IPPis usually taken at an altitude of 350 km , but may vary between 250and 750+ km pendinge.g. the
elevation angle of the satellite.

IMPC/DLR: http://impc.dir.de/products/ionospheric-perturbations/
The Rate of TEC index (ROTI) is defined as standard deviation of the rate of TEC (ROT) assumingthe ionosphereas
a thin layer. Hence the index provides information about temporal ionospheric irregularities.

Norsuzila et al. (2008): Leveling Process of Total Electron Content (TEC) Using Malaysian Global Positioning System
(GPS) Data

http://thescipub.com/pdf/10.3844/ajeassp.2008.223.229

ROTI maps can be found at the ESA page http://swe.ssa.esa.int/web/guest/swaci-federated (SWACI/DLR)
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lonosphere — Units and terminology 2

300  Critical plasma frequency
ém — foe=9 VN, withN in #/m?* and
%’100 fc:it X:HZ
2 ias:
00 1000 2000 000 — Maximum usable frequency
Range (km) . 1(:MFL;F) at near-vertical incidence
- fo

* AlsoforF1(foFl) andE (foE)layer

* Peak densityand height
— NmF2, hmF2
— Also for Eand F1 layers

— Lower frequencies: reflected
— Higher frequencies: pass

SEEEET e Measured with ionosondes

Lowell Digisonde® 4D and Receive antenna

http://www.digisonde.com - D|splayed in iOnOgramS
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From

- Wikipedia: https://en.wikipedia.org/wiki/Critical_frequency

- Naval Post-graduate School:
http://www.met.nps.edu/~psguest/EMEO_online/module3/module_3_2b.html

- Lowell Digisonde International: http://www.digisonde.com/instrument-description.html

- WorldData Center Afor Solar-Terrestrial Physics —URSI Handbook of lonogram Interpretation and
Reduction (1972)

ftp://ftp.ngdc.noaa.gov/ionosonde/documentation/UAG_23A Searchable.pdf

Thereareseveral « critical » frequencies e.g. foF2, foE,...
The critical frequencyfor theionosphereisthefoF2 asthe F2 layer has the highest densityand hence

the highest frequency at which vertically indicent waves are still reflected. Hence, it’s alsocalled the
MUF.



lonosphere

Altitude [km]

Plasma density [cm'3]

Exercise— Calculation of critical f

What'’s the critical frequency
for the F2 layer (day)?

— 9kHz

— 900 kHz

— 9 MHz
What happens if a 90 MHz
radio signal is sent up
vertically?

— The signal getsreflected

— The signal getsstraight through
— The signal getsabsorbed
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Figurefrom University of Ouluat Wikipedia: https://wiki.oulu.fi/display/SpaceWiki/lonosphere
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lonosphere — Units and terminology 3
lonogram
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Figure:
Credits: HAARP - http://www.haarp.alaska.edu/haarp/dsonde.html
Wikipedia: https://commons.wikimedia.org/w/index.php?curid=37954433

Text from World Data Center A for Solar-Terrestrial Physics — URSI Handbook of lonogram Interpretation and Reduction (1972)
ftp://ftp.ngdc.noaa.gov/ionosonde/documentation/UAG_23A_Searchable.pdf (Chapter 1)

The ionograms actually show the time of travel of the pulse signal from the transmitter to the cathode ray tube, reflection in the

ionosphere normally occurring atvertical incidence. As this signal always travels more slowly in the ionosphere and in the

receiver than in free space, the heights observed always exceed the true heights of reflection.

= Hence the difference between h’ (the virtual height, e.g. h'mF2) and h (the true height, e.g. hmF2), with h" always higher
than h (for the same frequency).

1.03. The Earth's magnetic field, in general causes a radio wave incident on the bottom of the ionosphere to be divided into two
waves of different polarization which are reflected independently in the ionosphere .... These waves are known as magneto-
ionic or, preferably, magneto-electronic component waves. They are due to the interaction of the electrons in the plasma with
the magnetic field. Modern plasma theory shows that the presence of ions canintroduce additional modes and waves which
can be observed experimentally and are accurately described as magneto-ionic waves. By analogy with optical double
refraction, one is called the ordinary wave and the other, the extraordinary wave. [BvdO: In general, one speaks only of left and
right-handed polarized waves, which is when the wave vector is along the (external) magnetic field. If the wave vector is
perpendicular to the MF, one uses the terms “ordinary” and “extraordinary” wave. ].

.. Since the conditions of reflection for the two components are different, each produces its own h’(f) pattern. These are similar
but displaced in frequency, the extraordinary ray having the higher critical frequency .... The magneto-electronic theory shows
that the reflection levels of the two modes (o and x) depend on the ratio of the exploring frequency fto the gyrofrequency fB.
=>Hence, the ionograms mention parameters such as fxF2 next to foF2. We work with the lower (« o »rdinary) frequency, i.e.
the foF2.

lonograms frequently show multiple and mixed reflections. A multiple reflection is the name given to a trace which has been
reflected from the ionosphere more than once. An echo which results from two reflections from the same layer, with an
intermediate reflection from the ground, is called a second order; three reflections give a third order, and so on. Orders as high
as fifteen or more occasionally occur when absorption is extremely low.
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lonosphere — Units and terminology 4

NEW Proplab for Windows 10, Version 3.1

® Key frequency parameters
— MUF
* Maximum Usable Frequency
— foF2
* MUF(X): MUF over Xkm path

— Maps usually 3000 km
— lonograms: 100-3000 km

* EMUF
— E-layer MUF (foE)

e e nre e e mow 0w sw  ww  xw
78 102 126 150 174 wa 22 26 Cb
e

Near-real time graphs available at DXZone: https://www.dxzone.com/catalog/Propagation/
MUF: vertical incidence: http://www.spacew.com/www/realtime.php

Info on criticalfrequencies from Naval Post-graduate School:
http://www.met.nps.edu/~psguest/EMEO_online/module3/module_3_2b.html

MUF maps_ http://www.s pacew.com/www/realtime.php
HF radio propagation: http://www.sws.bom.gov.au/Educational/5/2/2
INGV: MUF and such: http://roma2.rm.ingv.it/en/themes /24/ionospheric_sounding

SID _MUF LUF: http://slideplayer.com/slide/8022458/
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Near-real time graphs available at DXZone: https://www.dxzone.com/catalog/Propagation/
MUF: vertical incidence: http://www.spacew.com/www/realtime.php

Info on criticalfrequencies from Naval Post-graduate School:
http://www.met.nps.edu/~psguest/EMEO_online/module3/module_3_2b.html

Top Figure:...Figure 11. Ray diagram showing the effect of using different frequencies at the same
transmissionangle. Thebluerayfrequencyis greater than the MUF and passes into space. The green
ray frequency is less thanthe MUF but greater than the Elayer MUF. Thisis usually the best frequency
region to usefor long range communications andis usually where the FOT (equal to 0.85 x MUF)
exists.Theorangerayfrequencyisless than the Elayer MUF andgreaterthan the LUF. Thisis bestfor
medium range (around500to 1500 km) transmissions. Thered rayislessthanthe LUF and is absorbed
intheDlayer.

Bottom Figure: ... Plot of typical diurnal changes in the maximum usable frequency (MUF), the
frequency of optimum transmission (FOT), the E layer maximum usable frequency (EMUF)andthe
lowest usable frequency (LUF). This particular diagramis representative of the parameters for a San
Francisco, CAto Honolulu Hl in October usinga 5000 W transmitter.

MUF maps_ http://www.s pacew.com/www/realtime.php

HF radio propagation: http://www.sws.bom.gov.au/Educational/5/2/2

INGV: MUF and such: http://roma2.rm.ingv.it/en/themes/24/ionospheric_sounding
SID _MUF LUF: http://slideplayer.com/slide/8022458/
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Exercise— Solar flare & HF comms
151 .
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What happens to the MUF and LUF when a strongsolar flare occurs?

Figure from https://commons.wikimedia.org/wiki/File:ShortWaveFadeNOAA.png
Source: NOAA: http://www.sel.noaa.gov/info/lono.pdf

Alsoin B.Poppe (2006): Sentinels of the Sun (pp.33) -
https://books.google.be/books?id=WMh4REf3iZQC

The usage frequencywindowfor radio propagation lies between the lowestand maximum usable
frequencies. When the window closes, as shown here, a shortwave fade occurs.

The MUF depends on foF2 and theangle of incidence of theradiowave

The LUF is determined by theamount of absorptionin the D-andE-region

Then the LUF can onlybeused by increasing the frequency.

If the frequency is increased above the MUF, so when it will not even get reflected by the F2-layer (or

still gets absorbed by the D/E region)then no HF communicationos possible. This is called a short
wavefade (or radio black out).
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lonosphere — Main features

Coupling with magnetosphere

* By magneticfieldlines Interplanetary
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* Polarcaps Polar

Plasmasheet

e Auroral oval
— Plasmasphere
* lonosphere at low altitude ,

~JField-aligned Current

Salar Wind Magnetopause

Magnetopause Current

Russell and Luhmann, 1997

Potzdam figure taken from http://www-app2.gfz-potsdam.de/pb1/op/champ/science/magnetic_SCIENCE.html

More on the connection between ionosphereand magnetosphere andthe related electrical currentsis at

- http://www.aeronomie.be/en/topics/solarsystem/magnet-couplingionosphere.pdf (De Keyser, 1999)

- https://wiki.oulu.fi/download/attachments/11767976/ionos_chb5.pdf (Oulu, Finland)

- ftp://ccar.colorado.edu/pub/forbes/ASEN5335/Magnetospheres/Lecture%2021/21.-Magnetospheres-
4%2009.pdf



lonosphere — Main features

Coupling with magnetosphere
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Potzdam figure taken from http://www-app2.gfz-potsdam.de/pb1/op/champ/science/magnetic_SCIENCE.html

Basic definitions on electrojets at

- https://en.wikipedia.org/wiki/Electrojet

- https://en.wikipedia.org/wiki/Equatorial_electrojet

- https://web.archive.org/web/20100705021933 /http://www-star.stanford.edu/~vif/ejet/electrojet.html

The term “auroral electrojet” is the name given to the large horizontal currentsthatflowin the D and Eregions of
the auroral ionosphere. ... the auroral electrojet currents areremarkable for their strength and persistence. ...
During magnetically quiet periods, the electrojet is generally confined to the auroral oval. However during
disturbed periods, the electrojetincreasesin strength and expands to both higher and lower latitudes. This
expansion results from two factors, enhanced particle precipitation and enhanced ionosphericelectric fields. ...
Kristian Birkeland was the first to suggest thatpolar electric currents (or auroral electrojets) areconnected to a
system of filaments (now called "Birkeland currents") that flow along geomagnetic field linesinto and away from
the polarregion.

Yizengaw et al. (2014), The longitudinal variability of equatorial electrojet and vertical drift velocity in the African
and American sectors

http://adsabs.harvard.edu/abs/2014AnGeo..32..231Y

The worldwide solar-drivenwind results in the so-called Sq (solar quiet) current system in the E region of the
earth’s ionosphere (100-130 km altitude). The Sq current in turn causes the generation of an east-west
electrostatic field atthe equatorialionosphere, which is directed eastward during dayside. At the magnetic dip
equator, where the geomagneticfield is horizontal, this electric fieldresults inanenhanced eastward current flow
along the magnetic equator, known as the equatorial electrojet (EEJ) (e.g., Stening, 1995). The EEJ is a narrow
(within £ 3° of the magnetic equator) ribbon of current flowing eastward in the daytime equatorial region of the
earth’s ionosphere.
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lonospheric scintillation

* Rapid fluctuationsradio
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The scintillation of the satellite signals is due

to the random fluctuations of the refractive

index which distort the original wave front,

giving rise to a random phase modulation of a

wave. If the satellite and/or the ionosphere
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variations of amplitude and phase are

recorded on the ground. The fluctuations in

the refractive index are due to the N
irregularities in the ionosphere! 86 L b

lonospheric scintillation to radio signals is very similar as atmospheric scintillation to visible light

Atmospheric scintillation: http://www.islandnet.com/~see/weather/elements/twinkle.htm

The technical term for twinkling is scintillation, the rapid variation in apparent position, colour or brightness of a luminous

object when viewed through a turbulent media, in this case, the atmosphere. Stars, as we know, are large masses of glowing gas
similar to our sun, but they are located so far away that they appear to us as bright pin-points. Their light travels relatively
straight and true across the light-years of interstellar space, reaching the top of Earth's atmosphere as a steady point of light
(how they would appear to viewers on the International Space Station). When starlight enters the relatively dense atmosphere
(compared to the vacuum of space), its rays are diverted from their direct path by changes in air density on their way toward the
surface. This is called refraction.

Figures and text from SWS: http://www.sws.bom.gov.au/Satellite/6/3

What is lonospheric Scintillation?

lonospheric scintillation is a rapid fluctuation of radio-frequency signal phase and/or amplitude, generated as a signal passes
through the ionosphere. Scintillation occurs when a radio frequency signal in the form of a plane wave traverses a region of
small scale irregularities in electron density. The irregularities cause small-scale fluctuations in refractive index and subsequent
differential diffraction (scattering) of the plane wave producing phase variations along the phase front of the signal. As the signal
propagation continues after passing through the region of irregularities, phase and amplitude scintillation develops through
interference of multiple scattered signals.

The figure shows "WBMOD" model predictions of the 90th percentile S, index at 2300 Local Time (everywhere) at the Southern
Hemisphere’s autumnal equinox (DOY 091) for GPS L1 (1575.42MHz), low magnetic activity (Kp=1) and high solar activity
(SSN=150). Apart from the two strong scintillation bands following ~15° geomagnetic latitude contours, also obvious is the
enhanced scintillation between the two bands of maxima and in the polar regions. The mid- latitude regions are relatively free
of scintillation, especially at GHz frequencies, however atlower frequencies, closer to 100MHz there can at times be significant
scintillation activity.

In terms of diurnal distribution, equatorial ionospheric scintillation generally peaks several hours after dusk

Also at NOAA/SWPC: https://www.swpc.noaa.gov/phenomena/ionospheric-scintillation

lonospheric scintillation is the rapid modification of radio waves caused by small scale structures in the ionosphere. Severe
scintillation conditions can prevent a GPS receiver from locking on to the signal and can make it impossible to calculate a
position. Less severe scintillation conditions can reduce the accuracy and the confidence of positioning results.

Scintillation of radio waves impacts the power and phase of the radio signal. Scintillation is caused by small-scale (tens of meters
to tens of km) structure in the ionospheric electron density along the signal path andis the result of interference of refracted
and/or diffracted (scattered) waves. Scintillation is usually quantified by two indexes: S4 for amplitude scintillation and... /...
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.../ ... od (sigma-phi) for phase scintillation. The indexes reflect the variability of the signal over a period of time, usually one
minute. Scintillation is more prevalent at low and high latitudes, but mid-latitudes, such as the United States, experience
scintillation much less frequently. Scintillation is a strong function of local time, season, geomagnetic activity, and solar cycle
but it also influenced by waves propagating from the lower atmosphere.

Also at Inside GNSS, Kintner et al. (2009): GNSS and lonospheric Scintillation How to Survive the Next Solar Maximum
http://www.insidegnss.com/node/1579 or http://www.insidegnss.com/auto/julyaug09-kintner. pdf

What Is Scintillation?

Scintillation is a form of space-based multipath. Instead of radio waves reflecting from nearby surfaces and then adding at the
antenna, a planar radio wave strikes a volume of irregularities, and then emerges as a surface of nearly constant amplitude but
variable phase. The variable phase is introduced by the varying TEC along different signal paths. ...

Because the ionosphere is the densest and the thickest in two bands surrounding the magnetic equator, as shown in Figure 1,
this is where scintillation is most intense. At high latitudes, the threat to GPS comes during magnetic storms in which blobs of
jonosphere from the dayside are swept over the polar cap onto the nightside. During the last solar maximum, magnetic storms
were observed to fatten the ionosphere overthe dayside United States and then carry blobs of it overthe North Pole and polar
cap into Europe.

Also at SWS (Australia) : http://www.sws.bom.gov.au/Satellite/1/1

The graphs on this page show ionospheric Scintillation indices over the last 24 hours, as measured by SWS lonospheric
Scintillation Monitor (ISM) sites. In each graph, the signal from each of the 31 active GPS satellites is shown with a different
colour.

Graphs in the left hand column display amplitude scintillation, a measure of the short timescale fluctuation in the signal to
noise. This is quantified by the S4 index. Values over ~0.6 indicate strong scintillation which can cause loss of lock on a GPS
signal. A scintillation index below 0.3 is unlikely to have any affect on GPS. Amplitude scintillation seen in the Darwin and Weipa
scintillation monitors is commonly due to anionospheric phenomena called "plasma bubbles".

Graphs in the right hand column show phase scintillation, a measure of the short timescale fluctuation in the phase of the GPS
signal. This is quantified by 060, the standard deviation of the signal phase in radians, over 60 second intervals. Phase
scintillation seen in the Macquarie Island scintillation monitor is generally a sign of auroral activity.

Scintillation maps can be found atthe ESA page http://swe.ssa.esa.int/web/guest/swaci-federated (SWACI/DLR)

Also at INGV / Romaz2: http://roma2.rm.ingv.it/en/themes/11/ionospheric_scintillation
Also at SWS (Australia) : http://www.sws.bom.gov.au/Satellite/1/1
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Equatorial (lonization) Anomaly
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Equatorial anomaly

Movie clipfrom NASA/GSFC : https://svs.gsfc.nasa.gov/4617

This is a visualization of the Equatorial Fountain process in theionosphere, whereby ions are driven
away fromthe equatorformingion density enhancements to the north and south of the equator. This
visualizationis depicted near50 degrees west longitude, where the magnetic equator crosses the
geographicequator. Magneticfieldlines near Earth are represented by the goldlines. Particles appear
in a blue-white flash, representing the point where atoms areionized, becoming positively charged
andreleasing an electron. Now these charged particles can 'feel'the near-Earth electricand magnetic
fields. Their motion becomes a combination of circular gyromotion (see Plasma Zoo: Gyromotion in
Three Dimensions) due to the magneticfieldand ExB drift (see Plasma Zoo: ExB Drift). At higher
altitudes, the electricfieldis weaker, reducing the vertical motion, and theionmotion becomes
dominated by the magneticfieldand gravity, allowing theionto 'slide’ down the magnetic field line
back to Earth. Atlower altitudes, theions combine with free electronsina process called
recombination, represented by a red flashandfading of the particle trail.

Aylward (Summerschool 2012): http://star.arm.ac.uk/summerschool2012/Aylward.pdf
Thermospheric winds inthe equatorial Eregiondragions across the magnetic field lines B, creating
duringthe daytime aneastward dynamoelectricfield, whichis mappedalong the magnetic field lines
into the Fregion. This, combined with a northward B field creates an upward ExB plasma drift.
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Figureand textfrom Oryema (2015): Investigation of TEC variations over the magneticequatorialand
equatorial anomalyregions of the Africansector
https://www.sciencedirect.com/science/article/pii/S0273117715003774

The Earth’s ionosphere along the equatorial (low latitude) regionis quite unique and different from
thatatthe mid and highlatitudes (Chakraborty and Hajra, 2009). This is because the low latitude
ionospheric F-region is dominated by a phenomenon called equatorial ionization anomaly (EIA), which
is characterized by an electron density trough region aroundthe magneticequator,anda dual band of
enhanced electrondensity (crest regions)atabout

15 degrees north and south of thetrough as shownin Fig. 1 (Schunkand Nagy, 2000). The ElAis
formed as a result of the diurnal variation of the zonal el ectric field, which primarily points eastward
duringthedayandreverses at night. In conjunction with the horizontal northward geomagneticfield
atequatorial latitudes, theionospheric plasmaiis lifted upward by vertical Ex B drift (Stolleetal.,
2008).

Oncetheplasmaistransported to higher altitudes, it diffuses downward along the geomagneticfield
linesinto both hemispheres dueto gravitationaland pressure gradient forces (Goodman, 2005). This
combination of electromagnetic driftand diffusion produces a fountainlike pattern of plasma motion
called the equatorialfountain effect, |eaving region around the magnetic equator withlittle electron
density concentration and higher electrondensity concentrations atthecrests or equatorial anomaly
regions (SchunkandNagy, 2000). This implies thationospheric effects are higher aroundthe
equatorial creststhan atthetrough region or magneticequator. However, the latitudes of the
anomalycrests and strength of the anomaly varywith condition of the day, seasonof theyear and
solar activity (Chakraborty and Hajra, 2009).

A morecompletestorycan befoundin Balanetal.(2018)at
https://agupubs.onlinelibrary.wiley.com/doi/full/10.26464/epp2018025
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Equatorial (lonization) Anomaly
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Equatorial anomaly

Animation from Radio Jove: https://radiojove.gsfc.nasa.gov/education/educ/radio/tran-rec/exerc/iono.htm

Below is an animation comparing the ionospheric conditions during a typical day with that of a day containing an ionospheric
storm. Anionospheric storm is caused by a coronal mass ejection from the sun that strikes the Earth's atmosphere. These mass
ejections contain large amounts of particles that smash into the ionosphere and knock electrons loose from atoms. As discusse d
above the loose electrons reflect radio waves from astronomical sources back into space. The addition of loose electrons as a
result of a mass ejection makes observations and communications difficult. The dark blue and purple areas are the areas where
the number of loose electrons is low. In these areas there are few electrons to reflect radio waves and thus lower frequency
waves are able to reach the ground. As can be seen from the animations the night time and early morning hours are best for
observations due to the fact that the sun is not in the sky and its ultraviolet light is not reaching the atmosphere at this time.
The density of electrons (how many electrons there are per every cubic centimeter) is represented by the varying colors. Bands
of high density that appear at high latitudes during the storm but disappear rapidly as it subsides are due to the high velocity
particles smashing into the atoms in the atmosphere and knocking electrons free. These same high velocity particles produce
the auroral lights. We can use these maps and the varying colors to find the lowest frequency thatis detectable from the
ground. The lowest frequency detectable, known as the critical frequency, is related to the density of electrons by the equation:
f=9x107-3 x sqrt(N) MHz. In this equation fis the critical frequency and N is the electron density, sqrt means to take the square
root of the electron density. In the maps above the electron density ranges from 33300 electrons/cm”3 (dark blue) to 249750
electrons/cm”3 (green) to 552780 electrons/cmA3 (red).

Movie courtesy of A. Burns, T. Killeen and W. Wang at the University of Michigan

Movie and text from Windows to Universe: https://www.windows2universe.org/spaceweather/disturbed_ionos phere.htm|

You are viewing a 24-hour long simulation of the total electron content in a column above the Earth's surface (between 100 and
400 km altitude) during the April 10-11, 1997 ionospheric storm event. This storm occurred in association with a magnetic storm
that beganin near-Earth space at~21 UT on April 10 due to the arrival of a coronal mass ejection from the Sun. The storm
subsided ataround 9 UT on April 11 but the changes to the ionosphere lasted much longer.
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Plasma bubbles
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Movie and text from

The Conversation: Bad space weather may have caused fatal Afghan gun battle
http://theconversation.com/bad-space-weather-may-have-caused-fatal-afghan-gun-battle-32081
Original movie from https://www.youtube.com/watch?v=NI850C-3mJ0

Plasma bubbles, asthe name suggests, are essentially bubbles of low density plasmathat riseinto high density
plasma inthe Earth’s upperatmosphere. The bubbles are the result of a plasmainstability that is triggered shortly
after sunset, known as the generalised Rayleigh-Taylor instability.

The situationisanalogous to a heavy fluid sitting on top of a lighter fluid, which rises up into the heavy fluid, and
the heavy fluid flows downwards under gravity.

The only difference with the ionosphere bubblesis thatelectricand magnetic fields govern their drift. These
bubbles strongly affect any radio waves that propagate through them, causing random fluctuations in amplitude
and phase, called scintillations.

From the perspective of a GPSreceiver, the signals no longer resemble the normal GPSsignals,and the receiver
ultimately loseslock on the satellite. During severe events, aseries of adjacent plasmabubblescan span from
horizon to horizon, creating significant GPS positioning and timing errors.
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Bottom Picture taken from

Ajith et al. (2015): Explicit characteristics of evolutionary-type plasma bubbles observed from Equatorial Atmosphere Radar
during the low to moderate solar activity years 2010-2012

http://adsabs.harvard.edu/abs/2015JGRA..120.1371A

The equatorial plasma bubbles (EPBs)/equatorial spread F (ESF) irregularities are an important topic of space weather interest
because of their impact on trans-ionospheric radio communications, satellite-based navigation and augmentation systems. This
local plasma-depleted structures develop at the bottom side F layer through Rayleigh-Taylor instability and rapidly grow to
topside ionosphere via polarization electric fields within them.

The EPBs are essentially a nighttime phenomena when the E region conductivity becomes negligible that liberates the
polarization electric fields in F region to grow nonlinearly. The steep vertical gradients due to quick loss of bottom side ionization
and rapid uplift of equatorial F layer via pre-reversal enhancement (PRE) of zonal electric field makes the post-sunset hours as
the most preferred local time for the formation of EPBs [Kelley, 1989; Fejer et al., 1999; Tulasi Ramet al., 2006]. Once developed,
these EPBs generally drift eastward with velocities ranging from 50 to 200 m/s [Aarons et al., 1980; Bhattacharyya etal., 2001;
Rama Rao et al., 2005]. The seasonal and longitudinal variability of EPBs are influenced by the alignment between sunset
terminator and magnetic meridian.

From the STCE Newsitem:

http://www.stce.be/news/420/welcome.html

The main cause of the ionospheric unrest is the presence of equatorial plasma bubbles, i.e. depletions of electron density inthe
ionosphere. Their number correlates with the solar activity level, and they also are more numerous during the equinoxes (spring
and autumn) than during the solstices (summerand winter). They usually form after sunset at the bottom of the F-region (main
ionospheric layer), where small low-density irregularities can grow into turbulent bubbles - see a model underneath (covering 40
minutes) developed by DrYokoyama (NICT/AERI). The bubbles have a typical size of about 100 km and their effects usually end
around midnight. They can occur during relatively minor levels of geomagnetic activity, especially during solar maximum. Radio
wave propagation can be severely affected in terms of power and intensity as these waves travel through small scale structures
in the ionosphere (i.e. scintillation of radio waves).

More info on ionospheric scintillation: SWS: http://www.sws.bom.gov.au/Satellite/6/3

More on (equatorial) spread F: https://www.hsu.edu/academicforum/1998-1999/1998-
9AFA%20Review%200f%20Equatorial%20Spread%20F.pdf (McDaniel, 1998)
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Travelling lonospheric Disturbances
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Animation from NASA/JPL: https://photojournal.jpl.nasa.gov/catalog/PIA14430

Katamzi et al. 2011: Observations of travelingionospheric disturbances associated with geomagnetic storms
http://ieeexplore.ieee.org/document/6050928/

Van de Kamp et al. (2014): Waves in the ionosphere detected by ground GPS receiver network
https://www.ucl.ac.uk/mssl/space-plasma-physics/nuggets/mssl-plasma-nuggets/2014/pokhotelov-gps

Figure and text from Van de Kamp et al. (2014): TID characterised using jointeffort ofincoherent scatter radar and
GPS

https://www.ann-geophys.net/32/1511/2014/

Travellingionospheric disturbances (TIDs) are wavesin the ionosphere with time periods from tens of minutes up
to 2-3 h.and wavelengths typically longer than 100 km. The waves can travel globally over distances of thousands
of km, including travels between high latitudes and the equatorial region. TIDs were first noted in ionosonde data
in Australia in 1937-1939, as periodic disturbances in the reflection height, which were noted to travel between
different locations. Munro (1950) reported the first systematicmeasurement and analysis of the vertical and
horizontal wave parameters of these disturbances, using multiple-location ionosondes around Sydney. ... TIDs are
caused by atmospheric gravity waves (AGWs) propagatingin the neutral thermosphere.These wavesare
generatedinthe lower atmosphere and travel upwards. In the ionosphere, the resulting wave patterns of the
ionised gas are a measurable signature of the neutral wave. ... TIDs can be grouped into two categories: large-
scale TIDs with horizontal wavelength over 1000 km and oscillation periods of 30—-180 min, and medium-scale
TIDs with horizontal wavelengths of severalhundreds of km and periods of 15-80 min. Large-scale TIDs propagate
with phase velocities of 200-1000ms-1, comparableto the speed of sound in the thermosphere, while medium-
scale TIDs typically propagate more slowly, with phase velocities of 50-250ms-1. Modern understandingis that
medium-scale TIDs are caused by both AGWs and ionospheric processes, while large -scale TIDs result mainly from
magnetosphere—ionosphere coupling processes (Hunsucker, 1982; Hocke and Schlegel, 1996).
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lonospheric variability

B. Oryema et al | Advances in Space Research 56 (2015) 19391950
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Figure from Oryema (2015): Investigation of TEC variations over the magnetic equatorial and equatorial anomaly regions of the
African sector
https://www.sciencedirect.com/science/article/ pii/S0273117715003774

High TEC values recorded in the equinoctial months can be attributed to have been caused by changes in the sun’s position
(Adewale etal., 2012). During equinoctial months, the sun is overhead the equator and temperature atthe equator are hotter
than atthe pole. This makes thermospheric meridional wind blow towards the poles from the equator. This meridional wind
changes the neutral composition and O/N2 ratio increases at equatorial and low latitude regions (due to stronger effect of wind
transport during high solar activity) (Kherani etal., 2013). Increase in O/N2 ratio results in higher electron density and therefore
during equinoxes, equatorial ionization anomaly is expected to be more developed than during the solstices. This is referred to
as semi-annual variation.

This mechanism works perfectly for solar maximum periods because of high wind effectiveness due to high rate of
photoionization. The semi-annual variation of the EIA could also be due to the combined effect of the solar zenith angle and
geomagnetic field effects (Torr and Torr, 1973; Wu et al., 2004). The low TEC values recorded over all stations during winter
solstice is expected. This is because in winter solstice, the rate of photoionization atthe equator decreases and fountain e ffect
becomes weak (Olusegun, 2013).

For all the seasons considered, TEC has higher values during day-time compared with nighttime values overall the stations.
Aggarwal (2011) explained this in terms of recombination of ionized particles in the ionosphere. During daytime as the
temperature increases, loss rate of ionized particles also increases and when loss rate overcomes the production rate, it res ults
into gradual decrease in TEC. In the evening since the primary source of production is no longer present, TEC values maintain the
minimum values. ...

TECvalues measured at the equatorial crest regions are usually expected to be higher than the values measured at equatorial
trough region (Bhuyan and Borah, 2007). This is because of the existence of equatorial fountain effect which lifts and deposits
plasma at F-region altitudes around 15 geomagnetic latitudes. However, as can be seen from Fig. 4, ADIS station which is
located at the trough region recorded higher TEC values than MAL2 and KAMP stations which are closer to the southern crest
region. ... ZAMB station generally registered low TEC values since itis far beyond the southern equatorial anomaly crest region.

... As seen from Fig. 2, ADIS station is located close to the trough of the EIA, and yet this study reveals that it recorded an
abnormally high TEC value during the high solar activity year 2012. This abnormality could be due to the influence of solar
activities. According to Bittencourt etal. (2007), ionospheric TEC values increase with increasing solar activity. This implies that
since the year 2012 was at the maximum of solar cycle 24, the global vertical F-region drifts became large during this period.
Coupled with the influence of the enhanced ExB vertical drift atthe equator, this could have raised further the F-region plasma
(Tariku, 2015). This could have delayed the decay time of the plasma, which resulted in an abnormally high-level background
density recorded at ADIS station.
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FigurefromINGV: http://roma2.rm.ingv.it/en/research_areas/4/ionosphere showing the day-to-night
and thesolarcyclevariation (their Figure 1)

Figure 1 shows typical dayandnight profiles of electrondensity intheionosphere. It shows several
regionsin whichthe electrondensity increases with height (the D, E, and F regions). The existence of
differentionospheric regionsis caused by thefactthat the atmosphereis a mixture of gases that differ
intheir susceptibilityto ionizing radiation, and thus produce maximum ionization at different altitudes.
The degree of ionizationand height of eachionosphericregionvary greatly with time (sunspot cycle,
seasonally, anddiurnally), with geographical location (polar regions, mid-latitudes, and equatorial
regions), andwith certain solar-related ionosphericdisturbances. InFigure 1, R represents the monthly
median solarindex.
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GNSS - Global Navigation Satellite System

GNSS GPS Galileo Glonass Beidou
Country USA EU Russia China
) Ops il 14 25 15
Satellites
Launched 72 24 135 33
Accuracy (metres) Public 5-10 4-8 4-7 <10
) L2:1227.60 E5a: 1176.45 G2: 1246 B2:1207.14
Frequencies (MHz)
L1:1575.42 E1:1575.42 G1: 1602 B-1:1561.098
Orbital height (km) 20180 23222 19130 21528 + GEO +IGSO

India (NAVIC) and Japan (QZSS) have their own regional GNSS.

Accuracy is without the many possible space-/ground-based augmentation systems.

7 visible satellites

Situationin February 2018
The number of satellites launched ishigher thanthe operational number,because part of the satellites have been
replace (GPSstarted in 1978!), and a significantpart arein storage and/or under testing.

Main article: GNSS applications: https://en.wikipedia.org/wiki/GNSS_applications

Galileo freq. : ESA:
http://www.esa.int/Our_Activities/Navigation/Galileo/Galileo_navigation_signals_and_frequencies

Beidou constellation orbit from https://www.glonass-iac.ru/en/guide/beidou.php

By 2020, the BeiDou orbital constellation willinclude 35 satellites:

- 5 BeiDou-G satellitesin the geostationary orbit (GEO) (58.75° E, 80° E, 110.5° E, 140° Eand 160° E);

- 27 BeiDou-Msatellitesin medium Earth orbit (MEOQ) (in three planes with the nominal altitude of 21 528 km and

nominal period of 12 hours 53 mininclined at55° relative to the equator);

- 3 BeiDou-lsatellites ininclinedgeosynchronous orbits (IGSO) with the altitude of 35 786 kilometersand an
inclination of 55° to the equatorial plane. The sub-satellite tracks for those satellites coincide while the
longitude of the intersection pointis at 118°E.

How to determine your position with GPS:
NASA Space Place: https://spaceplace.nasa.gov/gps-pizza/en/
Techtitude: http://techtitude.blogspot.be/2010/10/triangulationtrilateration-in-gps.html

Accuracy of the GNSS systems:

GPS: http://www.navipedia.net/index.php/GPS_Performances

Galileo: http://www.navipedia.net/index.php/GALILEO_Performances

GLONASS: http://www.navipedia.net/index.php/GLONASS Performances

Beidou: http://www.navipedia.net/index.php/BeiDou_Performances

India: https://en.wikipedia.org/wiki/Indian_Regional_Navigation_Satellite_System
Japan: https://en.wikipedia.org/wiki/Quasi-Zenith_Satellite_System
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GNSS - Global Navigation Satellite System

GNSS GPS Galileo Glonass Beidou
Country USA EU Russia China
) Ops il 14 25 15
Satellites
Launched 72 24 135 33
Accuracy (metres) Public 5-10 4-8 4-7 <10
) L2:1227.60 E5a: 1176.45 G2: 1246 B2:1207.14
Frequencies (MHz)
L1:1575.42 E1:1575.42 G1: 1602 B-1:1561.098
Orbital height (km) 20180 23222 19130 21528 + GEO +IGSO

India (NAVIC) and Japan (QZSS) have their own regional GNSS.

Accuracy is without the many possible space-/ground-based augmentation systems.
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Situationin February 2018
Main article: GNSS applications: https://en.wikipedia.org/wiki/GNSS_applications

Galileo freq. : ESA:
http://www.esa.int/Our_Activities /Navigation/Galileo/Galileo_navigation_signals_and_frequencies

GPS_Galileo_COMPASS: A. Simsky:
https://upload.wikimedia.org/wikipedia/commons/6/64/Gps_compass_galileo_frequency allocation_
Asimsky_05_2008.jpg

https://en.wikipedia.org/wiki/Satellite_navigation#/

Global coverage for each systemis generallyachieved by a satellite constellation of 18 -30 medium
Earth orbit (MEO) satellites spread between several orbital planes. The actual systems vary, butuse
orbital inclinations of >50° and orbital periods of roughly twelve hours (atan altitude of about 20,000
kilometres or 12,000 miles).
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How does GNSS work?

* 4 satellites needed
— Trilateration with3 S/C
* =measuredistances
— 3is notenough
* Gives only coarse location - Techtitude
— Earth is not a perfect sphere

— Receiver has no atomic clock EETTTT—

» Position of the
satellites is never
« precisely » known

— 4 ormoresatellites
« Time diff. S/C & Rec clocks
— Least squares
» Most likely position
* 24 satsneededfor worldwide
coverage
— Still needs further correction
* lonospheric delays
e Tropospheric delays

Triangulation/Trilateration in GPS

Animation created from Techtitude: http://techtitude.blogspot.be/2010/10/triangulationtrilateration-in-gps.html

To start off, you are situated somewhere on the surface of the earth (Now don't tell that the earth isnot a perfect
sphere). Your GPS device receives position and time (sent) information from GPS satellites and the distanceis
calculated based on the standard distance-time formula given the fact thatradio signals from GPS satellites travel
roughly with the speed of light. The key problem here is that you don't know the direction but you only know the
distance from a satellite.

When your GPS device calculatesthe distance x from satellite say S1, you know that you might be located
anywhere on the surface of a sphere of radius x with S1 asthe centre. But you don't know in which precise angle
you are located in the 360 degrees. Now when your GPS device gets hold ofanother satellite S2 and calculates the
distance y from it, you can apply the geometric principle that spheres intersect in a perfect circle to narrow down
your position to somewhere on the perimeter of a circle. Now, the point at which this circleintersects withthe
earth should give your location on earth. Now when your GPS device calculates the distance zfrom a third satellite
S3, the sphere of radius zwith S3 as centre willintersect the circle ofintersection of the other two spheres attwo
points. Only one of those two intersection points willactually lie on the surface of the earth and the otherpoint
will lie in space. The point on the surface of the earth will give your location on earth.

GPSsatellitestransmittime information derived from high accuracy atomic clocks but the GPS receivers cannot
afford such high precision clocks. There are severalfactorsthatmightintroduce errors in GPS like clock
inaccuracies, rounding errors, multipath and atmosphericeffects, etc. Since the earth isalso not a perfect sphere,
GPSreceivers generally look to four or more satellites to compute the precise location.

See also these sites for further explanations:
ROB / GNSS: http://gnss.be/how_tutorial.php
Wikipedia: https://en.wikipedia.org/wiki/Global_Positioning_System#Basic_concept_of GPS
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How does GNSS work?

* 4 satellites needed
— Trilateration with3 S/C
* =measuredistances
— 3is notenough
* Gives only coarse location s« Techtitude
— Earth is not a perfect sphere

— Receiver has no atomic clock EETTTT—
» Position of the
satellites is never
« precisely » known
— 4 or moresatellites
« Time diff. S/C & Rec clocks
— Least squares
» Most likely position
* 24 satsneededfor worldwide
coverage
— Still needs further correction
* lonospheric delays

e Tropospheric delays Credits: Techtitude
http://techtitude.blogspot.be/2010/10Ariangulatiortriateration-in-gps.html

Triangulation/Trilateration in GPS

See alsothesesites for further explanations:
ROB/GNSS: http://gnss.be/how_tutorial.php
Wikipedia: https://en.wikipedia.org/wiki/Global_Positioning_System#Basic_concept_of GPS

Fromthe Course « Space Weather for Engineers » (2014) pp. 216:

GNSS (Global Navigation Satel lite Systems) positioning is based on measuringthe distance to satellites
of which the position is accuratelyknown at all times.

If the distanceto atleast four satellites is known, the receiver cancomputeits own position and time.
The distanceis obtained by measuring the travel time of precisely-timed signals transmitted by the
GNSS satellites, and multiplying this travel time by the speed of light.

Since GNSS receivers typicallydo notincorporate accurate time standards, they can only measure the
travel time with respect to their unperfect time reference. This introduces anoffsetin the travel-time
measurements, and hencein the distance measurements to the satellites. Thisis thereasonwhy at
leastfoursatellites are required to compute a 3D positionfix. Afourth satelliteis needed to remove
the time offset due to the receiver clockbias. Astandalone GNSS receiver is always estimating the time
together with its position.
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Figurefrom ROB/GNSS: http://gnss.be/atmosphere_tutorial.php
Figure from http://psychology.wikia.com/wiki/Light_refraction

http://gpsworld.com/innovation-the-european-way/

The local environment may affect the navigation signalin various ways, too, such as signal fading or
completesignal blockage by vegetation or obstacles such as buildings, and multipath, where the signal
is broadened inthetime and frequencydomains dueto reflections and diffraction by surrounding

objects.

Moreinfo on multipathing at Wikipedia: https://en.wikipedia.org/wiki/Multipath_propagation

Figure from http://www.jocosarblog.org/jocosarblog/2011/10/gps-multipath-errors-what-they-are-

and-why-the-confuse-your-gps.html
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GNSS — Error remedies
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From the GNSS/ROB website at http://gnss.be/troposphere_tutorial.php
And Navipedihttp://www.navipedia.net/index. php/Troposp heric_Delay

Troposphere is the atmospheric layer placed between earth's surface and an altitude of about 60 kilometres.

The effect of the troposphere on the GNSS signals appears as an extradelay in the measurement of the signal
traveling from the satellite to receiver. Thisdelay depends on the temperature, pressure, humidity as well as the
transmitter and receiver antennaslocation.

This refractivity can be divided in hydrostatic, i.e., Dry gases (mainly Nand O), and wet, i.e., Water vapour,
components. Each of these components has different effects on GNSS signals. The main feature ofthe
troposphere is thatitisa non dispersive media with respectto electromagneticwaves up to 15GHz, i.e., the
tropospheric effects are not frequency dependent for the GNSS signals. Hence, the carrier phase and code
measurements are affected by the same delay.

An immediate consequence of being a non-frequency dependent delay is that the tropospheric refractioncan not
be removed by combinations of dual frequency measurements (asitis done withthe ionosphere). Hence, the only
way to mitigate troposphericeffect is to use models and/or to estimate it from observational data. Nevertheless,
fortunately, most of the tropospheric refraction (about the 90%) comes from the predictable hydrostatic
component.

The dry atmosphere can be modeled from surface pressure and temperature using the laws of the idealgases. The
wet component is more unpredictable and difficult to model, hence for high precision navigation, this delay is
estimated togetherwith the coordinates.

The tropospheric delay depends on the signal path through the neutralatmosphere, and thence, can be modeled
as a function of the satellite elevation angle. Due to the differences between the atmosphericprofiles of the dry
gases and water vapouritis better to use differentmappings for the dry and wet components. Nevertheless,
simple models as [RTCA-MOPS, 2006] use a common mapping for both components.

Several nominal tropospheric models are available in the literature, which differ on the assumptions made on the
vertical profiles and mappings. Basically, they can be classified in two main groups: Geodetic-oriented or
Navigation-oriented. The first group Sastamoinen, Hopfield,among others [Xu, 2007] are more accurate but
generally more complex, and need surface meteorological data, being their accuracy affected by the quality of
these data. The secondgroup are less accurate, but meteorological dataarenot needed.
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Top Figure from DLR/SWACI: http://swaciweb.dlr.de/fileadmin/PUBLIC/TEC/TEC_GB.png

Bottom figure from GPSWorld: http://gpsworld.com/innovation-the-european-way/

=> Horizontal Galileo In-Orbit-Validation positioning error on E1 and single-frequency NeQuick G correction
(blue), E5a and single-frequency NeQuick G correction (red) and dual-frequency E1-E5a ionosphere-free (green)
for mid-latitude station in Washington (doy 245, 2013).

From the GNSS/ROB website at http://gnss.be/ionosphere_tutorial.php#x2-40000
And ESA/Navipedia: http://www.navipedia.net/index.php/lonospheric_Delay

And GPSWorld: http://gpsworld.com/innovation-the-european-way/

Wikipedia (DGPS): https://en.wikipedia.org/wiki/Differential_GPS

Double frequency users

For a given station, the GPS measurements, relativeto the observed satellite, on the signal code P;,and phase
@12, at the two GPS frequencies (f;=1575.42 MHz and ,=1227.6 MHz) with corresponding wavelength A; ,, ...
The first orderionosphere effect, which amountsto 99.9% of the total ionosphere perturbation on GNSS signals,
is proportional to the inverse of the square frequency. Hence, when dualfrequency GPS receiver is available, the
so called "ionosphere-free" combination of the two frequencies code and phase signal ... is used to remove
thoroughly the first orderionosphere perturbation only...

it
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Single frequency users

Concerningsingle frequency receivers, the user need an externalinformation to correctthe signal delay. For that,
different methods can be used:

A. The use of a network of nearby fixed stations withwell-known positions. The difference between the estimated
and predicted position of those reference stationsis due to the ionospheric and troposphericdelays, the clock
errors, the relativistic effect ... This information is transmitted to the single frequency user to correctits position.
The main assumption of this method, called Differential Global Positioning System (DGPS), (See Tutorial on
Positioningand Timing)), is to consider that the errorsarethe same for the reference stationsand thesingle
frequency station. ... Each DGPS uses anetwork of fixed ground-based reference stations to broadcast the
difference between the positions indicated by the GPS satellite systems and known fixed positions. These stations
broadcast the difference between the measured satellite pseudo-ranges and actual (internally computed)
pseudo-ranges, and receiver stations may correcttheir pseudo-ranges by the sameamount. The digital correction
signal is typically broadcast locally over ground-based transmitters of shorter range. ... Asimilar system which
transmits corrections from orbiting satellites instead of ground-based transmitters iscalled a Wide-Area DGPS
(WADGPS) or Satellite Based Augmentation System.
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Single frequency users

Concerning single frequency receivers, the user need an external information to correct the signal delay. For that, different
methods can be used:

A/

RTK: Real Time Kinematics is a differential GNSS technique (DGPS). The RTK technique can be used for distances of up to 10 or
20 kilometers, yielding accuracies of a few centimeters in the rover position. RTK is extensively used in surveying applications.
http://www. navipedia.net/index.php/Real_Time_Kinematics

Network real-time kinematic (RTK) positioning is a processing technique in which a single user receiver receives supporting data
about several types of GNSS error sources from a network of receivers (Frodge et al. 1994; Rizos 2003). This allows the user
receiver to eliminate a large part of the errors in the signal and thus achieve an accurate position solution in real-time.
Jacobsen et al. (2016), Overview of the 2015 St. Patrick's day storm and its consequences for RTK and PPP positioning in Norway
http://adsabs.harvard.edu/abs/2016JSWSC...6A...9)

PPP: Precise Point Positioning is also a differential GNSS technique (DGPS). However, the difference with RTK s that it does not
require access to observations from one or more close reference stations accurately-surveyed and that PPP provides an
absolute positioning instead of the location relative to the reference station as RTK does. PPP just requires precise orbit and
clock data, computed by a processing centre with measurements from reference stations from a relatively sparse station
network (thousands of km apart would suffice). This makes PPP a very attractive alternative to RTK for those areas where RTK
coverage is not available. On the contrary, the PPP technique is still not so much consolidated as RTK and requires a longer
convergence time to achieve maximum performances (in the order of tens of minutes). Combining the precise satellite positions
and clocks with a dual-frequency GNSS receiver (to remove the first order effect of the ionosphere), PPP is able to provide
position solutions at centimeter to decimeter level.

http://www.navipedia.net/index.php/Precise_Point_Positioning

Precise Point Positioning (PPP) is a single receiver processing strategy for GNSS observations that enables the efficient
computation of high-quality coordinates, utilizing undifferenced dual-frequency code and phase observations by using precise
satellite orbit and clock data products.

Jacobsen et al. (2016), Overview of the 2015 St. Patrick's day storm and its consequences for RTK and PPP positioning in Norway
http://adsabs.harvard.edu/abs/2016JSWSC...6A...9)
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Single frequency users

Concerning single frequency receivers, the user need an external information to correct the signal
delay. For that, different methods canbeused:....

B. The use of an externalionospheric model to correct the signal delay. Many models are now
available: Global lonospheric Maps, Klobuchar, IRI2007 and the Nequick model. Adescription of these
models is givenatthe end of this tutorial.

The delays on radio signals travellingthrough theionosphere are directly proportional to STEC.
Consequently, single frequency users can correct for theionospheric delay by TEC estimation. Several
products are now available to estimate the TEC every whereand atany time.

Global lonospheric Maps (GIM):
NASA: https://iono.jpl.nasa.gov//latest_rti_global.html

DLR (SWACI): http://swaciweb.dIr.de/data-and-products/public/tec/tecglobal/?L=1

Klobuchar: http://gpsworld.com/innovation-the-european-way/

However, single-frequency devices suchas most vehicle navigation and handheld
receivers don’t have the luxuryof dual-frequency correction. These devices mustrely on a single-
frequency correctionmodel. The coefficients for sucha model areincludedin the navigation messages
transmitted by allGPS satellites. Knownas the lonospheric Correction Algorithm or Klobuchar
Algorithm, itremoves atleast 50 percent of theionosphere’s effect.

o
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GNSS — Error remedies
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Single frequency users
Concerning single frequency receivers, the user need an external information to correct the signal
delay. For that, different methods canbeused:....

B.../ ..

IRl 2007 model: The International Reference lonosphere (IRI)
(http://ccmc.gsfc.nasa.gov/modelweb/models/iri_vitmo.php) This model [e.g. Bilitza and Reinisch,
2008] isanempirical model based on a widerange of groundandspace data. It gives monthly
averages of electrondensity, ion composition (O, H*,N*,He*, O*,,NO* and Cluster*), ion temperature
andiondriftinthealtituderange 50-1500 kmin the non-auroral ionosphere.

Nequick: The Galileo satellites also include the parameters of anionosphericalgorithm, called NeQuick
G, intheir navigation messages. ... The original NeQuickmodel is a three-dimensional and time-
dependentionospheric electron density model based on an empirical climatological representation of
the ionosphere, which predicts monthly mean electron density from analytical profiles, depending on
solar-activity-related input values: sunspot number orsolar flux, month, geographiclatitudeand
longitude, heightand UT. Itallows us to calculate the TEC through numerical integration of electron
density alonga pathbetween a beginning and an end point crossing theionosphere. ... The NeQuick
model has been adapted for Galileo single-frequency ionospheric corrections (for convenience, the
Galileo version is knownas NeQuick G) inorderto derivereal-time predictions based a singleinput
parameter, Az, whichis determined using three coefficients broadcastin the navigation message. ...
The performance of the Galileosingle-frequencyionosphericalgorithm, designed to reacha correction
capability of atleast 70 percent of theionospheric code delay, ... Itis observed that even for the “bad”
day, the correctioncapability is above 70 percent, except for some stations in the equatorialregions.
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How does precision GPS work? (Hugues D)

https://www.youtube.com/watch?v=BGkohw9xGyk

How does precision GPS work? (Hugues D)
https://www.youtube.com/watch?v=BGkohw9xGyk

109



GNSS — Augmentation systems

* Satellite Based
Augmentation Systems
(SBAS)

— Based on corrections from
ground-based stations

— Sentto two master stations

* Calculateand send corrections
to GEO satellites

— Use of GEO sats to distribute
corrections

— Regional

Info fromandfull movieat FAA:
https://www.faa.gov/about/office_org/headquarters_offices/ato/service_units/techops/navservices/
gnss/waas/howitworks/

How does precision GPS work? (Hugues D)
https://www.youtube.com/watch?v=BGkohw9xGyk
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GNSS — Augmentation systems

* Satellite Based Augmentation
Systems (SBAS)
— Systems
+ WAAS (USA)
* EGNOS (Europe)
* MSAS (Japan)
« GAGAN (India)
— Remaining problems
* High latitude locations?
* Expensive GPSreceiver
— >$10K
* Ground Based Augmentation
System (GBAS)
— =LAAS (old terminology)

e Local?

Figures from https://www.gsa.europa.eu/european-gnss/what-gnss/what-sbas and from
https://en.wikipedia.org/wiki/Local-area_augmentation_system

WAAS: Wide Area Augmentation System
Wikipedia: https://en.wikipedia.org/wiki/Wide_Area_Augmentation_System
Garmin: https://www8.garmin.com/aboutGPS/waas.html

EGNOS: European Geostationary Navigation Overlay Service

Wikipedia: https://en.wikipedia.org/wiki/European_Geostationary_Navigation_Overlay_Service
ESA: http://www.egnos-pro.esa.int/

ESA: http://www.esa.int/Our_Activities/Navigation/EGNOS/What_is_EGNOS

LAAS: Local Area Augmentation System
Wikipedia: https://en.wikipedia.org/wiki/Local-area_augmentation_system

Avionics: http://www.aviationtoday.com/2011/11/01/precision-approaches/

In very broad terms, the basic concepts of the two systems are similar — each usesa dedicated network of
precision GPS monitor receivers dispersed atseparate, accurately surveyed locations. In both cases each individual
monitor’s incoming “raw” GPS signals are compared with their precisely known positions to determine theactual
errors and, ultimately, the correction that should be applied to a user’sreceiver ata given location.Only then do
the similarities between LAAS and WAAS diverge, due to the way the corrections reach the user’sreceivers. In
WAAS, a large number of monitors across North America passtheir datato a satellite ground station that then
continuously loft the corrections up to a geostationary satellite.In turn, the satellite re -transmits them down to all
receivers within view, which automatically applies them to theirown raw GPS data. In LAAS, which usually
employs just four local monitors, the correctionsare computed locally and transmitted over a VHF data link to
aircraftinthe local airspace where, again, the corrections areapplied automatically. In both cases, however, the
two systems offer the unique capability — assuming obstacle clearance andother airport conditionsare met — of
being able to provide precision approach service to all an airport’s runways. Furthermore, the LAAS ground station
and its supporting monitoring receivers and antennas can be located well away from the runway areas, while
WAAS needs neither airport ground equipment nor special avionics. ... WAAS became the Satellite Based
Augmentation System (SBAS), and LAAS became the Ground Based Augmentation System (GBAS).
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GNSS — Augmentation systems
* Accuracies WAAS Accuracy

— Augmentation systems = Sﬁﬁ

have significantly higher § 5@
accuracy d : S
* Typical GPS:15 metres
< 3 metars
* Typical DGPS: 3-5 metres Credits: FAA

T Tvpical WAAS:SImetres . |

— Further improved by LAAS

— Carrier phase PPP gives
cm-dm accuracies over a
global scale

tm - DGNSS. SBAS

Accuracy

Baseline

Figures from FAA and https://www.novatel.com/an-introduction-to-gnss/chapter-5-resolving-errors/gnss-data-
post-processing/

Further info at https://www.novatel.com/an-introduction-to-gnss/chapter-5-resolving-errors/gnss-
measurements/; https://www.gsa.europa.eu/european-gnss/what-gnss/what-sbas ;

Accuracies:
Springer Handbook of Global Navigation Satellite Systems edited by Peter Teunissen, Oliver Montenbruck pp.
854

Comparison of systems:
Hugues D : https://www.youtube.com/watch?v=BGkohw9xGyk

PPP: https://en.wikipedia.org/wiki/Precise_Point_Positioning

“Precise Point Positioning (PPP)is a global navigation satellite system (GNSS) positioning method thatcalculates
very precise positions, with errorsassmall asa few centimeters under good conditions.PPP is a combination of
several relatively sophisticated GNSS position refinement techniques that can be used with near-consumer-grade

hardware toyield near-survey-grade results. PPP uses asingle GNSS receiver, unlike standard RTK methods, which

use a temporarily fixed base receiverin thefield aswell asa relatively nearby mobile receiver. PPP methods

overlap somewhat with DGNSS positioning methods, which use permanent reference stations to quantify systemic

errors. ... PPP relies on two general sources of information: direct observables and ephemerides. ... One direct

observable for PPP is carrier phase, i.e., not only the timing message encoded in the GNSS signal, but also whether

the wave ofthat signal is going "up" or "down" at a given moment. ... Ephemerides are precise measurements of
the GNSS satellites' orbits, made by the geodetic community (the International GNSS Service and other publicand
private organizations) with global networks of ground stations. ... The ephemeridesthat the satellites broadcast
are earlier forecasts, up to a few hours old, and are less accurate (by up to a few meters) than carefully processed
observations of where the satellites actually were. Therefore, ifa GNSS receiver system stores raw observations,
they can be processed later against a more accurate ephemeris than whatwas in the GNSS messages, yielding
more accurate position estimates than what would be possible with standard realtime calculations. This post-
processing technique haslongbeen standard for GNSS applications that need high accuracy.”
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GNSS — Augmentation systems
* Accuracies WAAS Accuracy

— Augmentation systems = Sﬁﬁ

have significantly higher § 5@
accuracy d : S
* Typical GPS:15 metres
< 3 metars
* Typical DGPS: 3-5 metres Credits: FAA

T Tvpical WAAS:SImetres . |

— Further improved by LAAS

— Carrier phase PPP gives
cm-dm accuracies over a
global scale

tm - DGNSS. SBAS

Accuracy

Baseline

Figures from FAA and https://www.novatel.com/an-introduction-to-gnss/chapter-5-resolving-errors/gnss-data-
post-processing/

Further info at https://www.novatel.com/an-introduction-to-gnss/chapter-5-resolving-errors/gnss-
measurements/; https://www.gsa.europa.eu/european-gnss/what-gnss/what-sbas ;

Accuracies:
Springer Handbook of Global Navigation Satellite Systems edited by Peter Teunissen, Oliver Montenbruck pp.
854

Comparison of systems:
Hugues D : https://www.youtube.com/watch?v=BGkohw9xGyk

ik

RTK: https://en.wikipedia.org/wiki/Reaktime_kinematic

“Real-time kinematic (RTK) positioningis a satellite navigation technique used to enhance the precision of
position data derived from satellite-based positioning systems (global navigation satellite systems, GNSS) such as
GPS, GLONASS, Galileo, NavIC and BeiDou. It uses measurements of the phase of the signal's carrier wavein
addition to the information contentofthe signal and relies on a single reference station or interpolated virtual
station to provide real-time corrections, providing up to centimetre-level accuracy.”

RTK requires a base-station (PPP not), requires alink with the user (PPP not), has a more complex hardware and
set-up than PPP, andis for local use (PPP global). Note PPP hasa long convergencetime (several 10s of minutes;
RTK is real time)and is not free (RTK is).
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The ionosphere - Contents

Introduction

Units and Terminology

— TEC, foF2, lonogram, MUF,...
Main features

— Coupling magnetosphere
— EIA, EPB, TID

— lonospheric scintillation
lonospheric variability
GNSS

— What & How

— Error sources

— Errorremedies

ROB/RMI GNSS products
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ROB — GNSS products

ROB GNSS antenna on telescope dome EUREF Permanent GNSS Network
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Technical details on the ROB GNSS station
http://epncb.oma.be/_networkdata/siteinfo4onestation.php?station=BRUXOOBEL

Details onthe EUREF Permanent GNSS Network

http://epncb.oma.be/

The EUREF Permanent GNSS Network consists of a network of continuously operating GNSS reference
stations, data centres providing access to the station data, analysis centres that routinelyanalyze the
GNSS data, product centres or coordinators that generate the EPN products, anda Central Bureauthat
is responsible for the daily monitoring and management of the EPN.

All contributions to the EPN are provided on a voluntary basis, with morethan 100 European
agencies/universities involved. The EPN operates under well-defined international standards and
guidelines whichare subscribed by its contributors. These guidelines guarantee the long-term quality
ofthe EPN products.
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ROB — GNSS products

http://gnss.be/Atmospheric_Maps/ionospheric_maps.php

30032018 (DOY 0889) 07:45-08:00 UTC.
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NRT and GNSS products and descriptions can be foundat
http://gnss.be/Atmospheric_Maps/ionospheric_maps.php

Near-Real Time lonospheric Products

Vertical Total Electron Content (VTEC) estimated in Near Real-Time (NRT) every 15 minutes from

EUREF Permanent Network (EPN) GPS data.

- Interactive Maps: display animated VTEC maps (movie) for a requested periodand VTECvalueata
given location and time. (4-5 secto load).

- Statistical Maps and Plots: statistics to compare theionosphere fora requested time with respect
to the 15 previous days.

- VTEC TimeSeries:the VTEC evolution overtime andits median of the 15 previous days (24h
prediction), extracted from the VTEC maps at 3 differentlocations (North of Europe, Brussels and
South of Europe). Aweekly overview can also be foundin the STCE News| etter at
http://www.stce.be/newsletter/newsletter.php

- Data arepublicly availablein IONEX format at ftp://gnss.oma.be/gnss/products/IONEX/. We
requestthatusersincludea citationor anacknowledgment when using ROB VTEC data or products
resultsina publication. See disclaimer and copyright for more information.
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ROB — GNSS products
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Solar Radio Burst Event 2017-09-06
http://gnss.be/Atmospheric_Maps/srb_event.php?date=2017-09-06

SUMMARY OF THE EVENT: The solarradio bursts of the 06/09/2017 impacted the GPS signal reception at both
frequencies L1 and L2. On L1, two fades above 1dB-Hz were detected at 12h01 and 12h05. On L2, a first fade
above 3dB-Hz which could potentially affect the GNSS application, occurred for 3 min with a maximum of -
6.25+1.6dB-Hzat 12h02. It was followed by a second lowerfade above 1dB-Hzat 13h03. For additional
information about the burst on a larger frequency spectrum seeat SIDC Humain Radioastronomy Station.

Figure [left] shows the abnormal evolution of the carrier-to-noise density (C/NO) from the EPN real-time GNSS
networkat L1 and L2 frequencies. Monitoring C/NO fades over the whole EPN network allows detecting Solar
Radio Burst (SRB) affecting the GNSS signal reception at 4 levels: quiet (green); moderate (yellow) : SRB detected
but should not impact GNSS applications ; strong (orange) : potential impact on GNSS applications ; severe (red):
potential failure of the GNSS receivers.

lonospheric Event 2017-09-07
http://gnss.be/Atmospheric_Maps/ionospheric_event.php?date=2017-09-07

SUMMARY OF THE EVENT: A solarflare occurred the 6/09/2017 generating a sudden smallincrease of TEC at noon
with higher variability of TEC. The next days, the arrival of the CME generated disturbancesin the North during
nighttime ofthe 7/09/2017 and at the end of the day 07/09/2017. An increase of TEC was also observed in the
South the 07 and 08/09/2017. Adepletion of TEC followed the following day 09/09/2017.

Figure [right] shows the time evolution of the Vertical Total Electron Content (VTEC) (in red) extracted from the
near-real time VTEC maps at 3 different latitudes. ... Also shown, the model based on the median from the 15
previous days (in grey) with its standard deviation represented as error bars and the VTEC variability (the dark red
line). The VTEC variability is not the ROTI, but the variation of the VTEC at the lonospheric Piercing Points (IPP)
duringthe 15 minutes of time span.
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RMI — GNSS products

http://digisonde.oma.be/
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Summary

lonosphere is key element in

— Radio communication
* Satellites, Ground

— Navigation

Essential parameters
— TEC, foF2, MUF, lonogram,...

Variable

— Short to long timeframes
— Solar activity dependent
* Solar flares, ICMEs,...

— EIA, EPB, TID, Scintillation

GNSS

— Various augmentation systems

* WAAS, EGNOS, ...
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