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How everythingbeganX

- In 1864 James Clerk Maxwell published a theory of electromagnetic waves

- In 1899 Guglielmo Marconi invented the first radio telegraph system sending signals across
the English channel.

- At Signal Hill (Canada) on December 12, 1901, Guglielmo Marconi and his assistant, George
Kemp, confirmed the reception of the first transatlantic radio signals. With a telephone
receiver and a wire antenna kept aloft by a kite, they heard Morse code for the letter "S"
transmitted from Poldhu, Cornwall.

- Guglielmo Marconi was awarded the Nobel Prize in Physics in 1909

Guglielmo Marconi
(18741937)

Marconi seated with hié“experimental receiving
Poldhu Cornwall. Note the fragile antenna. equipment at Signal Hill.
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Thelonospherewasborn!

Marconi demonstrated that radio transmission was not
bounded by the horizon, thus prompting Arthur Kennelly
and Oliver Heaviside to suggest, shortly thereafter, the
existence of a layer of ionized air in the upper atmosphere
(the Kennelly-Heaviside layer, now called ionosphere)

Scientists did not experimentally prove the existence of
this atmospheric layer until 1924, thanks to research into
the movement of radio signals in the ionosphere by British
scientist Edward V. Appleton.

Edward V. Appleton (1892-1965)
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lonospherels

A plasma in which ions and electrons exhibit such a density to influence the radio wave propagation (from kHz to GH

EXOSPHERE AGloballyneutral

AThe density of ion and electrons is very low wrt the
neutraldensity

THERMOSPHERE

AColdplasma(collisionenergycanbe neglectedin most of
the cases)

Alt hasits own plasmafrequency(critical frequency),is the
frequencyof oscillationthat occursin a plasmadisturbed
from local electrical neutrality as it relaxesbacktoward
equilibrium Thefrequencyof this oscillationdependson
the density of free electronsin the plasmathat variesin
spaceandtime.

MESOSPHERE

STRATOSPHERE

TROPOSPHERE . , .. _y :
ARelativemaximaand minima of electron densityidentify
—_—tt —t

300 600 900 1200 1500 10° 10" 10° the ionospheriaegionsandlayers
Temperature (K) Electron density
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Recipe for9 I NJoosphere

Dosedor 1 planet

F 4

1. Sprinkle a generous amount éthotoionisation

4

A b
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Photoionisation

Photon energ® Q Qi

A Species| E (eV) |1 (A)
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TheOxygencase

O [ wpwm OO0 Q

Production Function P for

monocléq(r;)mKatllicli_(\)]?{izllinng radqia:iog , Q £g [U ] (Q é "O 0 0 [U ] (g [‘Q ] (g

So, what shape we do expect tfQ?
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TheOxygencase

O [ wpwm OO0 Q

Production Function P for
monochromatic ionizing radiation 5
a1 KE Lty cKkS2NES

¢

0 O[5 1(9 [Q](9

So, what shape we do expect tfQ?

‘0
Neturals
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TheOxygencase

O [ wpwm OO0 Q

Production Function P for

monochromatic ionizing radiation 5 « = " O [ .
a1 KE Lty cKkS2NES S 'O QO [uv ](Q
So, what shape we do expect tfQ?
"Q“ "Q“
NEIES Photons
S
6] o
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TheOxygencase

O [ wpwm OO0 Q

Production Function P for
monochromatic ionizing radiation

' N7 A 114 O L 14 1 14 € 114
G/ KIFLIYEY ¢KS2NB% S 'O QO [u ]J(Q [Q](Q
So, what shape we do expect tfQ?
q| o o)l .
Neturals Photons lonospheric layer
S O

6] o
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Chapman theory (1931)

Atmosphere

Neutral density

S —rate of ionization

Altitude

X — solar zenith angle

h_hmax)
H

lonisation - .
lonizing radiation
intensity

-2
0 0.2 0.4 0.6 0.8 1

SIS,
Rate of photo-ionization (per volume) =

Mathematically formulated by Sydney Chapman
electron production rate (relative)

) THRORS
=
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TheOxygencase

lonisationcrosssection

0(Q 0y Q O "QE[O]CQE,

No photoionisation

Photoionisationt Extra Energy
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TheOxygencase

lonisationcrosssection

0(Q 0y Q O "QE[O]CQE,

Photoionisationt Extra Energy

O 1 _ © 0 'Q° Energetic Photelectron with kinetic energ® -
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TheOxygencase

lonisationcrosssection

0(Q 0y Q O "QE[O]CQE,

Photons<

Photoionisationt Extra Energy

O 1 _ © 0 'Q° Energetic Photelectron with kinetic energ® -

Avery energetic photonan lead to
several iorelectron pairs

fO: O —0 Q°O0
lonization
Potential
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Complete photoionisation

For a complete model of Phetonization, the flux of solar photons at all releMaata A a

5 (9 B O "Qg[01(04

LOCAL TIME = 15:00

10° 106 107 108 10°
DENSITY (ecm™)

g+0O- O +e

Solar flux (W/m3)

Wavelength (A)
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Recipe for9 I NJoosphere

Dosedor 1 planet

1. Sprinkle a generous amount éthotoionisation
2. Add an almost uniform dusting of Particle Precipitation
around the (magnetic) poles

g b
\/
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Production of lonospheric Plasmaby Energetic Particles

‘ "\ Region 1 Region 1

Field-aligned
Currents

Region 2

Pederson
Currents

COMETprogram UCAR
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Production of lonospheric Plasmaby Energetic Particles

Precipitating Electrons

z Unidirectional, mofioenergetic electron flux
Region 2 : :
Field-aligned

Currents

Pederson
Currents

3
X
w
o
D
e
o
q

Pederson

Currents IONIZATION RATE (CM3s")

COMETPprogram UCAR --- taken from Rees (1989)
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Recipe for9 I NJoosphere

Dosedor 1 planet

1. Sprinkle a generous amount éthotoionisation
2. Add an almost uniform dusting of Particle Precipitation
around the (magnetic) poles
3. Add a wise dose of chemistry

g b
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Why a wise dose of chemistry?

Because we put toanuch ionisation!

A2 KI'G R2Sa AGLINPRAdZOGAZY 2y eéc¢
e.g., use P(Qvalue from graphs (photons or particles)

0 TnGa | Q& o p i £
4 :
©
¥ -
0 T pmmQ wa P
L
Never measured! |
4000 ecnr3st
Message: Something happens to these ions and electrons!!! 1971109 10" 102104 104
Rate (# cm~3 gec-1)

Plasma recombination
Answer: Chemistry<
NeutratPlasma Processes
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Recombination
CASE # 1: Atomic ions + electrons

¥ Q O J [very rare due to precise energetioseded for electron capture]

CASE # 2: Molecular ions + electrons

[fast due to excess energetics used for dissociation]

¥ Q o/
CASE #3: Transform Atomic ions to Molecular ions

. [6 ]O [66 ] [u]
U i i .
0
O 60 o 0

[slow]

[

o T
The 2stage recombination process governed by slower step, e.g.,
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The role of recombination

The ratio of O to Nprovides essential knowledge of the ionospheric state. e
Berényiet al., 2023

GUVI O/N2 March 10, 2015 GUVI O/N2 March 13, 2015

1050 wom 1053 1054 1056

39 8 -
023 6.1 06 40 0236 DO 22 1958 16 44 1230 € J 0340

GUVI O/N2 March 16, 2015 GUVIO/N2 March 17, 2015 GUVIO/N2 March 18, 2015

The density of O affects the production rate 6frCthe Fregion
lonosphere (primarily via charge exchange with With a
contribution from direct ionization of O; eTprr and Torr, 1985

The lifetime of ®at Fregion altitudes is governed by
dissociative recombination with,Ke.g.,Schunk, 1983
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8506977/#R29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8506977/#R38

The role of recombination

Plasmas should be ionized form of dominant neutral
The actual case

T

LATITUDE = 45°7
LOCAL TIME = 15:00 |

Altitude (km)

1 L
107 108 10°
DENSITY (cm™)

10 10° 108 d 108 10°
Number density (cm™?) ©: stce.beafter Kelley 1989

The electron density distribution (black profile) coincides mainly with evolution of
density of ionized oxygen {Qorange line). Near F peak’ ® dominant.

At lower altitudes (below 150 km), the major ions &0g* and NO.

At higher altitudes (transition height at ~800 km at solar max and ~500 km at sole
min), H solar becomes dominamt marking transition from ionosphere to
protonospheréplasmasphere

@5 'STITUTO NAZIONALE DI GEOFISICA E VULCANOLOGIA Fundamentals in lonosphere e



The role of recombination

Plasmas should be ionized form of dominant neutral The actual case
O,Q,N, some chemical transformations to form NO+ and H+

T T TR TS ) =

hil S, 5

IR Cooling
E. LOCAL TIME = 15:00 D
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ojratosPhes ‘ i
#E,~ Troposphere %
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The ionospheridayers

11 12 13
Electron density (N,) 1077 10°° 10

| |
Electrons/m? [

(e
((\359\\6 Night  yDay
N ere

|dealized electron

F2 layer
density profiles

F1 layer
E layer
D layer
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lonospheric layers

A D layer(~60 to~90km)
Production: daytime ionization of NO due to solar Lyman alpha (121.567 nm)
Loss: recombination with complex ions
Tends to absorb the lower radio frequencies (<3 MHz)
Disappear right after sunset

TOPSIDE
IONOSPHERE

BOTTOMSIDE
IONOSPHERE
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lonospheric layers

A D layer(~60 to~90km)
Production: daytime ionization of NO due to solar Lyman alpha (121.567 nm)
Loss: recombination with complex ions
Tends to absorb the lower radio frequencies (<3 MHz)
Disappear right after sunset

TOPSIDE
IONOSPHERE

A E layer(~90 to~140km)
Production: daytime ionization of O2 (softray and UV, energetic particles at high
latitudes)
Loss: recombination with molecular ions -ElB > photochemistry dominates
| 2y iNRfftSR 68 (KS {dzy®@Qa FfdzE IyR AdGa LR
Tends to behave like a Chapman layer

BOTTOMSIDE
IONOSPHERE
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lonospheric layers

A D layer(~60 to~90km)
Production: daytime ionization of NO due to solar Lyman alpha (121.567 nm)
Loss: recombination with complex ions
Tends to absorb the lower radio frequencies (<3 MHz)
Disappear right after sunset

TOPSIDE
IONOSPHERE

A E layer(~90 to~140km)
Production: daytime ionization of O2 (softray and UV, energetic particles at high
latitudes)
Loss: recombination with molecular ions -ElB > photochemistry dominates
| 2y iNRfftSR 68 (KS {dzy®@Qa FfdzE IyR AdGa LR
Tends to behave like a Chapman layer

A F1 layer(~140 to 200 km)
Production: daytime ionization of O 5= BOTTOMSIDE
Loss: recombination of NO+ and electrons Tends to behave like a Chapman layer - IONOSPHERE
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lonospheric layers

A D layer(~60 to~90km)
Production: daytime ionization of NO due to solar Lyman alpha (121.567 nm)
Loss: recombination with complex ions
Tends to absorb the lower radio frequencies (<3 MHz)
Disappear right after sunset

TOPSIDE
IONOSPHERE

A E layer(~90 to~140km)
Production: daytime ionization of O2 (softray and UV, energetic particles at high
latitudes)
Loss: recombination with molecular ions -ElB > photochemistry dominates
| 2y iNRfftSR 68 (KS {dzy®@Qa FfdzE IyR AdGa LR
Tends to behave like a Chapman layer

A F1 layer(~140 to 200 km)
Production: daytime ionization of O 5 BOTTOMSIDE
Loss: recombination of NO+ and electrons Tends to behave like a Chapman layer - IONOSPHERE

A F2 layer(~200 to 1000+ km, main peak ~ 300km)
Production: daytime ionization of O
Loss: O+ reaction with N2, recombination of NO+ and electrons
Diffusion and transport processes important in the F2

@5 1STITUTO NAZIONALE DI GEOFISICA E VULCANOLOGIA Fundamentals in lonosphere



Recipe for9 I NJoosphere

Dosedor 1 planet

1. Sprinkle a generous amount éthotoionisation
2. Add an almost uniform dusting of Particle Precipitation
around the (magnetic poles)
3. Add a wise dose of chemistry
4. Season it all with a strong internal magnetic field.

g b
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The role of the magnetic field

Google O 100% Data SIO, NOAA, U.S. Navy, NGA, GEBCO Landsat / Copernicus IBCAO 1
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8.000 km |, Videocamera: 41.714km 9°52'40°N 109°37'10°E
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The role of the magnetic field: vertical motions

Neutral winds (Um) are mosthorizonthal
Plasma constrained to alorig)

Mid-latitudesc maximum effect _ ‘
Equatorial latitudes (I=)¢ small effect Va V// sih I
High latitudes (I=90 ¢ small effect =UmcosI sinI

(neglecting the polarizatiohledsthat the
neutral winds may create)
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Roleof magneticfield

—~ ExB
Vp—_

|B|2 Plasma velocity

/ Convection cells
At high latitudes

—_

B

Pettigrew, E. D. et al., 2010 Northern Hemisphere

Tongue of lonisation

COMET program, UCAR

+
hoG e

280 0oRBHY

B close to vertical

indaras ,

E horizontal causes
horizontal Vp

\.--..-\\/ﬂ-.-—'l

Convection Patterns
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Roleof magneticfield

Daytime ionosphere B
Plasma velocity

Equatorial lonization AnomalyEIA) or Appleton Anomaly \
Equivalent lonospheric Currents (TIE-GCM) At low latitudes

—_

e
equator ¥ : = ;
i B close to horizontal

E horizontal causes
vertical Vp

3 6 9 12 15 18 21 24
MLT \‘,-/

Fountain Effect

Minimum (trough) at equator and two far-away crests = o
Equatorial lonization Anomaly Bi SR I7p
80
60 |
L 7
A\

equator

Latitude
o
Latitude

Density Ya.mazakl, Y_., &Maute A. (2017). Space
Science Reviews

Density
Credits: YCherniak
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Roleof magneticfield

Daytime ionosphere

Plasma velocity

\

At low latitudes

Upward E x B drift + Plasma diffusion alondi@d lines

=
E
s
2
=
&n
£
=

B close to horizontal

" = : E horizontal causes
-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 . =
Magnetic Latitude (degree) vertical I/p

Model simulation of ionospheric density

\—\,——/
distribution with altitude [Balan et al, 2018]

Fountain Effect

LAV
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Roleof magneticfield
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Roleof magnetidield

Night-time lonosphere: Equatorial Plasma Bubbles

Sunset, the Sun is disappearing over the horizon, the Equatorial lonization Anomaly Vp | Plasma velocity
AN} Rdzr t & 6SI{SyaK ab2NXIfé 1jdzASO A2y 2a LJK§LIJS I\\ 0§KS Sl dzl

At low latitudes

Changes in the electrodynamics (fReversal
Enhancement)- > uplift of Fayer-->
bottomsidedensity gradient-§ & 0 dz0 0
develop--> RT instability

Equatorial Plasma Bubbles (EPBah develop

from the bottomsideionosphere and stretch = s

into the topside ionosphere (above 500 km). [ B close to horizontal
{ dzOK LX I aYl RSLX SGAzy ¢ ' # « E horizontal causes
dimension of ~%2°, can extend over TO15°in vertical 1/,

y 2 NI Kma2dzi K RANBOUA 2 Y e L RS L L B e e

Yokoyama (2017) DOI 10.1186/s40645-01536 Fountain Effect
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Roleof magnetidield

Night-time lonosphere: Equatorial Plasma Bubbles . B

Sunset, the Sun is disappearing over the horizon, the Equatorial lonization Anomaly V, = 1B|2 Plasma velocity
AN} Rdzr £t & 6SI{SyaK ab2NXIFTf ¢ 1ljdzh S )\zyzéLJnglJS I\\ 0§KS Sl dzl

Equatorial Plane: T = 3600 s

UT 23:59 PR —_— UT 23:59 e — . At low latitudes

6 12 0 20 40
135.6 nm (R) 135.6 nm (R)

—_

E

Altitude [km]

B close to horizontal

E horizontal causes
vertical Vp

\——-\/———/
Fountain Effect

Zonal Distance [km]
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Recipe for9 I NJoosphere

Dosedor 1 planet

1. Sprinkle a generous amount éthotoionisation
2. Add an almost uniform dusting of Particle Precipitation
around the (magnetic poles)
3. Add a wise dose of chemistry
4. Season it all with a strong internal magnetic field.
5. Stir everything to achieve regular variations.

g b
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lonospheredaily variation

Midlatitude ionosphere tends to behave like in the Chapman theory where ionospheric density varies regularly with the
solar zenith angle. More radiation leads to higher densitthus, with a latitude decrease towards the equator, the
lonospheric density is increased during daytime at midlatitud

—F—low latitude

1— mid latitude

ety

A
L/;

Layer F2
125 miles
200km
.

‘z’ !ﬂt .

., a® Y

Cesaronet al., (2021)

] S N S S S S Sy Sy [y [ E— | | A S | S S N N S _—

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
uT

Mean daily variation of the TEC for Italian low (blue), mid (orange) and
(yellow) latitudes for the period 1 May 2017 to 30 April 2020.
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lonosphereseasonalariation

As with normal weather, atmosphere/ionosphere at midlatitudes (e.g. in Europe) during winter season gets
much less solar radiation compared to that level at summertime

Elayer lonospheric Anomalies {&yer)

Winter anomaly

[/em]

The Hayer is produced by sunlight BUT its behavior
does not followc,, Y ¢! y2 Yl f A S&¢
- Winter anomaly

- Annual anomaly
- Semiannual anomaly
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lonosphereseasonalariation

As with normal weather, atmosphere/ionosphere at midlatitudes (e.g. in Europe) during winter season gets
much less solar radiation compared to that level at summertime

lonospheric Anomalies {&yer)

Winter Anomaly.

Greater R2-layer peak density (NmR2) values in the
winter hemisphere than in the summer hemisphere
duringthe solstices

Annualanomaly. Winter anomaly
Greater R2-layer peak density (NmR2) at global level [é‘/cmﬂ

duringDecembersolsticethan Junesolstice

Semtannual anomaly. | | The Fayer is produced by sunlight BUT its behavior
F2-layer peak density (NmR) is greater at equinoxthan does not followe,, Y 6! y2 Y € A $4 ¢

at solstice - Winter anomaly
- Annual anomaly
- Semiannual anomaly
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Seasonal variability: winter anomaly

Greater F2-layer peak density (NmR2) valuesin the winter hemispherethan in the summerhemisphereduring the solstices
Berkneret al. (1936

LOW SOLAR ACTIVITY MEDIUM SOLAR ACTIVITY HIGH SOLAR ACTIVITY

y\q ‘\: ;’ = (‘W-r

lonosondemeasurements

QO

1 14

0 1.75
7 ‘“’2 '—"1"[7 T T — B R T'If'f.'fY*{*]'*[*' L | T | L | | TR B | | L L T | L U "Oc

-180 -150 -120 -90 -60 -30 30 60 % 120 150 180 -30 0 30 60 % 120 150 180 - ~15 -121 - b -3 30 60 9% 120 150 180 "O
0 "O¢

RadioOccultationmeasurements

Northern Henispher . i The explanation of the winter
. ’ anomaly given bfRishbeth

| v I = . (1998, 2000) is based on

o - seasonal neutral composition

L B e e e e LA I e o e e o S B A IR, 520 S [ o e 2 1 2 LB I S B N I e s e e s e e e e

A8 4% 4 S0 6 S0 0 3 6 % 10 1S 180 80 S -0 S0 6 0 0 0 60 % 10 1S B0 180 A% 120 S 0 0 0 3 € % 120 10 10 Changes (densr[y ratio of atomic

Longitude, °E Longitude, °E Longitude, °E

Fig. 3. Maps for the N,,F, winter anomaly intensity distribution from Pavlov and Pavlova (2012) (a)(c) and from the RO measurements Oxygen tO mOIeCL”ar nltrogen
(d)—~(f), as well as the longitudinal variation of the N, F, wmle‘r z.momaly intensity averaged at 40—60 geographl'c l.amudmal bands 'bas‘ed on O/N2 IS greater in winter than in
the RO data (g)—(i). Panels (a, d, g) correspond to low solar activity; (b), (e), (h) correspond to moderate solar activity; and (c), (f), (i) display

high solar activity. White color on panels (d)—(f) shows the regions, for which the winter/summer ratio is less than 1. Bold gray curves (a)—(f) Summel’) .

are the geomagnetic equator and +15° geomagnetic latitudes. Yasyukevickt al., 2018
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Seasonal variability: Annual anomaly

Greater F2layer peak density (NmF2) at global level during December solstice than June solstice

December
Winter

(@) N'er Important factors that are responsible for
- ' ionospheric annual anomaly are:
' A solstice difference of SuEarth distance

“r offset between geomagnetic and geographic

A
center

A tilt of geomagnetic dipole axis

A only a minor contribution from atmospheric
tides of lower atmospheric origin.

@
©
>
-~
=
4]
-
g
Q

9 12 15 18 21 240 3 6 9 12 15 18 21 24 SaiGowtamand TulasiRam 2017

Local Time (hrs)
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Seasonal variability: sesmnual anomaly

F2layer peak density (NmF2) is greater at equinox than at solstice

December
noon

Latitude

-30

-60
-90
-180-120-60 0 60 120 180 [10" m™®]-180-120-60 0 60 120 180 [10" m™®]-180-120-60 0 60 120 180 [10" m™]
Longitude Longitude Longitude

June
midnight

March

December

midnight
90 16 [
60 4 60 60

12
30 10 30

30
L
) ; L 1
~-30 6 =30 ~30
60 i 60 ‘ 60
2 5 . 5 >
-90 -90 -90
-180-120-60 0 60 120 180 [10" m™]-180-120-60 0 60 120 180 [10" m™]-180-120-60 0 60 120 180 [10" m™]
Longitude Longitude Longitude

midnight

Latitude

Fig. 5. Noon and midnight maps of NmF2 in December, March, June, Fi5; = 100
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Yonezawd1971] proposed
the role the variation of the
upper atmosphere
temperature.

Torr and Torr [1973]
suggested that this is due to
semiannual variation in
neutral densities associated
with geomagnetic and
auroral activity.

Mayr and Mahajan [1971]
showed that the semiannual
effect appears as a persistent
feature of the ionosphere
which is not related to
fluctuations in the 10.7 cm
noise or the EUV radiation.

This gives support to theories
that attribute the semiannual
effect to variations in the
lower atmosphere.
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Fundamentals in lonosphere




Recipe for9 I NJoosphere

Dosedor 1 planet

1. Sprinkle a generous amount éthotoionisation
2. Add an almost uniform dusting of Particle Precipitation
around the (magnetic poles)
3. Add a wise dose of chemistry
4. Season it all with a strong internal magnetic field.
5. Stir everything to achieve regular variations
6. Shake with irregular variations
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