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The LAIR Research Overview
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CubeSats for Space Science
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lonosphere Lectures: Goals

Understand basic physics of the Earth’s ionosphere
Origin, composition, layers
Variations: diurnal, seasonal, solar cycle, plus other anomalies
Effects of the lonosphere on Spacecraft and technology
Radio communications and GPS

Comparative lonospheres: Jupiter and Mars
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Origin of the lonosphere

Height 4 001400 Thermosphere:

: * Energy sources:

* Absorption of EUV (20-100 nm; photoionizing O, O,,
N,) and UV (120-200 nm), photodissociating O,),
leading to chemical reactions and particle collisions,

Thermosphere liberating energy

i ——— Ideal Black Body (5900 K) * Joule heating by auroral electrical currents
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Absorption in Earth’s Atmosphere if\
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Atmospheric Heating (e oledron
Excited Ground
state state
6 410 nm 2
5 434 nm 2
Though less that 1.5% of TSI, wavelengths < 300 nm are 486 nm
primary source of atmospheric heating from 15—500 km. 4 —— 2
Excitation: dissociation; ionization -
nm
. o o 3 —> 2
Relaxation, association, recombination —> heat

/ n=2

O (Hetio— NL AN — N )3 Energy Energy Energy level
absorbed emitted

@ ggmzr;ity of Colorado Heliophysics Summer School 2024: The Ionosphere



lonization thresholds
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Earth’s lonosphere

lonosphere altitudes and layers have a lot to
do with where solar radiation is absorbed!
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lonosphere Composition and Density
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Why is the lonosphere finite in altitude?

200 lonosphere composition

The atmosphere Is exponentially increasing all the way to the ground. “'
What about the ionosphere? 700(
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Chapman Layer
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Chapman Layer

Production higher, and lower In altitude, for lower zenith angle (i.e. noon)

Peak In production is near where intensity Is about half the incident value
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lonization Chemistry
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lonosphere is Iin equilibrium when ionization production and loss mechanisms balance
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Electron Density Profile

Balancing production (ionization) with loss (recombination), we get an equilibrium
electron (or ion) density below 0’ 3,
= _V, =l MG * o‘g(\-z, - < 3
VlQ. oA v QbL?

Higher, less dense for increasing zenith angle ol
Reminder: this Is for a single species, Z, = %~ Zeax
and single photon wavelength! U B
g'c VT
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lonosphere Layers

Different wavelengths are absorbed at different altitudes,
by different species

250

1(z) depends on wavelength-dependent absorption for each
species 500

P(z) depends on wavelength-dependent ionization cross
sections for each species

—h
Q1
o

Right: top white curve is 1(z) decay by e*-;
middle white curve by e;
bottom white curve by e

Altitude (km)

: . Mesosphere
Red areas: I(z) Is basically |-

Black areas: 1(z) Is basically zero
Stratosphere

Far UV 120-200 nm

Troposphere

0 50 100 150 200 250 300
Wavelength (nm)
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Another way of looking at it

1000 |
lonosphere layers depend on composition P00
(atmosphere) and radiation (solar spectrum c
and flux) * 300}
250
D, E, and F regions are dominated by 200 E
different ions, depending on the neutral 5
species i 3
100 _ | _
102 102 104 10° 10° 10’ 10®

Number (cm °)
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Primary Production / Loss channels
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D-region

D-region is known for low electron densities, light and heavy Neutral Density {/cc)

positive and negative ions, 30" 02 107 10" 10 10
and Complex Chemlstry N -.'.1‘| T T rrem 1 rrrT111'|' T T1T1r'|1‘| T T T 1T
. i n e
Production: o] [n] e]
&
No+y — No + e i
21
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NO + y —> NO* + e~ ool
=
Negative ions formed by attachment processes: 5 ol
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D-region chemistry and “cluster ions” e IR
g y Comparison of GPIl and SIC
o0 electron density response
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Summary of Layers

800 T T T
- 600 A
= Solar min
Layers are dominated by different ions £ 300 s, Faiayer] {3
lon densities controlled by balance between production and = | e
loss; depends on chemical reactions in each altitude range .
8
Decay of layers at night depends on recombination rates ‘:3 ,,,,,,,,,,,,,,,,,,,,,,, i
and densities: low densities at high altitudes mean few Dleyes é
collisions R TITS 10° 10° 10"  10% 10"
electron density [m-3]
lonospheric Altitude Major
Layer Range (km) Constituents Notable Characteristics
D 7090 NO+ Disappears (recombines) very rapidiy—minutes after
0o+ (molecular) sundown
E 90—140 0o+ (molecular) Recombines rapidly—often disappears before midnight
NO+
F1 140-200 O+ (atomic) Mostly recombines after sundown, but pockets of ionization
NO+ may remain
F2 200400 O+ (atomic) Persistent because of low collision rates, but density
decreases after sundown
Topside > 400 O+ (atomic) Merges into the plasmasphere, atomic oxygen dominates at
H+ lower alttudes, and hydrogen dominates at higher altitudes.

University of Colorado
Boulder
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lonosphere Temperatures

——MNeutral
——lon
——Electron

1000
900 +
Below 110 km, temperatures are made equal 800 |
by collisions
00
Above ~110 km, collisions are rare, so each £ 600
species gets Iits temperature through different ﬁ.; “00
heating processes (radiation absorption, Z 4
convection, etc) <
300
Above ~110 km: ions, electrons, and neutrals -
have different temperatures
100 +
Remember: this simply means they have § ﬂy
different velocity / energy distributions oo oW
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lonosphere Variability
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Transport

Variety of processes move plasma in the ionosphere:
Winds: neutral winds drag ions along with them, If collision frequency Is high enough

Drifts: various forces cause plasma to “drift”: electric and magnetic fields; gravity; pressure; etc.

These contribute to complex-spatial and temporal variations in the ionosphere
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Global variation: Snapshots

o
- L
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Global variation: Snapshots

+» TEC = Total electron content; integrated in altitude, 1 TECU = 10'° el/m?

Ionosphere Map
(02.02.2017 15:20:00 UTC)
/
TEC
. 120.0
100.0
80.0
60.0
L)
L=
=
=
—
40.0
20.0
0.0
-150 -100 -50 0 S0 100 150
Longitude
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foF2 and hmF2

60
40
20

0

We often characterize the ionosphere by its peak .33

. . 60 C | I | l 1 I I i | ]
density, foF2, and the altitude where that occurs, 8/114/15 811515 8116/15 81715 8/18/15 8119/15

hmF2 12 ~—

—_—

Afok2, %

- O O O . O S S S A I A O I O O N a aE O O N O O O O O O O S S S E N a N N N N B A N N N N S S O S O S S S O

foF2 Is a frequency in MHz. related to electron

density:
2
Wpe = @ ~ N
M, Eq
(}c)lb
‘(,(e_ = (J_A/(’(’ r~ 9 \/\Q (C/\/:—S)

2“0 L i i i | i i .. i i i i
8/14/15 8/15/15 8/16/15 8/17/15 8/18/15 8/19/15
Equ) Time, h (UT)
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Solar Cycle Variation

a
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Densities are much higher (order of magnitude) at = 120 - i l (/I
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Equatorial Electrojet N

Plasma physics involving B-field lead to an intense current that SO
flows East in the dayside ionosphere 5 s E

Restricted to narrow region in latitude; 110-130 km altitude

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Sheet current density (A/m)

, c0 KV
~ OO KA N
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Equatorial Anomaly

Due to the EEJ current, an electric field arises

E x B leads to a drift (known as E x B drift) in the vertical direction — \E X

Plasma rises, but then above some altitude, falls back down along field lines

“Fountain effect”
|

| Plasma lifts up in the — E
| equatorial region == 0}
Plasma diffuses F-Region /
back down along =
field-lines ’d Y )= b}g
gi_

— A\ W —

5V | E-Region,

+ ®
East *+2 Charde builds up

the terminators

North
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Magnetic field
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Equatorial Anomaly

Jan 21 00:00(UTC)

University of Colorado

: : . -
Boulder Heliophysics Summer School 2024: The Ionosphere




Equatorial Spread-F

Plasma instabilities that occur right after sunset cause the F-region to take on an array of structures

Times scales from seconds to hours

Spatial scales from cm to tens of km

RaBIT Tomogram on 20/10/2011 16:30 UT(22:00)

— —_— E—

5
-
<
=
-
=
<

500 1000 1500
Geocentric distance (km ) +ve North
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Equatorial Plasma Bubbles

Equatorial Plane: T = 3600 s

1000
+ Instability due to heavier fluid on top of lighter fluid:
fzav\ e,fc5\a —TG”T >~ ﬁu&*axa 1’€> —
+» Leads to rising bubbles with detailed structure and wide range
of spatial scales, and large density variation
E 600F
.:2"3
400
o 200
e e L
0 100 200 300
Zonal Distonce [km]
05 0s 05 e Q5 SE— C(—ely
0 01 02 0 D 02 0 0.1 02 0 31’ 02 NQL‘»\LQ\/
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Mid-latitudes: Sporadic E

Day ionosphere Might ionosphere .
exXaspnere
500 - SEltE”ith
- . . . electron|density
Sporadic increase In E-region electron density, reiiogsghee
primarily at night, by orders of magnitude 0
"Patch” of increased ionization = 2 layer
%3[”]
Still not clear what the spatial scale is E
El
Observed by radio wave scattering F1layer
200
Effect iIs most likely due to shear winds driving |
metal ions (from meteors) into thin layer sporadicE K Elaver
100 - -
mesosphere
D llafEr balloon stratosphere
___l._*.. ! troposphere
0 10 10% 107 10* 108 10° i 110 10° 10° 10* 10° 10f

Electron density (electrons/cm’)
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High-Latitudes: Polar Cap Absorption

Solar Energetic Protons (SEPs) deposit their energy in the D-region of the ionosphere
Flow along open magnetic field lines

Increased D-region density adds to absorption of radio waves (discussed a bit later)

solar Frotons Detected by POES
14 passes, Last at 2000 07 15 10:34 LUTZ, from MO&A—15

not to scale

NObA Spase Erwiranmant Cantar
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Storm-time variability: Gannon Storm 2024

+ TIE-GCM model runs

» Considerably higher TEC at high latitudes: energetic particle precipitation (EPP)
+» TEC at low latitudes not significantly different here...

+» Equatorial anomaly prominent in evening sector, less so in dawn / noon sector

05/10/2024 Time = 12:00:00 UT IP= 28.00 05/11/2024 Time = 12:00:00 UT IP= 28.00

ol 50,

lat [ "]
—50.

lat [ ]
—50.

TEC [TECU)]

54.2

—100. O 100. —100. Q. 100.

Model ot CCMC: TIE-GCM Model ot CCMC: TIE-GCM
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Storm-time variability: Gannon Storm 2024

TIE-GCM model runs

Storm associated with
Increased EUV, X-ray: leads
to higher lonization rates

Higher temperature In the
thermosphere raises the entire
lonosphere

University of Colorado
Boulder
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Figure: Simulation of the ionosphere/thermosphere of the
Earth.
EPS image (684.44 KB)

Model: TIE-GCM
Run: TIEGCM-Heelis-01_2024-05-TP-02_071624_1T_1
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Lots more to the lonosphere / Atmosphere system...

Terrestrial Atmospheric ITM Processes
Energetic

Particles Solar Energetic Particle Chain

lon/Neutral

Neutral Upwelling Escape

From Heated

Solar N\
Radiation Chain ’ Solar Wind/Magnetospheric Chain

i | lon-Driven Pol
rororal Heating Regio,, Wind Olar
lonosphere

Plasmasphere Plasmas
Filling L A = ‘ Draining an

Heating
€ ! E-Driven

4 A : Downward
- - D0l iven . | Flow
Fountain : “Implusive /
Effect - Heating- /
R DRy i Driven Wind
~

Neutral Wind I ‘

Drags lons Down ™\ N o7 / B
Field Line B ‘ — -
' Neutral Wind

Drags lons U
Crest g Y
lonosphere Cres Field Line

; \1 ™) \‘,\
o «. Plume e

Lower —)
—

Atmospheric Chain

Neutrals
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IRI model

International Reference lonosphere: IR

https://ccmc.gsfc.nasa.gov/imodelweb/models/iri2012 vitmo.php

IRI IS lonosphere equivalent to MSIS

Empirical model; major data sources are the worldwide network of ionosondes, powerful incoherent scatter radars (Jicamarca, Arecibo,
Millstone Hill, Malvern, St. Santin), ISIS and Alouette topside sounders (spacecratft), in situ instruments flown on many satellites and
rockets.

IRI Is updated yearly during special IRl Workshops at COSPAR and URSI meetings

lonosphere temperatures

lonosphere composition

1000 — 800 - x
|
900 -
700
800 -
600 |-
700 |
‘e 600 EEDD
X v
Q@ 500L ——Neutral )
E —lon 35 400
= ——Electron =
o 400 <
" 300 -
300 | T |
>
200 | . 200
_-—"FF.‘:L--
100 ¢ . |
5 100
D 1 1 I 1 1 1 L sl L el PR | s vl L
0 500 1000 1500 2000 2500 3000 3500 108 107 1010 10" 1012 1013
Temperature (K) Particles per m?
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https://ccmc.gsfc.nasa.gov/modelweb/models/iri2012_vitmo.php
http://irimodel.org/docs/iri_workshops.html

Plasmasphere

Boundary between Topside ionosphere and Plasmasphere: where thermal pressure and magnetic pressure are equal

Plasma becomes confined by B-field

Sometimes defined by altitude where H+ (protons) become dominant ion

Earth’s
Geomagnetic field lines rotation

rotate with Earth

~4 Earth Radii I ~8 - 7 Earth Radii
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lonosphere Effects:
Radio Wave Propagation
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Radio Wave Propagation

Time for some (more) plasma physics!
Plasma oscillations
Plasma frequency
index of refraction (from Maxwell's equations)
Add collisions: absorption

MUF, LUF, X-ray effect
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Plasma

<)

neutral plasma

e NN ion

V\C:;ng

N = ZWX - (0> RNalc fﬂ:@v

X N< Lo
N = CQJMF)C\'L
Nn = oA ¥ °
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Reflection of EM Waves

Plasma frequency a directly related to electron density
Radio waves above ax pass through the ionosphere; electrons cannot respond fast enough

Radio waves below ar are reflected; electrons are “shaken” and re-radiate

Altitude lonospheric
Layer

~ 300 km 5

~ 200 km F1

Implications:

. ~ 100 km E, Es
must use frequencies above ap to

talk to satellites ~ 60 km »

Can communicate over-the-horizon
with frequency near / below ax

e . =

_a‘:“‘:.’.a_;}"‘ v .
SV SSr, S S .
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Over-the-horizon radar or communication

g@g’k OV~
G
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Index of Refraction

n > 1 1C! n < 6
I  —
: ~
As a radio wave propagates from one boundary =
medium to another, it's propagation 1 ; 1 J
direction Is refracted, based on the = ‘ i = '
indices of refraction, n1 and n-. Jant o

Shell's Law: n. sin Hi =n sin E—Jr
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lonospheric Refraction

We can treat the ionosphere as
successive layers, and look at refraction A ;\
from one layer to the next F77) r

' n decreasing

Continuous refraction

lonosphere

End result: ray “bends” and turns back
{o the ground. NOt a hard reﬂeCtiOn! “1“, ----- heutral atmosphere

: Earth
VI TITI IV IV IOV VI TP Py PPy yI I (flat)

S o
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Critical Frequencies in the lonosphere

In the F-region, fc ~ 3—30 MHz

| | | | &ehe £, O
higher frequencies pass through the ionosphere, (o, = p//\’c A ¢ 7_{
a0

with some refraction

over-the-horizon radio
In the E-region, fc ~ 1—2 MHz

but sporadic-E increases fc up to 100 MHz
In the D-region, our model breaks. LS

Lots of neutrals means high collision frequency; ¢ -~
our index of refraction is more complicated.

— Night D-layer (~75-90 km)

Absorption of MHz ~_lonosphere  pay paayer (+60-75 km)

waves (next) —— ’

Reflection of waves

below ~100 kHz; VLF ",
waves (below ~50 kHz) g
used for long-range A E9E
communications with . g%3
submarines . e Fsgﬂenc:f{mz)w
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Waves in Plasmas

We need three equations to describe wave propagation in a cold plasma.
Ampere’s Law and Faraday’s Law (i.e. Maxwell's equations): (oot Sl
D= he

ti

——

VVL@ - ,/Mej 1 /u’oeu <_LZ:: —_ %{» —= )UQ = )

J‘é
e - -3 .
V & ﬁ__ — VX ) BlCX l(:’._z,\\f
_ _ J /

And the Langevin equation (simply F = ma): S

/

(\/\Q%\_/‘c _ %F = CK/CE & %C(Qdkév - UMQVC ¥ .-
At
5. - gen n= S
[
- \
4. ; Dyii\t k € 4 V?Léo\‘) ~ <>\V\QV'T
A+ M
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Index of refraction in a cold plasma

In general, index of refraction Is given by the Appleton-Hartree equation:

9 X

: 1}’251116’ 1 1 A 1/2
1—@— x0T T2 (1 sin /G}JrYZ(os (1—X —@ )

G?\a%\( bet e @.Q GO E

cal \\‘S'-ovi /V\@\AQ N co MP\ CHAe

N_ = OL’*J(S
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D-region absorption

As electrons get excited by waves with f < fc, the collide with neutrals

Some of the EM wave energy gets transferred to heat; radio waves suffers absorption

| ion? b
ow much absorption” had

M <7L@_3 ~ “/"L\%\Dvs NeVen /7 Me
LN ™ 2

\ Ne g o |-z MHz
c
N
b/\os
9 - I8
— V?_ﬂ ~ V\NXGL
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Collision Frequency?

Electrons (few) randomly collide with neutrals (many)

Radio wave energy converts to electron kinetic energy and then to neutral thermal enerqgy (i.e., neutrals
are “heated”)

This Is collisional heating, and a sink for radio wave energy

~Te

\
SPe- A

\
Vav(€;Np) = 233 x 107Ny (1 -1.21 X 107*T) T,

Collision frequency depends on neutral —_— T
density (N2, O2) and on electron N~
temperature Va(€,05) = 1.82X 107Ny, (1 +0.036 T,/%) T,/
Does not depend on electron density; why?

Ven = Vav(89 NZ) + Vav(89 02) ygcc

— — |/

?zr ¢_‘ L6+r6b\
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D-region absorption

Collision frequency v (s7)
3 < 5 f

Shown here: absorption of 30 MHz radio
wave due to electron precipitation from
the radiation belts

A(a S\LG\

University of Colorado
Boulder

Altitude (km)
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1101
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10° 10
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/
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70|

1 —

background
— 20 keV
— 50 keV
— 100 keV
200 keV
— 500 keV
1000 keV
— — —exponential

i}_C;i}S Cl.l;]‘ IIHI;‘I -
Differential absorption (dB/km)

Riometer: passive instrument that measures D-region
absorption by monitoring cosmic noise at ~30 MHz
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Sudden lonospheric Disturbances (SIDs)

SID iIs ionospheric response to a solar flare (X-rays)
X-rays ionize the D-region, causing a huge increase in D-region electron density (orders of magnitude)
Higher ne leads to higher radio wave absorption

Lower D-region reflection height perturbs VLF signals

i‘
Spaceweather --+ Solar Flare A2

Transionospheric
radio link

v lonosphere

variable thickness
D-ayer \

lonospheric
wave
o. "‘-, -
e / vertical >

v/ sounding

L 4+ ground wave
%

-

, 7/
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Short-Wave Fade

Issue for over-the-horizon radar

There Is a maximum frequency we can use, above
which waves pass through the F-region

There Is a minimum frequency we can use, because

. dA
lower frequencies — =46x%x107°

suffer too much absorption al
Usable “Frequency Window”

After a major X-ray flare, Absorption can increase to
prevent any useful communication

NV

(1)2

)

Frequency (MHz

L
|

-
e
1

/

L

L\

Maximum
Lsable
Frequency

Short-Wave Fade

sable
Frequency
Window

Lowest Usable
Frequency

()

6 | 2 | & 24
Time (Hours)
X-Ray Event
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GPS and TEC fri-lselle , £ % ¥

Even for frequencies above fc, the ionosphere
Infroduces some interesting effects

Small change in index of refraction from

Expand in Taylor series:

Cut off after first term:

Change in path length: = V\Q(JO 43
Where TEC Is total electron content, (”"3
Integrated along signal path |
n=
\[\ ANAWAWA
J UV U
ne<l
HANANANANA
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TEC maps

02/09/05
22:40UT
80!

Ionospheric TEC Map

1 TECU = 10'° el/m?

receivers all over the Earth’s surface;
20+ satellites to provide pierce-points

(10d.L

phic Latitude (deg)

Lecogta
I
rJ
o

-

Interpolate results onto 2D (or 3D) map

A
)

-60

-80 = _
-180 -150 -120 -90 -60 -30D D 30 60 o0 120 150 1I8D
Geographic Longitude (deg)

® GPS Receiver
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GPS TEC and ionospheric science

GPS TEC [10,150] TECu 19:30 UT March 31, 2001

65

+ GPS TEC can be used to observe
lonospheric disturbances 60

+» "Plume” here, extending over North America, B
IS footprint of plasmasphere “plume” during
geomagnetic storm

20

s
(4)]

.
- - ‘. - L

I
Qo

Geodetic Latitude
4

im0 " a' e el s ' — > - et 'd"i"e t.a" d i"a\V''s " Te'la 1 a" 18" e 1.&" o

o
o

O5f= + & 0 0w e 0 L e ..... '-

sal-ainravann Sy oo . O . .

AR SRR SR AT B R P D ot | | \; ..... il

230 <240 250 260 3 270 ; <230 290 <00 310
Geodetic Longitude

10 Jun 2001 06:12 UT
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lonosphere Missions

ICON

Using airglow to infer ion densities and winds
Ampere

Using magnetic fields to measure currents
COSMIC and GPS

Measuring the ionosphere using radio occultation / path
delay

Hidden Figures and Apollo 13: Re-entry comm problem
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The Equatorial lonosphere

i Plasma lifts up in the
| equatorial region

'Plasma diffuses
back down along
field-lines

F-Region

The Fountain effect predicts two bands of
enhanced electron density above and below the
magnetic equator

The truth? A bit more complicated.... ]

+

+ East g Charge builds up
at the terminators

North

/‘

i ..%% f.
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ICON Science and Spacecraft

Understand drivers of ionospheric variability

Explain how energy / momentum from lower atmosphere reach the space environment
(e.g. gravity waves!)

Explain how drivers create extreme conditions observed during solar-driven geomagnetic storms

. —
,él-z
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ICON instrumentation

Four main instruments:

MIGHTI Is a Michelson Interferometer to measure
winds and temperatures

FUV Is an FUV imager; observes UV emissions of
N2 and O to determine O/Nz2 ratio

EUV images 83.4 nm emission from O; resonantly
scattered by O+: gives ion density

IVM Is the 1on velocity meter; uses a Retarded
Potential Analyzer (RPA) to measure relative
velocity of ions, therefore winds, as well as
temperature and density

ik -
N Mirror 2

SV G\ -Detector 1

i’, { " L0 .-__’_4’[ P "‘
SN0 Wl Detector 2

1=V
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AN Y%
How do you get temperature from optical emissions?
A

3
Line emissions: atomic oxygen has emission lines at 630.0 nm and
557.7 nm (red and green lines) }(@_ < | e
If the O atoms were completely stationary, emissions would AN,
always be at exactly these wavelengths L0 WA A
O atoms are not stationary; have some velocity in random
directions due to the gas temperature = W g

M <™ ’

Atom moving at v, relative to observer, will emit a photon that is
Doppler shifted in wavelength by </
o= /)

(¢ \\+\’Z)>;c

Add up all the different v's in the Maxwell-Boltzmann distribution,
and you get a distribution of wavelengths that is Gaussian

Line broadening
Line gets broader when temperature is higher f,,

Need a really good spectrometer to resolve this line! 4 Lyo
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ICON CONOPS

e

S T~
l\yJ\\

" FUV/EGY

University of Colorado
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ICON CONOPS made awesome

Jan 21 04:30(UTC)
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A word from our sponsor

73



Comparative lonospheres: Jupiter
and Mars
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Jupiter’s lonosphere

Atmosphere Is mostly H>, so we would expect H2>* (maybe HY), right?

[, ¥ W
)ll‘\’ Y )‘L)_ =

University of Colorado
Boulder

Neetron

J\ SSa < \ &JV\\\‘Q ;C>\AT 2@-{\‘0\,—

CL\.a—/3 C Q_+<.l/\a-xjc .j

2000}

Altitude (km)
O
-
T

1000,

500

(H*C)

107 102
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How do we measure the ionosphere?

Transmit radio waves from spacecraft to Earth

As we pass behind atmosphere /ionosphere,
we get:

Absorption at specific frequencies: atmosphere
composition

Refraction / ray-bending: ionosphere density
Faraday rotation: magnetic field strength

Get successive slices through atmosphere as
orbit progresses

Big matrix inversion to determine altitude profile

Titan 52 Flyby

First Equatorial Occuliétion by Radio Science

April 4, 2009
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Altitude Profiles

Measured by radio occultation (Galileo spacecraft, mid-1990s)
Ingress: passing behind planet
Egress: emerging from behind planet

Note very different ionospheres on the two sides of the planet!

Lower layers potentially due to gravity waves, or other plasma processes
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Other Features in Jupiter’s lonosphere?
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Mars’ lonosphere: Layers

Mars’ lonosphere forms the same way as Earth’s: product of solar radiation (EUV) and molecules to ionize

Good fit to a Chapman layer (D5 x ¥ = (37 x ¢
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lonosphere density and composition

Electron density peaks at about 10*! electrons/m3, at about 150 km altitude
lon composition is about 90% O2>* and 10% CO2*

Some O* at higher altitudes
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Mars lonosphere Chemistry

How do we get O2* despite not having much oxygen?
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Viking Measurements
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Radar Measurements L ke~ o dbd s
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Solar cycle variation
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Effect of Solar Flares
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Summary

Mars has an atmosphere similar to Earth’s in many ways, but also different:
no stratosphere so likely no ozone layer
primarily CO2 instead of N2
primarily atomic oxygen (O) in thermosphere
Scale height of 11 km compared to Earth’s 8 km
Homosphere and heterosphere
Mars has an ionosphere similar to Earth’s in many ways:
Peak density comparable to Earth, but at 150 km altitude
Mostly O2* due to reaction CO2" + O — CO + O2F
Variability with solar cycle and solar flares

Same effect on radio wave propagation
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