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Outline

* The neutral atmosphere

* Regions of the ionosphere

* lonospheric dynamics and ionization
e Conductivity

* Index of refraction

e Debye length

e Latitudinal and regional variations
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The neutral atmosphere

* The troposphere is heated by the

warm ground and infrared radiation is =
emitted radially. T decreases with | s —| c“agge_‘i‘"‘“‘
height. The tropopause is at 12-15 km, B e i

Tin ~-53C.
* In the stratosphere, the ozone (O,)
layer at 15-40 km absorbs solar - |

radiation. The stratopause is at 50 km :
with T__ ~7C. _ ‘
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Viesopause

* |In the mesosphere, heat is removed
by the radiation of infrared and visible
airglow as well as by eddy transport.
The mesopause is close to 85 km with

Toin ™ ~100C. (N 4 —

ratopause

* In the thermosphere, UV radiation is A—
| |
absorbed and it produces dissociation ropopause
of molecules and ionization of atoms -~ | Troposphere
and molecules. 80 60 -40 20 0 20
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The neutral atmosphere
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Figure: The thermospheric temperature varies with different values of
the solar radio flux index F,, ; in units of 1022 Wm=2Hz! at 1 AU
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The neutral atmosphere
Atmospheric gas in a stationary state

Above the surface of the Earth, the atmospheric pressure p and density n are given

=z
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Zo

mg
kBT{z}dz

g

and .
. Tn . dz
1T P [ / H(z)

Zo

P = Po exp {—

Where p, and n,are values at a reference height z,. If the atmosphere is isothermal
(T=constant), the scale height H

ke T
mg
Is independent of altitude and then the hydrostatic equations are

H =

p=men(-252). n=men (-752)
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The neutral atmosphere
Atmospheric gas in a stationary state

Since the scale height is in fact dependent on temperature and we now know that
temperature increases with altitude in the thermosphere,

ke T
mg

H =

we will see in upcoming lectures that it is possible to take ISR measurements with lower
range resolution in the F-region as compared to the lower E-region.
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The neutral atmosphere
Atmospheric regions by composition

* The homosphere is the region below about 100 km altitude, where all gas
constituents are fully mixed; i.e. the relative concentrations of different
molecular species are independent of height. This is caused by turbulent
mixing of the air.

* The turbopause is the upper boundary of the homosphere at an altitude of
about 100 km.

* The heterosphere is the region above the homosphere. In the absence of
atmospheric turbulence, each molecular species distributes with height
independently of the other species (according to its own scale height). At
great altitudes light molecular species dominate.
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The neutral atmosphere
Composition in the heterosphere
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Figure: Atmospheric composition during (a) solar minimum and (b) solar
maximum (U. S. Standard atmosphere, 1976).
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The ionosphere

lonospheric regions and typical

daytime electron densities: 800 YT T T
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The ionosphere

Question: In the solar wind plasma, and in many parts of the
magnetosphere there is 100% ionization. What percentage of the
atmosphere is ionized?
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The ionosphere

Answer: At maximum, only 1% of the neutral atmosphere is ionized.
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The ionosphere
Composition in the heterosphere
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The ionosphere
lon temperatures
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Figure: An example of neutral, ion, and electron temperature profiles
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The ionosphere
ISR exam ple 20011107 : 023158.1 - 023659.3
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The |onosphere Note: Sondrestrom data
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The ionosphere
Dynamics of the ionosphere

The important equations for ions (hnumber density n;) and electrons (number density n,)
in the ionosphere are the continuity equations:

ani,e
ot

+ V- (ni,evi,e) — (ie — Ii,eg

where g is the production rate per unit volume and / is the loss rate per unit volume;
and the momentum equations:

n;m; (cft +vj - V) vi = nmym;g + en;(E +v; x B) — Vp; — nim;vi(vi—u) |

19,
Ne Me (dt + Ve - V) Ve = Nemeg — ene(E +ve X B) — Vpe — Nemerve(ve —u)
Where E is the electric field, B is magnetic induction, p; and p, are the pressures of the
ion and electron gas, and the ion-neutral and electron-neutral collision frequencies are
denoted by /;and 1/ respectively
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The ionosphere
lonization source: solar radiation

Chapman production function by using a height variable h" = h — Insec x:
/
q(x; ") = Gm.ocos x - exp [1 e ] )

where x is the solar zenith angle and h = (z — zm.0)/H, where H is the
atmospheric scale height.
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The ionosphere
lonization source: particle precipitation (electrons)

High-energy electron deposit energy at lower altitudes.
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Figure: lonization rate for monoenergetic electrons with energies 2-100 keV

© 2013 SRl International 18



The ionosphere
lonization source: particle precipitation (protons)
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The ionosphere
ISR example
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The ionosphere
ISR example

Auroral E-region density
enhancement extending into
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The ionosphere

ISR example
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The ionosphere
Loss mechanisms

We have now dealt with the production rate, but there are also loss terms to deal with:

ani,e
ot

+ V- (ni,evi,e) — (ie — Ii,eg

1. Recombination
2. Transport/Diffusion

While chemical recombination is very important at lower altitudes (D, E, F1 regions),
diffusion plays a larger role at higher altitudes (F2 region) where the densities are very
low.
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The ionosphere
Equations of motion

Conductivities matter because the ionosphere is a plasma with an embedded magnetic
field.

V.lo-(E(r,t)+ U(r,t) xB)] =0

Parallel equation of motion:
qE=myv. u. —-eE=m_v_u

1 1 1 c ¢n ¢

Perpendicular equation of motion:

q(El +u, xB) =myv. u,,

1 1n

- e(EL+ue X B) = mevenuLe
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The ionosphere
Collision frequencies

lon and electrons collide with neutrals as they gyrate. How they move in response to
imposed force fields depends very much on the collision frequency relative to the gyro-

frequency.
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The ionosphere

200
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Question: Why are T, and T, identical at low altitudes? Why is T, so
much higher than either T, or T;?
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The ionosphere
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Answer: At lower altitudes, the ions and neutrals have the same
temperature due to a high rate of collisions and the high mass of the
ions. The electrons have a gyrofrequency much higher than the collision

frequency. The electron temperature typically remains higher than the
ion temperature due to its much lower mass.
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The ionosphere

Conductivity
1 v ° | v ° >
. .. o, = )+ L n,e
Pedersen conductivity 1 [mevm (an T (1;; N Qf)]
(parallel to E)
N o) = 1 ( Qv . 1 ( Q. ine?
e Hall conductivity (along EXB) 2 L
. 1 1 ,
* Parallel conductivity (parallel Un=[m N In.e
to B) a én I m

o, o, 0\E

T

Conductivity tensor j=|-0, o, 0|E,

0 0 o,)\E.
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The ionosphere
Collision frequencies

B: Geomagnetic field vector
E: Electric tield vector
E.: Perpendicular component of the electric field
Ey: Parallel component of the electric field
J: Electric current vector
coEn: Parallel current
ci1EL Pedersen current

c:E.: Hall current
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The ionosphere
Conductivities
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The ionosphere
Conductivities

Mar 21 R=35.0 12.0 LT
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2 200
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élSO
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Question: There is a peak in the Hall and Pedersen conductivities in the
E-region. What ionospheric phenomenon also peaks at this altitude?
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The ionosphere
Conductivities
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Answer: The auroral and equatorial electrojets
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The ionosphere
Refraction

Radio waves refract in the

atmosphere similar to light.

200
Sromic Partides r-':;i.'ilﬁf_r“.
Particle
150
Reflection F1 Region
(WARN \
EZ2 Region
Mateor High Frequenn:','
Ttail Radio Waves
[1,5-30 MHz)
[ Eroadcast-lave
Reflection E1 Region
High Frequency Medium
=l Mighttirne Frequency
— Long-lil ave Reflection Radio Waves
Reﬂect_ll:-n C [05-1,5 MHz]
Fegion
20 Crone Layer
[ - 2 i “/Low Frequancys-  ---
Fadio W aves
Stratosphere i Izathermal i (20-500 kHz)
Foiiiiie = “Layer = R T e
Traposphere

© 2013 SRI International

33



The ionosphere
Refraction

Question: What happens to
waves above the frequencies
described in the figure to the
right?
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The ionosphere
Refraction

Answer: Waves above ~30 MHz
pass through the ionosphere
with little interaction (vertical
incidence). With regards to ISRs,
this allows us to assume the
radar wave is unchanged through
the scattering volume and also
that the incident wave doesn’t
affect the scattered wave. This L//
will be discussed in more detail in

upcoming lectures.
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The ionosphere
Index of refraction

X(1-X)

n =1 -
— 1 1 %
(I-X)-_Y = ¥ +(1-X)Y
2 "\ 4
o} Wy Ne* d)
oL oy w(_ ] L
_a) _CU 1 €,m, " }ne

w = the angular frequency of the radar wave,
Y, = Ycos#, Y; = Ysind,

¢ = angle between the wave vector k and B,

k = wave vector of propagating radiation,

B = geomagnetic field, N = electron density
e = electronic charge, m_, = electron mass,

and £ = permittivity constant.
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The ionosphere
Debye length

 The Debye length is a measure of the plasma’s ability to shield out electric potentials
that are applied to it

* The Debye length marks the division between different regimes of plasma’s behavior;
i.e. collective plasma motion versus that of individual particle motion.

* Plasma phenomenon that take place over distances greater than the Debye length
must be described in terms of collective behavior of the plasma.

* Plasma will not support large potential variations (i.e. will seek to maintain charge
neutrality) over distances larger than the Debye length.

e Potential gradients that do exist have a characteristic length parameter equal to a
Debye length.

* There potential gradients are characterized by a natural oscillation frequency known
as the plasma frequency.
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The ionosphere
Debye length

* The Debye length increases with
altitude — from a few millimeters in
the F-region up to meters in the
magnetosphere

* The Debye length in the E and F us
regions ranges from 0.1 -1 cm
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| | TROPOSPHERE
o | | | |
107 108 101 200 400 1000 2000
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The ionosphere

Question: If we want to measure bulk plasma parameters with an
incoherent scatter radar, how will the Debye length affect our choice of
radar frequency?
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The ionosphere
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Answer: While the radar frequency needs to be higher than that of
ionospheric plasma frequencies and irregularities, it should also be
chosen with a wavelength greater than the Debye length. This becomes

an issue at higher altitudes.
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The ionosphere
Latitudinal variations

* High-latitude ionosphere
(polar cap, cusp, auroral
oval): intense electric fields
mapping from the
magnetosphere, particle
precipitation, effects of
magnetospheric substorms.

* Mid-latitude ionosphere:
occasionally high-latitude
electric fields may penetrate
to mid-latitudes, effects of
magnetic storms.

* Low-latitude ionosphere:
small electric fields, high
daytime conductivities due
to solar radiation (equatorial
electrojet).
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The ionosphere
D-region

* Small electron densities, large neutral densities
* Complex chemistry including ion production and recombination processes, also
transport, that are not fully understood.
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Figure: Sodankyla lon Chemistry model (SIC), negative ions
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The ionosphere
E-region

* Due to different collision and gyro frequencies for ions and electrons, electrical
conductivies maximize in the E region and may be greatly enhanced due to auroral
particle precipitation

* Horizontal currents flow in the E region
12

/-_
600

18 \ 06
J 18

06

00 MLT
00 MLT
Figure: Hall currents within the auroral Figure: Pedersen and field-aligned
oval: eastward electrojet (red) and currents within the auroral oval

westward electrojet (blue)
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The ionosphere
F-region

* Maximum electron densities occur at F-region maximum (h ~ 300 km).

e Collisions with neutrals become sparse both for ions and electrons, hence both
species drift with the same convection velocity of v = EXB/B?

* Ambipolar diffusion becomes important
e At high latitudes, ion outflows may take place and field-aligned currents flow

12 hr

Figure: Plasma convection in the
northern high latitude ionosphere
and associated convection electric
fields
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The ionosphere

ISR example

Convection
reversal
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