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SUMMARY

This paper is an exposition of the basic physics of the
ijonosphere, according to the present understanding. It
concentrates on the large-scale ionospheric structure at heights
zhove 100 km. Since the ionosphere depends greatly on the
structure and dynamics of the neutral atmasphere from which
it is formed, and on the geomagnetic fieid, brief descriptions
of these are given. The paper then reviews the theoretical
structure of the ionospheric layers and discusses the most
important ionospheric phenomena. It concludes with a
summary of recent progress and cutstanding questions, and
a bibliography for further reading.

List of Principal Symbols

—e charge on electron

radio frequency

acceleration due to gravity
height

current density

Boltzmann’s constant

particle mass

gas concentration, layer index
gas pressure (p = nkT)

time

reduced height (units of H)
geomagnetic field -
diffusion coefficient

electric field

pressure gradient force

F1 layer shape factor

scale height (H = RT/Mg)
radiation intensity; dip angle
jon-drag coefficient; rate coefficient
loss coefficient; magnetic L-value
particle mass (a.m.u.)

clectron density (concentration)
gas constant

absolute temperature

neutral air wind velocity
ionjelectron drift velocity
vertical velocity

square-law recombination coefficient
linear loss coeflicient

ionizing efficiency

wavelength

viscosity coefficient

collision frequency

mass density

absorption cross-section; conductivity
optical depth

geographic latitude
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solar zenith angle
gyrofrequency
magnetic latitude
Earth’s angular velocity
photon

Fpo>eR

1 Introduction

1.1 What is the lonosphere?

The ionosphere is defined as the part of the upper atmos-
phere in which free electrons are sufficiently numerous to
influence the propagation of radio waves. For practical
purposes it may be taken to extend in height from about
60 to 600 km, where the oxygen ions of the ionosphere
give way to protons, but these are not weil-defined limits.
Figure 1 places the jionosphere in its context, by showing
the extent of the ionospheric D, E and lower F regions
alongside other features of the atmosphere up to 200 km.

Historically, the ionosphere was discovered by Marconi
when he sent radio signals across the Atlantic in 1901.
Soon afterwards, Kennelly and Heaviside suggested that
free electric charges in the upper atmosphere could cause
the reflection of radic waves, although the related idea
of an atmospheric conducting layer, as the site of the
currents that produce small daily variations of the geomag-
netic field (Section 1.3), had originated with Gauss in 1839.
Tonospheric physics really began in 1924/25 with Appleton
and Barnett,' and Breit and Tuve,? whose experiments
measured the height of the conducting layer and revealed
its stratified nature. It was soon verified that the ionization
is produced by solar ionizing radiation. Many facts about
the jonosphere were known by 1940, but its physics and
chemistry were not really established till the 1950s and
1960s.

The ionization in the upper atmosphere is of practical
importance because of its role in radio communications.
It is important scientifically because the charged particles
are easier to detect experimentally than the neutral gas,
and thus act as useful tracers for studying the upper atmos-
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Fig. 1. Regions of the Earth's atmosphere up to 200 km,
showing a typical temperature profile, the ionospheric regions
D. £ and the lower part of F, and heights of other features.
(Courtesy of S.E.R.C. Rutherford Appleton Laboratory, UK)

phere. But, despite its importance, the ionization is one
of the minor constituents of the upper atmosphere: even
in the main layers of the ionosphere, less than 1% of the
air is ionized. Furthermore, the ionosphere is electrically
neutral to a high degree of approximation, as positive and
negative charged particles are always created and destroyed
together. Even where strong electric fields exist, the charge
imbalance is a minute fraction of the total charge density.
The electron-ion gas of the ionosphere is a natural plasma.

This paper aims to give a very simplified survey of the
ionosphere, and in particular how it depends on the neutral
atmosphere and is influenced by the Earth’s magnetic field.
Most of the paper is devoted to well-established material,
which is dealt with in greater detail in the works listed
in the Bibliography. The text references are mostly to
historical papers, or to general accounts of some particular
topic.

1.2 Basic Physical Principles

The most important ionospheric parameter—from the
point of view of radio propagation and also of the physics—
is the electron density N (more correctly, the electron con-
centration). Typical height profiles for midlatitudes are
shown in Fig. 2. Variations with height # and time ¢, and
with latitude and longitude, can be represented either by
purely descriptive empirical models, in which mathematical
formulae are constructed to match the observed variations
of N, or else by physical models generated by solving the
theoretical continuity equation (1). More sophisticated
models incorporate equations (2) and (3), for the velocities
V and temperatures T of the ions and the electrons, as
well as the corresponding equations for the neutral parti-
cles.

BASIC EQUATIONS FOR ANY KIND OF PARTICLE
Continuity equation (conservation of mass)
ON/dt = {Production} — {Loss} — {Transport} (1)
Force equation (conservation of momentum)
dV/dt = {Driving force} — {Drag} — {Advection}* (2)
Heat equation (conservation of energy)
8T/0¢ = {Heating} — {Cooling} — {Conduction} (3)
$£208
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Fig. 2.. Typical mid-latitude N(h) eiectron density profiles for
moderate solar activity, showing the radiations that produce
the main ionospheric layers. (From Contemporary Physics, 14,
p.230, 1973, Taylor & Francis, Londcn.)

1.3 The Geomaganetic Field

The behaviour of ions and electrons in the ionosphere is
largely governed by the Earth's magnetic field. For many
purposes this field may be represented by a dipole inclined
about 12° to the Earth’s axis. Consider 2 point on the
Earth at magnetic latitude A, in an assumed dipole field.
If the magnetic line of force (locally inclined at angle 7
to the horizontal) is traced outwards from the Earth, it
crosses the plane of the magnetic equator at a geocentric
distance of L ecarth radii and returns to Earth at the
conjugate point at magnetic latitude — A, where

tan/ = 2tan A, L = sec? A {4)

L is termed the L-value and I the dip angle for the point
in question. The dip equator, at which / = 0", is 12°N
of the geographic eguator in India and 12°S in Peru. The
dip poles, at which 7 = 90", are in the Canadian Arctic
and East Antarctica.

In low and middle latitudes (up to about L = 6, or
A = 66%) the geomagnetic field lines are closed. but at
higher latitudes they are linked to the magnetosphere, the
tenuous region around the Earth that is permeated by the
geomagnetic field. The high latitude ionosphere is pro-
foundly affected by charged particles and electric currents,
originating in the magnetosphere, that cause the aurora
and magnetic storms. The particles and currents mainly
enter the atmosphere in the auroral ovals, rings 2000-3000

*Advection: transport of momentum by viscosity, etc,
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km in diameter that surround the magnetic poles (Section
5.7). In turn the magnetosphere is influenced by the solar
wind—the stream of charged particles emitted by the Sun—
and the interplanetary magnetic field. Magnetic storms tend
to follow solar disturbances and the resulting strengthening
of the solar wind (Section 6). During storms. the electric
currents in the high latitude ionosphere may locally perturb
the geomagnetic field by up to 5%, as compared to the
quiet-day variations of 0-1% produced by dynamo currents
in the ionosphere (Section 4.5).

The degree of geomagnetic disturbance is characterized
by ‘planetary geomagnetic indices’ (4p and Kp), which are
computed for every 3 hours of Universal Time from records
made at several magnetic observatories. Ap is roughly pro-
portional to the amplitude of geomagnetic disturbance; the
Kp index is computed on a logarithmic scale of 0-9.

1.4 Experimental Techniques for Studying the
lonosphere

This section lists the principal techniques. but does not

try to explain or evaluate them in any detail. The notes

are therefore very condensed and require many quali-

_ fications.

Radio probing of the ionosphere®+-*

'_Iora; Reflection at the plasma frequency f, = /(80-6N)
(typically HF, MF, LF in daytime F.,E,D layers respec-
tively). This is used for routine sounding of the ionosphere.
It is not possible to observe above the F2 peak, except
by ‘topside sounders’ carried in satellites. The refiection
process is complicated by the geomagnetic field. See Fig.
3.
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Fig. 3. Idealized ionogram obtained by an ionosonde, with the
corresponding real -height N(&) profile of electron density. The
ionogram is a measure of ‘virtual height’, which coresponds
to the time of travel of the radio puise. Near the peak of a

layer, the pulse is retarded and the virtual height is significantly
greater than the real height, producing a ‘cusp’ on the
ionogram, as shown. ( Courtesy of S.E.R.C. Rutherford
Appleton Laboratory).

Coherent Scatter at frequencies » f, (HF, YHF, UHF).
Scattering occurs at (generally magnetically ficld-aligned)
irregularities of size A/2 (where A = radar wavelength),
as found in the auroral oval and near the magnetic equator;
also from meteor trails. Velocity is measured by the
Doppler effect.

Incoherent Scatter at frequencies » f, (VHF, UHF).
Scattering from thermal random irregularities (ion-acoustic
waves) of scale size A/2. This effect is weak (depending
on clectron cross-section, 1072%m?; target area typically
! cm?). Ion density, ion and electron temperatures, ion
drift velocity, and indirectly some ncutral atmosphere
parameters can be measured. See Fig. 4.

Active remote sensing with man-made signals traversing

the ionosphere

(a) Radio phase and polarization (Faraday rotation)

(b) LF, VLF reflection, MF partial reflection in the lower
ionosphere

{c) Radio wave absorption (signal streagth)

(d) Radar studies of meteor echoes (neutral air density
and winds)

Passive remote sensing of natural emissions (ground or

space-based).

(a) Absorption of cosmic radio waves; radio star
refraction

(b) Aurora—interferometry and imaging

(¢) Natural airglow--temperature and velocity of the
emitting gases

These techniques suffer from lack of height discrimination.

In-situ measurements with instruments on rockets and

satcllites

(a) Density, composition, temperature, velocity of ionized
and neutral gas; electric and magnetic fields.

(b) Tracking of objects and chemical trails released from
spacecraft (good space and time resolution, no
systematic coverage)

(c) Analysis of satellite orbits (air density)

Active experiments
RF heating; releases of active chemicals

Fig. 4. The incoherent scatter radst spactrum. The width Af
and shape of the central “ion line” depend on the thermal
motions of the plasma (and thus on the ion and electron
temperatures and the ion composition). Its offset 8/ from the
transmitted frequency fis a Doppler shift due to the line-of-
sight motion of the ions. The "plasma’lines’ flanking the ion
line are offset from by < £ (£ is approximately equal to the
ambient plasma frequency £), with a further offset 57, due to
the relative motion of ions and electrons. (From European
Space Agency SP-135, p.87,1978.)
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2 The Neutral Atmosphere
2.1 Regions of the Upper Atmosphere

Figure | shows the main regions of the neutral atmosphere
in relation to the average vertical profile of temperature.
They are the troposphere (0-12 km approximately), where
the temperature decreases from its ground-level value with
increasing height; the stratosphere (12-30 km)}, a turbulent
region of fairly uniform temperature; the mesosphere (30-
80 km), a region of higher temperature, heated by the ab-
sorption of solar UV radiation by the small amount of
ozone, and the thermosphere above 80 km, strongly heated
by solar extreme ultraviolet (EUV) and X-rays which
dissociate and ionize the atmospheric gases and thus create
the ionosphere. In the exosphere above 600 km, the air
is too thin to be considered as a gas at all; the individual
atoms move freely in satellite-like orbits controlied by the
Earth’s gravity. Up to about 100 km the major gases,
nitrogen (N;) and oxygen (O,), are well mixed by winds
and turbulence, and their concentration ratio of 4:1 does
not change with height. Minor constituents (such as H,0,
CO,, NO and Q,) are largely controlled by chemical
reactions, and their distributions do not necessarily follow
the same trend as the major gases.

Above 100 km, two changes occur. First, oxygen (but
not nitrogen) largely becomes dissociated into atoms by
the action of solar UV radiation. Second, turbulence ceases
at the turbopause near 100 km, and the gases are diffusively
separated by the action of gravity, so that atomic oxygen
(molecular mass M = 16) progressively becomes more
abundant than molecular nitrogen and oxygen (M = 28,
32). This is shown in Fig. 5, which also compares the distri-
butions of the main charged and neutral constituents.
Higher still, the lightest gases, hydrogen and helium,
become dominant in the exosphere, from which they slowly
escape.

2.2 The Hydrostatic Equation and Scale Height
The vertical distribution of any gas is controlled by gravity,
which balances the vertical pressure gradient. This balance
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Fig. 5. Neutral and ionized constituents of the upper
atmosphere for average daytime conditions at midlatitudes,
taken from the COSPAR international Reference Atmosphere,
with positive ion distributions by C.Y. Johnson, J. Geophys.
Res, 71, p. 330, 1985. (From Contemporary Physics, 14,
P- 231, 1973, Taylor & Francis, London.)
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is expressed by the hydrostatic or barometric equation

—dp/dh = pg = nmg ()

where p = pressure, p = density, » = concentration,
m = particle mass and g = acceleration due to gravity.
This equation may be combined with the perfect gas law

p = nkT = pRT/M 6

where k = Boltzmann’s constant, R = gas constant and
M = molar mass, and then integrated with height to give
the variation of pressure with height above any chosen base
level hy, at which the pressure is p,:

P = pot™" = pyexp [(hy — h)/H) (M
where
z= l (dh/H) = (h—ho)/H )
and
H = kTimg = RT/Mg

9
H is known as the scale height of the gas and z as the
reduced height (measured in units of H); the expressions
in (7) and (8) following the symbol =~ hold if H is constant _
with height. Despite the steep temperature gradient between
about 90 and 200 km, the simplified expressions are often
useful. It is easily shown that the total number of particles
in a vertical column above any height k, is H.n(h,), so
H may be regarded as ‘the thickness of the atmosphere’.
Below 100 km the atmosphere is mixed, and all the major
gases have the same scale height, with a mean molar mass
of 29. However, in the diffusively separated atmosphere
above 100 km, each gas has its own scale height correspond-
ing to its molar mass.

2.3 Upper Atmosphers Temperature

As shown in Fig. 1, the temperature of the thermosphere
varies with height. At the base, it is governed by the meso-
pause temperature (about 180 K), but it increases rapidly
upwards with a gradient d7/dA determined by the solar
heat input. Higher up, the thermal conductivity of the air
becomes large and, in consequence, the temperature gradi-
ent dT/dh flattens out. Above about 300 km, 7 tends to
a limit known as the exospheric temperature 7, which -
varies considerably with local time (LT), latitude, season
and the 11-year sunspot cycle. Typically at mid-latitudes
T, = 800 K at midday and 600 K at midnight at sunspot -
minimum, and 1400 K and 1100 K respectively a? sunspot
maximum. T, is raised locally in the auroral ovals, because
of the energy deposited by energetic particles and electric
currents from the magnetosphere.

From observations of satellite orbits, which yield exten-
sive data on air density, it has been deduced that T is
highest around 14 LT and lowest around 03 LT; the
maxima and minima are in low latitudes near equinox but
migrate seasonally. Figures 6 and 7 are maps of T_ for
March equinox and June solstice, showing some (but by
no means all) of the known complexity. The temperature
variations are mainly due to solar heating, which causes
the atmosphere to expand or bulge on the daylit side of
the Earth, creating a high-pressure region often referred
to as the daytime pressure bulge. Localized heating in the
auroral ovals is not shown in these maps.

The chemical composition also varies with time and
season. For example, the O/N, ratio above 200 km is
greater in winter than in summer, while localized variations
of composition occur in auroral latitudes. These variations
arise, in a complicated way, from the global thermospheric
circulation described in Section 2.4.

J. IERE Vol 88, No. & (Supplement), Septermber-December 1988
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Fig. 6. Map of exospheric temperature at March equinox, for
high solar activity and quiet geomagnetic conditions, according
1o the MSIS83 thermospheric model by A.E. Hedin, J.
Geophys. Res., 88, p. 10170, 1983. Arrows show the
approximate directions of the thermospheric winds. (Courtesy
of S.E.R.C. Rutherford Appleton Laboratory.)

2.4 Upper Atmosphere Winds

The thermosphere is a vast heat engine driven by solar,
auroral and interplanetary sources. The energy from these
sources produces the temperature variations shown in Figs
6 and 7, giving risc to horizontal pressure gradients and
winds. These winds, together with the associated vertical
upcurrents and downcurrents, form a global circulation
that carries energy away from the heat sources and liberates
it elsewhere.

The neutral-air wind velocity U is controlied by the
Coriolis force due to the Earth’s rotation with angular
velocity ; the molecular viscosity of the air (coefficient
K); and ion-drag, which is due to collisions between air
molecules and ions, and exists because the ions are con-
strained by the geomagnetic field and cannot move freely
with the wind. This frictional force depends on the ion-
neutral collision frequency and on the difference between
the wind velocity U and the ion velocity V, which is mainly
due to electromagnetic forces (Section 4.4). The equation
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Fig. 7. As Fig. 6, for June solstice ( Courresy of S.E.R.C.
Rutherford Appleton Laboratory.)
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of motion for the horizontal wind is then
dUjdt = F — 2Q % U-KENU-V)+ (up)V:U
(10

where
F = —(l/p) (0/0x, 3/3y) p (1)

is the driving force due to the horizontal pressure gradient,
and K is the ‘ion-neutral collision coefficient’. At great
heights (small p) the ratio (u/p) becomes very large, so
that V2 U has to become small, i.e. viscosity tends to destroy
spatial variations of U. As a result, dU/dk —~ 0 and the
wind varies little with height. Lower down, (p/p) is smalier
and small-scale velocity gradients are not smoothed out
by viscosity.

The wind direction depends on the ratio of Coriolis force
to ion-drag. This may be illustrated by considering some
special steady-state cases of equation (10) in which du/ds
= 0 and viscosity is neglected. If the Coriolis force is
dominant and ion-drag is small, as in the lower ionosphere,
the wind blows at right angles to the pressure gradient.
Then, at latitude ¢,

U = F{(2Q sin ¢) UlF (12)

This is the situation familiar in weather maps for the lower
atmosphere, with the wind blowing along the isobars of
constant pressure. A very different situation exists in the
daytime F layer, where jon-drag is large and the wind is
almost parallel to the pressure-gradient force, so that

U= F/(kNsin) (UIF) (13)

where [ is the magnetic dip angle. In the intermediate case,
both ion-drag and Coriolis force are significant and the
wind is inclined to F at the angle

Yy = arc tan(ln—sintb)
KN (14)

and its magnitude is approximately given (except in equa-
torial latitudes) by

F
JUCN*in?I + 4Q%sin?) (15

Accordingly, the schematic wind vectors shown in Figs
6 and 7 are nearly parallel to the temperature (and pressure)
gradient by day, but are slightly deflected by Coriolis force
at night.

If the ions are drifting under the influence of an electric
field, they set the air into horizontal motion, i.e. the ion-
drag term in equation {10) acts as a driving force. The
wind direction is then determined by the ratio of Conolis
force to jon-drag, just as in equation (14). In high latitudes,
these ‘electrically-driven’ winds may predominate, though
auroral heating produces localized pressure gradients and
associated thermal winds, so both pressure gradient and
jon-drag terms must be considered. At lower latitudes,
thermal winds driven by solar heating dominate, though
electric fields are important in the vicinity of the magnetic
equator.

The neutral air velocity is of course subject to equations
of continuity and energy, as well as to the equation of
motion (10). Production and loss processes are unimportant
for the major constituents of the neutral air, and the
continuity equation (1) reduces 1o

onjét = — div (nU) (16)
The pressure distribution and the wind velocity automati-
cally adjust themselves to satisfy equation (16). Thus any

divergence (or convergence) of the horizontal winds must
be balanced by upward (or downward) winds, so that

$211
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in the lower atmosphere) are nearly divergence-free, and
are ineflfective in removing the horizontal pressure
differences that drive them.

Bl — B

2.5 Atmosphere Tides*

The thermospheric winds just described are part of a
complex system of atmospheric tides, which can be resolved
intc numerous components. Tides are ‘forced’ or driven
by the heating effect of the Sun, or by the gravitational
attraction of the Sun and Moon. The solar thermal tide.
which predominates in the upper atmosphere (unlike the
case of marine tides, in which the lunar gravitational tide
predominates) is driven by:

(a)

(b}
(c)

absorption of solar EUV and X-rays in the thermo-
sphere;

absorption of solar UV in the ozone layer;

heating of the ground and lower atmosphere by
visible and infra-red radiation.

The heating sets up tidal modes denoted by index numbers
{n,m), in which n = ] for 24-hour diurnal modes, n = 2
for 12-hour semidiurnal modes etc., and m is a positive
or negative integer that defines the latitude structure of
the mode. As well as the solar diurnal tide, a few semi-
diurnal modes are also important in the thermosphere.
Gravitational forcing has a fundamental semidiurnal
period, 12 hours for solar tides and 12-4 hours for lunar
tides. These wind systems produce geomagnetic variations
through the dynamo effect (Section 4.5).

2.6 Gravity Waves’

The atmosphere contains many kinds of waves, ranging
in period from the 26-month quasi-biennial oscillation to
infrasonic waves of periods <ls, some of which are
associated with aurora or seismic activity. They include
planctary waves with wavelengths of the order of 1000
km and periods of days, tidal waves as described in Section
2.5, and acoustic and gravity waves.

These waves represent solutions of wave dispersion
equations which are derived from the appropriate form
of equations (1)+3). Acoustic waves are oscillations of
period < 4 min, in which the restoring force is provided
by compression and gravity is unimportant. Gravity waves
are oscillations coatrolled by the buoyancy of the air, i.e.
by gravity, and have a minimum period of about 5 min
(the Brunt-Viisild period} in the thermosphere. Unlike
ocean waves, which are virtually confined to the surface,
gravity waves permeate the whole upper atmosphere. They
can be divided into two classes, as follows:

(2) Short-period and medium-period gravity waves
(periods of 5-30 min, wavelengths of 100-300 km,
horizontal speeds of 100-200 m s~ !} are generated
in the lower atmosphere by storms, by winds blow-
ing over mountains, and occasionally by man-made
explosions.

Long-period gravity waves (periods of 0-5-3 hours,
horizontal wavelengths of 10004000 km, speeds of
400-700 m s~ ') are generated by disturbances in
the thermosphere, mainly in the auroral oval. They
can travel for thousands of kilometres and are
prevalent at times of geomagnetic disturbance.

(b)

Gravity waves have a complicated phase structure. In addi-
tion to the horizontal propagation, the phase velocity has
a downward component which gives the appearance of
a downward travelling wave, although the group velocity
and energy propagation is in fact inclined slightly upwards.
The amplitude and phase of the oscillations of air pressure,
density and temperature, and of the oscillatory air velocity

s212
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uon r. Thus, for a wave of angular frequency w and wave-
number k the pressure oscillation is of the form

Ap/p o e exp i(wt ~ k.r) am

and similarly for the other parameters. As shown by the
exponential factor €2, the wave amplitude increases
upwards such that the kinetic energy density }pu? is inde-
pendent of height (since the air density p decreases upwards,
roughly as e™%). This increase is limited in three ways;

(1) by partial or total reflection, depending on the
thermal structure of the atmosphere (because, as
can be shown from the dispersion equation, it tends
to occur at levels where dT/dh > 0); it causes the
waves propagated up from the lower atmosphere to
be selectively filtered, in a8 manner that varies with
season;

(ii) by dissipation, by ion-drag or viscosity;

{iii) if the amplitude Ap/p becomes so large that the
wave breaks, i.e. it becomes non-linear and the
wave is degraded into smaller-scale motions. Some
solar tidal modes may become large enough to
undergo non-linear interaction, but usually dissipa-
tion or reflection takes place before that occurs.

3 The lonospheric Layers

3.1 lonizing Solar Radiations

The principal jonospheric layers are produced by extreme
ultraviolet (EUV) and X-rays, emitted from the Sun as
spectral lines and continuum radiation. The level in the
atmosphere to which any wavelength A penetrates depends
on its absorption cross-section ¢ (or its *hardness’), and
the gases it can ionize are those for which A is shorter
than the ionization limit (80 am for N,, 91 nm for O
and H, 103 nm for O, and 134 nm for NO). The principal
;ac{iations that produce the ionospheric layers are (Fig.
):

F1 layer (150-180 km): EUV 17-80 nm (the softest EM

radiation)

E layer (100-120 km): X 1-17 nm, and EUV 91-103

nm (Ly B 102-6 nm)

D layer (70-90 km): Ly a 121-6 nm (NO) and X-rays

0-1-1 nm, etc

g Iag;cr (50-70 km): MeV cosmic rays (not a significant
yer

The heights shown are those where the radiations are most
strongly absorbed (Section 3.2). There is no ionizing photon
radiation that is strongly absorbed above the F1 layer,
so the F1 and F2 layers must be formed by the same
radiation, and the greater electron density of the F2 layer
is due to a smaller rate of loss of electrons (Section 4.2).
Charged particies can also ionize the air, and the height
to which they penetrate depends on their energy or hard-
ness; such jonization is important in high latitudes, particu-
larly in the auroral ovals.

3.2 Chapman Layers

The simple Chapman theory of the production of an ionized
layer starts by assuming (a) mosochromatic solar radiation
acting on (b) a plane atmosphere containing (c) a single
ionizable gas with (d) a comstant scake height. All four
simplifications (a~d) can be removed, but the equations
become more complicated.

Radiation, initially of intensity 7_, strikes the top of the
atmosphere at zenith angle (obliquity) y, and its intensity
Rk) decreases as it travels downards, according to the
equation .

/D) = —ondhsecy = ~ dt (18)
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Fig. 8. Theoretical curves of ion production, illustrating
equations {19} and (20). For overhead sun, the downcoming
radistion, of initial intensity /_, is sttenuated as shown by the
dashed curve /(2). by absorption in the gas which is distributed
according to the exponential curve ne™’. The production
function g(2) is then proportional to the product of (z) and
n,e"". For oblique sun, attenuation begins at a greater height,
and the production function g(2) is modified as shown by dots.
{Courtesy of S.E.R.C. Rutherford Appleton Laboratory.)

where o is the absorption cross-section and t is optical
depth. By integrating equation (18) along the path of the
radiation, from the top of the atmosphere down to height
h, and using the property that { n dk = n(h). H (Section
2.2), it is found that

Kh) = I exp(—noHsecy) = I,e™®  (19)

The productibn rate g (see Fig. 8) is found by multiplying
the intensity of the radiation (dashed curve) by the gas

concentration n (continuous curve), and also by the cross-
section ¢ and ionizing efficiency n. Thus

gy = Ih) no n(h) = I o nih)e™™ (20)

On differentiating equation (20), it is found that the peak
value of g occurs at the height where T = 1 (unit optical
depth), and is given by

go = (Rl feH)cosy at z=Insecy 1)

Using the reduced height z, ¢ is given by the Chapman
formula

glz, 1) = goexp(l — z — e *secy) (22)

3.3 Critical Frequency
The *ordinary mode’ critical frequency f;, of an ionospheric
layer is related to its peak clectron density N, by

L2 =806N, or f, =9 /N, (23)

where the numerical factors (MKS) are derived from
physical constants. (f, is the plasma frequency of Section
1.4; there is also a slightly higher extraordinary mode criti-
cal frequency f,, because of the double refraction of radio
waves caused by the Earth’s magnetic field). For a simple
Chapman layer in which electrons are produced according
to equation (22) and recombine according to a square law
aN? (Section 4.1), the critical frequency depends on solar
zenith angle y and the mean sunspot number R, according
to the formula

Jo = A(1 + aR) (cos Y)", n = 0-25 29

where A and a are constants. The daytime E and F1 layers
follow this formula quite well when y varies with time
of day, season, and latitude. Because of complications (¢.g.
the variation of scale height H with height, and the effect
of vertical drifts) the index n actually varies between about
0-2 and 0-35. The incident solar flux J. varies with the
solar cycle, and so f, varies regularly with the sunspot
number. Figure 9 shows the regular seasonal and solar
cycle variations of the E and F1 layers. The normal D
layer (though not possessing a measurable critical
frequency) also varies quite regularly with cos x. The F2
layer does not; careful examination of the seasonal ripple
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of foF2 shows that it 15 out of phase with those of the
F1 and E layers, which do conform to the variation of

cos .

4 Basic lonospheric Processes
4.1 The Continuity Equation
The continuity equation (1) for electrons and ions is

N/t = g — L(N) — div (NV) 25
The loss term L({N) can generally be simplified as follows:
E layer: L(N) = aN* F2layer: L(N) = BN (26)

where a, B are the square-law and linear loss coefficients.
The transport term can generally be simplified by omitting
horizontal motion, which contributes little to equation (25),
and including only the vertical drift velocity W, in which
case

div (NV) = 3(NW)/oh 27N

4.2 lon Chemistry and Loss Processes

The ion composition shown in Fig. 5 results from a variety
of photochemical processes. To understand how these pro-
cesses affect the ionosphere, and why they result in the
types of loss term given by equation (26), some basic ideas
are needed. Numerical values of the coefficients may be
found in the literature, ¢.g. in Reference 9.

Reactions in the ionosphere have 1o conserve energy and
momentum (besides satisfying the principles of quantum
theory). One consequence is that atomic ions cannot recom-
bine easily with electrons, uniess a third body takes part
in the reaction and absorbs the excess energy. This requires
a 3-body collision, which is only likely to occur beiow 100
km, where the air density is sufficiently high. Molecular
ions, however, recombine easily at any height, ‘since they
can dissociate to give two products. Throughout the iono-
sphere, reactions may leave atoms and molecules in excited
states, which subsequently decay by emitting radiation.
This is the origin of the upper atmosphere luminescence,
the airglow. To summarize for the main layers:

D layer: The atmosphere is relatively dense, so both
2-body and 3-body collisions occur and complicated chemi-
cal reactions take place. Electrons may become attached
to atoms and molecules, to form negative ions. Negative
ions are more abundant than electrons at all heights below
90 km at night but, being destroyed by visible and ultravio-
let sunlight, they are only abundant below 70 km by day.
Many ions, both positive and negative, become attached
to water molecules to form complex clusters.

E layer: The atmosphere is more rarified and oniy 2-body
collisions occur, so atomic ions cannot recombine easily
with electrons; molecular ions recombine easily. The overall
result is that the positive ions are mostly moiecular, NO*
and O,7; and the loss coefficient a is of the square-law
type in equation (25). Some metal atoms (Fe, Mg, Ca),
traces of which are deposited in the atmosphere by meteors,
become charged, giving long-lived ions that are the main
ionic component of mid-latitude sporadic E layers.

F layer: The ions are predominantly NO™ and Q," in
the E and F1 layers, but O* in the F2 layer (Fig. 5). The
relatively simple chemistry may be summarized as follows:

Production: The major gases are ionized by EUV photons

(v) of the radiations mentioned in Section 3.1, giving O*,

N,* and some O, * ions, plus electrons. For example:
O4+ hv=20* 4 ¢

N, + hv > N," + ¢~

(28)
29)

S214

Charge Transfer: lons collide with neutral molecules and
undergo certain transfer reactions, of which these are the
most important;

O‘ + 02 - 02+ + O (30)
0* + N, » NO* + N an
N,* + 0 -+ NO* + N (32)

Rec_ombination: The ions recombine with electrons and dis-
soclate:

NO* +e¢" - N+ 0 (33)
0,'+e -0+0 (34
N,*+e = N+N (35)

The atoms produced in these recombination reactions are
generally in excited states. The excess energy is either lost
in collisions, or is radiated as uitraviolet, visible or infrared
airglow,

This scheme accounts for otherwise puzzling facts:

(1) Despite the abundance of neutral N, there are very
few N,* ions; they are rapidly destroyed by
reaction (32) as well as (35).

(i) NO" ions are very abundant although neutral NO
is very scarce, NO* being rapidly formed by
reactions (31) and (32).

(iii) Below about 200 km, molecular ions dominate;
this is because the O* ions are rapidly converted
to NO* and O, by the relatively abundant N,
and O,.

(iv) Above about 200 km, the relative scarcity of N,

Fig. 10. idealized slectron density profiles in the E and F1
layers, with square-law loss cosfficient; and in the F2 layer,
with linear loss coefficient. The effects of upward and
downward drift on the F2 peak are shown by dashed and
dotted curves, respectively. The sketches on the right show the
ion drift V produced by 8 horizontal wind U in the neutral

air, the vector B represanting the geomagnetic field {dip angle
#). (a) Upward field-sligned drift is produced by a wind
blowing rowards the magnetic squator; (b) downward drift is
produced by a wind blowing towards the magnetic pole. (From
W Physics, 14, p. 244, 1573, Taylor & Francis, . .
London.
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and O, makes reactions (30) and (31) very slow.
Once formed, however, the NO* and O," ions
rapidly recombine with electrons by reactions (33),
(34). As a result, O° is the dominant ion.

Further analysis shows that this scheme has other consc-
quences:

(v) The loss term takes the form aN? at heights where
NO* and O, ions dominate, i.c. the E and F1
layers, as in equation (26).

(vi) The loss term takes the form BN where O
dominates (F2 layer).

(vii) The F1 layer, at the transition between (v) and
(vi), is seen as a distinct feature with its own critical
frequency under certain circumstances {mainly
summer and at sunspot minimum) but not at other
times (c.g. winter); see Section 5.4.

(viii) Above the F1 layer, the electron density increases
upwards; this is because the loss cocfficient B
(which depends on the N; and O, concentration)
decreases upwards faster than the production rate
¢ (proportional to O concentration).

" Figure 10 shows the gencral form of the N(k) profiles that

result from these processes. Whether or not the Fi layer
appears as a distinct layer depends on the ratio G (evaluated
at F| peak), defined by

G = P*faq (36)

where the coefficients a, § are as defined in equations (26).
For the E and F1 layers, the effective square-law loss
coefficient is a combination of the values of o for the
molecular ions present. For the F2 layer, the linear loss
coeficient is

B = K'n[0;] + K" n{N;] (37

where K’, K" are the rate coefficients of reactions (30),
(31).

4.3 Equation of Motion of the Charged Particles
The simplified equations of motion for singly charged
positive ions, and for electrons, are

m dV/di = mg+ eE + eV, x B

+ my, (U—V,) - Vp./N =0 (38)
m, dv, dt = mg — eE—eV, x B
+ my(U=V,) = VpJN = 0 (39)

The acceleration terms (dV,/ds, dV,/dr) are negligible for
the large-scale motions considered here, so the sum of the
forces acting on the particles can be set equal to zero.
The relevant forces are due to gravity g, the electrostatic
field E, the geomagnetic field B, frictional drag by the
neutral air, and the gradient of the ions’ or electrons’ own
partial pressure p,, p.. The symbol e denotes the clementary
positive charge (so that —e is the charge on an clectron),
v the collision frequency between charged particles and
neutral particles, and identifying suffixes ‘i’ and ‘e’ are
added as necessary.

4.4 Motion produced by Winds and Electric Fislds

Only a few special cases of equations (38) and (39), relevant
to the flow of electric currents in the E layer (Sections
4.5, 4.6) and the behaviour of the F2 layer (Section 4.7),
need to be discussed here. A single kind of positive ion
is assumed, and negative ions are ignored (though the equa-

H. RISHBETH: BASIC PHYSICS OF THE IONOSPHERE: A TUTORIAL REVIEW

tions could be generalized, if necessary, to include negative
ions, or multiple species of positive ion). Deleting the accel-
eration, gravitational and pressure gradient terms in equa-
tions (38) and (39), these equations can be solved to give
the following results:

For motion || B: if the neutral air wind has a component
U, along B, both ions and electrons move freely along
B with that speed. If the clectric fieid has a component
E, in that direction, electrons and ions flow freely in
opposite directions, thus creating a high conductivity as
discussed in Section 4.5.

For motion L B: the direction of motion depends on
the ratio of the collision frequency v (with neutral particles)
to the magnetic gyrofrequency @ = Be/m. Since v decreases
exponentially upwards, while © is almost constant, the ratio
v/o falls off rapidly with height; it is different for ions
and clectrons. Figure 11 illustrates the most important
cases:

@ v » o (up to 100 km for ions, 60 km for electrons).
A wind drives the ions and electrons at its own
speed, and the magnetic field has no effect. An
electric field moves ions paraliel and electrons anti-
paraliel to itself, but only slowly because of the high
collision frequency, so the conductivity is low.

(i) v * o (at about 125 km for ions, 75 km for
clectrons). A wind or an electric field drives ions
and electrons in directions inclined to the applied
force, as sketched in Fig. 11. The angle is given
by arc tan (©/v), and is thus 45° at the level where
V=@

(i) v « © (above 150 km for ions, 90 km for electrons).
The particles move at 90° to the applied force. An
electric field moves both ions and electrons at speed
E/B in the same direction; this is the electromagnetic
drift velocity or Hall drift, written vectorially as E
x B/B?. Since electrons and ions move at almost
exactly the same velocity, there is virtually no
current. A neutral air wind U produces practically
no motion of ions and electrons across the magnetic

field.
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Fig. 11. lon and electron motions produced by a wind Uor
an electric field E, perpendicular to the geomagnetic field
vector B {directed into page), at five different heights. The
current is proportional to V, — V. Note that (as shown by
the small arrows) at 60 km an electric field has only a very
small effect on the electrons. and no effect on the ions; above
150km a wind has no effsct on the electrons, and lintle effect
on the ions. { Courtesy of S.E.R.C. Rutherford Appleton
Laboratory.)
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If the positive ions and electrons move at different velocities
(as happens at heights where the ratio v/w is different for
ions and electrons) an electric current flows, of density

j= Ne(V, - V) (40)

Most texts on the ionosphere discuss the relation between
¢lectric field E and current density j in terms of the electrical
conductivity o, which is a tensor quantity because j and
E are usually not parallel. This is really a different way
of expressing the physics discussed in Section 4.4, The
components of this tensor can be derived from equations
(36) and (37) and are as follows:

Longitudinal conductivity, ©,, the ratio of the electric
current and electric field components parallel to the geo-
magnetic field. This current is carried almost entirely by
the electrons, as they are more mobile than the ions.
Pedersen conductivity, o, or op, which relates the electric
field £, (normal to B) to the current in that direction.
This current is carried by the ions, and peaks at around
125 km (where @ = v for the ions). Some Pedersen current
flows in the F layer.

Hall conductivity, o, or o,, which relates to the current
in the direction normal to both E and B. The Hall current,
carried by electrons, is the main part of the total
ionospheric current.

Combining the conductivities gives a genera! relation
between electric field and current density (Ohm’s Law for
the ionosphere):

i=og, Eu +6, E, +0,(Bx E\)/B (41)

Since the ionosphere is always very nearly electrically
neutral, the current cannot produce any appreciable density
of electric charge, but must be non-divergent:

divj=0 (42)

As mentioned in Section 4.4, electrons and ions flow freely
along the geomagnetic field lines. The high Jongitudinal
conductivity o, effectively creates a short circuit along any
geomagnetic field line, throughout the ionosphere and
magnetosphere. This has several consequences. First, the
short-circuiting effect means that no significant steady field
E, can be maintained parallel to the gcomagnetic field.
Second, electric currents can flow frecly between opposite
hemispheres, to keep magnetically conjugate points in the
ionosphere at (very nearly) the same electric potential, i.e.
the geomagnetic field lines are electric equipotentials. Third,
the clectric field perpendicular to B is almost independent
of height within the ionosphere, which implies that the
electric fields generated in the E layer also permeate the
overlying F layer and magnetosphere. As a result, the drift
velocity (E x B/B?) in the F layer and magnetosphere
is closely related to that in the underlying E layer.

4.6 Dynamo Theory

At mid-latitudes, the electric current in the ionosphere is
mostly produced by the atmospheric dynamo in the E layer,
driven by the tidal winds described in Section 2.5, At this
height, v » @ for ions but v « ® for electrons (Section
4.4). The winds accordingly move the ions across the geo-
magnetic lines of force, but cannot drive the electrons,
As the ions and electrons move differently, a current flows—
as given by equation (40)—and charge separation takes
place, building up an electric polarization field which
modifies the ion and electron motions. Very quickly, the
motions, the current, and the polarization field adjust them-
sclves in such a way that no further*charge separation

S2t6

ooe o LeS1IPUalon 1S then stabile, but constantly re-adjusts
itseif as the winds change. Very little current flows at heights
below 100 km because the electron density N is so small
(Fig. 2); the bulk of the current flows between 100 km
and 125 km (the level at which v = g for the ions). At
mghl:, N is small even at 100-125 km, so the current is
weak.

An alicrnative treatment of dynamo theory, found in
most textbooks, describes the process of current generation
as follows: the tidal wind U drives the ionization across
the geomagnetic field, creating an induced electric field
U x B. Since the resulting current does not, in general,
satisfy the condition (42), it causes a very small accumula-
tion of electric charge, producing an electrostatic field
which adjusts itself so that the tota] electric current is
divergence-free. This alternative description is equivalent
to that given above.

At the magnetic dip equator, owing to the special geo-
metry, a strong vertical polarization field develops in the
E layer (as may be shown by a detailed study of the equa-
tions of motion). This field has the effect of creating a
very high electric conductivity in the east-west direction,
almost as large as the longitudinal conductivity o,. In con-
Sequence, a strong cast-west current, called the equatorial
electrojet, flows in a narrow belt covering about 3° either
side of the dip equator (Section 5.6).

Besides the wind-driven dynamo fields and currents,
electric fields and currents are generated in the magneto-
sphere and transmitted along geomagnetic field lines to
the high latitude ionosphere, and spread to some extent
to lower latitudes. They are responsibie for the large-scale
convection described in Section 5.9, Strong localized east-
west currents, the auroral electrojets, flow in the auroral
ovals, especially during magnetic storms. They are driven
by strong electric fields generated in the magnetosphe.,
and are a major source of high-latitude heating (Section
2.3).

4.7 The F2 Paak

Section 4.2 (viii) explained why the electron density
increases upwards from the Fi layer, according to the ratio
g/B. The increase stops when gravity eventually controls
the ion distribution, The F2 peak thus occurs at the height
where chemica! control gives way to gravitational or -
diffusive control. At the F2 peak, the transport terms in
the continuity equation (25) are comparable to production
and loss, which are roughly in balance below that height. -
The N(k) profile then looks roughly as in Fig. 10. Introduc-
ing the diffusion coefficient D for the ions, which is inversely
proportional to the ion-neutrai collision frequency v, the
F2 peak is governed by the following relations {in which
the suffix ‘m’ denotes values at the peak height 4, F2, and
using equations (20) and (37)):

B. = D_/H? (43)
~ 1nO]
Mo = 0ol o S 7 KN (44)

Thus N, depends on the atomic/molecular ratio of the
Deutral air. As defined by equation (43), the height 4, F2
tends to lic at a fixed pressure-level in the atmosphere,
i.c. a fixed value of the reduced height z defined by equation .
(8).1°

The height of the peak can be shifted by a neutral air

“wind or an electric field. A horizontal wind blowing towards

the magnetic equator drives the ionization up magnetic
field lines, raising the peak and increasing N,. Opposite
by a poleward wind (Fig. 10). Poleward
winds tend to occur at night (at any rate for the equinox

J. IERE Vol 88 No. 6 (Supplament), September-December 1988



L - - &M A - A dass o+

_— A .

situation of Fig. 6), equatorward winds by day. Eastward/
westward electric fields produce upward/downward electro-
magnetic drift, i.e. the vertical component of the drift
velocity E x B/B? (Section 4.4), though the effect of this
drift on the mid-latitude F2 layer is greatly reduced by
the reaction of the neutral air (the ‘ion-drag effect’).!

4.8 The Topsids lonosphere and loncsphere-
Magnetosphere Flow

At heights well above the F2 peak, the ion and clectron
distribution is diffusively controlied, gravity being balanced
by the pressure gradient term in equation (37), much as
happens for the neutral air, cf. equation (5) in Section
2.2. Electrostatic forces ensure that the electrons and the
ions take up the same scale height (which can be shown
to be twice that of the neutral air). Above about 700 km
there is a gradual transition from the O* ions of the F2
layer to the H* ions of the protonosphere; some He™ ions
are also present.

An important feature of the topside F2 layer is the flux
of ions and electrons, flowing along the geomagnetic field
lines to or from the overlying protonosphere. By day the
F2 layer supplies ions to the protonosphere, through the
charge-exchange reaction

O*+H=H"+0 45

At night the reverse charge-exchange reaction, accom-
panied by downward flow, plays an important part in main-
taining the O* content of the mid-latitude F2 layer, so
the protonosphere acts as a reservoir. At higher latitudes,
where the geomagnetic field lines are not closed, the iono-
sphere (particularly at auroral latitudes) acts as a source
of energetic O* ions to the magnetosphere.!?
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Fig. 12. lon and electron temperatures as a function of height
measured by the incoherent scatter radar at Millstone Hill, USA,
(Lat. 43°N) at 1236 LT on 26th October 1987, and analysad

by the OAS!S program. { Courtesy of M.L.T. Atmospheric
Sciences Group.) The dots show neutral gas temperatures,
according to the MSISB3 thermospheric model of A.E. Hedin,
J. Geophys. Res., 88, p. 10170, 1983.
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4.9 ionosphsric Temperatures

It is well established that, in the daytime ionosphere above
about 120 km, the ¢electron temperature T, and ion tempera-
ture 7, may cxceed the neutral gas temperature T (Fig.
12). The electrons are heated by the ‘hot’ photoelectrons
produced in the ionization reactions (28,29). but loss of
heat by collisions with neutral particles or with ions is
inefficient because of the great disparity of mass. In conse-
quence, the electron temperature is elevated. The ions, on
the other hand, are in good thermal contact with the neutral
gas, so that 7, is usually not much different from T at
mid-latitudes. However, the large electric ficlds that occur
at high latitudes produce rapid E x B/B? drifts of the
ions (and electrons); collisions between the fast-moving ions
and the neutral gas cause ‘frictional heating’ of the ions
(the neutral air is hardly heated at all, because of its much
greater thermal capacity). At high latitudes, bombardment
by energetic particles can enhance T, and very strong heat-
ing produces departures from the normal *Maxwellian® con-
ditions of thermal equilibrium, in the ions as well as the
electron gas. A variety of interesting plasma phenomena
may then occur,

5 lonospheric Phenomena
5.1 The D Layer
This paper does not attempt to survey the very complex
chemistry of the lower ionosphere, and only a few salient
points will be mentioned. From the radio propagation point
of view, the D layer plays an important part in LF/VLF
propagation; at MF and HF it is important because of
its absorbing properties (which stem from the relatively
high air density and consequent large collision frequency
between electrons and neutral molecules). Increases of D
layer electron density therefore affect radio propagation.
During the day, absorption measurements show a fairly
regular dependence of D layer ionization on ¢os %. The
attachment of electrons to form negative ions at sunset
(Section 4.2), and their detachment at sunrise, cause marked
changes of LF/VLF reflection height. On some winter days
the electron density is abnormally high, apparently because
of enhanced concentrations of nitric oxide (which is ionized
by solar Lyman a, Section 3.1). These may be connected
with dynamical phenomena such as planctary waves.
Some D layer processes arc linked with meteorological
phenomena at lower heights. For example, the temperature
increases (stratospheric warmings) that occur in winter at
moderately high latitudes, and represent major changes in
the large-scale circulation, are accompanied by increases
of radio-wave absorption in the D layer.'® At auroral
latitudes, the D layer is often enhanced by particle precipi-
tation (Section 5.7).

5.2 The £ Layer

The normal E layer shows slight departures from idealized
Chapman layer behaviour (Section 3.3), owing to compli-
cations such as the scale height gradient dH/dA, and drifts
due to tidal electric fields. In consequence, the index n
of equation (24) usually exceeds 0-25.

In the past, many attempts were made to determine ¢
and a from observations during solar eclipses. They proved
unsuccessful, because much of the ioniring radiation origi-
nates in the solar corona and is not fully cut off by the
eclipsing Moon. More reliable data have come from labora-
tory measurements of recombination coefficients and spa-
cecraft measurements of solar radiation fluxes.

5.3 Sporadic E

Sporadic E, or Es, is a generic term for thin layers of - -

enhanced ionization that occur at around 100-120 km,
generally in a rather irregular fashion that is not predictable
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Fig. 13. Prediction map for F2-layer critical frequency, in local
time for the American sector, December 1957. (Courtesy of
Central Radio Propagation Laboratory, US Department of
Commerce.}

in detail. They are important in practice because they are
often dense enough to affect radio propagation quite
seriously. Twelve types of Es have been defined,' dis-
tinguished by their appearance on ionograms, but in reality
there may be only three main physical types:

(a) Midlatitude Es layers, sometitmes much denser than
the normal E layer or even the F2 layer, are thought
to be produced by wind shears (small-scale gradients
of wind velocity). The sheared wind interacts with
the geomagnetic field in such a way as to compress
the long-lived metal ions into thin layers, typically
1 km thick but several hundred km in horizontal
extent. The wind shears may be associated with large-
scale tidal motions, which have a certain regularity,
or with smaller-scale winds or gravity waves which
have little or no predictability.

(b} Equatorial Es, a plasma instability caused by the high
electron drift velocity (i.e. the large current density)
in the daytime equatorial electrojet (section 4.6).

(¢} Auroral Es layers are produced by precipitation of
keV electrons, particularly during auroral substorms
{Section 5.7).

5.4 F1/F2 Splitting

The F1 layer, when observed on ionograms. behaves more
or less as a Chapman layer, with an index n = 02 in
equation (24). As mentioned in Section 4.2, its visibility
depends on the ratio G = B2/agq defined by equation (36),
the layer being more prominent when G is large—as in
summer (B [arge) and at sunspot minimum (g small}—than
when G is small—as in winter (B small) and at sunspot
maximum (g large). The matter is really more complex,
as F1 layer visibility depends also on the shape of the
overlying F2 layer. The appearance of extra Fl strati-
fications during a solar eclipse is largely due to the decrease
of g and consequent increase of G.

5.5 F2 Layer Behaviour

The F2 layer is much less regular, and shows many features
that differ from those of a purely solar-controlied layer.
Examples may be seen in the world map of Fig. 13, and
in Fig. 14 which shows the F2 layer variations at a mid-
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phenomena are dealt with in Section 6.3.

The shape of the day/night variations of N,F2 and A_,F2
is largely duc to neutral air winds, and to a lesser extent
electric fields. Around sunset, the meridional component
of the wind changes from equatorward to poleward (see
Fig. 6) and the resulting F2 layer drift changes from down-
ward to upward (see Fig. 10). This is a probable cause
of the commonly observed increase of N_F2 in the late
evening. The common pre-dawn decrease of N _F2 is
probably connected with the poleward-to-equatorward
wind reversal around that time. In detail, these phenomena
depend on the geometry of the geomagnetic field, ic. the
dip and declination. For example, when sunrise at the mag-
netically conjugate point occurs before local sunrise, the
inflow of photoelectrons from the opposite hemisphere can
produce increases of electron temperature and consequent
effects on the electron density.

At night the F2 layer is maintained (a) by being raised
by winds (Fig. 10) to heights where the loss coefficient
B is small; (b) by inflow from the protonosphere (Section
4.8); (c) by EUV fluxes from the night sky; and perhaps
(d) by energetic particles.

The anomalous seasonal variation (Fig. 9) is attributable
to changes of the O/N; ratio of the neutral air (Section
2.3), which are an indirect consequence of the global circu-
lation in the thermosphere, and which affect the loss
cocfficient B, and to some extent the production rate g.
There is also an annual variation (largely because the
variation of Earth-Sun distance modulates the flux of
ionizing radiation) and a less well explained semiannual
variation, most pronounced in the Southern Hemisphere.

5.6 The Equatorial ionosphere

Near the geomagnetic equator, the ionosphere shows very
anomalous behaviour. The equatorial electrojet in the E
layer, and its associated instabilities and Es, has already
been mentioned ‘(Section 4.6, 5.3). Its physics seems
reasonably well understood, though interesting problems
remain, especially about the ‘counter-electrojet’, an
anomalous reversal that occurs on some days, possibly
triggered by gravity wave activity.

The main feature of interest in the F2 layer is the daytime
‘equatorial trough’ or ‘Appleton anomaly’ (shown in Fig.
13). It is produced by dynamo electric fields, which cause
a drift away from the magnetic equator, and disappears
at night. At sunset, the F2 layer rises and often develops
‘spread F' imstabilities, which form plumes extending
vertically for several hundred kilometres; Figure 15 shows
an extreme example. Evidence from perturbations of
satellite orbits has led to the suggestion that the equatorial
thermosphere has a prevailing west-to-cast motion, which
may be attributable to the day-to-night vanations of ion
drag.

5.7 The High Latitude lonosphere and the Aurora! Ovals
At high latitudes, ionospberic structure is related to the
auroral ovals and the magnetosphere, to which the iono-
sphere is linked by geomagnetic field lines (Section 1.3).
Electric currents and energetic particles can flow into the
ionosphere, causing heating and consequent upward
expansion of the air, which modifies the chemical composi-
tion and the thermospheric wind system, with consequent
effects on the F layer.

The auroral ovals are the site of the many active pheno-
mena, especially particle precipitation which causes
enhanced ionization in all the ionospheric layers. Hartz
and Brice’® defined two types of precipitations: the intense
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impulsive ‘splashes’ of relatively soft (keV) particles asso-
ciated with substorms and the auroral oval; and the more
persistent background ‘drizzle’ of harder (MeV) particles
at rather lower latitudes. The consequences include:

SPLASH EVENTS

e Discrete auroral forms

# Auroral absorption events

® Auroral sporadic E

e Rapidly fading VHF scatter
¢ Impulsive Pi pulsations

e Bursts of VLF auroral hiss

# Short bursts of keV electrons
® Bremsstrahlung X-ray bursts
e Spread F echoes

® Negative magnetic bays

K.
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DRIZZLE EVENTS

Steady diffuse aurora

Slowly varying absorption
Low diffuse sporadic E

D layer VHF forward scatter
Continuous Pc puisations
VLF chorus emissions
Sustained electron fluxes
Long duration hard X-rays

The actual location of the auroral ovals depends on various
geomagnetic and solar-terrestrial parameters, In principle
this dependence could be represented either empirically or
physically, in the sense explained in Section 1.2. Then the
positions of ionospheric features, that are related to the
geometry of the auroral oval, could be linked to observable

§5219



JICAMARCA, 6 OCTOBER 1984

900-

800~

T00-

800

300-

ALYTITUDE {(km)

400-
300~

200+ ~

LA
100~ m

19:07: 44 20:00:00

LOCAL

1:000 00

\3
L =
I 00

2200 23:00:00

TIME (75°w)

Fig. 15. The black regions represent small-scale plasma irregularities in the equatorial ionosphere after sunset, as observed
by the incoherent scatter radar at Jicamarca, Peru (1 2°S). The scale size detected by the 50 MHz radar is 3m. (R.F. Woodman,
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solar or interplanetary quantities (possibly with a time
delay). with potentialities for either short-term forecasting
or long-term prediction.

To this end. Fig. 16 is a schematic plan of the northern
auroral oval and features linked to it. The oval can be
quite well represented by a circular ring, with its centre
offset from the geomagnetic (dip) pole by 24 degrees tow-
ards the midnight side. The radius and offset depend on
the level of geomagnetic activity. which in turn depends
on solar activity and the interplanetary magnetic field
{(IMF). The relation between the geomagnetic latitude A
of the oval boundaries (degrees). local geomagnetic time
GT (in hours) and the geomagnetic X index (Section 1.3)
1s of the type

A =4 — Bceos [r(GT)/12] (46)
with the following approximate vaiues of the parameters:

Poleward boundary:

A=74-01Kp,B=4-05Kp (47)
Equatorward boundary:
A=72-09Kp. B=5+01Kp (48)

The precise formulation of these equations is a matter for
debate. since the parameters involved (magnetic latitude,
magnetic activity and time) can be defined in different ways.
However. equations (47) and (48) do show that the aurora]
oval thickens and moves equatorward with increasing
geomagnetic disturbance.

5.8 The Polar Cap ionosphere

From early days in ionospheric physics, it was a puzzle
as to how the ionosphere was maintained throughout the
polar winter in the absence of solar ionizing radiation.

€379

P P

12
MLT

MLT

Fig. 16. The auroral oval and associated phenomena. View of
the North Polar region, centred on the magnetic pole. The
bottorn of the diagram represants magnetic midnight, 00 MLT:
the top represents magnetic noon, 12 MLT: the outer boundary
is at 50" magnetic latitude, the crosses being at magnetic
latitudes 80", 70°, and 80". The outer ring represents the
plasmasphere (mid- latitude lonosphere) which co-rotates with
the Earth. The stippled ring represents the approximate location
of the hard "drizzie’ precipitation. The inner shaded ring is the
auroral oval, showing the approximate locations of the ‘cusp’

in the noon sector and the Harang discontinuity (HD) near
midnight. The fine lines represent typical flow lines of the
plasma convection pattern (some curves are left incompiete to
reduce congestion); note the stagnation point at 20 MLT. The
diagram corresponds roughly to moderate magnetic activity
(Kp = 3) with a southwerd 8, component of the interplanstary
magnetic field. { Cowrtesy of S.E.R.C. Rutherford Appleton
Laboratory.)
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Since the polar caps (within the auroral ovals) are not
normally locations of strong particie precipitation, and the
night sky provides only weak sources of jonizing radiation,
horizontal transport of ionization seemed the most likely
solution.

From many observations of plasma motions, by satellite-
borne instruments and by coherent and incoherent scatter
radar, it is now known that the magnetic linkage between
the solar wind. as it sweeps past the Earth, and the geo-
magnetic field sets up a system of electric fields throughout
the high latitude ionosphere.

The resulting E x B/B? dnift, shown in Fig. 16, causes
a fast day-to-night flow of plasma across the polar cap.
This flow maintains the F2 layer in the dark side of the
polar ionosphere, though the supply may be finely balanced
because the rapid drift also increases the decay rate of
the plasma by increasing the coefficient K~ in equation
(37). The drift tends to be faster at times when the south-to-
north (8,) component of the interplanctary magnetic field
(IMF) is directed southward (which facilitates linkage
between the geomagnetic field and the IMF), and has a
more complex pattern when B, is directed northward.

Recent studies have given new insights into IMF-

" magnetosphere-ionosphere interactions. As one example of

many, Fig. 17 shows ion velocities measured by incoherent
scatter radar, a few degrees equatorward of the midday
sector of the auroral oval, together with IMF measurements
by a satellite. An impulsive increase of velocity and
temperature (‘flow burst’) at 0635 UT— not well resolved
in Fig. 17—is thought to result from a sudden magnetic
linkage between the magnetosphere and IMF. Later,
shortly after a ‘southward turning’ of the B, IMF compo-
nent at 1107 UT, enhanced clectric fields and E x B/B?
drift velocity appear in the F region, accompanied by
increases of ion temperature attributed to the frictional
heating produced by ion-neutral collisions.
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Fig. 17.Plasma velocity vectors at high magnetic {atitudes
measured by the EISCAT incoherent scatter radar, at a number
of latitudes on 27th October 1984. The upper panels show
components of the interplanetary magnetic field measured by
the AMPTE-UKS satelite situated at a distance of 20 earth
radii. (S.E.R.C. Rutherford Appieton Laboratory; from J. Atmos.
Terr. Phys, 48, p.992, 1986, Pergamon Press, Oxford)
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5.9 High Latitude Convection and the Trough

Figure 16 shows that the day-to-night drift in the polar
cap is part of a huge high latitude circulation or ‘con-
vection'.!® On the low latitude side of the auroral oval,
this convection gives rise to the ‘ionospheric trough’. a
region of low plasma density originally discovered by
satellites. The combination of the Earth’s rotation and the
convection velocity causes plasma to become almost
stationary in the evening sector of the trough, as shown
in Fig. 16. If this region of stagnation is in darkness, the
ion density can decay to very low levels. The ‘drizzle’ preci-
pitation often produces small-scale irregular structure and
strong airglow emission in the trough region.

The equatorward boundary of the trough is linked to
the plasmapause, which is the boundary between the inner
magnetosphere that rotates with the Earth (and is magneti-
cally linked to the ionosphere at mid- and low latitudes)
and the more tenuous outer magnetosphere, that does not
rotate with the Earth.!”

6 Solar-Terrestrial Relationships and lonospheric
Storms

6.1 Solar Flares and Sudden lonospheric Disturbances
The intense X-rays from solar flares produce strong
enhancements of electron density in the D layer, giving
rise to ‘sudden ionospheric disturbances’ (SID). These
embrace several phenomena, including radio short-wave
‘fade-outs’, effects on LF/VLF propagation, and magnetic
perturbations, which occur only in the sunlit hemisphere
and typically last for half an hour. Soon after, MeV
particles arrive, causing enhanced radio wave absorption
at high latitudes (polar cap absorption, PCA).

6.2 Geomagnetic Storms

The streams of low energy plasma liberated from solar
disturbances, especially from the vicinity of solar flares,
travel outwards in the solar wind (which becomes faster
and denser), taking 24 hours or so to reach the Earth.
A stream’s impact on the magnetosphere causes a ‘magnetic
storm’, which often starts with a compression of the
geomagnetic field, observed at the ground as a ‘storm
sudden commencement’ (SSC). The ensuing complicated
interaction of the plasma strcam and the magnetosphere
has several consequences, including the establishment of
a ‘ring current’ around the Earth (largely carried by keV
jons). The ring current causes the storm-time decrease of
the geomagnetic field, which is greatest at 12-24 hours
after the SSC and then decays in 2-3 days. The auroral
oval expands equatorward during storms (Section 5.7), and
the plasmapause and trough (Section 5.9) also move to
lower latitudes than normal.

6.3 lonospheric Storms

During a geomagnetic storm, particle precipitation at high
latitudes produces disturbances at D layer heights, prob-
ably chemical in nature (e.g. through the production of
extra NO). The effects are propagated to the mid-latitude
D layer, where they may last for ten days or so. Figure
I8 gives examples (not necessasily typical) of storm effects
at mid-latitudes; there are marked effects in the F2 and
D layers, but not in the E layer.

The F2 layer is often profoundly affected during magnetic
storms, with severe effects on radio propagation. At mid-
latitudes the F2 layer electron density initially increascs,
then often decreases during the storm’s main phase, and
recovers in 2-3 days. Examples of these ‘negative storm
effects’ can be seen in Fig. 14. In winter, however, there
is often a ‘positive’ effect, i.e. an increase of F2 layer density
in the main phase. ‘Positive’ F2 layer effects are quite
common at low latitudes.
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Fig. 18. Storm effects observed at Slough, May 1956, in the D, E and F2 layers, together with the index a, which measures

the degree of geomagnetic disturbance. The F2 layer shows both ‘positive’

and ‘negative’ effects (increases and decreases

of N,F2. The E iayer is relatively undisturbed, but there are pronounced changes in the D layer, as shown by the effects
on the reflection height of 16 kHz transmissions. (L. Thomas, in ‘The Radiating Atmosphere’, ed. B.M. McCormac (D. Reide!,

Dordrecht, 1971)}

These storm effects, which vary in time and location
in a complicated manner, seem to originate from the energy
inputs (joule heating and particles) at high latitudes, which
generate winds and waves that spread giobally. Thermo-
spheric composition changes, electric fields and particle pre-
cipitation all play a part. The mechanisms involved are
still far from clear, but there must be a ‘storm circulation’
(somewhat as sketched in Fig. 19) superimposed on the
quiet day wind system described in Section 2.4. The
equatorward winds of the storm circulation cause some
lifting of the F2 layer, which affects N, F2 in the way shown
in Fig. 10. The ‘negative’ storm effects at mid-latitudes’
are almost certainly due to neutral composition changes
(i.e. increase of the neutral [N,/O] ratio) which increase
the loss coefficient p and decrease N, as given by equation
(44). The question of whether such composition changes
can really be conveyed by winds and waves from the auroral
oval is still under study.?® Alternatively, these effects might
perhaps be due to localized particie precipitation, which
is known to produce depletions of N,F2, and strong
airglow emission in the trough region. The ‘positive’ F2
layer storm effects in winter, and at low latitudes, may
be due to decreases of [N,/O] ratio.

7 Conclusion

7.1 Progress in Recent Years

Ionospheric science nowadays has several aspects. First,
it is an old but still active branch of the domain of solar-
terrestrial physics; experimental and theoretical studies of
the ionosphere have contributed enormously to under-
standing of the Earth’s environment. Second, it contributes
to the science and technology of radio communications;
the practical use of the ionosphere for communications
is still great, and could be improved by further progress
in the chalienging field of ‘predicting and forecasting’.
Third, the mathematical subject of wave propagation in
the ionosphere deals with waves of many types; besides
man-made radio trapsmisgions, a vast range of electro-
magnetic emissions, magnetic pulsations and other pheno-
mena originate in the ionosphere, or travel through it.
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Fourth, the ionosphere offers great scope for plasma
physics, both experimental and theoretical.

The recent developments mentioned in this paper are
mostly concerned with the first aspect (although, in time,
progress in scicntific understanding gencrally leads to
practical benefits). The advances have come about through
new instrumentation—both ground-based and in space—
offering better spatial and temporal resolution and ever-
increasing data rates. On the theoretical side, much of the
recent progress in understanding the ionosphere has come
from theoretical modelling. Modern computers have made
possible the solving of the basic equations (1)~(3), for the
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Fig. 19. idealized sketch of the thermospheric ‘storm
circulation’. The surorsl heating drives strong equatorward
winds st mid-latitudes, which sffsct the F2 layer ionization by
driving it along geomagnetic field lines (whits arrows). The
retumn circulation, envisaged to be below 150 km, is
speculative, as are the winds blowing into the polar cap. (From

.Radio Sci, 9, p. 185, 1974, American Geophysical Union.)
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jons, electrons and neutral gases, with ever-increasing
realism. Such work has yielded a good picture of the general
thermospheric circulation (Section 2.4), and of the way
it produces the daily and seasonal variations described in
Section 5.5 (whether chemical or dynamical in origin), and
has made notable progress towards understanding
jonospheric storms. There remain many questions about
the thermosphere, such as the roles of the various cnergy
sources: solar EUV radiation; particies and currents from
the magnetosphere and solar wind; and tidal and wave
energy propagated from below.

The real problems remain at the boundaries, both above
and below; i.c. the interactions with the lower atmosphere
and the magnetosphere. The latter embraces the whole
question of the effect of geomagnetic disturbance and of
the interplanetary magnetic field, primarily at high lati-
tudes, but also how the effects spread world-wide. Several
topics and ideas within this theme have been mentioned
in Sections 5.7-5.9 and 6.3.

Influences of the lower atmosphere on the ionosphere

_remain a subject for much present and future study. That
-the lower atmosphere, with its huge mass and energy
_density, should affect the upper atmosphere is hardly
“surprising. It has long been known that some tidal
components and oscillations (Section 2.5) are excited low
in the atmosphere, and that some gravity waves (Section
2.6) originate in storms and explosions, and possibly earth-
quakes. The large electric fields generated in thunderstorms
can affect the electrodynamics of the ionosphere. There
have been intriguing suggestions of topographic influences
on the ionosphere.19-2¢

Although this paper has concentrated on the large-scale
structure of the ionosphere, there exists detailed structure
possessing a wide range of scale size. The small-scale irregu-
larities at auroral and equatorial latitudes are interesting
examples of plasma instability phenomena, but there is
a wide range of irregular structure that causes radio wave
fading, and scintillation of radio signals traversing the iono-
sphere, of which spread F and sporadic E are examples.
Medium-scale structure, 10-1000 km in scale, is widely
observed but not well explained.

As a natural plasma, ofien non-lincar and non-thermal
in its behaviour, the jonosphere provides a site for many
kinds of active experiments with radio waves, powerful

*enough to produce observable ‘ionospheric modifications’
(heating and plasma instabilities), and with chemical

' releases and particle beam experiments. Such experiments

" provide novel physical and chemical insights, though they
often raise as many questions as they solve.’

7.2 The Frontiers: Major Areas of Active Research

This paper has tried to review the basic physics of the
ionosphere. The account is highly simplified and avoids
many questions and complexities. The basic mechanisms
of the ionosphere seem to be known, but thers are many
topical questions still to be solved in-this active area of
science. The frontiers include:

(1) The detailed analysis of the thermospheric circulation.

(2) Influences of the magnetosphere, IME and the solar
wind.

(3) Influences of . oceans, mountains;:. earthquakes,
thunderstorms:-.

(4) Mechanisms of ionospheric storms.".

(5) The cause of irreguiar structure -of & wide variety of
scales.

(6) Active experiments: the jonosphere as a physics/
chemistry laboratory. .

() Predictability of the ionosphere on various time-scales.

H. RISHBETH; BASIC PHYSICS OF THE IONOSPHERE: A TUTORIAL REVIEW

For future progress, new experimental facilities will be
peeded, and will bring new opportunitics—and new puzzies
to solve. More powerful computers will enhance data
handling and enable more demanding theoretical projects
to be tackled, but the basic everyday monitoring of this
important part of the environment—spanning five solar
cycles since 1931—will be as vital for progress in the future
as it has been in the past.
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