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Chapter 14

Ionospheric Electrodynamics

14.1 Introduction

This chapter is revised from a previously published book chapter [35]. The free electrons

and ions in the Earth’s ionosphere make it electrically conducting. Currents flow that are

connected with the magnetosphere above, and to a much weaker extent with the poorly-

conducting atmosphere below. One of the important generators of the ionospheric current

is the ionospheric wind dynamo, which operates as upper-atmospheric winds move the elec-

trically conducting medium through the Earth’s magnetic field, creating an electromotive

force that drives currents and causes electric polarization fields to develop. Other cur-

rent generation mechanisms exist associated with the interaction of the solar wind with the

magnetosphere [7], and, to a much less significant extent, with electrified clouds in the tro-

posphere [43]. In the daytime ionosphere the largest currents flow between 90 km and 200

km; this general region is sometimes called the dynamo region. The currents and electric

fields interact with the dynamics of the ionospheric plasma and neutral air in and above the

dynamo region. We call the electrical phenomena and their interacting dynamical effects

ionospheric electrodynamics. The historical development of the field has been described in

[50, 6, 26, 4].
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The currents in and above the ionosphere produce magnetic perturbations that can be

sensed at the ground and in space. The currents associated with the ionospheric dynamo

have regular, smooth, daily variations. The main part of these currents is often referred to as

Sq (for solar quiet) or SR (for solar regular); there is also a smaller component related to lunar

periods that is sometimes referred to as L. By contrast, the currents associated with solar-

wind/magnetosphere interactions are highly variable: when they are weak one speaks of a

magnetically quiet period, and when they are strong, one speaks of a magnetically disturbed

period, the most dramatic manifestation of which is the magnetic storm. During disturbed

periods the magnetospherically produced electric fields and currents can dominate over those

produced by the ionospheric wind dynamo. It is therefore important to distinguish between

magnetically quiet and disturbed periods when analyzing ionospheric electrodynamics.

Ionospheric electrodynamics depends, among other things, on the conductivity of the

ionosphere and on the strength of thermospheric winds. Both of these depend on the flux of

solar ultraviolet radiation absorbed in the upper atmosphere, which varies considerably with

solar activity. Major changes in the solar ultraviolet irradiance occur over the eleven-year

solar activity cycle; between solar minimum and solar maximum the total ionizing extreme-

ultraviolet flux varies by more than a factor of two. Thus it is natural to expect significant

changes in ionospheric electrodynamics with the solar cycle. A measure of solar activity

often used is the index Sa, representing the flux of solar radio emissions at a wavelength of

10.7 cm, in units of 10−22 W m−2 Hz−1.

The conductivity of the ionosphere and magnetosphere is highly anisotropic with respect

to the geomagnetic field direction. Electrodynamic features are therefore strongly organized

with respect to the geomagnetic field, and it is common to use magnetic coordinates to

organize the observations and to do model simulations. Figure 14.1 shows a map of Quasi-

Dipole latitude and longitude over the Earth at a height of 110 km for the year 2015. (Secular

change of the geomagnetic field causes slow changes of the map over decades.) Geomagnetic-

field lines thread through points with the same absolute values of magnetic latitude lying

along the same magnetic longitude. Magnetic longitude is also used to define Magnetic

Local Time (MLT), for which 12 MLT lies on the magnetic longitude of the subsolar point

at sufficiently high altitude that the geomagnetic field is essentially a dipole, with a 1-hour
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increase of MLT for each 15◦ increase of magnetic longitude.

At middle and low magnetic latitudes electric current flows freely along geomagnetic-field

lines between the northern and southern hemispheres, and closes across field lines in the

lower ionosphere where the conductivity transverse to the field is greatest. The current is

associated with small perturbations of the geomagnetic field observable on the ground and

in space. Along the magnetic equator is an enhanced band of current flowing in the lower

ionosphere at day, called the equatorial electrojet (EEJ) [13, 34, 33]. The sensitivity of

the EEJ to ionospheric electric fields of various sources makes its magnetic perturbations a

valuable source of information about global electrodynamics.

14.2 Ionospheric Conductivity

The upper atmosphere is ionized primarily by solar ultraviolet and X radiation, and, at

higher latitudes, by the precipitation of energetic charged particles from the magnetosphere

[46]). Starlight and cosmic rays are minor ionization sources that have some influence in

the nightside ionosphere and at low altitudes. The primary ions produced are N+
2 , O+

2 , N+,

and O+, but these are reactive with the neutral gases, and the nitrogen ions are rapidly

converted to O+
2 and NO+. The dominant ions present are therefore NO+, O+

2 , and O+,

with the molecular ions predominant below 150 km and O+ predominant above 200 km,

and a mixture in between. Negative ions and more complex positive ions become important

only below about 90 km, where conductivities are relatively small. Between about 90 km

and 150 km the sum of the densities of NO+ and O+
2 is approximately equal to the electron

number density N . These molecular ions NO+ and O+
2 recombine with electrons with a

reaction coefficient represented by the symbol α. These ions are usually near photochem-

ical equilibrium, meaning that their production rate is in balance with their chemical loss

rate. If Qe is the electron production rate, then between 90 km and 150 km photochemical

equilibrium implies that

Qe = αN2 (14.1)
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or

N =
√

Qe/α (14.2)

In reality the recombination coefficient is somewhat different for NO+ and O+
2 , so α in (14.1)

and (14.2) represents an effective mean value, weighted by the relative densities of the two

ions. In addition, α is approximately inversely proportional to the electron temperature. A

characteristic value of α is 3×10−13 m3 s−1. Equation (14.2) shows that the electron density

in the lower ionosphere is proportional to the square root of the ionization production rate.

When direct sunlight disappears only weak starlight and solar radiation scattered from the

geocorona remain, and the electron density is greatly reduced, unless there is production at

high latitudes by energetic particles precipitating from the magnetosphere.

The O+ ions at higher altitudes do not often recombine directly with electrons, but

rather react first with molecular neutral constituents to form molecular ions that can then

recombine with electrons. (14.1) and (14.2) become invalid at these heights. As neutral

densities become small at high altitudes, the loss of O+ ions becomes slow, and ions can be

transported significant distances before being lost, so that photochemical equilibrium breaks

down.

The primary ionization source at day, solar extreme-ultraviolet light, varies significantly

with the level of solar activity. The electron density also shows important variations with

solar activity. Figure 14.2 shows representative vertical profiles of electron density for day and

night conditions, and for low and high levels of solar activity. The ionospheric region around

the minor peak in density near 105 km is known as the E region, while the larger-density

region above 150 km is known as the F region. The E region and lower part of the F region

undergo relatively greater variations in electron density between day and night than does

the upper F region. In the auroral regions, ionization by energetic magnetospheric electrons

and ions is highly variable (e.g., [29]), and often exceeds ionization by solar radiation.

Conductivities are calculated by treating the ions and electrons as fluids in force balance,

where the forces are the Lorentz force, the collisional forces with neutrals and with other

charged particles, gravity, and the pressure gradient. Above 90 km nearly all ions have a

single positive charge equal to the magnitude of the electron charge, e, and it is adequate
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to consider all ion species together as a single fluid of number density equal to that of the

electrons, N . The ion mass mi, velocity vi, and temperature Ti, and the collision frequencies

of ions with neutrals νin and with electrons νie then represent mass-density-weighted averages

over all ion species. The current density J is related to N and to the ion and electron velocities

vi and ve by

J = Ne(vi − ve). (14.3)

For ions and electrons the force-balance conditions are respectively:

Ne(E + vi × B) − Nmiνin(vi − vn) − Nmiνie(vi − ve) + Nmig −∇(NkTi) = 0 (14.4)

−Ne(E + ve × B) − Nmeνen(ve − vn) − Nmeνei(ve − vi) + Nmeg −∇(NkTe) = 0 (14.5)

where me and Te are the electron mass and temperature, vn is the velocity of the neutral

gas, νen and νei are the electron-neutral and electron-ion collision frequencies, E and B are

the electric and magnetic fields, g is the acceleration of gravity, and k is the Boltzmann

constant. In reality, the collision frequencies are tensors rather than scalars in the presence

of a magnetic field [47, 20]. Above 80 km the electron-neutral collision frequency is about 1.4

times as large for motions perpendicular to B as for motions along B [15]; below this height

off-diagonal terms in the collision-frequency tensor can also be significant. νei is similarly

anisotropic, but we shall be concerned only with its value for motions along B. For ions the

anisotropy of the collision frequency is unimportant. Table 14.1 lists formulas for the collision

frequencies as functions of density, composition, and temperature of the colliding species.

These expressions are based on a combination of laboratory measurements and theory. The

electron gravitational term is always much smaller than the other terms in (14.5), and is

neglected below.

An expression for current density parallel to B is derived from the component of (14.5)

parallel to B, which in rearranged form is

Nmeνen‖(ve − vn)‖ + Nmeνei‖(ve − vi)‖ = −Ne(E‖ − Ea) (14.6)

Ea = −
1

Ne

∂(NkTe)

∂s
(14.7)
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where the subscripts “‖” denote the direction along B and s is distance along B. Ea is called

the ambipolar electric field, which from (14.6) is seen to be the value of E‖ in the absence of

collisional drag on the electrons. At low altitudes, where the term involving electron-neutral

collisions in (14.6) is significant, ion motion along B is also strongly affected by collisions

with neutrals, to the extent that the parallel ion and neutral velocities are essentially the

same. Therefore, vn‖ can be replaced by vi‖, and the electron-ion velocity difference along B

is found to be

(ve − vi)‖ = −
e(E‖ − Ea)

me(νen‖ + νei‖)
(14.8)

The electric current parallel to B is then

J‖ = σ‖(E‖ − Ea) (14.9)

σ‖ =
Ne2

me(νen‖ + νei‖)
(14.10)

where σ‖ is the parallel conductivity.

To derive expressions for motions and currents perpendicular to the magnetic field, we

begin by neglecting effects of collisions between ions and electrons in (14.4) and (14.5). This

turns out to be an excellent approximation (unlike what we found for motions parallel to

B), because the magnetic component of Lorentz force is several orders of magnitude larger

than the rate of momentum transfer between electrons and ions. Let us use primes to denote

velocities and electric fields in the frame of reference of the neutral air, i.e.,

v′
i,e = vi,e − vn (14.11)

E′ = E + vn × B (14.12)

Then the component of (14.4) perpendicular to B, upon rearrangement, gives

−Nev′
i × B + Nmiνinv

′
i⊥ = NeE′

⊥ + Fi⊥ (14.13)

Fi = Nmig −∇(NkTi) (14.14)
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where the subscript ⊥ signifies the component perpendicular to B, and Fi is the force per

unit volume on the ions due to the ion pressure gradient and gravity. To solve (14.13) for v′
i

take its cross product with eB/(miνin), add the result to (14.13), and rearrange, yielding

v′
i⊥ =

νinΩiE
′
⊥ − Ω2

i b × E′
⊥

B(ν2
in + Ω2

i )
+

νinFi⊥ − Ωib × Fi⊥

Nmi(Ω2
i + ν2

in)
(14.15)

where b is a unit vector in the direction of B and where

Ωi = eB/mi (14.16)

is the angular gyrofrequency for the ions, describing their gyration in the geomagnetic field.

Similar equations are obtained for electrons:

v′
e⊥ =

−νen⊥ΩeE
′
⊥ − Ω2

eb × E′
⊥

B(ν2
en⊥ + Ω2

e)
+

νen⊥Fe⊥ + Ωeb × Fe⊥

Nme(Ω2
e + ν2

en⊥)
(14.17)

Fe = −∇(NkTe) (14.18)

Ωe = eB/me (14.19)

Figure 14.3 shows the height variations of the collision frequencies νin, νen⊥, and νen‖+νei‖

for daytime solar-minimum conditions, along with the angular gyrofrequencies of the ions

and electrons. The ion-neutral and electron-neutral collision frequencies are proportional

to the neutral density, which falls off exponentially with increasing altitude in the upper

atmosphere, changing by a factor of the order of 105 between 80 km and 300 km. The

ion-electron and electron-ion collision frequencies, on the other hand, are approximately

proportional to the electron number density N , and peak near the height of maximum

electron density. In the F region the gyrofrequencies are much larger than the collision

frequencies for both ions and electrons, and the first terms on the right-hand sides of (14.15)

and (14.17) are usually much larger than the second terms related to Fi or Fe. In this case

the approximate solutions for the ion and electron velocities are

vi⊥ ≈ ve⊥ ≈
E × b

B
≡ vE (14.20)
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where vE is the so-called “E × B” velocity.

By subtracting (14.17) from (14.15) we can obtain the velocity difference vi⊥−ve⊥, which,

when multiplied by Ne, gives the electric current density perpendicular to B. An expression

for Ohm’s Law can then be obtained that expresses the total current density J in terms of

the electric field that exists in the frame of reference of the moving neutral gas, E′, and the

current density Jpg associated with gravity and plasma pressure gradients:

J = σPE′
⊥ + σHb × E′

⊥ + σ‖(E‖ − Ea)b + Jpg (14.21)

σP =
Ne

B
(

νinΩi

ν2
in + Ω2

i

+
νen⊥Ωe

ν2
en⊥ + Ω2

e

) (14.22)

σH =
Ne

B
(

Ω2
e

ν2
en⊥ + Ω2

e

−
Ω2

i

ν2
in + Ω2

i

) (14.23)

Jpg =
νinΩiFi⊥ − Ω2

i b × Fi⊥

B(Ω2
i + ν2

in)
+

−νen⊥ΩeFe⊥ − Ω2
eb × Fe⊥

B(Ω2
e + ν2

en⊥)
(14.24)

σP and σH are called the Pedersen and Hall conductivities, respectively. For currents per-

pendicular to B, the Pedersen conductivity gives the component in the direction of E′
⊥, while

the Hall conductivity gives the component perpendicular to both E′ and B. The component

vn × B of E′, representing the difference between the electric field in the reference frame of

the moving neutrals and the electric field in the Earth reference frame, is often called the

dynamo electric field.

It should be noted that the above derivation of ionospheric conductivities rests on the

assumption that the collision frequencies are independent of the fluid velocities. This is a

reasonable assumption so long as the relative velocities are small with respect to the thermal

velocities, of the order of 300 - 1000 m/s for ions and neutrals, depending on composition and

temperature of the gases. However, the differential velocities of the ion and neutral gases

can sometimes be comparable to the thermal velocities, especially in the auroral regions,

where strong electric fields associated with magnetospheric processes can exist. Under such

circumstances the above formulas can become inaccurate.

Figure 14.4 shows typical midlatitude vertical profiles of the daytime conductivity com-
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ponents for low solar activity. At all altitudes above 80 km the parallel conductivity is much

larger than the Pedersen and Hall conductivities, attaining a value on the order of 100 S/m

in the upper ionosphere. This value depends on the electron temperature, varying as T 3/2
e ,

but it is practically independent of the electron density. The Pedersen conductivity peaks

at an altitude around 125 km during the day, while the Hall conductivity peaks around

105-110 km. At a given altitude, both σP and σH are essentially proportional to the electron

density. The ratio between the Hall and Pedersen conductivities is greater than 1 between

about 70 km and 125 km, and maximizes a little below 100 km with a value of about 36,

implying an angle between the current and electric field of 88.4◦ in the plane perpendicular

to B.

At night, when the E-region electron density decays strongly away, the largest Pedersen

conductivities can sometimes be in the ionospheric F region, above 200 km. This is especially

true during high levels of solar activity, when F -region Pedersen conductivities are particu-

larly large, both because of large electron densities and large neutral densities that lead to

large ion-neutral collision frequencies. Since the F-region electron density is highly variable,

the F -region conductivity also shows a great deal of variability. The Hall conductivity also

varies in proportion to the electron density, but always peaks in the E region.

The very large parallel conductivity prevents the establishment of any significant poten-

tial differences along magnetic field lines, so that the field lines are essentially equipotential.

(The potential associated with the ambipolar electric field is generally much smaller than

potential differences that develop perpendicular to B.) Consequently, the perpendicular elec-

tric field, which is determined by the electric-potential difference between adjacent field lines,

is nearly constant with height over most of the Earth. (An exception to this near-height-

constancy of E occurs where geomagnetic field lines are almost horizontal, in the vicinity

of the magnetic equator.) For this reason it is conceptually useful to consider the height-

integrated ionospheric Pedersen and Hall conductivities, or Pedersen and Hall conductances,

when analyzing the current-carrying capacity of the ionosphere. In the sunlit ionosphere,

for values of the solar zenith angle χ less than 80◦, the following formulas are found to give
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representative values of the Pedersen and Hall conductances at midlatitudes:

∫

σP dz = (11 S)
(

Sa

S0

)1.1 (

B

B0

)−1.6

(cos χ)0.5 (14.25)

∫

σHdz = (14 S)
(

Sa

S0

)0.5 (

B

B0

)−1.3

(cos χ)0.8 (14.26)

The values of the normalizing constants are S0 = 100 and B0 = 5×10−5 T. The conduc-

tances have a fairly strong dependence on the geomagnetic-field strength B, which for these

formulas is assumed to be evaluated at an altitude of 125 km. There are additional seasonal

modulations of the conductances: for example, the Pedersen conductance tends to be lower

in summer and higher in winter than suggested by (14.25), due to the so-called “winter

anomaly” in F -region electron densities, according to which the winter electron densities are

greater than the summer densities at middle latitudes.

The conductances on the night side of the Earth are considerably more complicated than

on the dayside, because of the large variability of the electron density in response to move-

ments of the plasma, to changes in thermospheric conditions, and to additional ionization

sources. The high-latitude nightside ionosphere displays the greatest degree of variability,

due to the highly variable nature of auroral precipitation. Particle precipitation can also

influence the low-latitude nighttime ionosphere enough to affect the Pedersen conductance

at solar minimum (e.g., [42]).

14.3 Thermospheric Winds

Ohm’s Law, as expressed by (14.21), relates the current density to the electric field as would

be measured in a reference frame moving at the wind velocity vn. It is the wind that

drives the dynamo current, which, together with the relatively small current Jpg, leads to

the creation of the electric field E. The distribution of electric fields and currents therefore

depends very much on the characteristics of global winds in the atmosphere above 90 km,

called the thermosphere.
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The dominant effect driving winds in the thermosphere is the diurnal variation in the

absorption of solar ultraviolet radiation, which heats and expands the dayside thermo-

sphere, creating day-to-night horizontal pressure gradients. Because of the atmosphere’s

much greater horizontal extent than vertical extent, the motions are constrained to be pre-

dominantly horizontal: vertical winds are typically only of the order of 1% the horizontal

wind magnitude. At high latitudes, especially during magnetospheric disturbances, Joule

heating and momentum transfer by strong electric currents connected to the magnetosphere

are also important forcing mechanisms. An additional important effect, especially in the

lower thermosphere, is the upward propagation of global wave features from the atmosphere

below, especially atmospheric tides [14]. The winds associated with both the diurnal heating

of the thermosphere and the upward-propagating tides are periodic, with main periods of

1 day or harmonics thereof.

Figure 14.5 shows results from a model simulation of horizontal thermospheric winds at

heights of approximately 300 km (F region, top) and 125 km (E region, bottom), at 0 UT

for September equinox solar-minimum conditions. The subsolar point is at the equator and

at the edges of these diagrams, i.e., 180◦ E and W longitude. Some influence of forcing by

rapidly convection ions at high magnetic latitudes is seen, though for this simulation that

forcing is relatively weak (polar-cap electric-potential drop of 30 kV). At middle and low

latitudes the 300 km winds are generally larger at night (central portion of Fig. 14.5) than

day. At 125 km the winds have longitude variations that are dominated by atmospheric

tides propagating up from the lower atmosphere. There is a tendency for the entire wind

pattern to migrate westward with the apparent position of the Sun, although at 125 km there

exist tidal wind components that do not migrate with the solar position, and at 300 km the

high-latitude winds tend to migrate westward with respect to magnetic coordinates rather

than geographic coordinates.

During magnetospheric disturbances, when high-latitude ion convection becomes much

stronger, the high-latitude winds also become stronger, and the Joule dissipation of electric

energy affects not only the local, but also the global thermospheric circulation. The heated air

rises at high latitudes, and there is a general outflow of air above the region of peak heating,

centered roughly at an altitude of 125 km. The equatorward flow at upper-midlatitudes is
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acted upon by the Coriolis force, producing a westward motion. The altered global winds

produce a disturbance dynamo effect [3]

14.4 Theory of Ionospheric Electric Fields and Currents

If the distributions of thermospheric winds and ionospheric conductivities are known, the

electric fields and currents generated by dynamo action can be calculated. In addition to

Ohm’s Law (14.21), the conditions of current continuity and of electrostatic fields must be

satisfied:

∇ · J = 0 (14.27)

E = −∇Φ (14.28)

where Φ is the electrostatic potential. Combining (14.21), (14.27), and (14.28) gives a partial

differential equation for Φ:

∇·[σP (∇Φ)⊥+σHb×∇Φ+σ‖(∇Φ)‖] = ∇·[σPvn×B+σHb×(vn×B)−σ‖Eab+Jpg] (14.29)

Solving (14.29) requires boundary conditions that represent the effects of electric coupling

with the magnetosphere above and with the lower atmosphere below. Since the atmosphere

below 80 km is a very poor conductor, electric-current coupling between the ionosphere and

the lower atmosphere is usually negligible as concerns large-scale ionospheric electric fields

and currents. An adequate lower boundary condition for (14.29) at the base of the ionosphere

is thus obtained from the requirement that the vertical component of electric current density

vanish there.

At altitudes well above the main ionosphere, the assumptions behind Ohm’s Law (14.21)

become less valid, and suitable boundary conditions for (14.29) are more difficult to deter-

mine. The plasma is not necessarily in force balance. Collisions become unimportant, and

pressures become anisotropic. The terms involving Pedersen and Hall conductivity in (14.21)

become negligible. In the magnetosphere the parallel electric field E‖ still has a tendency
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to balance the ambipolar field Ea, although electrons of keV energies come to dominate the

electron pressure gradient along the magnetic field that determines Ea. A partial imbalance

of E‖ and Ea can exist in regions where ion flows are accelerated parallel to the magnetic

field. In any case, E‖ is usually much smaller than E⊥, although parallel potential drops of

thousands of volts can sometimes develop along auroral geomagnetic-field lines. Jpg becomes

dominated by the pressure gradients of energetic magnetospheric ions and electrons, rather

than the relatively cold ionospheric particles. Convergence of Jpg is balanced by divergence

of J‖, leading to geomagnetic-field-aligned currents into and out of the ionosphere. Because

of the complexity of coupling with the magnetosphere, practical solutions of the partial

differential equation represented by (14.29) generally assume either a given distribution of

field-aligned current at the top of the ionosphere, or a boundary condition on the electric

potential at high latitudes (e.g., [38]).

The fact that the conductivity is extremely anisotropic necessitates the utilization of

a geomagnetic-field-oriented coordinate system in order to carry out numerical solutions

of (14.29). One of the coordinates will vary along the geomagnetic field while the other

two coordinates must be defined so as to be constant along geomagnetic-field lines. For

practical purposes, a major simplification can be made to (14.29) by additionally assuming

that Φ is constant along field lines, even through the magnetosphere, and that σ‖ is infinite.

The component of J along B is then no longer determined by Ohm’s Law, but rather by

the condition that it assume whatever value is necessary in order to ensure that the current

density remain divergence-free, so that (14.27) is satisfied everywhere. The partial differential

equation for Φ can then be reduced from three to two dimensions upon multiplying (14.29)

by 1/B and integrating along field lines. In doing so, note that

∇ · J‖ = ∇ · (J‖B/B) = B · ∇(J‖/B) = B
∂

∂s

(

J‖

B

)

(14.30)

where s is distance along a field line. The integral of (∇ · J‖)/B thus equals the difference

between (J‖/B) at the boundaries of the integration. For closed field lines that connect the

southern and northern magnetic hemispheres J‖ goes to zero at both ends, owing to the

vanishing conductivity at the base of the ionosphere, and so the integral also vanishes. For

polar-cap field lines that extend into interplanetary space J‖ needs to be specified at some
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point above the ionosphere. If we define the two coordinates that are constant on field lines

as x1 and x2 such that B is in the direction of ∇x2 × ∇x1, the following two-dimensional

partial differential equation is obtained:

∂

∂x1

(

S11

∂Φ

∂x1

+ (S12 + ΣH)
∂Φ

∂x2

)

+
∂

∂x2

(

(S21 − ΣH)
∂Φ

∂x1

+ S22

∂Φ

∂x2

)

=
∂D1

∂x1

+
∂D2

∂x2

±(J‖A)top

(14.31)

where

Sij =
∫

(∇xi · ∇xj)σP Ads (14.32)

ΣH =
∫

σHds (14.33)

Di =
∫

∇xi · (σPvn × B + σHBvn + Jpg)Ads (14.34)

A = |∇x1 ×∇x2|
−1 (14.35)

where (±J‖A)top is the upward field-aligned current passing through an area of unit in-

crements of x1 and x2 at the top of the ionosphere (the + sign applying to the southern

hemisphere and the - sign to the northern hemisphere). For closed field lines the integrals in

(14.32) - (14.34) are taken along the entire field line between the base of the ionosphere in

each magnetic hemisphere, and (±J‖A)top is zero, but for open polar field lines the integrals

are through the thickness of the ionosphere in only a single hemisphere and (±J‖A)top is

generally non-zero. The solutions of (14.31) for Φ in the closed-field region and in the two

open-field regions have to match on field lines lying at the closed-open boundary, which

couples the partial-differential equations at that boundary. For simplified geometries like a

purely dipolar geomagnetic field, x1 and x2 can be selected to be orthogonal, so that S12

and S21 vanish. Once (14.31) has been solved for Φ, E and J⊥ (the component of J perpen-

dicular to B) can be determined using (14.28) and (14.21). ±J‖ can then be calculated by

integrating −(∇ · J⊥)/B with respect to s from the base of a field line to the desired point,

and multiplying the result by the local value of B.

Close to the magnetic equator, the combination of the nearly horizontal geomagnetic

field and the large difference between σP and σH in the lower ionosphere gives rise to the

equatorial electrojet (EEJ) [13, 34, 33]. During the day time, when the ionospheric electric
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field in the equatorial region is usually eastward, a downward component of Hall current is

produced. In order to maintain current continuity, a counterbalancing upward component of

Pedersen current must flow, necessitating an upward component of electric field. Because the

Pedersen conductivity is small in the lower part of the dynamo region in comparison with the

Hall conductivity, the vertical field is much larger than the original eastward electric field.

This strong upward electric field produces the strong eastward Hall current of the EEJ.

In regions where the EEJ is not changing rapidly with longitude, (14.31) can be solved

in an approximate way for the vertical polarization electric field in terms of the eastward

field and the winds. Let x1 be in the magnetic-eastward direction and x2 be in the direction

generally upward (with an additional poleward tilt as one moves off the magnetic equator).

Let us assume that east-west gradients of the electric field can be neglected. Since the

component of electric field in the x2 direction is proportional to (∂Φ/∂x2), this means that

the x1-derivative of (∂Φ/∂x2) is zero, and consequently

∂

∂x2

(

∂Φ

∂x1

)

=
∂

∂x1

(

∂Φ

∂x2

)

= 0, (14.36)

signifying that (∂Φ/∂x1) is independent of x2, that is, constant in height and latitude.

Let us assume that the current density in the x2 direction (upward/poleward), integrated

along a geomagnetic-field line, essentially vanishes, meaning that

ΣH
∂Φ

∂x1

− S22

∂Φ

∂x2

+ D2 = 0 (14.37)

where S21 has been neglected in comparison with ΣH . Within the lower equatorial ionosphere

(±10◦ magnetic latitude, 80-200 km altitude) x1 and x2 can be approximated as actual spatial

distances perpendicular to B in the eastward and upward/poleward directions, respectively

(neglecting the fact that in reality the distance between two field lines varies slightly along

the field), so that ∇x1 and ∇x2 are unit vectors. In addition, B can be considered nearly

constant over the region. Then the electric-field components perpendicular to B, which we

label E1 in the eastward direction and E2 in the upward/poleward direction, can also be

considered to be constant along field lines. With these simplifications, and neglecting the
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very small term Jpg, (14.37) can be solved for E2 as

E2 =
ΣH

ΣP

E1 −

∫

(σP v1 + σHv2)Bds

ΣP

(14.38)

where

ΣP =
∫

σP ds (14.39)

The contribution to E2 of the first term on the right of (14.38) is very large for field

lines peaking below 110 km, where ΣH ≫ ΣP . This is the primary source of the strong

polarization field responsible for the EEJ current. The contribution to E2 of the wind terms

in (14.38) depends both on the wind velocity and on its variation along the magnetic field

line. An eastward wind v1 contributes negatively to E2. In fact, it can be seen that an

eastward wind that is constant along the field line would produce an electric field equal to

-v1B, which in turn would be associated with an eastward E × B velocity of exactly v1, and

the ions and electrons would move at the same velocity as the neutral wind. The contribution

of the vertical/meridional wind component v2 to the wind-related integral in (14.38) tends

to be much less important.

The eastward current density, obtained by using (14.38) in (14.21), is

J1 =
(

σP +
ΣH

ΣP

σH

)

E1 + σH

[(

v1 −

∫

σP v1ds
∫

σP ds

)

−

(

σP

σH

v2 +

∫

σHv2ds
∫

σP ds

)]

B (14.40)

The multiplier of E1 on the right-hand side of (14.40) is sometimes called the Cowling

conductivity, although the usual expression of Cowling conductivity is derived for a one-

dimensional geometry, for which ΣH/ΣP is replaced by σH/σP . (The two expressions give

similar results below 105 km at the equator.) It is much larger than either the Pedersen or

the Hall conductivity below 110 km at the magnetic equator. The terms dependent on v1

in (14.40) would cancel if v1 were constant along B; thus only spatially-varying east-west

winds affect the current.

Models of the EEJ using standard conductivities like those in Fig. 14.4 predict a peak EEJ

current density near 100 km altitude that is both lower and more intense than observations
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indicate (e.g. [15]). [41] showed that plasma irregularities observed in the lower part of

the EEJ are of sufficient magnitude to strongly reduce the vertical polarization field and

horizontal current there, and to raise the heights of peak field and current, provided it

is assumed that the irregularities are very highly aligned with the geomagnetic field. [15]

showed that the discrepancies could be largely removed by arbitrarily increasing the electron-

neutral collision frequency νen⊥ by a factor of around 4.

14.5 Observations of Ionospheric Electric Fields and Currents

Most of the available observations that give us electric-field information are ion-drift mea-

surements in the ionosphere above 200 km, either by radar or by spacecraft. The component

of the electric field perpendicular to the geomagnetic field is readily derived from these drift

measurements by inverting (14.20):

E⊥ = −vi × B (14.41)

The observations show a high degree of variability, even on magnetically quiet days. The

variability tends to be greater at night than at day. However, after the data are averaged

over a number of days a regular pattern emerges.

Figure 14.6 shows the MLT variations of the average quiet-day drifts for middle- and

low-latitude incoherent-scatter radars (Table 14.2) for different seasons and levels of solar

activity. (For St. Santin the solar-cycle dependence of the drifts has not yet been determined.)

In order to have sufficient data in each season, only three seasons are used for the year,

centered around June, December, and the combined equinoxes: J-months (May-August),

E-months (March, April, September, and October), and D-months (November-February).

Note that the seasons are ordered differently for the St.-Santin and MU radars than for

the American-sector radars in Fig. 14.6, because geometrical considerations suggest that

the solstitial variations might be opposite in the Eurasian and American longitude sectors,

owing to the opposite relative placement of the magnetic and geographic equators in these

two sectors (see Fig. 14.1). Since the electric fields equalize along the geomagnetic field
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between conjugate points in the northern and southern hemispheres, seasonal variations of

the electric fields and E × B drifts are not great, but differences between the J and D solstices

can occur in association with the offset magnetic and geographic equators, among other

factors. The upward/poleward drift component (perpendicular to the tilted geomagnetic

field lines in the magnetic meridian) tends to be positive in the morning and negative in

the afternoon at upper-middle latitudes, with the phase shifting somewhat later at low

latitudes. The general phase of the diurnal variation of the eastward drift reverses between

the magnetic latitudes of Millstone Hill (54◦) and St. Santin (40◦). Different criteria were used

to define low and high activity for the different data sets shown in Fig. 14.6, so quantitative

comparisons of the solar-cycle variations among the various curves are not possible. However,

some qualitative features are found to be consistent among the curves: for example, the

nighttime east-west drifts are generally stronger for high solar activity. At Jicamarca a

notable phenomenon in the upward/poleward drift is the strong solar-activity amplification

of the peak that occurs just after sunset. This feature is generally attributed to the F -region

dynamo [19, 40, 9, 39, 37].

Magnetic disturbances produce fluctuating electric fields over the entire globe. In addition

to the fluctuations, the average E × B drifts are altered during disturbed periods. On

average, the low-latitude upward/meridional E × B drift during the main phase of a magnetic

storm tends to increase from around 10 MLT to around 21 MLT, with a peak after sunset,

and to decrease from around 21 MLT to around 10 MLT, with a strong minimum shortly

before sunrise [21]. At midlatitudes other observations show a general average westward shift

of the zonal drift at all times, most strongly during the night (e.g., [18, 31]). Observations

of equatorial E × B vertical drifts have sometimes shown a decrease in magnitude following

magnetic storms [11, 44, 45], suggesting possible disturbance dynamo effects.

Ionospheric currents have been measured by rocket-borne magnetometers and by incoherent-

scatter radars [16]. Figure 14.7 shows a collection of current profiles obtained from rocket-

borne magnetometers near the magnetic equator off the coast of South America, showing

the EEJ.
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14.6 Geomagnetic Variations

Perturbations in the geomagnetic field were one of the earliest phenomena of ionospheric

electrodynamics to be observed, and magnetic-perturbation data exist for a long period of

time, from points widely spread over the Earth. These data have provided us with some of

our most detailed information about global ionospheric electrodynamics and its variability

(e.g., [6, 27, 24, 53]).

In the standard terminology of geomagnetism, the geomagnetic vector is given by three

components labeled either H (horizontal intensity), D (declination), and Z (vertical com-

ponent, defined to be positive downwards), or else X (geographically northward), Y (geo-

graphically eastward), and Z. The Earth’s main field has a strength at the Earth’s surface

of 25,000 - 60,000 nT. Typical quiet-day perturbations at midlatitudes are usually less than

100 nT, while disturbed perturbations in the auroral zone rarely exceed 2000 nT, much

smaller than the main field. An increase in H represents a vector perturbation component

in the magnetic-northward direction (the direction of a compass needle). An algebraic in-

crease in D represents a vector perturbation component in the magnetic-eastward direction.

An algebraic increase in Z represents a vector perturbation component in the downward

direction.

Figure 14.8 shows the average Sq variations at equinox for a chain of magnetometers in the

American longitude sector. The solid and dashed curves represent average data for solar-cycle

minimum and maximum conditions, respectively. In general, the solar-cycle and seasonal

variations are what one would expect on the basis of ionospheric-conductivity variations:

larger perturbations at solar maximum and in summer. A strong EEJ enhancement in the

H component is evident at Huancayo. Spacecraft in low-Earth orbit can also measure the

magnetic perturbations. Whereas the H perturbation at the magnetic equator is positive on

the ground, it is negative above the EEJ current.

Variability in the geomagnetic perturbations is caused both by variable magnetospheric

activity and by changes in the winds and conductivities in the dynamo region. The auroral

electrojets are the most prominent manifestation of the variability in magnetospheric activity;



20 CHAPTER 14. IONOSPHERIC ELECTRODYNAMICS

these are connected by geomagnetic-field-aligned currents with the outer magnetosphere.

The field-aligned currents, along with magnetospheric ring currents, and currents at the

magnetopause and in the magnetotail, contribute to ground-level magnetic perturbations

seen at middle and low latitudes, and are responsible for the fact that disturbance magnetic

perturbations occur even at night, in the absence of significant ionospheric conductivity.

Daytime geomagnetic disturbances are often amplified in the equatorial EEJ with respect

to nearby low-latitude locations (e.g., [55]), reflecting the penetration of disturbance electric

fields to the equator.

Significant day-to-day changes in the geomagnetic perturbations are observed not only

on magnetically disturbed days, but also on quiet days. It is generally believed that these

changes are due in large part to changes in the propagation conditions for tides entering

the dynamo region from below. For example, strong effects during stratospheric sudden

warmings are associated with modulation of both solar and lunar atmospheric tides [54].

The day-to-day variability is found to be only weakly correlated between stations widely

separated in longitude (e.g., [23]).
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Table 14.1: Formulas for Collision Frequencies*

νin(NO+) =
[

4.35(NN2
+ NO2

)R−0.11
i + 1.9NOR−0.19

i

]

×10−16m3s−1

νin(O+
2 ) =

[

4.3NN2
+ 5.2NO2

+ 1.8NOR−0.19
i

]

×10−16m3s−1

νin(O+) =
[

5.4NN2
R−0.20

i + 7.0NO2
R0.05

i + 6.7NOR0.5
i (0.96 − 0.135log10Ri)

2
]

×10−16m3s−1

νen⊥ = [7.2NN2
R 0.95

e + 5.2NO2
R0.79

e + 1.9NOR0.85
e ]×10−15m3s−1

νen‖ = [4.6NN2
R0.90

e + 4.3NO2
R0.55

e + 1.5NOR0.83
e ]×10−15m3s−1

νei‖ =
(

27.6 × 10−6s−1m3K3/2
)

NT−3/2
e

NN2
, NO2

, NO, N = number densities of N2, O2, O, electrons
Ri = (Ti + Tn)/1000 K
Re = Te/300 K
Ti, Tn, Te = temperatures of ions, neutrals, electrons
* Formulas for collisions of NO+ and O+

2 with N2 and O2 are based on [52]. Formulas for
collisions of NO+ and O+

2 with O and of O+ with N2 and O2 are based on Table 3 of [25].
The formula for collisions of O+ with O is based on [32]. The formula for νen⊥ is based on
Table 2 of [22], as parameterized by [15]. The formula for νen‖ takes into account the factor
gσ(α) of [22], with α estimated from the temperature dependence of νen. The formula for
νei‖ is the Spitzer conductivity, with the value of the Coulomb logarithm set to 15.

Table 14.2: Middle- and Low-Latitude Incoherent-Scatter Radars Observing Ionospheric
Drifts [35]
Radar Geog. Lat. Geog. Lon. Mag. Lat. MLT-UT Reference
Millstone Hill 42.6◦ -71.5◦ 53.7◦ -4.4 [5]
St. Santin 44.6◦ 2.2◦ 39.6◦ 0.5 [2]
Arecibo 18.3◦ -66.8◦ 29.8◦ -4.2 [10]
MU 34.9◦ 136.1◦ 27.3◦ 9.1 [30]
Jicamarca -11.9◦ -76.0◦ 1.0◦ -5.1 [12]
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Figure 14.1: Quasi-Dipole coordinates [36] at 110 km altitude, derived from the International
Geomagnetic Reference Field (IGRF, [51]) for epoch 2015.0. The dashed grid represents
geographic coordinates, while lines of constant apex latitude and longitude are drawn at 10◦

intervals. The thick contours represent the magnetic equator and magnetic longitudes of 0◦

(Americas) and 180◦ (Asia).
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Figure 14.2: Electron densities at 44.6◦ N, 2.2◦ E from the 1990 International Reference
Ionosphere (IRI, [1]) at noon and midnight on March 21, for solar minimum and maximum
conditions (annual average sunspot numbers 15 and 160, respectively).
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Figure 14.3: Collision frequencies νin, νen⊥ (for motion perpendicular to B), and νen‖ + νei‖

(for motion along B), and gyrofrequencies Ωi and Ωe at 44.6◦ N, 2.2◦ E, for medium solar
activity (Sa = 120) on March 21. Collision-frequencies are derived from the formulas in
Table 14.1, using neutral densities from the MSISE-90 model [17] and the electron densities
and temperatures from the 1990 IRI model [1]. The magnetic field is from the IGRF epoch
1983.2.
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Figure 14.4: Noontime parallel (σ‖), Pedersen (σP ), and Hall (σH) conductivities at 44.6◦ N,
2.2◦ E, for medium solar activity on March 21. The electron density is the noon profile of
Fig. 14.2, and the collision frequencies are those of Fig. 14.3.
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Figure 14.5: Horizontal wind velocity at altitudes of approximately 300 km (top) and
125 km (bottom) as a function of geographic longitude and latitude, calculated by the Na-
tional Center for Atmospheric Research Thermosphere-Ionosphere-Electrodynamics General-
Circulation Model for September equinox, 0 UT, with Sa = 70 and cross-polar-cap potential
= 30 kV. Midnight is at 0◦ longitude. Both migrating and non-migrating tides at the lower
boundary are included.
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Figure 14.6: Average quiet-day E × B drift components perpendicular to the geomagnetic
field over the incoherent-scatter radars listed in Table 14.2. The mean altitude is 300 km.
Tick marks are every 10 m/s. Solid lines are for low solar activity, and dotted lines for high
solar activity (different criteria were used to define low and high activity for the different
data sets). Averages for the months of November-February are denoted by D (December
solstice); for March, April, September, and October by E (Equinox); and for May-August
by J (June solstice). Note that the seasons are ordered differently for the St.-Santin and
MU radars than for the other radars (see text).
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Figure 14.7: Electric current density around noon near the magnetic dip equator over Peru,
measured by rocket-borne magnetometers. Values have been normalized to a ground-level
magnetic perturbation of 100 nT at the nearby Huancayo observatory. Symbols: current
density measured on each of six flights. Dashed line: mean profile of measured current
density. The profile measured on flight N/A #1 is from [48]; that on flight UNH-5 is from
[28]; and those on flights 14.70, 14.171, 14.174, and 14.176 are from [8]. [35]
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Figure 14.8: Average quiet-day magnetic perturbations at several stations in the American
longitude sector for equinox months (March, April, September, October). D = magnet-
ically eastward; H = magnetically northward; Z = downward. Station names and their
geographical coordinates, from north to south, are: Fredericksburg (38.2 N, 282.6 E), San
Juan (18.1 N, 293.8 E), Fuquene (5.5 N, 286.3 E), Huancayo (12.0 S, 284.7 E), Pilar (31.7 S,
296.1 E), Trelew (43.2 S, 294.7 E), and Argentine Island (65.2 S, 295.7 E). Solid lines are for
solar-cycle minimum (1964-1965 or 1985-1986) and dashed lines are for solar-cycle maximum
(1957-1958, 1967-1968, or 1979-1980). Values are adjusted to a mean solar radio flux value
of Sa = 75 (solar minimum) or 200 (solar maximum). The perturbations are measured from
a baseline defined to be the average value between 0 and 3 LT, after removal of a linear
trend. The scale is 50 nT per 10◦. Local time, in hours, is defined as universal time +
longitude/(15◦/hour). Adapted from [35].


