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Abstract

This thesis deals with morphological features of equatorial spread [I' clarified by
the satellite measurements, i.e., seasonal-longitudinal effect of spread I oceurrence.
The physical mechanism producing seasonal and longitudinal variations is discussed
theoretically and numerically.

The occurrence probability of topside spread F is examined based on the ISS-
b (Ionosphere Sounding Satellite -b) ionograms. Spread echo traces are identified
from the digital ionogram data with the aid of a computer instead of generally-used
manual scaling by eye. Global distribution maps of spread F are derived as a form
of occurrence probability for three different periods, August-December, November-
March, and February-June. These maps of occurrence probability revealed many
global perspectives of spread F such as large occurrence probability at high and
equatorial latitudes with relatively quiescent regions at around 30° in magnetic lat-
itude in both hemispheres. Most important finding among them is a significant and
systematic longitudinal-seasonal variation in the occurrence of equatorial spread F
(ESF). The longitudes of high occurrence probability appear to be characterized by
the declination angle of the earth’s magnetic field.

For further investigation of the longitudinal control of equatorial spread F', dis-
tribution maps of the ESF activity are derived. Because, as a nature of the orbit of
ISS-b, a data set for four months is required to derive spread F distribution maps for
the whole globe in terms of primitive occurrence probability; a different method is
applied here. Spread F' is dealt with quantitatively and its index is defined for each
ionogram. The functional fitting is applied of the spread F index to draw distribu-
tion map for each month. Thus seasonal and longitudinal characteristics of ESF are
successfully separated as follows: The ESF activity during the northern winter pe-
riod reveals maximum enhancement at the longitudes of large westward geomagnetic
declination angle (Atlantic longitudes), similarly, during the northern summer at the
longitudes of large eastward declination (Pacific longitudes), and during equinoctial
seasons at the longitudes of small declination angle (Indian longitudes).

As a next step, we consider a possible mechanism that produces above-noted
seasonal-longitudinal effect. For this purpose the background large scale electron
density distributions at the satellite altitude are examined. We determined the elec-
tron density at the satellite height from the strengths of cosmic radio noise which
were recorded simultancously with the topside soundings. The analysis is based on
the fact that the radio noise strengths rapidly decrease below the local plasma fre-

quency at the satellite. Distribution maps of the electron density are obtained for



typical northern winter and summer seasons. The results reveal that the large-scale
electron density structure tends to be symmetric with respect to the magnetic equa-
tor in the regions of high ESF activity and asymmetric in the regions of low ESF
activity. These symmetry/asymmetry features are taken account of by the influence
of a transequatorial component of thermospheric winds in the magnetic meridional
plane. We propose that the change in plasma distribution along the magnetic field
line due to the transequatorial wind component plays an important role to suppress
the plasma instability or generation of spread F. In the mechanism proposed here
the contributions from plasma away from the equator are important. However most
existing theory of equatorial spread F, the gravitational Rayleigh-Taylor instability,
is two-dimensional approximation in the magnetic equatorial plane. Thus we need to
develop a non-local theory of Rayleigh-Taylor instability.

An analytical expression of the gravitational Rayleigh-Taylor instability includ-
ing the contributions from plasma away from the equator is derived. For numerical
calculation of the growth rate, vertical and latitudinal distribution of the electron den-
sity must be known. (Zonal distribution is assumed to be uniform as a ground state,)
As it is impossible to model the complete density distribution based on observations,
the electron density distribution is obtained by solving the ion continuity equations
including dynamics for O+, NO*, O3, and N7 ions. Effects of the transequatorial
component of the thermospheric wind and the ambient E x B drift are included in
the modeling of the ion density. The numerical calculations confirm that there exists
an appreciable thermospheric wind effect on the growth rate of the instability as we
have expected from the observations.

So far the nomenclature of “equatorial spread F” has been used without paying
any attention to the latitudinal extension. It is an interesting issue to consider whether
the irregularities at the subtropical latitudes to lower midlatitudes are identical to the
equatorial spread F or intrinsic at those latitudes. The non-local theory developed for
the equatorial spread F is applied at subtropical to lower midlatitude region. Some
observed features of irregularities by the ISS-b satellite and others may be explained
as to be generated at those latitudes. The plasma instability at subtropical and lower
midlatitudes is shown to be the E x B drift instability driven on the bottomside.
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1.1. Spread F equator reproduced [rom SHiMazakr (1959). At the stations
in the north of the spread F equator shown by the dash-dotted curve, oc-
currence probability of spread F' in the December solstice is higher than that
in the June solstice, while at the stations in the south of it, the occurrence
probability in the June solstice is higher than that in the December solstice.
The magnetic equator determined from the magnetic dip angle is shown by
the broken curve.

2.1, Typical examples of ISS-b ionogram: no spread F configuration (upper
panel); spread I 1onogram near the equator Jmiddle panel); and spread F
ionogram at high latitude (lower panel). The intensity of the echo is ex-
pressed with three different characters, “|”, “x”, and “+4” for the levels
corresponding to 6, 12, and 18 dB above the background noise level, respec-
tively.

2.2. Time chart indicating the local solar time (LST) at the satellite as a
function of day of the year. Only the first one year from the launch is shown.
The slanted lines indicate latitude of the satellite; the equator (heavy line),
70°N (dashed line), and 70°S (dash-dotted line). The satellite trajectory on a
given day is parallel to the vertical axis and upward. The letter “s.b.” means
that the satellite crosses the equator from north to south (southbound), and
“n.b.” does from south to north (northbound). The shaded portions indicate
nighttime.

2.3. ISS-b ionograms (upper part of each section) and indicators of vertical
echo width (lower part of each section). Continuous line is N;, and shaded
area is L;. The six ionograms a to f correspond to the points a to f in
Figure 2.4.

2.4. Variation of the spread F index, S, along the satellite path for one
orbital period. The ionograms corresponding to the points indicated by
letters a to f are shown in Figure 2.3, The shaded areas, S > 6, denote
fpr.ea&jl F at high latitudes in %Jﬂlh hemispheres and nighttime equatorial
atitudes.

. 2.5. Contour diagram of percentage occurrence of spread F as a function of

magnetic (dip) latitude and local solar time for the period from August 11
to December 11, 1978,

. 2.6. Percentage occurrence of aspect-sensitive scattering echoes derived from

the Alouette 1 topside sounder satellite recorded between September 1962
and January 1963 (after CALVERT and Scumip (1964)).

. 2.7. Same as Figure 2.5 but for the period from November 10, 1978 to March

12, 1979.

. 2.8. Same as Figure 2.5 but for the period from February 9 to June 13, 1979,

. 2.9. Global distribution map of percentage occurrence of daytime spread

F for the period from August 11 to December 11, 1978. The dashed line
indicates the magnetic equator,
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Fig. 2.10. Same as Figure 2.9 but for nighttime spread F.

Fig. 2.11. Global distribution map of percentage occur > of ime s
for the period from November 10, 1978 toBMnr:'.hIIl.(;!?cleggg.‘my“me el s

Fig. 2.12. Same as Figure 2.11 but for nighttime spread F.
Fig. 2.13. Contours of constant modified colatitude.

Fig. 2.14. Global distribution maps of ESF activity. Fi
: y. Figures 2.14a - 2.1 -
;espond tlotthhe 11 data groups summarized in 'Tab[eg2.3. The r:lashe;ilf:\fe
epresents the magnetic equator. Positions where plasma bub
served are indicated by dots (for detail see section 3.6)?1& e

Fig. 2.15. Map of the magnetic declination angle calculated from IGRF 75 model
Positive values denote eastward declination and negative westward declina-
tion. Broken curve indicates the magnetic equator.

Fig. 2.16. Annual variation of zonal mean s ivi i
pread F activity at th
g?ti:a.sti_:‘r.d fI':'ug gnf_a.n values w&edc?]lcurlated from the functicfna.l reﬁfeggtg:t?:s
Sk distribution maps. Widt i
Gt Gt BT Tablep2.3. of each bar corresponds to the period of

Fig. 2.17. Consecutive ionograms near the e i i
i quatorial crossing. Cutoff fr. i
of the extraordinary wave are shown by triangles at thg zero mge'eqnenmes

Fig. 2.18. Variation of electron density at the satellj i i
the inagrias b . den 2.{7' e satellite heights determined from

Fig. 2.19. Variation of electron density at th i i i
: e satellit
density enhancement and dep]etiogl. gl orpH

Fig. 3.1a. Electron density at the satellite hei hts determined '
grams obtained at the Atlantic longitudes. (%pen circles denott:(l):ll?e :a};?s:::(?;
of zero range spread echoes, Density scale of the successive curves should
be displaced by one order as density of 10° cm=2 is denoted by the horizon-
t;al bar(s) on each curve. The vertical bars indicate the magnetic equator
Values on the right-hand side of each curve give universal time (UT) and
geographic longitude at the magnetic equator (M.E.). The regions of spread

¥ ?i:i L-Trlil;;:.m by shaded strips and abrupt density depletions by triangles

Fig. 3.15. s : g
ig éiblsgrvgz;.mc as Figure 3.1a but for the Pacific longitudes. No spread F is

Fig. 3.2. AGC intensity map (top) and scaled plasma parameters (bottom).

Fig. (.'iii.;'ll;wfmpirical tre{l;xt(iu;ns hetwee:l: CRN cutoff and plasma parameters; or-
wave cutoll (a), extraordinary wave cutoff (4§ i
resonance (¢) frequencies. d (i e dolad

Fig. 3.4. Contour plots of logarithm of electron density at the satellite heights for

";::}’1“'1!0"; winter (upper panel) and northern summer (lower panel) seasons
¢ dashed curve indicates the magnetic equator, and dash-dotted lines are
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the tangents to the magnetic meridional plane at the magnetic equator for
two typical cases; longitudes of maximum eastward and westward declination

angles.

Fig. 3.5. Latitudinal distribution of electron density at the satellite heights along
the dash-dotted lines in Figure 3.4. The upper two panels are for the north-
ern winter season and the lower two are for the northern summer season.
The left two panels are for the Atlantic region and the right two are for the

Pacific region.

Fig. 3.6a. Contour plots of logarithm of electron density in the plane parallel
to the satellite trajectory. The orbit crosses the magnetic equator at 42°W
longitude (over the Atlantic Ocean). The vertical electron density profiles
are derived by the real height analysis of the consecutive ionograms along
the orbital path. The letter “P” denotes the F layer peak. Spread F traces
appear in the region below the letters “F”. The magnetic field line crossing
the magnetic equator at 1000 km is shown by the broken curve.

Fig. 3.66. Same as Figure 3.6a but at the longitude of 156°W (over the Pacific
Ocean). No spread F is observed.

Fig. 3.7. Driving forces based on the MSIS empirical thermospheric model: com-
ponents parallel to the magnetic field (upper panel) and perpendicular to it
(lower panel) for a variety of magnetic declination angles; 10°, -2°, and -20°,
which represent the Pacific, Indian, and Atlantic longitudes at the magnetic
equator, respectively. Positive forces denote eastward for the perpendicular
component and northward for the parallel component.

Fig. 3.8. Schematic illustration showing the effect of a transequatorial compo-
nent of thermospheric winds on the redistribution of the ionosphere and the

stability.

Fig. 4.1. Schematic illustration showing linear instability at the bottomside of the
equatorial lonospheric F' region for two-dimensional approximation. Shown
is the zonal plane: the earth's magnetic field (B) is perpendicular to the
plane, and the ambient zonal electric field (E) and the gravitational force
(g) are parallel to it. The polarization electric fields (E")due to the small
density perturbation cause the perturbation to grow.

Fig. 4.2. Upward E x B drift velocity for typical seasons at Jicamarca under sun
spot maximum condition (after FEJER el al., 1979).

Fig. 4.3, Upward E x B drift velocity for typical seasons at Fortaleza under sun
spot maximum condition. Open circles connected with thick curve are the
velocity derived from ionosonde data (after ABpuU el al, 1981), and dots
connected with thin curve are supplemental data from Jicamarca shown in

Figure 4.2.

Fig. 4.4, Magnetic meridional component of the thermospheric neutral wind.
Magnetic declination angle is 2°E being pertinent to the longitude of Jica-
marca.

Fig. 4.5. Same as Figure 4.4 except for magnetic declination angle of 21°W which
is pertinent to Fortaleza.
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4.6. Vertical profiles of linear growth rates (left portion) and tube integrated
ion contents (right portion) for the two local times as a function of equatorial
crossing height of the field line. The tube integrated ion contents are sepa-
rately plotted for O* | some of molecular ions (NO* , OI_,". and N.j; denoted
as “mol”) and their sum (denote as “total”). The dash-dotted lines indicate
the altitude of maximum growth rate. The calculation is made under the
condition of D months/Jicamarca including the thermospheric wind effect.

4.7. Evolution of the linear growth rate and mean loss coefficient for the
D months/Jicamarca calculations. The altitude follows the most unstable
magnetic field line (see text) which moves with E x B drift velocity. The
vertical arrow indicates the reversal time of the ambient E x B drift.

4.8. Same as Figure 4.7 except for the J months/Jicamarca calculations.
4.9. Same as Figure 4.7 except for the J months/Fortaleza calculations.
4.10. Same as Figure 4.7 except for the D months/Fortaleza calculations.

4.11. Magnetic field aligned distribution of various parameters as a function
of distance from the equator for D months/Jicamarca runs. Each panel is,
from top to bottom, ion density, the E x B term, the gravitational term,
and the n/x term for the two cases with (right) and without (left) the wind
effect. The equatorial crossing altitude of the magnetic field line is about
340 km where the growth rate is maximum. The local time is 1930 when the
E x B drift velocity is maximum.

4.12. Same as Figure 4.11 except that the local time is 2030LT when the
E x B drift velocity is zero and the equatorial crossing altitude of the mag-
netic field line is about 390 km.

5.1. Plasma depletion and enhancement in the topside ionosphere. Elec-
tron density at the satellite height (~ 1000 km) is observed by the topside
ionosonde onboard [SS-b. Plasma depletions are seen in orbits 4362, 4416,
and 4469, and plasma enhancements in orbit 4416. Both plasma depletions
and enhancements are accompanied with intense backscatter echoes from the
irregularities surrounding the satellite as indicated by open circles. Shaded
bars indicate regions in which spread F is observed.

. 9.2, Two-layer system for midlatitude plasma instability. Two layers are

electrically connected to each other with highly conductive magnetic field
lines.

. 9.3, Vertical E x B drift velocity models with two types of evening drift en-

hancement. The dashed line indicates step-like enhancement for study of the
response of the [' layer to intense eastward electric fields. The gaussian-like
(synthesized with two appropriate gaussian functions) line is for caleulation
of the instability. Maximum drift velocities are 40 m/sec in both cases.

5.4. Response of the F layer peak height to the step-like change in the E x B
drift velocity given by the dashed line in Figure 5.3. The equatorial crossing
altitude of the field line is 1600 km, 30 min after the change of the electric
field. At the F layer peak, magnetic latitude is about 23.5°, dip angle is
ahout 41°, and v =25.5 m/sec.
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Chapter 1: General Introduction

1.1. Historical background

We first make a historical survey of ilonospheric irregularities in the F' region,
which is stressed on the global morphology of spread F. A general review of spread F'
is not intended because there are a number of excellent review works on this problem

(e.g., FEJER and KELLEY, 1980).

1.1.1. Global morphology In the ionospheric F' region electron density irregularities
often develop, which are called spread F since they were first recognized as diffuse
echo traces on ionograms. Spread F and its related phenomena have been studied
by means of a variety of observational techniques such as bottomside soundings, top-
side soundings, ground-based radar observations, satellite in-situ measurements, radio

wave beacon signals, optical method, and so forth.

It has long been known that appearance of spread F varies with local time, sea-
son, geographical location, and many other geophysical conditions (SHIMAZAKI, 1959;
HERMAN, 1966). At an early stage of the spread F study, SHiMAzAKI (1959) pro-
posed the spread F equator that divides the global area into two hemispheric regions
to describe seasonal and longitudinal characteristics of spread F. In the hemisphere
north of the spread F equator, large spread F occurrence appears around the Decem-
ber solstice and the June solstice in the south of it as shown in Figure 1.1. HERMAN
(1966) suggested a mechanism to generate ionospheric irregularities responsible for
spread F' based on the idea of spread F equator. However the spread F equator takes
no account of the important factors that spread F' appears near equinoxes in most

equatorial stations and occurrence of spread F exhibits large latitudinal dependence.

The spread F equator was derived from an analysis of the bottomside sounding
data obtained at the ground-based ionosonde stations. There may be two major diffi-

culties in studying global morphology of spread F based on the bottomside soundings.

1



2  Chapter I: General Introduction

© June > December
® December > June

Latitude

&0 120 mo 120 &0 ]
b Longitude ‘W

Fig. 1.1. Spread F equator reproduced from Suimazaki (1959). At the stations
in the north of the spread F' equator shown by the dash-dotted curve, occurrence
probability of spread F in the December solstice is higher than that in the June
solstice, while at the stations in the south of it, the occurrence probability in the
June solstice is higher than that in the December solstice. The magnetic equator
determined from the magnetic dip angle is shown by the broken curve.

Chapter 1: Geneval Introduction 3

The first is the limited number of stations, and furthermore they distribute unevenly
over the world as noticed in Figure 1.1; locations of the station are limited in land
areas. In particular, at the equatorial latitudes, stations are scarce because of the
Pacific and Atlantic Oceans. The second is the lack of reliability of spread F infor-
mation which cannot be removed by statistical procedure. Usually, spread F can be
determined from the letter “F” in the monthly tabulation of the ionospheric criti-
cal frequency, f,F5, 1ssued by local organizations independently. There is, however,
no quantitative standard to scale spread F. Historically, the scaling of ionospheric
parameters has been devoted to engineering interests for the short wave communica-
tions, for which the ionospheric critical frequency is the most important parameter
and the spread F information attached to the scaled f,F, value is considered to be
a subsidiary parameter to provide the quality of the scaled value. Thus it is almost
impossible to compare the spread F activity at different stations.

Ambiguity in the morphological studies based on the ground observations alone
has been much improved by realization of satellite techniques. The first topside sound-
ing satellite, Alouette 1, confirmed existence of spread F' irregularities extending into
the topside ionosphere with elongation along the earth’s magnetic field lines (Lock-
woobD and PETRIE, 1963). A pattern of spread F occurrence in geomagnetic latitude
and local solar time was investigated by CALVERT and ScuMmip (1964) from the Alou-
ette 1 topside ionograms recorded over the regions along the meridian of 75°W by the
ground station network (FRANKLIN et al., 1969). The pattern of topside spread F
oceurrence showed existence of the region of nighttime equatorial spread F' (ESF) dis-
tinguishable from the other latitude regions. MUuLDREW (1980a,b) and MARUYAMA
and MaTuura (1980) investigated the global morphology of ESF by using topside
ionograms and showed seasonal variation in the longitude of high occurrence proba-
bility of ESF.

In-situ measurements of ionospheric irregularities by means of the satellite-barne

probes are also powerful tools for the study of ESF. HansoN and SANATANI (1971)
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found from the retarding potential analyzer (RPA) experiments onboard the OGO 6
satellite that the occurrence probability of ESF irregularities was higher in the Atlantic
region than any other longitudinal regions. HANSON ef al. (1973) discussed about the
formation mechanism of ESF irregularities on the basis of the OGO 6 observations
and suggested the influence of both neutral winds and metallic ions, Fet | as the
controlling factors. Basu et al. (1976) derived a morphological model of equatorial
scintillations based on the OGO 6 RPA measurements of electron density irregularities
during the period of November-December in 1969 and 1970, and showed that the
highest percentage occurrence of scintillations appeared at the Atlantic longitudes
with a subsidiary maximum at the Pacific longitudes. A similar longitudinal variation
of ESF irregularities was observed by means of the spherical electrostatic analyzer
onboard the ISIS 1 satellite (BURKE ef al,, 1979). BURKE et al. (1980) also showed
plasma bubbles are often observed at the Atlantic longitudes. Thus fairly clear picture
of global morphology for ESF was obtained, although it is not completed (Basu
and Basu, 1985).

1.1.2. Physical mechanism  Turning to the efforts to investigate physical mecha-
nisms directly responsible for the generation of irregularities, it seems to be a key
point to take account for the resemblance between the morphological features of top-
side and bottomside spread F' that has been shown by CALVERT and Scumip (1964).
However, this resemblance was a statistical result. FARLEY et al. (1970) found that
ESF irregularities appear almost simultaneously in bottomside, peak electron density,
and topside regions of the I' layer using VHF radar at Jicamarca (11°57" S, 76°52
W; dip=1°N), near Lima, Peru. This simultaneous occurrence and other observed
characteristics ruled out any previous theories on the generation of ionospheric irreg-
ularities (FARLEY et al, 1970). Although BALSLEY et al. (1972) agreed with FARLEY
et al. (1970) that none of the existent theories explains the whole set of phenomena

associated with ESF, they demonstrate that the collision-dominated Rayleigh-Taylor
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instability is capable of setting up primary ESF irregularities.

Woobpman and LaHoz (1976) conducted experiments by the Jicamarea radar
with new observational techniques designed to study the ESF irregularities, and they
proposed a mechanism to explain the coexistence of irregularities in the bottomside
and topside regions. That is, a plasma depleted region or plasma bubble first appears
at the unstable bottomside and then the plasma bubble penetrates up to the higher
electron density region of the F' layer by the buoyancy force in analogy of hydrody-
namics and eventually it reaches the topside which is a linear stable region. Thus
small scale ESF irregularities may appear on the bottomside and also on the topside
almost simultaneously by secondary instabilities within and around the bubbles or
along the wake of them.

Succeeding extensive experimental and numerical studies support the scenario
proposed by WoopmanN and LaHoz, (1976): two dimensional nonlinear computer
simulation revealed an upwelling of density depletion (SCANNAPIECO and OssAkow,
1976); rising plasma bubbles were directly detected by a satellite-borne probe (Mc-
CLuRE el al, 1977); airglow depletions due to the plasma bubble associated with
spread F were observed at the equator (WEBER ef al., 1978) and from the subtrop-
ical latitude station (MaLcoLm et al., 1984). It is now generally accepted that the
basic mechanism for the generation of ESF irregularities is the nonlinear evolution of
the gravitational Rayleigh-Taylor instability in combination with the E x B drift in-
stability (Basu and KeLLey, 1979; KELLEY and McCLURE, 1981; Ossakow, 1981)

The global morphology of equatorial spread F should be discussed in terms of
the Rayleigh-Taylor instability. There are some candidate mechanisms to explain the
longitudinal and seasonal characteristics of equatorial spread F. That is, longitudinal
and seasonal changes in ionospheric parameters yield the change in the growth rate
of the instability or trigger mechanism: (1) the reversal time of the zonal electric field
from eastward to westward in the evening hours (Rastoai, 1980); (2) the £ region

dynamo field which generates field aligned currents due to a hemispheric asymmetry of
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the field (MuLprew, 1980a); (3) the transequatorial component of the thermospheric
wind which modifies the Pedersen conductivity integrated along the magnetic field
line (MARUYAMA and MATUURA, 1984); and (4) the longitudinal gradient of the
integrated region conductivity determined by the solar declination and the magnetic
declination angles (TsUNODA, 1985). The third mechanism is examined in this study,
in which the contribution of plasma laying off the equatorial plane must be considered.
The asymmetric distribution of the ionization due to the transequatorial wind may
result in an increase in the magnetic field line integrated Pedersen conductivity, which
suppresses the growth of the Rayleigh-Taylor instability.

Effects of the transequatorial thermospheric wind on the ionospheric plasma dis-
tribution at low latitudes have been studied by many workers (BITTENCOURT el al.,
1976: BITTENCOURT and SaHAI, 1978; ANDERSON and RoBLE, 1981). According to
these, a poleward wind transports ionization to the lower altitudes along the magnetic
field line through the momentum transfer from the neutral particles to ions, while at
the same time an equatorward wind transports ionization to the higher altitudes in
the other hemisphere. Thus the transequatorial wind yields hemispheric asymmetry
in plasma distribution off the equatorial plane.

There are some efforts to investigate the ionospheric instability taking the con-
tribution of plasma away from the equatorial plane into consideration. HAERENDEL
(1973) derived a growth rate of the Rayleigh-Taylor instability in terms of an upward
gradient of the integrated ion content for O within the magnetic flux tube, Ambient
electric fields are neglected in the derivation. ZALESAK et al. (1982) developed a
three-layer model for numerical simulations of the effects of neutral winds and back-
ground Pedersen conductivity. Their layer 2 represents an equatorial plane and layers
1 and 3 simulate the E layer away from the equatorial plane. Three layers are electri-
cally connected with each other via a conducting magnetic field line. For the purpose
of the present study, we will derive a multilayer model of the linear growth rate for

the Rayleigh-Taylor and the E x B drift instability involving plasma in the entire
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magnetic flux tube, which may be considered as an extension of the linear three-layer

model deseribed by ZALESAK ef al.

1.2. Scope of the present work

In Chapter 2 a comprehensive data set of topside spread F' by the [SS-b satellite
is presented and global morphology of spread F based on the observations is exam-
ined. Section 2.2 gives an outline of the experiment including engineering parameters
and orbital conditions relevant to the analyses. One of the advantages of the ISS-b
ionosonde is the digital ionograms. To keep the standard for the identification of
spread F' being constant, spread [’ is determined by a computer processing, which
procedure is described in section 2.3. For preliminary discussion, worldwide distribu-
tion of topside spread F is presented in section 2.4. Section 2.5 focuses spread F in
the equatorial region between 30°N and 30°S, which is a major interest in this thesis.
An important characteristic of ESF presented in this section is a combined seasonal
and longitudinal variability of its activity; we call it the seasonal-longitudinal effect
of ESF. In section 2.6 in-situ ionospheric irregularities at the satellite heights, i.e.,
plasma bubbles and plasma blobs, are examined. Those irregularities are considered
to be a direct evidence of the plasma instability responsible for the generation of ESF.

In Chapter 3 large-scale ionospheric structure is discussed in connection with the
seasonal-longitudinal effect of ESF. So far longitudinal effects of ESF irregularities
have been discussed to some extent based on limited data sets. However, it is shown
that none of these mechanisms explains the seasonal-longitudinal effect of ESF found
in Chapter 2. To find an alternative mechanism controlling the seasonal-longitudinal
effect of ESF, the background ionosphere is examined in section 3.2. The results
are interpreted in terms of transequatorial thermospheric winds, which cause the
interhemispheric plasma flows, in section 3.3. In section 3.4 a possible connection
between the large-scale ionospheric structure and plasma instability is discussed; it

is proposed that the redistribution of plasma along the magnetic field line due to the
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transequatorial winds suppresses the growth of the plasma instability through the
increase of field line integrated Pedersen conductivity.

Chapter 4 numerically elaborates the mechanism of the seasonal-longitudinal ef-
fect of ESF proposed in Chapter 3. For this purpose a diagnostic model is developed
including contribution of the plasma away [rom the equator. In section 4.2 theoretical
expression of non-local plasma instability model is derived. Section 4.3 describes nu-
merical computations and models for the neutral winds and electric fields. In section
4.4 computational results show an appreciable effect of neutral winds on the gener-
ation of ESF, and at the same time, zonal electric fields have an equally important
effect on ESF.

Chapter 5 discusses two more features related with ESF; one is the latitudinal
extent of the ESF region, and the other is the density enhancements or plasma blobs
observed at the satellite heights associated with ESF irregularities. In section 5.2
latitudinal extent of the equatorial irregularities is briefly reviewed based on published
materials. Section 5.3 applies the diagnostic model developed in Chapter 4 to the
magnetic field configuration at midlatitudes. The computational results are compared
with observations in section 5.4. Further, the generation mechanism of plasma blobs
is attributed to the E x B instability.

Chapter 6 summarizes the conclusion of the present work.

Chapter 2: Topside Spread F Observed by 1S5-b

2.1. Introduction

It has long been known that appearance of spread F varies with local time, sea-
son, geographical location, and many other geophysical conditions (SHimazAKI, 1959;
HERMAN, 1966). Nevertheless global picture was not been completely known. There
may be two major difficulties in studying global morphology of spread F based on
the bottomside sounding. The first is the limited number of ionosonde stations, and
furthermore they distribute unevenly over the world; locations of the station are lim-
ited in continents and islands. In particular, at the equatorial latitudes, stations are
scarce because of the Pacific and Atlantic Oceans. The second is the lack of reliability
of spread F information which cannot be removed by statistical procedure. Usually,
spread F can be determined from the letter “F” in the monthly tabulation of the iono-
spheric critical frequency, foFz, issued by local organizations independently. There
is, however, no quantitative standard to scale spread F. Historically, the scaling of
ionospheric parameters has been devoted to engineering interests for the short wave
communications, for which the ionospheric critical frequency is the most important
parameter and the spread F information attached to the scaled f,Fy value is consid-
ered to be a subsidiary parameter to provide the quality of the f,Fs value. Thus it
is almost impossible to compare the spread F activity at different stations.

The above difficulties were resolved to some extent by the launch of the topside
sounding satellites, Alouette 1, 2, ISIS 1, and 2, but still data were restricted in the

limited areas over which the satellite is visible from the telemetry station. The fifth
topside sounding satellite, ISS-b (lonosphere Sounding Satellite -b), was launched on
February 16, 1978 by Japan. This satellite carries an onboard tape recorder that is
able to store ionograms observed during whole revolution period of the satellite orbit.

i ; he data
Four revolutions of observation in a day are chosen so that the longitudes of t

points may be distributed uniformly.
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In this chapter morphological features of spread F are examined on the basis
of the ISS-b observations. At first, in section 2.2, an outline of the ISS-b topside
sounding including engineering parameters and orbital conditions is presented. One of
the advantages of the ISS-b ionosonde is the digital ionograms. As mentioned before,
it is important to keep the standard for the scaling of spread F being constant. Spread
F'is determined by a computer processing, which procedure is described in section 2.3.
For preliminary discussion, worldwide distribution of topside spread F is presented
in section 2.4, Section 2.5 focuses equatorial spread F (ESF), which is the major
interest in this thesis. In section 2.6, in-situ ionospheric irregularities at the satellite
heights, i.e., plasma bubbles and plasma blobs, are examined. Those irregularities
are considered to be a direct evidence of the plasma instability responsible to the

generation of ESF irregularities in the topside ionosphere.

2.2. Outline of the experiments
2.2.1. The ISS-b satellite The experimental studies that will be described in
Chapters 2 and 3 are based on the observations by the topside sounding satellite,
ISS-b. The ISS-b satellite was launched on February 16, 1978, and has been operated
till the end of 1980 on a routine basis. Four major experimental instruments were
aboard the satellite: topside sounder, ion mass spectrometer, retarding potential
analyzer, and fixed-frequency radio noise receivers. The topside sounder is designed
to detect the critical frequency of the underlying ionospheric £ layer with the aid
of an onboard pre-programed logic circuit and to observe the virtual range versus
frequency characteristics in the swept-frequency mode, i.e., topside ionograms. The
data obtained by the swept-frequency ionosonde mode of topside sounder are analyzed
in this study. Hereafter we call the swept-frequency mode operation simply topside
sounding.

The four experiments were conducted as a time sharing way with 64 second

repetition period, and data were stored in an onboard magnetic tape recorder for
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about one otbital period. The data store mode operations were performed at four
times a day; orbits were selected so that the longitudes of the data points may be
distributed uniformly on the whole earth by using onboard timer that controls the
start time of the abservation. The operation of data store mode for four whole-
rotational periods a day is a great advantage compared with the other four topside
sounder satellites launched previously, Alouette 1, 2, ISIS 1, and 2, because data
obtained by those satellites were limited in the areas in which the satellite is visible

from the telemetry station on the ground.

2.2.2. Parameters of the topside sounder  Spread F presented in this thesis is based
on the ionogram data which were digitized on the spacecraft for the benefit of efficient
storage of the data by the onboard tape recorder and efficient processing of the data
by a computer at the ground. The sounding frequency was swept stepwise from
0.5MHz to 14.8 MHz in 16sec with a frequency increment of 0.1 MHz. The received
signal strengths at each frequency step were sampled in every 33.3 km virtual range
increment over the range from 0 km to 1333.3 km. The intensity of each sampled signal
was quantized into four levels or two bits, i.e., 0, 6, 12 and 18dB above the receiver
noise level. Thus one ionogram is constructed by segments at 40 virtual ranges and
144 frequency steps. The engineering parameters relevant to the interpretation of the

data are summarized in Table 2.1,

Shown in Figure 2,1 are typical examples of reconstructed ionogram with normal
echo traces (top) and spread F' traces (middle and bottom). The strength of the echo
at each elementary segment of the ionogram, 0.1 MHz in frequency and 33.3km in
virtual range, is represented by “|”, “x”, and “+” for the levels corresponding to 6,
12, and 184dB above the background noise level, respectively. In the upper panel, an
ionogram without spread F, the extraordinary mode echo starts at ~2.3 MHz, and
some resonance spikes and the extraordinary Z-mode trace are observed as vertical

wedge-like portions at the frequency lower than 2.3 MHz, although they are not eas-
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TABLE 2.1.

System Parameters of the ISS-b Satellite

Swept-Frequency Sounder
Frequency Coverage
Frame Time

Frame Rate

Transmitter Power

Pulse Width

Pulse Repetition Rate
Sampling of Echo Signals
Quantization of Echo Signals

Overall Bandwidth of the Receiver

Orbital Parameters
Perigee
Apogee
Inclination Angle

Period

Spin Rate

0.5 to 14.8 MHz (0.1 MHz step)
16 sec
64 sec™!
Time Sharing with Other Experiments
150 W
300 psec
9 sec™!
33.3 km in Virtual Range
0, 6,12, and 18 dB
Above the Background Noise Level
6 kHz

972 km

1220 km
70°

107 min

13.6 rpm
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Fig. 2.1. Typical examples of ISS-b ionogram: no_spread F conﬁguratlos
(upper panel); spread F ionogram near the equator (middle panel); and spr(?ad
F ionogram at high latitude (lower panel). The intensity of the echo is expresse:
with three different characters, “|”, “x”, and “4+” for the levels corresponding
to 6, 12, and 18 dB above the background noise level, respectively.
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ily distinguished each other from the ionogram information alone. The distinction
between the ordinary and extraordinary mode traces is also difficult even in the case
of no spread F' traces, However, it is no matter for the study of spread F because
spread I echoes are sufficiently wide as shown in the middle and bottom panels, and

are easily distinguished from normal traces.

2.2.3. Orbit of the satellite  The ISS-b satellite has a nearly circular orbit at an
altitude around 1100 km with an inclination angle of about 70°. The nearly circular
orbit is convenient to study spread F, because the remote detection of the spread
F irregularities in the F' region is made with constant sensitivity everywhere during
the whole rotational period. The orbital parameters are summarized in Table 2.1.
Orbital conditions are extremely important to investigate ionospheric phenomena
that strongly depend on local time and season. The relationship between the local
solar time (LST) and the latitude of the satellite position is determined by the orbital
parameters, and varies as a function of day of the year. The orbital plane of 1SS-b
rotates westwards at the rate of 3 degrees a day with respect to the earth-sun direction
owing to the precession of the orbit (2° /day) and the motion of the earth around the
sun (1°/day). In other words, the local time at a given latitude decreases by about
12 min in a day. Thus it takes 4 months to observe the complete local time variations
of the ionospheric properties at all latitudes between 70°S and 70°N. The diagram
showing the relationship between the latitudes and LST for the first 1-year period

from the launch is given in Figure 2.2,

2.3. Computer scaling of spread F

Evaluation of spread F for a large number of ISS-b topside ionograms was carried
out directly from the raw digital data, i.e., without transformation of the data into an
ionogram pattern and therefore without judgment of spread echo by eye. This method

made it possible not only to improve efficiency in the data processing but also to
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EQUATOR ———T70°N —-—70°S

Fig. 2.2. Time chart indicating the local solar time (LST) at the satellite as
a function of day of the year. Only the first one year from the launch is sh_cmo'n:
The slanted lines indicate latitude of the satellite; the equator (heavy line), T0°N
(dashed line), and 70°S (dash-dotted line). The satellite trajectory on a given
day is parallel to the vertical axis and upward. The letter “s.b.” means that the
satellite crosses the equator from north to south (southbound), and “n.b.” does
from south to north (northbound). The shaded portions indicate nighttime.
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eliminate inequality in the criteria for the manual identification by individuals, which
sometimes encounters when bottomside spread F at different stations are compared.
The procedure for the identification of spread F from the ionogram data is described

below,

As noticed in the ionograms shown in Figure 2.1, most segments corresponding to
the interference have the intensity level less than 12 dB or indicated by the symbol | ",
while ionospheric echoes and resonance spikes have the intensity level greater than
12 dB. To eliminate errors in identification of spread F arising from interferences the
segments corresponding to the intensity greater than 12 dB are examined. Sometimes,
resonance spikes and a part of the extraordinary Z-mode trace near the zero virtual
range cause errors. Therefore the echo segments at the virtual range less than 400 km

are excluded; spread F is identified from the horizontal portion of the O- and/or X-

mode traces.

At the first step, the number of echo segments having the value greater than
12 dB, N;, is obtained within the vertical line from 400 km to the full range at each
frequency. A series of the numbers, N;(i =1, .-, 144), for one frame of the ionogram
gives a spectrum covering the frequency range from 0.5 to 14.8 MHz, where the fre-
quency is given by (4 +1)/10 MHz. Examples of N; are shown by non-shaded area in
the lower panels of Figures 2.3a-2.3f for a variety of ionograms. These primary spec-
trums would, however, still contain some contributions from signals other than the
spread echo, such as long duration signals arising from resonance spikes, vertically-
aligned echo traces near the local plasma cutoff, the extraordinary Z-mode trace, and
severe interferences. These long duration signals usually appear as sharp peaks in
the primary spectrum as seen in Figure 2,3. To eliminate these spike-like undesirable

contributions, the number L; is obtained as follows:

Li = min (Nizj,- o+, Niyoooy, Nigj),  (E=1,-+,144) (2.1)
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Fig. 2.3. ISS-b ionograms (upper part of each section) and indicators of vertical
echo width (lower part of each section); continuous line is ¥;, and shaded area is
L;. The six ionograms a to f correspond to the points a to f in Figure 2.4.
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where “min” means to take a minimum value for the frequency range f; = (25 +
1)/10 MHz. At the start and end of the series, 1 < i —j and i+ j < 144, respectively.
It is desirable to choose a large value of j to eliminate the error caused by the spike-
like distribution of N;. On the other hand, the effect of signal fading arising from the
change in the direction of sounding antenna due to the satellite spin motion must be
considered. An example of the spin effect can be seen in Figure 2.3¢. The ionogram
exhibits spread F condition as a whole, but echo trace disappears at 2.4 and 4.3 MHz.
The period of signal fading corresponds to 2.1sec, half the spin period. Therefore,
the frequency range, fy, in which minimum value is taken must be less than half the
spin fading so that the spin-modulated spread F traces may not be underestimated.
Here j = 3 or fy = 0.7 MHz is adopted as a compromised value. Examples of L; are
shown by the shaded areas in the lower panels of Figures 2.34-2.3f. Thus undesirable

effects are excluded. Finally, the maximum value of L; is taken as a spread F index;

= m&X(Ll,Lz,"',LMq), (1=1,,144) (22)

The variation of S with latitude and LST for one orbital period is shown in
Figure 2.4. The six points denoted by alphabetical letters ¢-f in Figure 2.4 correspond
to the six ionograms shown in Figures 2.3a-2.3f. In the figure large S values are
observed at high latitudes in northern and southern hemispheres, and at nighttime
equatorial latitudes. The threshold value, Sy, to identify spread F is empirically
determined by cross-examination of ionograms and calculated S values as shown in
Figures 2.3 and 2.4 for several passes. The most adequate value of Sy = 6 is adopted
in the present analyses, i.e., ionograms with S > 6 is spread F. The value of Sy
seems somewhat larger than an expected value from the transmitted pulse width
of 300 usec, which corresponds to the virtual range of 45km or to two elementary
resolution segments of the ionogram. This discrepancy may partly be ascribed to the

splitting into the ordinary and extraordinary traces, both traces are included in the

Chapter 2: Topside Spread I' Observed by ISS-b 19

ORBIT 3369 TO 3370 OCT. 25,1978

20

5

SPREAD ECHO INDEX:

0 i 1 1
ut 0140 0200 0220
L L i 1 LALLLL.A | v = 1 L 1 i AL aiil 1
LST 1200 1400 1600 0000 0200 0400 1000
i L i A i i i i 1 1 1 L L L
GMLAT 20 0 -20 -40 -60 -60 -40 -20 0 20 40 60 60 40

Fig. 2.4. Variation of the spread F index, S, along the satellite path for one
orbital period. The ionograms corresponding to the points indicated by letters a
to f are shown in Figure 2.3. The shaded areas, S > 6, denote spread F at high
latitudes in both hemispheres and nighttime equatorial latitudes.



20 Chapter 2: Topside Spread F Observed by [SS-b

evaluation of N; and therefore S, and partly be caused by pulse broadening due to

instrumental effects in the receiver.

2.4. Worldwide characteristics of spread F

2.4.1. Latitudinal and local tirne variations  The occurrence of spread F exhibits
strong dependence on both local fime and latitude. In fact, in Figure 2.4, the large S
value appears at high latitudes and nighttime-equatorial latitudes, while at daytime-
equatorial and midlatitudes S values are less than the threshold value. As we have
mentioned in 2.2.3 the local time of ISS-b at a given latitude changes slowly so that
the observation has to be continued at least for 4 months to examine the LST-latitude
characteristics. On the other hand, a short period is desirable to separate possible
seasonal variation from the LST-latitude characteristics. During the first 1 year from
the launch of the satellite, continuous operation of the satellite was sometimes inter-
rupted by engineering problems as summarized in Table 2.2, This situation didn’t
change very much in the succeeding years. The analyses in section 2.4 are devoted
to the 3 data sets obtained during 4-months periods: (1) August 11 to December
11, 1978, (2) November 10, 1978 to March 12, 1979, and (3) February 13 to June
13, 1979. The data corresponding to the overlapped portion of the two consecutive
periods were doubly used for the two sets.

Latitude and LST variations were examined by calculating occurrence probability
of spread F' as a ratio of the numbers of spread F ionograms and all ionograms in
a small rectangular cell with increments of 10° in magnetic latitude and 1h in local
solar time. Figure 2.5 shows a contour diagram of percentage occurrence of spread
F for the August-December period. There are high occurrence regions at the higher
latitudes and low latitudes around the magnetic equator. The occurrence of spread F
at the equatorial latitudes is confined mostly to the nighttime except for a minor peak
at 1000 LST, while the occurrence of spread F at high latitudes extends over all hours.

These general characteristics well agree with the previous results by means of Alouette
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TABLE 2.2. Operational Status of ISS-b for the 1-st One Year From the Launch

Period Orbit No. Status

March 18 to April 1, 1978 404 - 595  Check-Out of the Satellite Missions
April 15 to June 11, 1978 T77 - 1553 Normal Observation (4 rev./day)
June 12 to Aug. 10, 1978 -
Aug. 11 to Dec. 13, 1978 2365 - 4035 Normal Observation

Dec. 15, 1978 to Jan. 8, 1979 4056 - 4377  Reduced Observation (1 rev./day)
Jan. 10 to June 13, 1979 4403 - 6480 Normal Observation

Interrupted
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Fig. 2.5. Contour diagram of percentage occurrence of spread F as a function
of magnetic (dip) latitude and local solar time for the period from August 11 to

December 11, 1978.
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Fig. 2.6. Percentage occurrence of aspect-sensitive scattering echoes derived
from the Alouette 1 topside sounder satellite recorded between September 1962
and January 1963 (after CALVERT and ScrMID (1964)).
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1 topside sounder as reproduced in Figure 2.6 (CALVERT and Scumip, 1964). The
resemblance between Figures 2.5 and 2.6, in turn, implies that the procedure used for
the determination of spread F in the present study works well.

Although Figures 2.5 and 2.6 resemble each other, there exists a quantitative
difference such as the large occurrence probability in Figure 2.6 compared with ISS-b
observations. This may be partly due to the difference in the method of spread F
identification such that weak spread F' is not included in the present analysis because
it is hard to detect. Another reason is the difference in longitudes of the data point
and a possible longitudinal anomaly of equatorial spread F'; the Alouette 1 ionograms
were obtained by the ground station network located at the American longitudes,
while the current result is a longitude averaged property. The seasonal condition for
both results is similar, i.e., autumnal equinox to northern hemisphere winter season.
During these seasons, as clarified later, the American longitudes exhibit an extremely
large ESF activity in comparison with the other longitudes.

In detail, the occurrence of spread F at the equatorial latitudes in Figure 2.5
shows two maxima, one at around 2200 LST and the other at around 0400 LST;
and such fine characteristics are not seen in the Alouette results. The lower lati-
tude boundary of large occurrence probability at high latitudes exhibits north /south
asymmetry in the nighttime. The area of spread F' at the northern high latitudes
tends to extend into lower latitudes during nighttime, while that at the southern high
latitudes doesn’t. The north/south asymmetry was also observed by Alouette 1, but
it is reverse to the ISS-b results.

The occurrence diagrams for the other data sets are shown in Figures 2.7 and
2.8. The major features in these diagrams, large occurrence probability in nighttime
at equatorial latitudes and during a whole day at high latitudes, are similar to those
of the first data set shown in Figure 2.5. Further, at the equatorial latitudes, the
enhanced occurrence probability in the premidnight hours is commonly observed at

around 2200 LST in the three data sets. While, the maximum in the postmidnight
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hours varies with the data set or presumably with the season. The steadily observed
premidnight enhancement of spread F strongly suggests a connection with the post
sunset enhancement of eastward electric field observed with the equatorial incoherent
scatter radar facility at Jicamarca, Peru (FEIER ef al.. 1979). The connection between
the occurrence of spread F at the equatorial latitudes and electric field enhancement

will be discussed in Chapter 4.

2.4.2. Global distribution of spread F We have seen above that the worldwide
characteristics of spread F indicate strong local time and latitudinal dependence. One
of the prominent features is the day/night asymmetry of spread F at the equatorial
latitudes. Thus i is quite natural to examine the global distribution of spread F
separately for day and night. Global distributions of spread F were examined for the
same data sets those used for the investigation of latitudinal and local time variations.
To draw global distribution maps, percentage occurrence was calculated in every small
rectangular cell with increments of 10° in geographic latitude and 30° in geographic
longitude. The contour maps of occurrence probability are shown in Figures 2.9-2.12
for two of the three data sets, August-December 1978 and November 1978-March
1979.

The daytime spread F shown in Figures 2.9 and 2.11 indicates spread [ en-
hancement at high latitudes which are well characterized by magnetic latitude but
not geographical latitude. The nighttime spread F is shown in Figures 2.10 and 2.12.
The high latitude portions of the high occurrence probability are similar to those
of daytime distribution. Essentially occurrence probability at high latitudes doesn’t

change very much in season and local time,

At low latitudes, the latitudinal variation of spread F' shows maximum occur-
rence probability at the magnetic equator, indicated by the dashed line, irrespective
of the deviation of the magnetic equator from the geographic equator. In contrast

to high latitudes, spread F at the equatorial latitudes drastically varies with the lon-
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gitude, In Figure 2.10 the August-December period, enhanced spread F regions lie
at around 0° and 130°W longitudes. The maximum occurrence probability is greater
than 60% at 0°, and 40% at 130°W, while the occurrence probability between these
regions decreases to <20%. The longitudinal dependence of spread F' at the equa-
torial latitudes is more exaggerated in the case of Figure 2.12, the November-March
period, such that the maximum occurrence probability at 50°W-10°E is higher than
50%, while at 130°E-90°W longitudes the occurrence probability is less than 10%.
The difference between the two figures is large at the longitudes of the Pacific region,
where appreciable amount of spread F is observed in the August-December period
while almost no spread F' is observed in the November-March period. Apparently,
there exists a large seasonal effect in the longitudinal variability of spread F.

We should note, however, that the periods of the data sets are not necessarily
selected suitably. The November-March period may be characterized as a northern
winter season, while the August-December period contains not only an equinoctial
season but also northern winter and northern summer seasons: We suppose that the
equinoctial season is defined as each one month before and after the equinox. Such
a difficulty in separation of seasonal effects from the other properties is essentially
mevitable in satellite observations. However, if the discussion is limited to the equa-
torial region, we are able to examine seasonal effects of spread F in more detail. The
satellite crosses the equator twice during one revolution: northbound and southbound
passes separated by 12 hours in local time at the equator. Thus observation for a
given local time condition can be made every two months alternately for northbound

and southbound passes as shown in Figure 2.2. In the next section we will focus on

the combined seasonal and longitudinal effects of spread F at the equatorial latitudes.

2.5. Equatorial spread F

2.5.1. Muapping analysis of equatorial spread F Quite interesting seasonal and

longituding . in e PRy . :
ngitudinal dependence of spread F at equatorial latitudes (equatorial spread F or
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ESF) was found above; hereafter discussion is focused on the equatorial region. In
the previous section spread F is discussed in terms of occurrence probability that
is defined by the ratio of the numbers of ionograms with spread F traces and all
ionograms in a small area. Such occurrence probability is easy to interpret since the
definition is primitive. In return to this, to obtain reliable results, sufficient number of
ionograms are needed in each small area in which the ratio is calculated, and therefore
we are not allowed to divide the data set into subsets with short period. To avoid
this problem, strength of spread F is dealt, and functional representation is adopted
for the longitudinal distribution of equatorial spread F.

Our analysis was carried out with respect to 11 data groups for the annual periods
indicated in Table 2.3. The local solar time in the equatorial region for the first five
groups (a-¢) in the table covers 1800 to 2400 LST and the last six groups does 0000
to 0600 LST. In the table, one data group which should correspond to the period
July-August and should lie between the groups of b and ¢ is missing because of scarce
available data owing to an unsatisfactory operational condition of the spacecraft.

The functional form to represent the global distribution of the spread F activity,
F, is defined by the spherical harmonic expansion as follows (MATUURA et al., 1981):

M N
F(\o9)=F'(0°,9) = z Z [Anm P (cos8”) cosmo + Bom P (cos8*) sin mg)]
m=0n=m (23)

where A and ¢ are the geographic latitude and longitude, respectively, and 6* is the

modified colatitude defined as

1 I\, 8) (2.4)

with the magnetic dip angle I. The contours of constant modified colatitude are

: 1 2 s shown
dense and parallel to those of constant dip angle near the magnetic equator as s
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TABLE 2.3. Annual Periods of the Data Groups for ESF Study

1978

1979

1980

.

April 27 - June 3
Aug. 24 - Oct. 2
Oct. 25 - Dec. 2

Dec. 23 - Jan. 28, 1979

May 29 - June 15
Aug. 11 - Sept, 1
Sept. 24 - Nov. 2
Nov. 25 - Dec. 30

Premadnight (1800-2400 LST)

Feb. 21 - March 29

April 22 - May 26

Aug. 20 - Sept. 27

Oct. 20 - Nov. 26

Dec. 18 - Jan. 23, 1980

Feb. 15 - March 22
April 16 - May 23
Aug. 18 - Sept. 14
Oct. 15 - Nov. 19

Postmadnight (0000-0600 LST)

Jan. 20 - Feb. 26

March 22 - April 27

May 23 - June 13
Aug. 6 - Aug. 27
Sept. 23 - Oct, 27
Nov. 19 - Dec, 25

Jan. 16 - Feb. 22
March 18 - April 23
May 17 - June 20
Aug. 1- Aug. 12
Sept. 27 - Oct. 20
Nov. 13 - Dec. 15
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in Figure 2.13. Since the occurrence probability of equatorial spread F is usually
symmetric with respect to the magnetic equator, as we have seen in section 2.4, the
modified colatitude may be pertinent coordinate for the representation of equatorial
spread F characteristics. The notation PJ"(z) denotes the Legendre’s associated
function with order n and degree m of the argument z. The coeflicients Ay, and Bom
in the equation are to be determined by least-square fitting of the functional values
to the global data of spread F strength. We have already determined quantitative
measure for width of echo traces, S, by equation (2.2). For the functional fitting,
values exceed the threshold value, § — Sy, were used as the spread F strength, where
Sp is the threshold value suitably chosen, which is the same as the value chosen in

section 2.4, and when a negative value appears, strength is set to 0.

The worldwide analyses of the occurrence probability of spread F have shown
that regions of high occurrence are at the higher latitudes in both hemispheres and
at the equatorial latitudes, and those regions are separated from each other with in-
termediate regions of low occurrence probability centered at around 30° in magnetic
Jatitude in both hemispheres as seen in section 2.4, e.g., Figure 2.5. For the math-
ematical convenience we have artificially put the spread F strength at zero at the
magnetic latitudes greater than 30° N and S or 0° < #* < 49.3°,130.7° < 6* < 180°

in modified colatitude.

The mapping analysis was carried out with the maximum harmonic numbers in
equation (2.3) as N = 7 and M = 4. The distribution maps of the ESF activity
for the geographic latitude region between +40° are shown in Figures 2.14a-2.14k

corresponding to the data groups a-k in Table 2.3.

2.5.2. Seasonal-longitudinal effect  The ESF activity distributions shown in Figures
2.14d. 2.14¢. 2.14k are obtained for the northern winter months, and they resemble
each other in feature indicating a remarkably high ESF activity at the Atlantic lon-

gitudes between 60°W and 0°. It should be noticed that no significant difference in
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represents the magnetic equator. Positions where plasma bubbles were observed
are indicated by dots (for detail see section 2.6).
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the longitudinal distributions of the ESF activity is seen between the premidnight
(Figures 2.14d and 2.14¢) and the postmidnight hours (Figure 2.14k) for the same
sSeason.

A counter part to the Atlantic high ESF activity region in the northern winter
months can be seen as the high ESF activity region at the Pacific longitudes between
150°E and 90°W in the northern summer to autumnal months as shown in Figures
2.14b and 2.14¢ for the premidnight and Figures 2.14: and 2.14j for the postmidnight
hours.

At the Indian longitudes from 60°E to 120°E the ESF activity shows slight en-
hancement in the equinoxes and a minimum in the northern winter.

The above mentioned three typical longitudinal regions, the Atlantic, the Pacific,
and the Indian longitudes correspond respectively to the three distinctive regions
characterized by the declination angle of the earth’s magnetic fields. The Atlantic
longitudes between 60°W and 0° well coincide with the region of the large westward
declination of the earth’s magnetic fields as illustrated in Figure 2.15. In particular,
the longitudinal peaks of the ESF activity at the Atlantic longitudes, which can be
seen in Figures 2.14d, 2.14¢ and 2.14k, lie at around the longitudes of maximum
westward declination angle (-20°) at the magnetic equator. Similarly, the peaks of
the ESF activity at the Pacific longitudes, which can be seen in Figures 2.145, 2.14¢,
2.141, and 2.14j, lie at around the longitudes of maximum eastward declination angle
(10°) at the magnetic equator. On the other hand, the Indian longitudes where the
ESF activity tends to be enhanced in the equinoxes correspond to the region of small
magnetic declination.

It is also interesting to see the annual variation in the zonal mean ESF activity.
Shown in Figure 2.16 is the zonal mean activity at the magnetic equator that is given
by 3 A0 P2(0) based on the functional representation of equation (2.3), where the
summation is taken for n = 0,2,4, and 6. In spite of that there exists quite high

activity at the Atlantic longitudes in the northern winter, the zonal mean activity
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Fig. 2.16. Annual variation of zonal mean spread F activity at the magnetic

uator. The mean values were calculated from the functional representation of
ESF distribution maps. Width of each bar corresponds to the period of the data
group in Table 2.3.
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in Figure 2.16 shows maxima at the equinoctial periods. These maxima arise from
the longitudinally wide-spread distribution of the ESF activity during the equinoctial

periods.

2.6. Irregularities at the satellite heights

2.6.1. Plasma bubbles  The most distinctive phenomena related directly to the
equatorial spread F are upward moving plume-like structures detected by the radar
backscatter observation at Jicamarca, Peru (WoopmaN and LA Hoz, 1976), and
the rising plasma bubbles or density depletions detected by the satellite in-situ mea-
surements (MCCLURE el al,, 1977). These observations are the manifestation of the
nonlinear evolution of the gravitational Rayleigh-Taylor instability in the ionosphere
(KeLLey and McCLURE, 1981; OssAkow, 1981). An electron density depletion or
a plasma bubble arising from the Rayleigh-Taylor instability grows initially on the
bottomside of the F' layer and rises up to the topside, producing small scale density
irregularities as the source of spread F and radar backscatter.

Usually direct detection of plasma bubbles can be made by satellite-borne plasma
probes with sufficient spatial resolution. Although spatial resolution is poor, topside
sounders can detect plasma bubbles and provide important information such as a close
relation between the plasma depletion and severe spread F at the satellite height due
to density irregularities (DysoN and BEnson, 1978). MuLprew (19806) observed
another feature of plasma bubbles by the Alouette 1 topside sounder, which is as-
pect sensitive scatter echoes from the bubble below the satellite altitude or remote
detection of bubbles.

Plasma bubbles are detected by the ISS-b topside sounder too. Figure 2,17 shows
consecutive ionograms indicating spread F traces near the magnetic equator in night-
time. The electron density at the satellite height can be scaled mainly from the cutoff
frequency of extraordinary wave. To avoid the ambiguity due to the coarse frequency

resolution, 100 kHz/step, the result is reexamined by scaling other plasma parameters
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Fig. 2.18. Variation of electron density at the satellite heights determined from
the ionograms shown in Figure 2.17.

Fig. 2.17 Consecutive ionograms near the equatorial crossing. Cutoff frequen-
cies of the extraordinary wave are shown by triangles at the zero rage.
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like ion gyrofrequency, upper hybrid frequency, and model magnetic field strength un-
til consistent results are obtained because these parameters are not independent to
each other. The electron density determined in this way for the ionograms in Fig-
ure 2,17 is given in Figure 2.18. Density depletions are always accompanied with
severe spread echoes at zero range and thought to have been caused by the satellite
encounter with plasma bubbles (McCLURE ef al, 1977; DysoN and BENsoN, 1978),

which moved sufficiently up to the satellite altitude of about 1100 km.

Density depletions larger than 30% of the estimated background electron density
were found on 46 ISS-b passes among the 1700 nighttime equatorial passes examined.
This value looks too small as compared with the occurrence probability of equatorial
spread F. This can be attributed to the following: The detection of plasma bubbles
is limited to the cases of upward movement of the bubble up to the altitude of about
1100 km where bubbles are close to an equilibrium altitude (MuLDREW, 19805). On
the other hand, the spread F observation is remote detection of the irregularities
existing somewhere in a large volume extending from the satellite altitude down to
the F layer peak within a certain angle of view from the satellite. Points where plasma
bubbles are observed are indicated by dots in the contour maps of spread I’ activity
in Figure 2.14; those points are within the regions of spread F' activity enhancement
as expected, and there exists a tendency of high observation rate of plasma bubbles
at the Atlantic longitudes in the whole year (70% of the observed bubbles are at these

longitudes), which is consistent with BURKE et al. (1980).

2.6.2. Plasma blobs  The density depletions or plasma bubbles are always associated
with severe backscatter echoes at zero range, zero range spread F, but the reverse is
not true. There are many cases with no appreciable changes in electron density at
the satellite height when zero range spread F is observed. This may be interpreted as
that the satellite is very close to the plasma bubble but not within it. We discuss here

is another case in which zero range spread F is observed in association with density
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enhancement at the satellite height or a plasma blob. Figure 2.19 is an example of
plasma blobs.

The observation of plasma blobs by the ISS-b satellite is quite rare compared
with plasma bubbles. This is strongly due to the method used. The frame rate of the
ionogram is at one observation in every 64 sec or spatial resolution of 500 km along
the satellite orbit. Any small scale density structure at the F region height is thought
to be elongated along the magnetic field line. The observed scale of the structure
depends on the angle between the magnetic field line and satellite trajectory. Thus
the chance of the satellite encounter to a plasma blob, in particular at off-equatorial
latitudes with large magnetic dip angle, becomes infrequent if the sizes of plasma blob
are much smaller than 500 km.

Although the observation of plasma blobs is infrequent, we should not ignore this
phenomenon, and theories of spread F irregularities would never complete without
explaining this. The generation of plasma blobs can not be explained by any existing
theories. In Chapter 5 we will discuss the mechanism responsible for the plasma blobs
as an extension of a non-local theory developed for the equatorial latitudes, which
will be described in Chapter 4, to sub-tropical latitudes. The theory will be compared
with the extensive observational results of plasma blobs as a plasma probe aboard

the Hinotori satellite (WATANABE and Oya, 1986).

2.7. Concluding remarks

The topside ionospheric sounding by the ISS-b satellite first allowed to investi-
gate complete worldwide morphology of spread F. In particular at equatorial lati-
tudes, longitudinal and seasonal dependence of spread F activity could be examined
extensively, and we obtained fairly clear picture of a coupled seasonal-longitudinal
effect of ESF as follows: During northern winter season the ESF activity is high at
the Atlantic longitudes where the geomagnetic fields have large westward declination;

during northern summer season the longitudinal peak of ESF activity moves to the



46  Chapler 2: Topside Spread F Observed by ISS-b

106

_ Orbit 4416, Jan.11,1979 )

Electron Density, ecm-3

B t I I t d
108
I
ut 0055 0100 0105 0110
Mag.Lat. z'n! Eo ,lzn-
1
LST 2070 2100 2130 2200
Height 1000 475 990km

Fig. 2.19. Variation of electron density at the satellite heights showing abrupt
density enhancement and depletion.
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Pacific longitudes where the geomagnetic fields have large eastward declination; and
during the equinoxes the ESF activity is high at the Indian longitudes where the
magnetic declination angle is small.

Also revealed from the ionograms are the abrupt plasma depletions associated
with severe backscatter echoes at the zero range, which are ascribed to the satellite
encounter with a plasma bubble. The plasma bubbles are the results of nonlinear
evolution of the Rayleigh-Taylor instability that is considered to be a primary mech-
anism to generate equatorial spread F. The positions of the detected plasma bubbles
are within the area of high ESF activity. Another plasma irregularities at the satellite
height are plasma enhancements or blobs. The number of example of the plasma blobs
is very small, but we should not ignore this phenomenon because the generation of
plasma blobs can not be explained by any existing theories; any theories would never

complete without explaining this.
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3.1. Introduction

In the previous chapter we have found a combined seasonal-longitudinal effect of
ESF. So far seasonal and/or longitudinal variations of ESF irregularities have been
discussed to some extent. However, some of them are based on the observations in lim-
ited seasonal and longitudinal conditions. The global morphology of ESF presented in
Chapter 2 is much more advanced observations such that global distribution maps of
ESF activity are derived for various seasons, which allowed to separate the seasonal
and longitudinal variations. It also rules out some mechanisms to explain longitu-
dinal effect of ESF previously proposed, although those effects are not necessarily
completely denied. »

For example, BURKE et al. (1980) related the high occurrence probability of top-
side spread F irregularities in the American longitude sector to the weakest magnetic
field at those longitudes of all others. Their discussion is based on the data obtained
during September by the DMSP satellite and on other published results that are also
obtained during northern winter season (BAsv et al., 1976; BURKE et al., 1979). Ap-
parently, any effect based on the magnetic field configuration alone cannot explain
the annual migration of the longitude of high ESF activity as realized in Figure 2.14.

Another discussion of seasonal-longitudinal effect of plasma bubble is made by
MuLpRrEW (19804, b). He used Alouette 2 topside ionograms recorded by the teleme-
try stations at Quito, Ecuador (78.6°W, 0.6°S) and Singapore (103.8°E, 1.4°N). These
stations are in the meridian where the displacement of the magnetic equator is large.
He suggests that the displacement of the magnetic and geographic equators plays an
important role in the initiation of ESF and bubbles. Accordingly, the ESF activity is
high in the December solstice at the American longitudes where the magnetic equator
is largely displaced to the south while in the June solstice at the longitudes where

the magnetic equator is largely displaced to the north. Unlike this, the observations
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shown in Figures 2.14¢ and 2.14k demonstrate the highest ESF activity at around
30°W, where both equators coineide. Thus the displacement of the magnetic equator
may not be a control factor.

To find mechanism(s) controlling the seasonal-longitudinal effect of ESF we inves-
tigate the background ionosphere; it is quite natural to suppose that there are changes
in the large-scale ionospheric structure related to the stability of the ionosphere. In
section 3.2 the ionospheric electron density at the satellite heights is examined. The
results are interpreted in terms of transequatorial thermospheric winds in section
3.3. In section 3.4 a possible connection between the large-scale ionospheric strue-
ture, which is the manifestation of the thermospheric winds, and plasma instability

is discussed.

3.2. Electron density at the satellite heights
3.2.1. North/south asymmetry  There are two major factors affecting the large-scale
ionospheric structure at low latitudes; zonal electric fields and thermospheric neutral
winds. Zonal electric fields push up or down the ionosphere in the E x B direction
depending on the field direction. Since the magnetic field lines are considered to be
equipotentials at the F region heights, the electric field effect is symmetrical with
respect to the magnetic equator in the magnetic meridional plane. Thermospheric
winds cause the flow of plasma along the magnetic field line through the momentum
transfer to the ions. Resultant redistribution of ionization appears in the magnetic
meridional plane. Therefore, it is convenient to examine the large-scale ionospheric
structure along the magnetic meridional plane to separate any possible local time
and/or longitudinal dependence of the ionospheric properties.

As a preliminary examination, electron density along the satellite orbit was ex-
amined from the consecutive ionograms. The orbital inclination angle of ISS-b is
about 70°. On the other hand, the declination angle of earth’s magnetic fields is

about 15-20°W at the Atlantic longitudes, and about 10 °E at the Pacific longitudes.
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Therefore the orbital plane of the saiellite is nearly parallel to the magnetic merid-
ional plane at the Atlantic longitudes for the southbound passes and at the Pacific
longitudes for the northbound passes. These longitude regions are characterized as
two extremes of equatorial spread F activity during northern winter season as we
have found in the previous chapter.

Shown in Figure 3.1 are the latitudinal variations of the electron density at the
satellite heights determined from the ionograms by the method described in 2.6.1.
The electron density distributions in Figure 3.1« are obtained from southbound passes
crossing the magnetic equator in the direction almost parallel to the magnetic merid-
ians at the Atlantic longitudes between 34°W and 57°W, where the extremely large
ESF activity was seen in Figure 2.14e. In contrast to this, the electron density dis-
tributions shown in Figure 3.14 are obtained from northbound passes crossing the
magnetic equator in the direction nearly parallel to the magnetic meridians at the
Pacific longitudes between 162°E and 107°W, where the ESF activity was quite low
as seen in Figure 2.144d.

When the ionogram exhibits severe spread F echoes at the zero range, the electron
density is denoted by open circles and when the ionogram does not exhibit such zero
range echoes it is denoted by dots in the figure. The latitude regions in which spread
F was observed are indicated by shaded strips below each curve. It is noted that
spread [ is observed for most orbits in Figure 3.1a, but not observed for any orbits
in Figure 3.1,

A very significant difference is noticed between Figures 3.1a and 3.1b; when
spread F appears (Figure 3.1a), latitudinal distribution of the background electron
density is always symmetric with respect to the magnetic equator, while when spread
I" is not observed, the electron density distribution is strongly asymmetric with re-
spect to the magnetic equator. In other words, there is a large latitudinal gradient in
background electron density distribution when ESF is not observed.

The exception is observed in orbit 4376 in Figure 3.1a, where spread F is not
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Fig. 3.1a. Electron density at the satellite heights determined from the iono- Fig. 3.1 b. Same as Figure 3.1a but for the Pacific longitudes. No spread F' is
grams obtained at the Atlantic longitudes. Open circles denote the existence of observed.

zero range spread echoes, Density scale of the successive curves should be dis-
placed by one order as density of 10° cm™? is denoted by the horizontal bar(s)
on each curve. The vertical bars indicate the magnetic equator. Values on the
right-hand side of each curve give universal time (UT) and geographic longitude
at the magnetic equator (M.E.). The regions of spread F are indicated by s%laded
strips and abrupt density depletions by triangles in the strips.
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observed but the electron density distribution is not very much asymmetric like the
passes in Fignre 3.1, The difference of orbit 4376 from the other orbits in same
longitude region is the lack of density bulge at around the magnetic equator, which
may imply that the eastward electric field or upward E x B drift velocity was very
small compared with the others. The lack of ESF and lack of equatorial density bulge
in orbit 4376 invoke some contribution of the eastward electric field to the generation
of the plasma irregularities. However, the reverse is not true as seen in orbit 8515 in
Figure 3.1b, where spread F is not observed nevertheless an appreciable density bulge

exists at the magnetic equator.

3.2.2. Electron density determined from sounder AGC The connection between
the occurrence of equatorial spread F and large-scale electron density structure is
demonstrated above by examining selected passes so that the satellite orbits were
nearly parallel to the magnetic meridian. To generalize the above results a large
number of ionogram data must be dealt with for the statistical confidence. However,
most satellite orbits are not parallel to the magnetic meridional plane. Instead of
analyzing individual passes, worldwide distribution maps of the electron density were
obtained by using data in all satellite passes. For this purpose the electron density
was determined by a computer processing of the sounder receiver AGC (automatic

gain control) data instead of scaling the characteristic frequencies.

The AGC voltage data of the ISS-b sounder receiver are available at the time
Just before the pulse transmission. The interval between consecutive pulses is 0.111
sec (pulse repetition rate of 9 Hz), which is sufficiently long to decay the pulse-
stimulated plasma waves (BENson, 1977, 1982). At frequencies between the plasma
frequency at the satellite height and the ionospheric critical frequency (f, ;) below
the satellite, the AGC voltage gives the intensity of cosmic radio noise (CRN) without
any effects of the pulse transmission and interferences from the transmission on the

ground (HARTZ, 1969). Near the plasma frequency, however, the received intensity

Chapter 3: Large-Scale lonospheric Structure 55

of CRN gradually decreases with lowering the frequency by propagation effects in
the topside ionosphere (HARTZ and RoGER, 1964). Thus the cutoff frequency of
CRN determined from the AGC data provides a measure of electron density at the
satellite height. In the actnal receiving system, however, CRN cutoff is a function
of the eleciron density, antenna gain and direction, ionospheric scale height, and
CRN strength at the top of the ionosphere. While, there are large difficulties in the
theoretical determination of the quantitative relation between the cutoff frequency and
each factor that affects the CRN cutoff. Instead of theoretical model, we have derived
an empirical relation between the AGC output and electron density by examining
about 300 sampled ionograms and corresponding AGC data.

Figure 3.2 shows an example of AGC data and scaled plasma parameters for one
revolution of the satellite. The AGC data are represented by the gray scale in the
upper panel; white area corresponds to zero and darker areas correspond to higher
AGC levels. The figure is constructed from 104 ionograms or 104 CRN spectra, and
only lower frequency part (0.5-8.5 MHz) is shown. At frequencies of 3.8, 5.8, 5.9, 6.0,
7.6, and 7.8 MHz, continuous intense signals appearing as horizontal lines are due to
instrumental spurious noise. Fortunately, the spurious noise disappears at frequency
Just below the CRN cutoff frequency; therefore it does not affect the determination of
electron density. Intense interferences of ground transmissions are recognized at the
upper right portion of the figure at frequencies above f, % shown by the solid line. At
the lower frequency region centered 1.0 MHz, fairly intense AGC levels are recorded,
which are presumably due to instrumental effects but details are unknown. In the
lower panel, CRN cutoff (fono), ordinary wave cutoff (fv), and extraordinary wave
cutoff (fx) frequencies are shown by dots, solid line, and dashed line, respectively.

Scatter plots of AGC and plasma parameter are shown in Figures 3.3a-3.3¢.
The ordinates are AGC level of the raw 8-bit telemetry data format for all figures.
The abscissas are ordinary wave cutoff (3.3a), extraordinary wave cutoff (3.34), and

upper hybrid resonance (3.3¢) frequencies determined from the ionograms. Curve
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Fig. 3.2. AGC intensity map (top) and scaled plasma parameters (bottom).
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fittings were made with parabola. The ordinary wave cutoff frequency exhibits best
correlation with fe o, though other two also exhibit fairly good correlation. Electron

density, N,, is directly calculated by the relation, N.(cm™) = 1.24 x 10*[fy(MHz)|*.

3.2.3. Global maps of electron density By using the empirical relation described
above, the electron density was determined for all ionogram data. Then the global
mapping analysis was carried out for two periods, the northern hemisphere winter
(October 24, 1979-February 18, 1980) and northern hemisphere summer (April 21,
1980-August 22, 1980) seasons in the form of functional fitting similar to that used
for the analysis of the spread I" activity except for no artificial setting of the values
at modified latitudes higher than 40°. The local times were limited to 2000-2400,
because there exists a large local time variation in the electron density; the maps are
so-called constant-local time maps but not snap shots of the ionosphere.

Results are shown in Figure 3.4. The contour lines indicate log N, in em™3.
The electron density distribution is somewhat complicated, and it is not necessarily
maximum at the magnetic equator indicated by the dashed line nor the geographic
equator. The dash-dotted lines are drawn in parallel to the magnetic meridians at the
magnetic equator for two typical longitudes with maximum eastward and westward
declination angles.

Figure 3.5 shows latitudinal sections of Figure 3.4 along the magnetic meridional
plane approximated by the dash-dotted lines. The upper two panels in Figure 3.5 are
for the northern winter period and lower two are for the northern summer period;
and the left two panels are for 30°W longitude (Atlantic region) and the right two
are for 150°W longitude (Pacific region). A systematic change in the shape of the
magnetic meridional distributions of the electron density can be seen depending both
upon the longitudes and seasons. The electron density distribution is symmetric with
respect to the magnetic equator both at the Atlantic longitude in the northern winter

period and at the Pacific longitude in the northern summer, where and when the ESF
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Fig. 3.4. Contour plots of logarithm of electron density at the satellite heights
for northern winter (upper panel) and northern summer (lower panel) seasons.
The dashed curve indicates the magnetic equator, and dash-dotted lines are the
tangents to the magnetic meridional plane at the magnetic equator for two typical
cases; longitudes of maximum eastward and westward declination angles.
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Fig. 3.5. Latitudinal distribution of electron density at the satellite heights
along the dash-dotted lines in Figure 3.4. The upper two panels are for the
northern winter season and the lower two are for the northern summer season.
The left two panels are for the Atlantic region and the right two are for the Pacific
region,
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activity is high. In contrast to this, the electron density distribution is asymmetric
both at the Atlantic longitude in the northern summer and at the Pacific longitude
in the winter, where and when the ESF activity is quite low.

Thus the connection between the occurrence of ESF and large-scale ionospheric
density structure, which was first obtained for the selected passes, is confirmed in-
dependent of the orbital condition or angle of the satellite orbit with the magnetic

meridian.

3.3. Neutral wind effect

We have discussed in the previous section north/south asymmetric distribution
of the electron density at the satellite heights relating to the occurrence of equatorial
spread F. It is essential to investigate, however, the distribution of electron density
below the satellite altitude, because plasma bubbles are formed on the bottomside of
the F layer, and then rise up to the topside (Ossakow, 1981).

The real height reduction of the ionograms gives us information on the elec-
tron density distribution from the satellite altitude down to the F layer peak. Two-
dimensional structure in the magnetic meridional plane of the topside electron density
distribution obtained from the consecutive ionograms is shown in Figures 3.6a and
3.6b for two typical passes, orbit 4442 appearing in Figure 3.1a and orbit 8421 in
Figure 3.15. In Figure 3.6a the electron density at the altitudes below the letters “F”
could not be determined from the ionograms because of the severe spread F' condition.
The upper boundary of the region of spread F irregularities is closely aligned with the
magnetic field line denoted by the broken curve crossing the equator at 1000 km, being
symmetric with respect to the magnetic equator. In the region outside the spread F
irregularity zone evidently the contours of electron density up to the satellite altitude
from the F' layer peak show striking similarity in pattern between both hemispheres
notwithstanding nearly solstitial conditions. Another important point to be noted

here is a symmetric pattern of the F layer peak altitudes in both hemispheres de-
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Fig. 3.6a. Contour plots of logarithm of electron density in the plane parallel to Fig. 3.66. Same as Figure 3.6a but at the longitude of 156°W (over the Pacific
the satellite trajectory. The orbit crosses the magnetic equator at 42°W longitude Ocean). No spread F is observed.

(over the Atlantic Ocean). The vertical electron density profiles are derived by
the real height analysis of the consecutive ionograms along the orbital path. The
letter “P” denotes the F' layer peak. Spread F traces appear in the region below
the letters “F”. The magnetic field line crossing the magnetic equator at 1000 km
is shown by the broken curve.
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noted by the letters “P” in the figure, which may umply that the thermospheric wind
component in the magnetic meridional plane is divergence/convergence wind with
respect to the magnetic equator and transequatorial wind is weak.

In contrast to above, in Figure 3.64, the electron density distribution is quite
asymmetric with respect to the magnetic equator. The contours in the southern
hemisphere are nearly horizontal while those in the northern hemisphere decline.
Considering magnetic field aligned density profiles, the distances from the equator
down to the points of log N, = 5.3 along the broken curve are 630 km in the southern
hemisphere and 1300 km in the northern hemisphere. The F' layer peak altitudes
also exhibit asymmetry such that h, Fo between 20 and 25°N is about 280 km and
h,, Fy at similar latitude in the southern hemisphere is about 450 km. All these
asymmetric characteristics are well attributable to strong transequatorial thermo-
spheric winds blowing from south (summer hemisphere) to north (winter hemisphere)
as follows (BITTENCOURT ef al., 1976; BITTENCOURT and SAHAIL, 1978; ANDERSON
and RoBLE, 1981): A poleward wind transports ionization to the lower altitudes along
the magnetic field line through the momentum transfer from the neutral particles to
the ions, while at the same time an equatorward wind transports ionization to the
higher altitudes in the other hemisphere. Thus the transequatorial wind yields hemi-
spheric asymmetry in the field aligned electron density distribution and layer heights
off the equatorial plane.

These two examples of meridional structure allow us to conclude that the sym-
metry /asymmetry in the distributions shown in Figures 3.1 and 3.5, which are statis-
tically reliable results, may extend down to the whole F' region and may reflect the
effects of the transequatorial winds.

The horizontal component of the thermospheric pressure gradient is the major
driving force for the winds in the ionospheric F region (RisuBeTH, 1972), and Coriolis
force vanishes at the geographic equator. The driving force at the geographic equa-

tor and at altitude of 300km is computed from the neutral air density and neutral
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temperature based on the MSIS (mass spectrometer and incoherent scatter) empirical
thermospheric model (HEDIN et al., 1977a. b) by using a value of Fq 7 flux at 170 to
be adequate to the period of the [SS-b observation, and a value of A, index at 4. Fig-
ure 3.7 shows annual variations of two components of the driving force per unit mass
of the air parallel and perpendicular to the magnetic field computed for 1900 LST
which is slightly early to the time when ESF is first observed, and for three cases in
which the declination angles of the magnetic field are -20°, -2°, and 10°corresponding
to the equatorial points at the Atlantic, Indian, and Pacific longitudes, respectively.
Where the minus sign denotes westward declination and the plus sign does eastward
declination.

In the figure the plus sign means eastward and northward for the perpendicular
and parallel components, respectively. The perpendicular components do not change
very much with seasons, but the parallel components are very variable not only in the
amplitude but also the sign. The parallel components become small during northern
winter period for the field line of -20°declination, which represents the Atlantic longi-
tudes, during northern summer period for 10°declination, the Pacific longitudes, and
during two equinoctial periods for -2°declination, Indian longitudes. In other words,
thermospheric winds are expected to blow in perpendicular to the magnetic field line
in the three cases described above, and the strong transequatorial wind is expected
for the rest of the above three conditions.

By these calculations, we conclude that the symmetric and asymmetric structure
of the electron density distribution in the magnetic meridians, which we have seen in

Figures 3.4 and 3.5, is due to the transequatorial component of thermospheric winds.

3.4. A possible connection between ESF and the large-scale structure
As we have briefly mentioned in 2.6.1, equatorial spread F is due to small-scale
density irregularities which are generated in association with the nonlinear evolution

of the gravitational Rayleigh-Taylor instability. An electron density depletion or a
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Fig. 3.7. Driving forces based on the MSIS empirical thermospheric model:
components parallel to the magnetic field (upper panel) and perpendicular to
it (lower panel) for a variety of magnetic declination angles; 10°, -2°, and -20°,
which represent the Pacific, Indian, and Atlantic longitudes at the magnetic
equator, respectively. Positive forces denote eastward for the perpendicular com-

ponent and northward for the parallel component.
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plasma bubble arising from the Rayleigh-Taylor instability grows initially on the bot-
tomside of the F layer, and rises up to the topside, producing small scale density
irregularities as the source of spread F. Although a numerous number of observa-
tions, theories, and numerical calculations support the above fundamental process as
a cause of equatorial spread F, none of the existing theory may explain the seasonal-
longitudinal effect found in Chapter 2. In this section we attempt to connect the
large-scale ionospheric structure and the plasma instability.

Recently, many researchers discussed thermospheric wind effects on the gener-
ation of Rayleigh-Taylor bubbles (CHiu and STrAUS, 1979; KELLEY el al., 1981;
GUZDAR et al, 1982; ANDERSON et al.,, 1982; and Tsunopa, 1983) and on the evo-
lution of the bubble (ZALESAK et al, 1982; and ANDERSON and MENDILLO, 1983).
The above authors discussed a zonal component of the winds which takes part in
the generation of bubbles through additional destabilization or seeding of the gravity
driven Rayleigh-Taylor instability. What we suggest here on the basis of the ISS-b
observations is another possible effect of the neutral wind such as stabilization of the
instability by the transequatorial thermospheric wind.

As mentioned already, effects of the transequatorial thermospheric wind on the
ionospheric plasma distribution at low latitudes are as follows: A poleward wind
lowers ionization along the magnetic field line and, in the other hemisphere, an equa-
torward wind raises ionization to the higher altitudes. Thus the transequatorial wind
yields hemispheric asymmetry in the layer heights off the equatorial plane.

Turning to the instability problem, before discussing the transequatorial wind
effects, most theoretical and numerical studies are made with two-dimensional ap-
proximation concerning the ionospheric parameters in the equatorial plane. There
also have been some efforts to investigate the ionospheric instability taking the con-
tribution of plasma away from the equator into consideration. HAERENDEL (1973)
pointed out that the growth of the Rayleigh-Taylor instability at the equatorial lat-

itudes shonld be discussed as an instability problem for the magnetic line of tube
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through the whole I region. In this case the important quantities are the electron
contents integrated in the magnetic flux tube and the field line-integrated Pedersen
conductivity (see also ANDERSON and HAERENDEL, 1979), instead of local quantities
at the magnetic equator. At any rate, irrespective of the approximation, the large
Pedersen conductivity causes shortcircuiting of the polarization electric fields arising
from the instability process. Therefore the Rayleigh-Taylor instability is suppressed
by the increase of Pedersen conductivity.

HAERENDEL considered only electron density distribution that is symmetric with
respect to the magnetic equator. The redistribution of the ionospheric plasma owing
to the transequatorial wind, however, makes a finite contribution to the changes of
the field line-integrated Pedersen conductivity since the collision frequency varies in
an exponential way in altitude as schematically shown in Figure 3.8. We consider
a case in which the magnitudes of the rise and fall of the F layer at the conjugate
points are equal and greater than the scale height of the collision frequency (~50km)
(Ossakow et al., 1979). The net increase of the line-integrated Pedersen conductivity
may be appreciable because of the larger contribution from the plasma on the lee side
than the opposite contribution from the plasma on the windward side.

BITTENCOURT and SAHAI (1978) calculated that the transequatorial wind with
velocity of 200 m/sec produces a difference of 120 km in the F' peak heights between
the conjugate points at 15° in magnetic latitude. Thus it is reasonable to postulate
that an intense transequatorial wind changes the integrated Pedersen conductivity,
which results in the suppression of the growth of plasma instability. Many observed
aspects of the seasonal-longitudinal effect of ESF and electron density distribution
are well accounted for by this mechanism. The discussion so far, however, is quite
speculative, so we need more theoretical and numerical elaboration of this idea, which

will be described in the next chapter.
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Fig. 3.8. Schematic illustration showing the effect of a transequatorial com-
ponent of thermospheric winds on the redistribution of the ionosphere and the
stability,
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3.5. Concluding remarks

[t was found that the electron density distribution in the magnetic meridional
plane is symmetric with respect to the magnetic equator when and where the ESF
activity enhancement is seen, while it is asymmetric when and where the ESF activ-
ity is low. This morphological connection between the large-scale structure and ESF
suggests that a transequatorial component of the thermospheric winds in the mag-
netic meridional plane plays a role in suppression of the growth of the gravitational
Rayleigh-Taylor instability and therefore the ESF activity. A plausible mechanism
of the instability suppression is the shortcircuiting of polarization electric field owing
to the increase of Pedersen conductivity by the lowering of the ionospheric heights in
the lee side hemisphere of the transequatorial wind. Therefore absence of a transe-
quatorial thermospheric wind is one of the important necessary conditions for the
generation of ESF. Such condition tends to be satisfied at the Atlantic longitudes
during the northern winter, at the Pacific longitudes during the northern summer,
and at the Indian longitudes during the equinoxes, where the directions of the ther-
mospheric diurnal winds in the nighttime F region tend to be perpendicular to the
magnetic meridians following the seasonal migration of the thermospheric pressure

bulge.

Chapter 4: Theoretical Calculation of ESF

4.1. Introduction

We have found a significant longitudinal-seasonal effect of equatorial spread F
(ESF) in Chapter 2. This effect is shown to be connected with the change in large-
scale lonospheric structure due to the transequatorial thermospheric wind in Chapter
3. Furthermore it is proposed that the redistribution of plasma along the magnetic
field line due to the transequatorial wind, which is the cause of the change in large-
scale ionospheric structure, plays an important role in the growth of the plasma
instability. The discussion presented there, however, is very speculative; therefore we
need numerical elaboration of this mechanism.

Recent extensive experimental, theoretical, and numerical studies allow us to
conclude that the basic mechanism for the generation of ESF is the gravitational
Rayleigh-Taylor instability operating in combination with the E x B drift instabil-
ity due to an ambient eastward electric field (BAasu and KELLEY, 1979; KELLEY
and McCLURE, 1981; Ossakow, 1981). Up to the present a large number of theo-
retical and numerical studies of the Rayleigh-Taylor instability have been made, but
most of them are based on the two-dimensional approximation that considers only
plasma in the magnetic equatorial plane. However, in the mechanism proposed in
Chapter 3 to suppress the plasma instability, plasma away from the magnetic equa-
tor is important. Thus the existing two-dimensional theory cannot be applied to
the current problem or transequatorial wind effect on the plasma instability and the
seasonal-longitudinal effect of ESF.

In this chapter a non-local theory of instability model for the gravitational
Rayleigh-Taylor and E x B drift modes is developed. The instability model includes
the contributions from plasma away from the magnetic equatorial plane. In section
4.2 theoretical expression of the linear growth rate of the instability is derived. The

growth rate of the instability is evaluated using the ion density distribution obtained

71
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by solving the ion continuity equations including dynamics for O*, NO*, OF, and
N7 ions under the influence of electric fields and neutral winds. In section 4.3 the
mathematical formulation for the ionospheric modeling, electric field model, and neu-
tral wind model are described. In section 4.4 the results are shown, and the effects
of the transequatorial component of the thermospheric wind and the E x B drift are

discussed.

4.2. Non-local theory of plasma instability

4.2.1. Preliminary discussion  There has been a great advance in the theoretical
and numerical studies on the instability relating with ESF, and we have a fairly clear
picture of the problem (Ossakow, 1981). Most theories and numerical simulations
have been developed on the basis of two-dimensional approximation, in which only
characteristic values in the magnetic equatorial plane are considered. In the iono-
spheric F' region the diffusion is allowed only along the magnetic field line because
the ion-neutral collision frequency is very low in comparison with the ion gyrofre-
quency. On the other hand, the magnetic field lines are assumed to be horizontal
in a wide latitudinal extent around the magnetic equator. Thus the ionospheric pa-
rameters relevant to the instability do not change very much in the direction of the
magnetic field line (HANSON ef al.,, 1986), and the two-dimensional approximation
may be pertinent to the problems in many cases.

Figure 4.1 schematically illustrates bottomside of the equatorial ionospheric F
region. In the figure B, E, and g represent earth’s magnetic field, ambient east-
ward electric field, and gravitational force, respectively. In the ionospheric F region
gravitational (en(g x 2)/%;) and Pedersen (o, E) currents flow (cgs system is used
throughout the paper). Where e is the charge of the ion, n is the ion density, # is
the unit vector parallel to B, €; is the ion gyrofrequency, and ¢, is the Pedersen
conductivity as defined later. These currents are carried by the ions. When there ex-

ists unduration, the currents cause charge accumulation. The resultant polarization

Chapter §: Theoretical Caleulation of ESF 73

Fig. 4.1. Schematic illustration showing linear instability at the bottomside of
the equatorial ionospheric F' region for two-dimensional approximation. Shown is
the zonal plane: the earth’s magnetic field (B) is perpendicular to the plane, and
the ambient zonal electric field (E) and the gravitational force (g) are parallel
to it. The polarization electric fields (E “)due to the small density perturbation
cause the perturbation to grow.
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electric fields, E°, operate in such a way that the perturbation drifts, E* x B , cause
the undulation to grow.
The linear growth rate of the instability for the above system is well examined

and given by (e.g., ScANNAPIECO and Ossakow, 1976; Orr, 1978)

_Vn

: (:%n + cg) (4.1)
where Vn is the upward-directed ion density gradient, v;, is the ion-nutral collision
frequency, and c is the light velocity. The ambient electric field, E, is taken to be
positive for eastward direction. The first term in the right-hand side of (4.1) is the
gravitational Rayleigh-Taylor term and the second is the E x B drift term due to
an ambient electric field. The gravitational force is always antiparallel to the ion
density gradient on the bottomside of the F layer. Thus, in equation (4.1), we note
the Rayleigh-Taylor term is always unstable at the bottomside; while the E x B drift
term is unstable at the bottomside only when the direction of the ambient electric
field is eastward. A steep upward gradient in ion density at the bottomside yields a
large growth rate, which is attained at night due to the rapid recombination process
and the lack of photoionization in consistent with the fact that ESF is intrinsically
a nighttime phenomenon as shown in Chapter 2. For the Rayleigh-Taylor term, the

collision frequency, v;,, in (4.1) is related with the Pedersen conductivity as

Oy = ——% (4.2)

When the layer is high, or 4, is small, the Pedersen conductivity is small and the
shortcircuiting of the polarization field due to the gravitational force is not very
efficient. KELLEY and MARUYAMA (1991) calculate instability growth rate using the
vertical drift velocity (equivalent to the zonal electric field) observed at Jicamarca,

Pern, and compared with the occurrence of severe spread F'. They show that the

Chapter 4: Theovetical Calculation of ESF 75

eastward clectric field is by itsell not sufficient for severe spread F, and layer must
be transported to a high enough altitude that the gravitational term becomes strong.
Thus the Pedersen conductivity seems to be the crucial parameter for the instability.

Although a consensus has been reached that the basic Rayleich-Taylor instability
process in conjunction with the E x B drift instability accounts for ESF generation
based on the two-dimensional approximation, there remain some observational as-
pects of ESF and bubbles not clearly explained with the two-dimensional model. For
example, in Chapter 3, we have argued a role of the plasma away from the magnetic
equator in the suppression of instability to explain the seasonal-longitudinal effect of
ESF, where the change in the integrated Pedersen conductivity is important.

ZALESAK el al. (1982) developed a three-layer model for numerical simulations
of the effects of zonal neutral winds and background Pedersen conductivity on the
nonlinear evolution of plasma bubbles. This model considers the effect of the plasma
away from the equator. Their layer 2 represents an equatorial plane and layers 1 and 3
simulate the F layer with large Pedersen conductivity away from the equatorial plane.
Three layers are electrically connected with each other via a conducting magnetic field
line, but particle flows between the layers are inhibited.

There is another effort to investigate the ionospheric instability taking the con-
tribution of plasma away from the equatorial plane into consideration. BALSLEY el
al. (1972) pointed out that the quantities in (4.1) have to be replaced by those av-
eraged along the magnetic field line. They demonstrate that the plasma is unstable
just above the F layer peak at the equator where the integrated electron content has
upward gradient. HAERENDEL (1973) derived a growth rate of the Rayleigh-Taylor
instability in terms of the above mentioned field-line averaged parameters.

The present work differs from that of HAERENDEL (1973) in the following way:
(1) In the present instability model we consider the electron density gradient which
changes as a function of position on the magnetic field line, w hile I1AERENDEL consid-

ers the gradient of the integrated electron content; and (2) the ambient electric fields
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are included in the present model, but not in the model of HAERENDEL, which is
important for the application of the theory to the actual problem because the Ex B
drift term is equally important to the gravitational Rayleigh-Taylor term in the in-
stability as we will see later. The linear instability model we are developing here may
be considered as an extension of the three-layer model described by ZALESAK et al.

(1982) to a multilayer model.

The numerical calculations with nen-local instability model include not only OF
ions but also molecular ions by two reasons. First, the ion-neutral collision frequency is
extremely high at the lower altitudes where the molecular ions might be the dominant
ion species. Therefore the Pedersen conductivity in the molecular ion-dominated
region away from the magnetic equator, but electrically connected with the equatorial
ionosphere, may have an appreciable contribution to the instability even if the OT is
major ion species in the magnetic flux tube. Second, preliminary model calculations
showed that the OF density after the sunset rapidly dropped to zero with decreasing
altitude on the bottomside of the F layer by the recombination process. The vertical
electron density gradient became extremely large near the altitude of zero density.
Thus the growth rate of the instability reaches the maximum value there. On the other
hand, rocket experiments (MORSE et al., 1977) show relatively constant valley electron
density of 10® ~ 10* cm™2 in the bottomside, in which molecular ions are considered
to be dominant ion species. Therefore the above maximum growth rate at the altitude
of n(O*%) ~ 0 is unrealistic and including the molecular ions is indispensable for the

quantitative analysis of the instability.

4.2.2. Coordinate system  In the computation of the parameters pertinent to the
instability growth rate the magnetic field line is supposed to be in a dipole geometry
and to be an equipotential. We use the orthogonal coordinate system (p, ¢, ) which
is often used in a problem that includes a dipole magnetic field (see MURPHY el

al., 1983), where ¢ is longitude, and p and ¢ are defined as follows from the polar
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coordinate r (geocentric distance) and # (colatitude), and earth’s radius rq

i
= 4.3
3 rosin “8 i)

2 cos
g=152 (4.3b)

r

Magnetic field lines are provided as p =constant. Considering a plane that is perpen-
dicular fo the magnetic field line, we determine unit vectors z, g, and § as z directs
east and y directs up, both in this plane, and as § directs south along the magnetic

field line. Scale factors are

dz .
iy — 51:‘1‘ = prosin 8 (4.4a)
A _63}_1’gsin36 (4.45)
2 = e == :
0 pProsin °0
o e et et 4.4
hs 9 Y (4.4¢)

where A = (143 cos?8)'/2. The magnetic field lines are assumed to be equipotentials
(= 4), and the eastward electric field component at a given point on the field line,

E,, is connected with that at the equator on the same field line, EZ7, as follows:

1 9¢ 1 =
fy = £ = J ol (4.5)
“ hy v sin®4

The strength of magnetic induction, B, of dipole field is represented as

B=———8; (4.6)
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where By is the strength of magnetic induction on the earth’s surface at the equator.
Thus the E x B drift velocity due to an eastward electric field, vy, is connected with

the equatorial values on the same field line, vy,

vp (4.7)

4.2.3. Linear growth rale of non-local theory  The instability model includes not
only O* ions but also molecular ions by the reasons described in 4.2.1. The continuity
equation for the i-th ion species (i=1, 2, 3, and 4 for O*, NO*, O, and N7 ) is given

by

% + Vo(mv;) = P, — L; (4.8)
where n; is the ion density, v; is the ion velocity, P; and L; are the rates of ion
production and loss, and the subscript i denotes the i-th ion species. The second
term on the left-hand side of the equation is rewritten as follows:

v'(ﬂi”i) — VJ_'(ni”.Li) "B l.a(_Ar.l'_vﬂQ
A Os
where A = sin ®4/A is the ratio of a cross sectional area of the magnetic flux tube at
a given point to that at the equator, and vy; is a field aligned velocity of the i-th ion

species. Equation (4.8) is rewritten

B S Gy o B 2 S

dt A Os (4:8)

In the nighttime equatorial F region the background ionosphere is assumed to be in

a quasi-equilibrium, and the right-hand side of the above is neglected;

%—’:i+ Vi-(nivyi) =0 (4.10)
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Perpendicular components of the ion and electron velocities under the influence

of an electric field E and the gravity g are given as

; i : : — - D
v ( el ‘gcoaf‘?})‘{_ VinSh ( "Exs+gL?b[i) (1.11)

Vi = = - -
= Uf!n T Q? miVin Vin y:'zn T Q:} Mikin Vin
2 ; .
v —eE Ve Ven$) eE x§ gcosl,
UJ_q — - &n - — -q' = = 411 [ > ( + J T (‘1-12)
v, + 02 \m.ve, Ven v, + Q2 \ moven Vi

where v;,, and v., are the collision frequencies with neutral particles for ions and
electrons, €, and €, are the ion and electron gyrofrequencies, m; and m, are the
ion and electron masses, g =|g|, e is the magnitude of the charge on the particles,
and I is the magnetic dip angle. In the ionospheric F region the ratios of collision
frequency and gyrofrequency are 1/x; = v, /Q < 1 for ions and 1/k. = ven [Qe = 0

for electrons. Thus the above equations are approximated by

¢cE cExs§ gcosl, ’
= = 4.13
Y e T VLI
cE x §
Ve =— B (414)
Here we define the following quantity:
Jyi =eni(vii —vie)
cen; E ni .
el g 4.15
- -i-egcosfn‘_: ( )
Substituting (4.13) and (4.15) into (4.10) we have
n, ) E x 3§ _l_ I (4.16
W—(.VJ.'(ﬂ.i B )+ev-1.3_]_l 0 }



B0  Chapter §: Theoretical Calculation of ESF

We suppose E = Ej + E; where Ey and E; are background and perturbed states,
respectively. The ambient E x B drift velocity is defined by vg,.p = —c(Ey x §)/B.

Thus (4.16) is

()._n.-' + Vewn Vni =cVy- (ni EIBX .

1 .
= ) _EVJ_-J_L‘-—R.- Vi vexs (4.17)

The last term on the right-hand side of (4.17) is neglected since Vi ‘vges ~
| vewn | /ro$107%sec™. The left-hand side of (4.17) denotes the change of the

ion density in the frame moving with vz, g,

dﬂ..‘ 5'71;
5 e Fa + Vsup VN (4.18)

We assume Ey = -V ¢, E, = -V, and ¢ = ég + 81, and obtain

dn;  ¢cp®* 8 (04 ) ep? 8 (.06 1 :
e C e R G o) B D
where ¢ = p®sin '?/A2. The last term of (4.19) is
o=k () R0 (Sem) , get b ()
e YT r3ABy 0y \ 0¥ wi ) r2Bot Op \"0p n; prosin®0 dv \
(4.20)

where £ = p7sin '%0/A.,

We will investigate instability for the equation set (4.19) and (4.20) with the
current conservation equation. Because the field aligned current vanishes at the ends
of the magnetic field line, the current conservation equation is given as follows by

integrating over the entire magnetic flux tube and taking summation for all ion species
0=Y" /( Vi-7,.)Ads (4.21)

A Fourier analysis in ¢ and ¢ is applied for the perturbed states,
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61 = ¢y exp (iwt — imy) (4.22)
n; = nyg + 1,1 exp (iwl — imy)) (4.23)
where n;g is the background ion concentration. The ambient electric field, which has

an equatorial strength of E’, is assumed to be eastward and to be independent of

longitude,

l 6¢u 3‘»6(}

o S ity o _—
iy Bp
DES
oy ’

The ion density is also assumed to be independent of longitude and in a quasi-

equilibrium in the frame moving with vz s,

3!’1.‘(} — dﬂ.{g s
o 0 & y

Substituting (4.22) and (4.23) into (4.19) and (4.20) and neglecting higher order terms
we have

icp?méd, 8

1 X - 3
72 BoC %(Cnm) = ;( Vi-ji;)exp(—iwt + imy) (4.24)

why = —

imuy i | cpmidymio _ imgeosl fin 4oy

1 y " "
=8 [ e T o= pet a2 § 2 oSt
= Vg exp (—iwt + imy) prod K r8ABy ki prgsin®f

where v, = (ep® E5?)/ By is the ambient E x B drift velocity at the equator. We define

X, Y, ® and R; by
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$ = exp(—iwt +imy)

Up geos]

proAs;  prosin 249,

Equations (4.24) and (4.25) are rewritten as follows,

iwiy = —imé X Zd—((ﬂ.u) = (V.L-J'u)‘i’ (4.26)
é-( Vij1;)® = —imRifs +m?éy K L (4.27)

Equations (4.21) and (4.27) yield
—:‘ZfR;ﬁ.—;Ads-i- erlYZ/z—‘;Ads =0 (4.28)

To calculate the first term on the left-hand side of (4.28), we multiply both sides of

(4.26) by R;, then take integral over the flux tube and summation for all ion species,

. 2 e R; 0 1 "
lw‘Z/R.‘ﬂ;lAds: —imt,é‘XZi/?%(Cn;g)Ads— ;(pZ[R'(VJ'JJ")Ads

(4.29)

Although the current conservation (4.21) is satisfied, the second term on the right-

hand side in (4.29) is not necessary zero. We carry out the same process against

(4.27) and obtain

—be/R (Vi J_L,)Ads-—th/R,n,lAds+m ¢1YZ/RH'° (4.30)

IHé=1,2,3, -, we have general forms,

: L ST R 8 1 )
MZ/R.- f Ads = —imad, X Z/Ta—p-(g'nm);lds— ;tbz;/ﬁf( Vi-ji;)Ads

(4.31)
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1 ' ATy P (+1 = 27 v Rinio
;'ﬁZ[R"(V-L'JJ_i)"‘d'i = —IHI.Z:/RI. n_”‘-lffg-{-n;_ (jI} Z/ Ah-‘ Ads

(4.32)
Substituting (4.31) and (4.32) into (4.27) and setting y = iw we have
2 3
' i i 14
_‘YZ/[(HI‘:?‘) +f(:rnT&) —_— (Y_ﬂ%) -—-..] Ea (C"ﬂﬂ}{ld-’f
g 1 mR’ 10 i

We now estimate the small parameter mR; /7. R; is less than 5 x 10™®sec™! because
|vp | £3 x 10%cm/sec, rg ~ 6 x 108cm, g~ 103 em/sec?, k; 2100, and Q; ~ 3 x
10%sec™! (O* ion at 250km). If v is the order of 1 x 1073, then for perturbations
with scale lengths A satisfying A = 2arg/m > 2km, higher order term of mR; /7 can

be neglected. Equation (4.33) is solved with respect to ¥

XZ / R.-l-fa-(cnm)Ads
v z/ KA

(4.34a)

¥ =

or
10
E f o Ads

v geosT 10 . ads| (4346
l PZ_/_ATEG_(C“‘")’M‘S"' Z/ 5in 3603, C Op —({nio) ( )
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4.3. Numerical computations

4.3.1. Mathematical formulation  To calculate each term in (1.34), we obtain the
unperturbed state of the ion distribution for O* and molecular ions by solving the ion
cantinuity equation (4.8) incorporating an ambient electric field E; and thermospheric
winds in the magnetic meridional plane. Equation (4.8) is solved without neglecting

any term in a reference frame moving with E x B drift velocity vgyp,

dn; 1 3(An; Wi e

where notations are the same as those appear in section 4.2. The last term on the

right-hand side in (4.35) is given by (MuRrPHY et al., 1983)

6sin *6(1 + cos?4) s
r(1+3cos?d)? 7

Vi veup = (4-36)
where v, is the E x B drift velocity at the equator that is given by a model based on

observations and described later.

The field aligned ion velocity v including diffusion and neutral wind effects is

determined from the momentum equation,

&QTQE kgT _a_ni pu 2kg ‘fi_T

—gsinf —
J min; s m;n, Os m; s

—Vij (Vg — vy;) = Vin (vgi — vncosI) =0 (4.37)

where ion and electron temperatures are assumed to be same as the neutral tem-
perature described later (7' = 7, = T, =T,) , kg is Boltzmann's constant, v;; is
the collision frequency between the i-th and the j-th ion species, v, is the collision
frequency between i-th ion and neutral species, v, is the magnetic meridional com-
ponent of the neutral wind velocity given a model described later. The ion-neutral

collision frequencies are given by (STuBBE, 1968; RA1TT et al., 1975)
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Vorn = 342 x 107 n(0)T**[1,04 - 0,064 log T}*
+ 6.66 x 107"%%(04) + 6.87 x 107 n(N;)
+1.29 x 1072 (H) + 1.32 x 10~ n(He)

Vg+n = 6.61 x 107 2(0)T7%[1,0 — 0.047 log T)?
+3.20 x 10™°n(03) + 3.36 x 10~?n(Ny)
+1.37 x 10~ °n(H)T°*[1.4 — 0.117 log T]?

+ 1.06 x 10™"n(He)
Unotn = 2.64 x 107'%0(0) +4.28 x 107%2(04) +4.34 x 10~'%(N;)
Votn = 250 x 107'°2(0)
+8.46 x 107" n(04)[1.0 + 0.28 log T' + 0.039( log T)* + 0.0037( log 7)?]
+4.15 x 107 %n(N4)
Uyt =423 x 1071%(02)

+7.64 x 10~ 1n(Np)[1.0+ 0.38 log T + 0.072( log T)? + 0.0091( log T)?]

To solve the equation set (4.35) and (4.37) we use the orthogonal coordinate
system (p, ¢) defined by (4.3). The transformed diffusion equations for the four ion
species are solved by an implicit finite difference method in the order of O*, NO*,
OF and Nj by using mathematical techniques which have been described by several
authors (see BAILEY, 1983). In the calculation of the i-th ion species, because the
equations are coupled to each other, the ion density and velocity of the j-th ion
species at ¢ = t; are replaced by the values calculated at the previous time step,
t = ty. After the evaluation of all ion species, the i-th ion density is recalculated
using the coefficients involving the parameters for the j-th jon species at t ={;. The
caleulations are continued until a consistent solution is obtained.

The equation set (4.35) and (4.37) only gives the one dimensional ion distribution

. v . i solve the s e
along the particular magnetic field line that drifts with vgys. We solve the sam
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equation set for magnetic field lines separated by 10 km in altitude at the equator.

4.3.2. Chemieal reactrons and parameters of nentral spectes  In equation (4.35) the
ion production rate P, includes photoionization and charge exchange with the other
ions, the ion loss rate L; includes charge exchange and recombination. Chemical
reactions relevant to the above productions and losses are summarized in Table 4.1.
The photoionization rates for O% | O, and N, ™ at the top of the ionosphere (p;, ps,
and p4, respectively) are obtained by interpolating the results of TorRR and TORR
(1985) to an Fig7 flux index of 200, where solar maximum conditions are assumed.
For the photoionization rate for NO* | py, the value used by ANDERSON and RuscH
(1980) is multiplied by 5.3 in accordance with p; = 5.9 x 10~ 7sec™!. The other
reaction rates are similar to those used by ANDERsON and Rusch (1980). Density of
neutral species, n(0), n(N3), n(0,), n(H), and n(He) is calculated from the empirical
thermospheric model based on the mass spectrometer and incoherent scatter data
(MSIS83) (HepiN, 1983) with Fig7 = 200 and A, = 4. The density of NO, n(NO),
which is not available from the MSIS83 model, is determined by the empirical relation
(STuBBE, 1970)

n(NO) = 2 x 10% exp (—3300/T;)n(02) + 5 x 10~ "n(0)

where T, is the neutral temperature determined from the MSIS83 model. The density
of atomic nitrogen, n(N), which is also unavailable from the model, is important to
determine the NO™* density since OF is converted to NO* through chemical reactions
that include N (ANDERSON and Rusci, 1980). However, n(N) is neglected because we
are not interested in the particular ion species but in the quantities appear in equation

(1.34), and neglecting n(N) does not yield a significant error in those quantities.

4.3.3. Vertical Ex B drift velocity It is well known that the appearance of equa-

torial spread I highly depends on the layer height in the post sunset hours, which
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TABLE 4.1. Reactions and Rate Coefficients
O + hv OF + e p1=59x%x10""sec™!
NO + hv NO* + ¢ p2=2Tx 107" sec™!
Oy + hv OF +e p3=1.1 x 108 sec™?
Ny + nv Ny +e ps =74 %1077 sec™!
Ot + N, NO* 4+ N ky = 7.0 x 10~ em?/ sec
0ot + 0, 03 +0 k2 = 2.0 x 107'1(300/T)%® cm®/ sec
0f + NO NOt + 0, k3=44x10"""cm?/sec
N; +0 NO* + N ks = 1.4 x 107'°(300/T) cm®/ sec
N; + 04 O; + N ks = 1.0 x 107'% cm?®/ sec
Of +e 0+ 0 e =1.1 x 1073727 cm®/ sec
NO* + e N+ 0O as = 4.2 x 1077(300/7)"%% cm®/ sec
NT +e N+N az = 1.8 x 1077 cm?®/ sec
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is caused by the pre-reversal enhancement of the npward E x B drift velocity (e.g.
FARLEY et al., 1970). Therefore, a realistic Ex B drift model should be used in the
quantitative discussion of the occurrence of ESF. The pre-reversal enhancement of
drift varies in strength, duration, and time with the season and solar activity (FEJER
et al, 1979). Also the E x B drift may change with the longitudes. Unfortunately,
very scarce data are available for the drift velocity except at Jicamarca (12°S, 76.9°W;
dip~1°N), near Lima, Peru (FEJER el al, 1979), where a direct measurement of the
drift velocity by a high power VHF radar has been conducted for a long period.

As the Jicamarca drift data are the most reliable ones and since ESF has been
extensively studied at Jicamarca and other observatories close to it, we will first
apply the calculation to Jicamarca data. Three average diurnal variations of the drift
velocity (FEJER ef al., 1979) are reproduced in Figure 4.2 for summer solstice (D
months; November to February), winter solstice (J months; May to August), and
equinoxes (E months; February to May, and August to November) in solar maximum
period.

Although reliability is not as good as the incoherent scatter radar results at
Jicamarca, ABDU ef al. (1981) have investigated drift of the ionosphere in the evening
hours using ionosonde data from Fortaleza (3.3°S, 38°W; dip=-2°), Brazil. They
estimated the drift velocity by examining the time derivative of virtual height of the
Iy layer, h' Fy, which is assumed to provide the information of the layer height. Owing
to the method they used, the drift velocity is reliable only for early evening hours
or around pre-reversal enhancement, when the layer altitude is high and chemical
processes do not affect the layer altitude very much.

As Fortaleza is at a longitude with a large magnetic declination angle (~20°W)
in contrast with Jicamarca where the declination is small (~2°E), a large eastward
zonal wind in the evening hours yields a large southward component of winds in the
magnetic meridional plane irrespective of season. On the other hand, a meridional

wind blows from the summer hemisphere to the winter hemisphere in the evening

JICAMARCA S.S.MAX
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Fig. 4.2. Upward E x B drift velocity for typical seasons at Jicamarca under
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hours, i.e., southward in J months and northward in D months. As a result, large
southward transequatorial flows of plasma along the magnetic field lines are expected
in J months, while small flows are anticipated in D months. More discussion of the

transequatorial neutral wind will be given in the next section.

Thus calculating plasma instability for these two different longitudes, Jicamarca
and Fortaleza, is pertinent to the investigation of the transequatorial neutral wind
effect on the ESF occurrence or the coupled seasonal-longitudinal effect of ESF. The
data obtained at Fortaleza will be used to yield a second set of E x B drift veloci-
ties. Unfortunately, however, drift data are available only for early evening hours at
Fortaleza. Jicamarca data in the corresponding season are used for the rest of the
hours to complete the diurnal variation. The drift velocity data observed at Fort-
aleza for D months (December 1978), J months (June 1978 and 1979), and E months
(September 1978 and April 1979) are shown with thick curves in Figure 4.3. The

supplementary Jicamarca observations are shown with thin curves in the figure.

4.3.4. Neutral wind model  Theoretical calculations of the global thermospheric
neutral wind field have been made using the NCAR thermospheric general circulation
model (TGCM) (DickinNsoN et al., 1981). Recently, a simplified computer model of
the wind field represented by a vector harmonic expansion (VSH model) has been
constructed by KILLEEN et al. (1987) based on the output from the NCAR-TGCM.
Zonal and meridional neutral winds are calculated from the VSH model for a given
altitude, latitude, and local time under the conditions of solar maximum and De-
cember solstice. Zonal winds calculated from the VSII model at equatorial latitudes
show fairly good agreement with those measured from the Wind and Temperature
Experiment on the DE 2 satellite (WHARTON ef al, 1984). The zonal winds mea-
sured by DE 2 seem to be the most comprehensive data set. Thus it is meaningful
to compare the VSH model calculation and the DE 2 observations. The altitudes

of the data from DE 2 measurement range from 200 km to 700 km, while most data
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were obtained between 300km and 400 km. The observations were made during the
solar maximum period in agreement with the VSIH calculation and at all local times
(WaarTON ef al, 1984). We are especially interested in the wind in evening hours
because equatorial spread F' is a phenomenon appearing mostly in the post sunset
hours. The observed eastward wind was 150~200 m/sec at 2000LT, while the wind
from the VSH model at the altitude of 350 km reaches a maximum value of 110 m/sec
at 2000LT. On the other hand, at the high altitude limit of the VSH model the wind
seems to be in good agreement with the DE 2 observations. The disagreement at the
lower altitudes is discussed below.

In the low-altitude thermosphere, where the ion-neutral collision frequency is
large, solution of the neutral momentum equation may depend crucially on the elec-
tron density distribution model adopted since ion drag is a major deceleration mecha-
nism. The electron density distribution model used in the VSH model (or the NCAR-
TGCM) is the one supplied by CHiu (1975). According to ANDERSON ef al. (1987)
the F layer height of Chiu’s model is significantly lower than observed at the mag-
netic equator in the post sunset hours. Such difference in layer height would cause
a significant difference in the ion-neutral drag coefficient in the neutral momentum
equation. ANDERSON ef al. (1982) have shown that when realistic electron density
distributions are adopted, the NCAR-TGCM model produces a maximum zonal wind
velocity of 300 m/sec at 300 km altitude and 2000LT near the magnetic equator. This
value is more than three times the corresponding value of the VSH model. However,
observation supports such a high zonal wind velocity. SIPLER ef al. (1983) observed
wind velocity of ~300m/sec by an optical method at Kwajalein (9.4°N, 167.5°E;
dip=~4.3°N), Marshall Islands, under solstice and solar maximum conditions, although
the maximum velocities during most nights are 150 to 200 m/sec, which are still larger
than the VSH model calculations.

Turning to the meridional winds, there are no observational results like the DE 2

data to be compared with the VSH model calculations. Maximum southward veloc-
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ities observed by an optical method at Kwajalein (StPLER ef al., 1983) on five days
in July 1979 exceed 100 m/sec. These are about twice the VSH model value at the
altitude of 300 km.

At present, there seem to be no reliable observations of neutral winds except for
the zonal wind by DE 2 at the altitude of 300 to 400 km with which we may construct
a wind model for the ionospheric modeling. As a conclusion, the VSH model for the
neutral wind field is very attractive for our purpose because it provides full diurnal
variations for both zonal and meridional winds on a consistent basis, except for the
fact that those amplitudes of the wind velocities may be somewhat underestimated.
On the basis of the above discussion, we adopt the high altitude limit of the wind
from the VSH model for the altitudes higher than 300 km, i.e,, no height variation of
the wind velocity at these altitudes is assumed. At the altitudes lower than 300 km,
the model velocity reaches gradually to the VSH value. Furthermore, for simplicity,
no latitude variation is assumed. The magnetic meridional component of the wind is
calculated by using the magnetic declination angle of 2°E for Jicamarca and 20°W
for Fortaleza. As the output from the present version of the VSH model is only for
the December solstice (KILLEEN et al., 1987) the sign of the meridional component
is reversed for the June solstice. For the equinoxes, no meridional wind is assumed.

The calculated diurnal variations of the wind component in the magnetic merid-
ional plane are shown in Figure 4.4 for Jicamarca. Because of the small magnetic
declination angle at Jicamarca, the seasonal wind blowing from the summer hemi-
sphere to the winter hemisphere, i.e., north to south in J months and south to north
in D months, is the major cause of the transequatorial wind in the magnetic merid-
jonal plane. The transequatorial winds in the magnetic meridional plane attain to

maximum values in the solstices (solid and dash-dotted curves in Figure 4.4), and

no transequatorial wind in the equinoxes (dashed curve). The results for Fortaleza

in [ - . i are . Fortaleza where the magnetic
are shown in Figure 4.5. In contrast to Jicamarca, at Tor

declination angle is abut 20°W, the eastward zonal wind in the evening hours yields
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Fig. 4.4. Magnetic meridional component of the thermospheric neutral wind. ]
which is pertinent to Fortaleza.

Magnetic declination angle is 2°E being pertinent to the longitude of Jicamarca.
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an appreciable sonthward component in the magnetic meridional plane. Conversely
the seasonal wind is northward in the December solstice. As a result, the total wind
component in the magnetic meridional plane for the December solstice becomes small
(dash-dotted curve in Figure 4.5). On the contrary, for the June solstice, the total
wind component in the magnetic meridional plane becomes very large (solid curve).
For the equinoxes, since the meridional wind is assumed to be zero only the zonal

wind yields a magnetic meridional component (dashed curve).

4.4. Results

4.4.1. Most unstable magnetic field line  An example of the calculated growth rate
and ion content are shown in Figure 4.6 as a function of equatorial crossing height for
the case of D months/Jicamarca with the neutral wind. Right portion of the figure
is the variation of total ion content integrated in the magnetic flux tube that has a
cross sectional area of 1 em? at the equator for O ion, molecular ions, and a sum of
them. Left portion of the figure is the vertical profiles of the growth rate given by
(4.34), which are maximum at the heights indicated by the dash-dotted lines. Dashed
arrows are the E x B drift traces of some points on the field line.

Strictly speaking, the altitudes of maximum contributions of the E x B and grav-
itational terms do not coincide since k;, Q;, and g in (4.34) take different height de-
pendence and both terms are different functions of those parameters. As a result,
the altitude of the maximum growth rate (a sum of the E x B term and the gravita-
tional term) is not necessarily fixed in the reference frame moving with the ambient
E x B drift velocity. However, as shown in the figure, the altitude of the maximum
growth rate only differs by 10km in the reference frame of the drifting ionosphere
during hours when the maximum growth rate is high viz. 21 x 107%sec™!. This is
also true for the other cases. The discussion in this thesis is restricted to the linear
regime, and perhaps until the depletion grows to a few percent out of thermal noise.

According to ANDERSON and HAERENDEL (1979), the additional E x B drift velocity
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due to the instability for a bubble with 5% depletion is less than 1 m/sec. In this
regime it is assumed that a perturbed region also drifts with the ambient E x B drift
velocity. Therefore, it is convenient to discuss the time evolution of the growth rate
with respect to the magnetic field line we may call “the most unstable magnetic field

line” which exhibits the maximum growth rate at most times.

4.4.2. Results for Jicamarca  Plotted in Figure 4.7 are the growth rates for the
above determined most unstable magnetic field line for the case of D months/Jic-
amarca. The thin curve is the calculation without including the thermospheric wind
effect and the thick curve is the one including the thermospheric wind effect. We must
remember that the background ionosphere is assumed to be an equilibrium state in

the derivation of (4.34). As a measure of the equilibrium, a quantity is defined by

Z[(L,- — P)Ads
Z/n.-Ads

5:

(4.38)

where the notations are the same as those appeared before. When the photoionization
is absent, (4.38) gives a mean loss coefficient. The mean loss coefficient is also plotted
in Figure 4.7. Until 1815LT B exceeds 7. At around sunset, however, 3 decreases
rapidly, and at 1900LT 3 is about one tenth of 4. After this time the assumption of
equilibrium may well be satisfied.

The time evolution of the maximum growth rate exhibits a peak around 2000LT
(no wind) and around 1930LT (with wind) with both maxima occurring before the
ambient drift changes the direction from upward to downward. The growth rate after
all goes down to small values at ~2200LT (no wind) and at ~2115LT (with wind).
Such a general view of the time evolution of the growth rate is already well explained
as follows. The evening pre-reversal enhancement of the upward plasma drift raises

the layer to a high altitude, which not only results in favorable conditions for the
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gravitational Rayleigh-Taylor instability but the large eastward electric field itself
causes the E x B drift instability. After the vertical drift changes the sign (this is a
usual pattern) the E x B term acts as a stabilizing factor opposite to the gravitational
term.

Comparing the two curves for the growth rate in Figure 4.7, we notice an effect of
the thermospheric wind clearly. The effect is most remarkable after 1945LT when the
growth rates start to decrease. Note the loss coefficient is small by this time. Owing
to the wind, the peak growth rate is reduced from 4.7 x 10~3sec™! t0 4.0 x 10~ sec™!
and the duration of the positive growth rate is reduced by 1h.

The time evolution of 4 and 3 for the case of J months/Jicamarca is plotted in
Figure 4.8. The growth rates exhibit a peak at 1815LT and turn to small values at
around 1900LT~1915LT for cases both with or without the wind effect. The curves
of the growth rate shift to early hours and the growth rates themselves are weak as
compared with the D months/Jicamarca results. All these features correspond to the
characteristics of the E x B drift velocity model, i.e., a weak pre-reversal enhancement
of the upward drift velocity and an early reversal time in J months at Jicamarca.

The thermospheric wind velocity in J months is almost same as that in D months
except for the direction as shown in Figure 4.4. Nevertheless, the wind effect in
J months is quite small. This weak wind effect is explained as follows. The drift
reversal time is so early that the large asymmetry in the ion distribution is not attained
yet when the drift velocity changes sign. The small pre-reversal enhancement of the
drift velocity does not lift the layer to a high altitude and the gravitational term in
the growth rate is small. Once the drift reverses, the E x B term plays a stabilizing
factor. In conjunction with the small gravitational term, the growth rate becomes
negative soon after the reversal irrespective of the wind effect.

We now compare the results with the observations. There is, however, a problem
for a quantitative discussion, since the instability model is valid only when the back-

ground ionosphere is in equilibrium. When the growth rate first exceeds 10™3sec™!
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at around sunset 3 is still ~ 10~?sec™'. We are not allowed to subtract 3 from ¥ to
obtain an effective growth rate as in a local theory (HANSON ef al, 1986), because
the regions of rapid recombination of the molecular ions (at the same time there are
productions due to the charge exchange with OF ) and large ion density gradient do
not necessarily coincide. However, if we assumed v — 3 gives an effective growth rate
as a very rude measure, 4 — 3 exceeds 10~% sec™! about 15 min later. Thus we choose
v > 103sec™! to represent a duration of large growth rate, and this may not yield
significant errors in the following discussion and conclusions. Because features of the
time evolution of the growth rate vary with the seasons in a complex way the peak
growth rate, I', and the duration, 7, for ¥ > 10™®sec™! are summarized in Table 4.2
for the three seasons with and without the wind effect.

Observations of range type ESF by a bottomside ionosonde at Huancayo, 160 km
east of Jicamarca, reveal a seasonal dependence in the occurrence probability (Ras-
T0GI, 1980). There is marked winter/summer asymmetry, i.e., large occurrence prob-
ability in D months and small in J months. This asymmetry is reproduced quite well
by the present calculations with or without the wind effect as summarized in the table.
The winter/summer asymmetry of ESF occurrence may therefore be well accounted
for by the change in the E x B drift velocity. However, close examination of EST' by
RasToGI (1980) shows that the maximum occurrence of ESF is not exactly in the
December solstice but is slightly shifted toward equinoxes forming two peaks. Also
gigahertz scintillations at Arequipa and Huancayo, both in Peru, show equinoctial
maxima in occurrence (DASGUPTA el al., 1982). To reproduce these two occurrence
maxima with a model calculation, we need more detailed E x B drift model because
the E x B drift velocity data used here are an average over three months centered
at the solstices and equinoxes. The observations that should be compared with the
current calculations are therefore average occurrence probability over three months
centered at the equinox or at the solstice. The percentage occurrences averaged by

eye from the Rastogi's (1980) data (his Figure 4) for the equinox and the December
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TABLE 4.2. Summary for Jicamarca

No Wind With Wind
i & T(y>10"3s71) B T(y=>10"s71)
December 47Tx 103 216 min 4£0x 10™3s! 145 min
June 1.8 73 127 70
Equinox 3:5 110 3.5 110

TABLE 4.3. Summary for Fortaleza

No Wind With Wind
r T(y>10"3%s71) F T(y>10"3s71)
December 4.7 %1072 s 180 min 4.5x 107351 160 min
June 7.0 > 230 34 156
Equinox 3.5 174 3.5 159
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solstice are almost same value. Turning to the summary in Table 4.2, we conclude the
calculation including the wind effect is closer to the observations than the calculation

without including the wind effect.

4.4.9. Resulls for Fortaleza  As we saw in the results for Jicamarca, the thermo-
spheric winds and background electric fields are equally important for the occurrence
of equatorial spread F. Especially in J months the wind significantly reduces the
growth rate. Now we will apply the instability model to Fortaleza. At the longi-
tude of Fortaleza a component of the wind in the magnetic meridional plane becomes
quite large in J months owing to the large magnetic declination angle; the occurrence
of spread F is anticipated to be much more affected by the wind than the other

longitudes and seasons.

The calculated growth rates for J months/Fortaleza are shown in Figure 4.9. As
mentioned already, the drift velocity is reliable only for the early evening; therefore the
growth rates are not calculated for local time after 2230LT. The thin curve represents
the calculation without including the wind effect. The long duration of positive growth
rate and the large peak growth rate correspond to the lengthy and late pre-reversal
enhancement of the Ex B drift velocity model. The thick curve is for the results
including the wind effect. As expected from the large wind velocity in Figure 4.5, the
growth rate is significantly reduced. Over all trend of the wind effect is similar to

that in the D months/Jicamarca case.

The results for D months/Fortaleza are shown in Figure 4.10. In contrast to
J months the reduction of the growth rate due to the wind effect is quite small in

accord with a small wind component in the magnetic meridian.

Table 4.3 summarizes the results for Fortaleza, which are compared with obser-
vations below. The range type spread F at Fortaleza as observed by the bottomside
ionosonde also shows seasonal variations. Percentage occurrences of range spread F in

D months and E months at around evening hours are 2 90%, while that in J months
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Fig. 4.10. Same as Figure 4.7 except for the D months/Fortaleza calculations.
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is only 50% (ABDU ef al., 1981). These seasonal variations are opposite to the calcu-
lation without including the wind effect as shown in Table 4.3. Thus the background
electric fields that change with season do not explain the observations at Fortaleza
when the wind effect is absent. When the wind effect is included, the peak growth rate
for J months is reduced by half but that for D months remains almost unchanged. As
a result, the peak growth rate for D months exceeds that for J months. The duration
T in J months is also reduced so much that T's for the three seasons are nearly equal
value. Accordingly the seasonal trend of the growth rate becomes in agreement with

the observations at least qualitatively.

We have seen above that the thermospheric wind effect is a quite important
factor for controlling the occurrence of ESF especially at Fortaleza. For a quantitative
discussion, however, we need more information about the electric fields because the
E x B drift velocity used here is obtained by an indirect way and only for the time
near the pre-reversal enhancement after sunset. Also we need sufficient observations
about thermospheric winds. Of course a larger neutral wind yields a larger effect and
the growth rate in J months may be reduced much more when a large wind velocity is
applied. At any rate, seasonal changes in the range spread I’ observations at Fortaleza
(ABDU ef al.,, 1981) are never explained without taking account of the thermospheric

wind effect.

4-4.4. Transequatorial wind effect  The suppression of the growth rate due to the
transequatorial wind is investigated in more detail based on the results of the first
set of runs, D months/Jicamarca. The above wind effect is due to the change in
the ion distribution along the magnetic field line. We examine how the change in
ion distribution affects the other parameters for the magnetic field line that exhibits
maximum growth rate. Figure 4.11 shows the ion density and each term that appears
in (1.34) as a function of distance from the equator along the magnetic field line. The

local time is 1930LT, when the upward E x B drift velocity is maximum. The terms



108 Chapter 4: Theoretical Calculation of ESF
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Fig. 4.11. Magnetic field aligned distribution of various parameters as a func-
tion of distance from the equator for D months/Jicamarca runs. Each panel is,
from top to bottom, ion density, the E x B term, the gravitational term, and the
n/k term for the two cases with (right) and without (left) the wind effect. The
equatorial crossing altitude of the magnetic field line 1s about 340 km where the
growth rate is maximum. The local time is 1930 when the E x B drift velocity
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are defined by using the same notation in (4.34)as follows: Figures 4.11a,a’ are ion
density, nipA for O% ion and }:;':.“, nioA for molecular ions, Figures 4.115, ' are the

E x B term,

vy = Poden ;
— Z — E 5{(71.-0){1 for molecular ions

L
S

Figures 4.11¢, ¢’ are the gravitational term,

i gecosl 18

¢/ frc o B g + ;
7o 5in 300, Cap((nm).l for O% ion

T geosl 14
= e AL L) fc lecular i
o Zz sin 260, cap((*‘m) or molecular 1ons

and Figures 4.11d, d' are n/x that is directly related with the Pedersen conductivity,

;fl A for OF ion 5_1_; ;—':‘-A for molecular ions

The left four panels in Figure 4.11 are for the calculation without including
the wind. The ion density and other terms are quite symmetric with respect to
the equator. A contribution from the molecular ions (dash-dotted curve) is most
apparent in the n/x term (Figure 4.11d), while it is small in the gravitational term
(Figure 4.11¢). This implies that the molecular ion dominated region acts as a load
on the perturbed electric fields due to the gravitational Rayleigh-Taylor instability
near the equator.

The right four panels in Figure 4.11 are the calculation including the wind. The
ion distribution (Figure 4.11a’) shifts toward north by 400 km owing to the north-

ward wind. The shapes of the distribution of O* and molecular ions, however, are
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not changed very much. While, for the molecular ions in the E x B term (Figure
4.116") and n/k (Figure 4.11d") the curves are largely deformed in addition to the
northward shift. Especially note that the n/x term of the molecular ions in the
northern hemisphere is quite large while that in the southern hemisphere is negli-
gible. These are well explained by the change in altitude because 1/xi(= v, /)
increases exponentially with lowering altitude. Another feature to be noted is the O%
ion curve for the E x B term (Figure 4.118') that shifts further to the north than the
corresponding ion distribution function (Figure 4.11a’). Furthermore, the maximum
value is more than 30% larger than the calculation without the wind (Figure 4.116).
This is also a result of the change in altitude. As a net effect of the wind, the increase
of n/k (molecular ions) cancels the increase of the E x B term (O™ ions). Thus the
growth rate does not change very much at all as we have seen in Figure 4.7, even
though the thermospheric wind changes the field aligned distribution of ions.

Figure 4.12 is the same as Figure 4.11 except that the local time is 2030LT
when the E x B drift velocity is zero (the Ex B term vanishes) and the layer is
highest. The left four panels without including the wind again indicate a symmetric
distribution with respect to the equator. In the right four panels including the wind,
distribution functions are shifted further toward north as compared with those for
1930LT. The contribution of the molecular ions in the n/x term is significantly large.
In the gravitational term, however, the contribution from the molecular ion is so small
to be neglected. As a net effect, the growth rate is reduced to about one third of that

obtained by the calenlation without including the wind as shown in Figure 4.7.

4.5. Concluding remarks

To study the seasonal-longitudinal effect of ESF numerically, we have developed
a diagnostic model and applied it to various cases in which the ionospheric parameters
are determined by solving a continuity equation under variable conditions including

ambient electric fields and transequatorial thermospheric winds. The instability model
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contains effects of the £ region plasma away from the equatorial plane and the E x B
drift effect.

The transequatorial wind and the E x B drift are equally important for control-
ling the generation of equatorial spread F. A large wind velocity significantly reduces
the instability growth rate, even if a large upward E x B drift velocity is applied. The
wind effect is more prominent when the reversal time of the E x B drift is late. The
winter /summer asymmetry of the occurrence probability at Jicamarca and other sta-
tions close to it can be explained in terms of the seasonal change in E x B drift velocity
irrespective of the wind effect. A morphology over all seasons indicates much better
agreement with the calculations including the wind effect. Without taking account
of the wind effect, the winter/summer asymmetry of the occurrence of equatorial
spread F at Fortaleza is not explained by the E x B drift effect. An instability model
incorporating both E x B drift and wind effects can explain the observed seasonal
trend.

The current results of the wind effect are a key point to understand a world-
wide morphology of equatorial spread F. Since the transequatorial component of the
thermospheric wind in the magnetic meridional plane is determined by the magnetic
declination angle at every longitude, the magnetic declination effect of ESF or a
seasonal-longitudinal effect of ESF may be well explained by the wind effect investi-
gated here. However, a possible longitudinal change in the E x B drift pattern could

be equally important and is not known at this time.

Chapter 5: Irregularities at off-Equatorial Latitudes

5.1. Introduction

The discussion in this chapter is related with two maore features of equatorial
spread F'; one is the latitudinal extent of the ESF region, and the other is the density
enhancements or plasma blobs observed at the satellite heights associated with topside
spread F near the equator. As we have seen in Chapter 2, the occurrence probability
and strength of the equatorial spread F are maximum at the magnetic equator and
decrease with latitudes. Although the midlatitude ionosphere is relatively quiescent
compared with the other latitudes, it still contains irregular structure, which may
be morphologically distinguished from that of ESF. The transition regions from the
spread F active equatorial region to the quiescent midlatitudes, or rim regions of ESF
zone, are not discussed very much until now, where some properties may be concerned
with ESF and others may be concerned with midlatitude spread F. Studying the tran-
sition region, in turn, is a help for the understanding of the midlatitude irregularities;
our knowledge of the midlatitude irregularities is quite poor compared with that of
equatorial latitudes. Full discussion of midlatitude irregularities, however, is beyond
of this thesis.

In the next section, as a preliminary discussion, we briefly review the latitudinal
extent of the equatorial spread F. Section 5.3 describes an instability model and nu-
merical calculations that yields the linear growth rate for the Rayleigh-Taylor and the
E x B drift instabilities involving plasma in the entire magnetic flux tube, based on
the result of Chapter 4. The ion distribution along the field line is obtained by solving
the ion continuity equations for O* and H* ions. Description of the ionospheric mod-
eling follows. Before presenting the results of growth rate, the response of the F* layer
to the eastward electric field is examined and the limit of the equilibrium assumption
is tested. Finally, in section 5.4, the results of the growth rate are compared with

observations.
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5.2. Latitudinal extent of ESF

During nighttime in the equatorial F' region, an irregular structure first appears
JAN. 1979 ALTITUDE (ME) 976 ~ 989 km

at the bottomside where the ionosphere is unstable, then plasma-depleted region
ORBIT TIME (ME)  LONG.(ME)

penetrates into the topside ionosphere by buoyancy force due to a nonlinear Rayleigh-

Taylor process (WoobMaN and LaHoz, 1976; Ossakow, 1981). The upward drift
00 31Ut 39°w

of the plasma-depleted region or plasma bubble ceases near the altitude where the JAN. 7

ambient electron density is equal to that inside the bubble. This determines the 0134UT  56°W

maximum altitude of plasma bubbles and the latitudinal extent of equatorial spread F. dieR

This explanation of the latitude extension of ESF, however, is too primitive to apply

real problems. In general, it is not easy to determine whether observed irregularities % 0104UT 57°W

at subtropical latitudes originate from a plasma bubble or are locally generated at g

those latitudes. E 0017UT  49° W
From observations of medium frequency ducts by means of topside sounder, MuL- % palis

DREW (1980a) has suggested that, on a statistical basis, irregularities causing ducted ;) i

echoes at altitudes corresponding to L 2 1.2 are not due to a rising plasma bubble. g JAN. 12

There are other observations of irregularities which cannot be explained by the rising §

plasma bubble. One example of them is a topside plasma blob or electron density ii:ail;r 3w

enhancement at the satellite heights as shown in Figure 3.1a, which is reproduced 105 -

2347UT S52°W

as Figure 5.1. In the figure open circles indicate spread echoes at zero range of the
JAN 14

| == | lIIH}I

ionogram, which means that the satellite is immersed in a severe topside irregularity | | |
-30* o* 30*

MAGNETIC LATITUDE

104

region (DysoN and BENnson, 1978). On orbit 4416, density enhancement is observed
at ~ 15° magnetic latitude accompanied with severe irregularities. A comprehensive

data set of density enhancements was also presented by WATANABE and Ovya (1986). Fig. 5.1 "Plasina depletion and cabandenient in 155 topeade idgosphere: Bles

tron density at the satellite height (~ 1000km) is observed by the topside
ionosonde onboard ISS-b. Plasma depletions are seen in orbits 4362, 4416, and
4469, and plasma enhancements in orbit 4416. Both plasma depletions and en-
hancements are accompanied with intense backscatter echoes from the irregular-
ities surrounding the satellite as indicated by open circles. Shaded bars indicate
regions in which spread F is observed.

All the topside plasma enhancements are observed at subtropical latitudes and none
can be explained by the traveling of plasma bubbles. Thus it is natural to assume
that they are generated at the latitudes where they are observed.

Turning to theoretical works, plasma instability at equatorial latitudes has been

widely and extensively studied by many researchers (see review by Ossakow (1981)).
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In a two-dimensional approximation in the equatorial plane, the ionosphere is unstable
against the gravitational force (the Rayleigh-Taylor instability) and eastward electric
fields (the E x B instability) in the bottomside. The two-dimensional approximation
for the equatorial geometry is based on the fact that the magnetic field lines in the
F region are assumed to be equipotentials and ionospheric parameters do not signif-
icantly change along the field line. Thus the two-dimensional model is correct only
in the bottomside at the equator. Considering the contribution from plasma laying
off the equatorial plane, HAERENDEL (1973) showed that the ionosphere is unsta-
ble just above the F layer peak as well as in the bottomside in the gravitational
Rayleigh-Taylor mode. The growth rate is calculated in terms of vertical gradient of
the flux-tube-integrated ion content; the unstable region extends up to the altitude
where the total ion content in the flux tube is maximum. This maximum altitude cor-
responds approximately to the field line that penetrates the equatorial anomaly crests
at 10 to 15° N and S in magnetic latitude. Thus Haerendel’s result indicates that the
ionosphere is stable for the gravitational Rayleigh-Taylor mode at midlatitudes higher
than the equatorial anomaly crests.

When ambient electric fields exist, it is inaccurate to consider instability in terms
of flux-tube-integrated ion content (S.T. Zalesak, private communication, 1988), This
is crucial for field lines which cross the equator at high altitudes, because the ion-
neutral collision frequency changes widely along the field line. In Chapter 4, we have
derived a linear instability model for equatorial spread F considering plasma in the
entire magnetic flux tube when ambient electric fields exist. This model accumulates
the contribution of the ion density gradient at each point along the field line instead
of dealing with the gradient of the flux-tube-integrated ion content. The model can
be extended to a problem in the off-equatorial to midlatitude ionosphere.

This Chapter applies the above model to theoretical investigation of latitudinal
extent of ESF, plasmaspheric ducts, subtropical plasma blobs in the topside iono-

sphere, and midlatitude spread F. However, care must be taken in applying the model
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to the midlatitude magnetic field configuration. In deriving the linear growth rate
represented by Equation (4.34) or (5.1) we assumed that the redistribution of plasma
along the magnetic field line is negligible when the layer is uplifted by the eastward
ambient and polarization electric fields. This may be a good approximation for the
equatorial bottomside ionosphere, since the magnetic field lines are almost horizon-
tal everywhere. While, in the midlatitudes, prompt downward redistribution of the
plasma occurs parallel to the field line when eastward electric fields uplift the layer
in the direction perpendicular to the magnetic field line. As a result, the net uplift of
the layer is smaller than that deduced from the E x B drift velocity. Nevertheless, in
studying instability, the background ionospheric density distribution can be assumed
to be in a quasi-equilibrium state in a frame moving at the E x B drift velocity if
the density perturbation grows to a sufficient amplitude within the time constant of
the plasma redistribution. Therefore the time constant of the redistribution becomes
essentially important.

The above-mentioned assumption of the quasi-equilibrium condition is quite con-
trast to that made by PERKINS (1973) on midlatitude instability. Perkins has shown
that the nighttime F region supported by eastward electric fields is unstable when
a north-south electric field component exists in addition to the supporting eastward
field. To derive an instability growth rate, he assumed that the ionosphere is at the
equilibrium height, i.e., the redistribution of plasma along the magnetic field line
compensates the upward E x B drifts. In the actual ionosphere, however, there are

many nights during which the height changes often.

5.3. Plasma instability
5.3.1. Two-layer model  This section first examines a simple two-layer system as
an instability model at off-equatorial latitudes.

Geometry of the model is illustrated in Figure 5.2. Layers T and B, both perpen-

dicular to the magnetic field line, represent the topside and bottomside, respectively.
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Bottomside

Fig. 5.2. Two-layer system for midlatitude plasma instability. Two layers are
electrically connected to each other with highly conductive magnetic field lines.
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The two layers are electrically connected by magnetic field lines with high parallel
conductivity, but an interflow of plasma between the layers is not allowed. The mag-
netic field line is assumed to be parallel and I is the magnetic dip angle. Unit vectors
are defined as follows: & is perpendicular to the magnetic field line and points east-
ward, y is perpendicular to the magnetic field line and points northward, and 3 is
antiparallel to the magnetic field vector.

We have already derived the linear growth rate of the instability for the multilayer

model represented by (5.1), which is identical to (4.34), in Chapter 4.

119 geosI 1 0
vPZ/mEa—p(Cnm)Ads Z/ng(cﬂwmds
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y= (4.34), (5.1)

where the all notations are same as those in Chaptier 4. In the two-layer model the
parameters, A, (,Q;, A, and cosl, in (5.1) are constant, and the integral along the
field line is replaced by the summation for the two layers, Thus (5.1) is simplified as

follows:

vy Z Z Vin,t %(ﬂio.t) cos [ Z Z e %(ﬂm.t)
= {4 i ol &L (52)

Z E Vin (70t ZZ Vin tTH0.t
t i £ i

where the subscript [ denotes layers T and B, vy is the local E x B drift velocity, and

we have used the relation,

To interpret (5.2) a parabolic /' layer consisting of O* ions is considered. Layer
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T is taken at 8h above the F layer peak and layer B at 8h below the I layer peak,
where 8h is equal to one scale height of the neutral atmosphere, which is assumed to

be 50 km. The following parameters are also assumed:

Rip,r = Nig,B = 10%em™®
1 an,'g B 1 31‘1,’0.1' 1 =
— = — =—=(10km
niog Oy nor Oy L ( )

Vin = 2.5sec™! at the F layer peak

hmF; = 350 km

vy =30m/s

I'=41°

gr = 868 cm/s’

g8 = 894cm/s’

The above magnetic dip angle corresponds to the field line that crosses the equator
at 1600 km above the earth’s surface, and the F' layer peak at 23.5°magnetic latitude.
The E x B drift velocity corresponds to an electric field of about 1 mV/m. Each term

of the right-hand side of (5.2) is evaluated. The E x B drift term is

vy (=Vin,r + Vin,g) _ 30 X 107 (=2.5/2.72 4 2.5 x 2.72)

= - = 2.3 x 107? sec™!
L(Vin,1 + Vin,B) 10 x 105 - (2.5/2.72 4+ 2.5 x 2.72)

The gravitational term is
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(=gr +gp)cosl _ (—868 + 894) x 0.883

n o gy
L(vin + Vin,g) 10 x 105 (2.5/2.72 4 2.5 x 2.72) 20 % H=Feee

This instability estimation shows that the E x B mode still plays an important role
in the instability even at off-equatorial latitudes, but that the gravitational mode
does not. As expected from the direction of the density gradient, plasma in the
topside stabilizes the system both .[or the gravitational mode and the E x B mode with
eastward electric fields, while plasma in the bottomside destabilizes it. Contributions
for the gravitational term from the topside and bottomside are almost the same
magnitude, with opposite signs, because the acceleration of gravity changes little
with altitude within the F layer thickness. On the other hand, in the E x B term, the
contribution from plasma in the bottomside is much larger than that in the topside
because the ion-neutral collision frequency decreases according to the scale height of
the neutral density, which is comparable to the F layer thickness.

As shown above, the E x B instability may operate in the midlatitude ionosphere
even though there are conflicting effects from the stable topside and the unstable
bottomside ionosphere on the same field line. In the actual ionosphere, however, the
net effect on instability is more complicated as the integration path is longer in the
topside than that in the bottomside, while density gradient is larger on the bottomside
than on the topside. In the following subsections, more careful calculations are made
using a continuous model described by (5.1) which employs a realistic magnetic field

geometry and ion density distribution along the field line.

5.3.2. Ionospheric modeling  The unperturbed state of ion density distribution for
the calculations of the integrals in (5.1) is obtained by a modeling approach, which
is basically same as that used in Chapter 4 except for the ion species and minor
modifications pertinent to the midlatitude ionosphere. The same approach is used
to examine the transient response of the background ionosphere to sirong eastward

electric fields and the quasi-equilibrium condition of the F layer at midlatitudes. The
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ion species are assumed to be OF and H* because a part of the magnetic fields in the
midlatitude ionosphere penetrates into the protonosphere and molecular ions are less
important, The ion continuity equations in a reference frame moving at E x B drift

velocity veyps are (BAILEY, 1983)

dn; 1 d(An;vy, -
-:}:— =P —i; - Z—(—'g;i) —n; VL -Ugxsn (5.3)

where the ion production rate F; includes photoionization and charge exchange with
the other species, and the ion loss rate L; includes charge exchange and recombination.
Other notations are the same as those appearing in Chapter 4. The photoionization
rates for O* and H* at the top of the ionosphere are p; = 3.75 x 10~7s™! and
p2 = 0, respectively. Sunspot medium conditions are assumed for solar activity.

Other chemical reactions pertinent to the above productions and losses are as follows:

O*+N;, — NO*+N k =70x10""cm3sec™!
O*+0, — 0;¥+0 ky = 2.0 x 107'1(300/7)%® cm® sec™!
O*+H = O+H? ky =25 x 10" 1795 em3sec?!

Ht4+0 — H4+O0* ky=2.3 x 10" 795 cm3sec™!

The recombination rates for NO* and O;% are sufficiently large. lon and electron
temperatures are assumed to be the same as the neutral temperature (T'=7; =T, =
T,). The neutral temperature, T, and the density of neutral species, n(O), n(N2),
n(02), n(H), and n(He), are calculated from the empirical thermospheric model based
on the mass spectrometer and incoherent scatter data (MSISS3) (Hepixn, 1983) with
Fyp7 =120, A, = 15, and day count of 81.

The field-aligned ion velocity vy; containing a diffusion effect is determined from

the momentum equation,
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= SEHI—M%_ kgT On, 2kgaT r
7 min; ds  min. ds  m; Os Vintig — i (v — i) =0 (5.4)

where kg is Boltzmann's constant, v;, is the collision frequency between i-th ion and
neutral species, and v;; is the collision frequency between i-th and j-th ion species.
The result of STUBBE (1968) is adopted for the ion-neutral collision frequency. To
simplify the discussion, no neutral wind is assumed and the magnetic equator is
assumed to coincide with the geographical equator.

The equation set (5.3) and (5.4) for OF and H* is solved by an implicit finite
difference method using mathematical techniques described by BAILEY et al. (1979)
and BAILEY (1983) except that the ion and electron temperatures are assumed to be
equal to those of neutral species given by the MSIS model. To calculate the ion density
gradient perpendicular to the magnetic field line, the same equation set is solved for
magnetic field lines separated by 25km of altitude at the equator. Initial states of the
concentration are determined by a combination of the chemical equilibrium at low
altitudes and diffusive equilibrium at high altitudes. Integration is started at 0700LT
and continued until the required local time of the following day. The integration time
may not be sufficient for H* ion. However, this matters little because the integrals
in (5.1) mainly depend on the OF ion dominated region at low altitudes where the
density gradient and the ion-neutral collision frequency are relatively large.

Electric field models are given in Figure 5.3 as a form of Ex B drift velocity
at the equator. The following assumptions are made for the electric field: Vertical
E x B drift velocity does not depend on altitude; and vertical electric fields or zonal
E x B drifts are zero. These assumptions for the vertical and zonal drift models are
not self-consistent (MURPHY and HEELIS, 1986), but which does not matter for the
current purpose. The vertical E x B drift velocity consists of a basic diurnal pattern
shown by the solid line and enhancements during evening hours shown by the dashed
line (step function) or the dash-dotted line (Gaussian function). The calculation for

the first day is made with the solid line. The step-function-like enhancement of the
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Fig. 5.3. Vertical E x B drift velocity models with two types of evening drift
enhancement. The dashed line indicates step-like enhancement for study of the
response of the F layer to intense eastward electric fields. The Gaussian-like
(synthesized with two appropriate Gaussian functions) line is for calculation of
the instability. Maximum drift velocities are 40 m/sec in both cases.

Chapter 5: Irreqularities at off- Equatorial Latitudes 125

E x B drift is used to examine the response of the ionosphere to strong eastward
electric fields. The amplitude of the step-like enhancement shown in the figure is
40 m/sec, but examination is made for a variety of the amplitude of enhancement.

The Gaussian-type enhancement is more realistic and used to examine the instability.

5.3.3. Quasi-equilibrium condition  The basic assumption made in the derivation of
the linear growth rate of the instability, a quasi-equilibrium condition in the drifting
frame, is not obvious except near the magnetic equator. When zonal electric fields
exist at midlatitudes, ionospheric equilibrium is complicated. TANAkA and Hirao
(1973) studied effects of an eastward electric field, on electromagnetic dynamics, ion
chemistries and induced neutral winds. The response of the layer height to the step-
like increase in the eastward electric field strength is as follows. First, the layer
height continues to increase due to the E x B drift. However, the upward drift of the
layer ceases and the layer reaches its highest level 30~60min after the change of the
electric field strength. Around this time, plasma is appreciably redistributed along
the magnetic field. Then the layer begins to descend slowly. By this time a poleward
neutral wind is induced by ion-neutral collision. The neutral wind velocity, however,

is not sufficient to cancel the height increase due to the E x B motion.

The above calculation was made with the solar zenith angle of 45° and the dip
angle of 60°. Because our interest is in the nighttime subtropical to midlatitude iono-
sphere, similar calculations assuming nighttime and somewhat low latitude conditions
are made, The neutral wind set up by the ion E x B drift motion is neglected since
the time constant is longer than that for the redistribution of the plasma along the

magnetic field line.

Field-aligned ion distribution is obtained by solving the continuity equation (5.3)
in conjunction with a stepwise increase in the E x B drift velocity indicated by the
dashed line in Figure 5.3. Calculation is made for the field line that crosses the equator

at 1600 km, 30 min after the drift increased. The height of the layer peak, hmF,, is
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approximated by a peak in the field-aligned distribution of electron density. At the
layer peak when t = 30 min, magnetic latitude is 23.5°, dip angle is 41°, and Ex B
drift velocity vy is 25.5 m/sec. Time evolution of the layer peak, hmF,, after the
electric field is increased is shown in Figure 5.4. The dashed line indicates the change
in hmFy deduced from the E x B drift velocity without any redistribution. From 0
to ~ 15min the layer height increases in response to the E x B drift velocity, and
the assumption of quasi-equilibrium condition in the drifting frame is suitable. After
~ 30min, however, apparent drift of the layer slows. This is due to the increase in
downward ion drift along the field line at high altitudes, where the diffusion constant
is large.

The characteristic time in which appreciable downward drift is set up is consistent
with the observations at Arecibo (BEHNKE et al., 1985); they observed that, during
the rise of the F layer, variations in ion velocity parallel to the magnetic field line
lag by ~16 min the corresponding variations in ion velocity perpendicular to the field

line due to the E x B motion.

The change in hmF; is shown in Figure 5.5 when the amplitude of the step-
like increase in the electric field is changed. The figure shows that the layer height
responds linearly to the applied electric field until ~ 30 min. This fact is important for
amplification of the density perturbations since the polarization electric field arising
from the instability process effectively modulates the layer height and the Pedersen

conductivity. Within these times the instability process is still effective.

5.3.4. Growth rates of the instability

Instability growth rates as expressed by (5.1) are calculated incorporating the
Gaussian-type enhancement of the external electric field indicated by the dash-dotted
line in Figure 5.3. The growth rate is maximum at 1900LT according to the peak of the
enhanced electric field. The result is shown in Figure 5.6 for 1900LT. In Figure 5.6a

the E x B term (the first term on the right-hand side of (5.1)), the gravitational term
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Fig. 5.4. Response of the F' layer peak height to the step-like change in the
E x B drift velocity given by the dashed line in Figure 5.3. The equatorial cross-
ing altitude of the field line is 1600 km, 30 min after the change of the electric
field. At the F' layer peak, magnetic latitude is about 23.5°, dip angle is about
41°, and v; =25.5 m/sec.
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enhancement varies to 120 m/sec. the gravitational term (dash-(ll)otled curve), the E x B term (dashed curve), and

their sum (solid curve). Negative values are indicated by light curves. In panel
(b), Nymar indicates the altitude of the maximum tube electron content which
nearly corresponds to the field line penetrates through the crests of equatorial
anomaly.
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(the second term on the right-hand side of (5.1)), and their sum are plotted. Figure
5.6 shows the total electron content, N, in the magnetic flux tube having unit cross
sectional area at the equator. At altitudes up to 450 km the magnetic field lines are
in the bottomside at every latitude and N increases rapidly with altitudes. A bump
in N appearing near 1000 km corresponds to the crests of the equatorial anomaly of
f.Fy at around 15° magnetic latitude. The altitude of the maximum of N, Ay, N,
nearly coincides with that of the bump of the equatorial anomaly. At altitudes above
1000 km, N decreases monotonically according to the general latitudinal decrease of
foFs.

In Figure 5.6a the gravitational term is positive below ~ 750 km and negative
above ~ 1000km. This result is consistent with Haerendel’s theory (HAERENDEL,
1973) in which the ionosphere is unstable below h,, N and stable above it since the
instability is determined by the gradient of N. A somewhat complex variation at
750 ~ 1000 km is due to the existence of the equatorial anomaly, which complicates
the altitude distribution of the parameters. Development of the equatorial anomaly
depends not only on the strength of the evening enhancement of the field but also on
the strength of eastward electric fields during daytime when the ion production rates
are large.

In contrast to the gravitational term, the E x B term is positive at all altitudes,
therefore all latitudes, as shown by the dashed line in the figure. As a result, the total
growth rate given by the sum of the two terms is positive except around 1100 km
where the gravitational term has a large negative value. The large total growth rate
at lower half of the figure, which increases toward the bottomside near the equator,
apparently corresponds to equatorial plasma bubbles (OssAkow, 1981). The growth
rate below 400 km, however, is unrealistic because the current model does not include
molecular ions. The positive growth rate at upper half presumably corresponds to
midlatitude spread F. The growth rate in the upper part or at midlatitudes is about

one tenth of that for plasma bubbles. This accounts for the fact that extremely large
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scintillations or intense range-type spread F, which frequently appear at equatorial
latitudes, are rare events at midlatitudes (Ocawa and KuMacal, 1985; TANAKA,
1986).

Physical meaning of the negative value of the gravitational term at high altitudes,
where vertical gradient of tube content is negative, is obvious from Haerendel’s theory
(HAERENDEL, 1973). For the E x B term, however, there may need more examination.
The variation of each term appearing in the integrands in (5.1) are shown in Figure
5.7 (middle and right panels) along with the ion density (left panel). Shown to the
left is the distance from the equator along the magnetic field line. Height above the
earth is shown on the right-hand side of the figure. Shown in the figure is a part
for an altitude range less than about 1000 km and for the northern hemisphere since
the contribution from high altitudes is small enough to be neglected and the model
is symmetrical about the equator. The terms are defined using the same notation in
(5.1) as follows: Figure 5.7a is ion density, ), nigA; Figure 5.7b is 3, (njo/Ax;) A
which is directly related to the Pedersen conductivity; Figure 5.7¢ is the E x B term
(solid line),

s~ 110
Ax; ( Op (¢nio)A

and the gravitational term (dash-dotted line),

_geosl 19
Ty Z sin 208 C dp gp o)A

In Figure 5.7 the maximum ion density occurs at 353 km, which is nearly equal
to hpy Iy, while the maximum n/x is lower than h,, F> by ~70km. This is due to
that the ion-neutral collision frequency decreases with altitudes. In Figure 5.7¢ both
the gravitational and E x B terms are negative at altitudes above h,, F5 and positive

below h,, F, according to the ion density gradient perpendicular to the magnetic
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growth rate (see text) as a function of distance from the equator along the mag-
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field line. Two terms, however, differs quantitatively; for the gravitational term the
negative area looks larger than the positive area. (We should note that the figure
is in linear scale on both horizontal and vertical axes and the cross sectional area of
the flux tube is already included in each term.) Such a quantitative result cannot be
expected from the simple two-layer model discussed previously. On the other hand,
the negative value of the E x B term on the topside is so small that the contribution
is almost negligible. The net positive growth rates at midlatitudes can be concluded

to originate from the large E x B term below the F layer peak.

5.4. Comparison with observations
5.4.1. Plasma blobs  The calculations are compared with observations. We first
discuss a possible generation mechanism of plasma blobs presented in Figure 5.1. From
the viewpoint of plasma dynamics, irregularities are produced by convection of the
magnetic flux tube. When the midlatitude ionosphere is unstable by the mechanism as
described in this chapter, plasma depleted region in the bottomside drifts northward
and upward with respect to the ambient ionosphere by the polarization electric field.
The local electron density gradient in the topside is reverse to the drift direction. Thus
density enhancement appears in the topside, as a counterpart, which is connected
with the magnetic field line passing through the bottomside depletion. The linear
instability theory just predicts undulation of density irregularities, and the isolated
plasma blobs as observed are presumably generated by nonlinear process similarly to
the case of equatorial plasma bubbles.

For comparison between the theoretical results and observations, unfortunately,
the number of plasma blobs detected by ISS-b is too small; well-defined events are less
than 10. However, we are able to discuss statistical results in the published material.
The Hinotori satellite observed fairly large number of plasma blobs (Oya et al., 1986;
WATANABE and OvA, 1986). According to this, the blobs are observed mostly in the

narrow latitude region from 15°to 30°in both hemispheres (Figure 3 of WATANABE
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and Oya (1986)), though the properties at latitudes higher than ~ 30° were not
observed because the orbital inclination angle of the satellite to the equatorial plane
is 31°. These latitudes correspond to the rims of the area of equatorial spread F as
shown in Figures 2.5 through 2.8. The plasma blob shown in Figure 5.1 is associated
with severe backscatter echoes from the irregularities surrounding the space craft.
Apparently a fraction of the equatorial spread F discussed in Chapter 2 is related
with the plasma blobs.

Plasma blobs are often observed in the winter topside ionosphere at subtropical
latitudes (WATANABE and Ova, 1986). This may be accounted for as follows: The
amount of the density enhancement of plasma blobs in the topside ionosphere de-
pends on the local density gradient antiparallel to the direction of E x B drift due
to eastward electric fields. Generally a large equatorward gradient of the electron
density is attained in the winter hemisphere by seasonal winds blowing from the sum-
mer hemisphere to the winter one (e.g., Figure 5.4 of ANDERSON and ROBLE (1981)).
Such density gradient is observed by ISS-b as presented in Figures 3.4 through 3.6.
Furthermore the largest gradient appears at the longitudes of large eastward mag-
netic declination during northern summer season and westward declination during
northern winter season. As we have discussed in detail in Chapters J and 4, grav-
itational Rayleigh-Taylor instability is greatly suppressed at these longitudes. This
longitudinal variability of equatorward gradient is also consistent with the longitudi-
nal distribution of the plasma blob as observed by Hinotori.

Although blobs are detected only in one hemisphere (WATANABE and Ova,
1986), if the convection of the magnetic field line creates the irregularities, small
field-aligned enhancements are anticipated in the other hemisphere. These irregular-
ities may be hard to detect with plasma probes, but cause conjugate ducted echoes

(MuLprEw, 1980a) as discussed next.
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3.4.2. Conjugate ducted echoes Field-aligned structure is one of the peculiar
features of irregularities observed by satellite-borne topside ionosondes (MULDREW,
1963). Conjugate ducted echoes are sometimes observed on ionograms at low- to mid-
latitudes, which are caused by field-aligned irregularities extending from one hemi-
sphere to the other. The topside sounding is a sensitive technique for detecting such
irregularities because a duct with a density discontinuity of a few percent in the
direction perpendicular to the magnetic field line can trap transmitted waves in it
(MuLpreEw, 1963). Therefore observations of conjugate ducted echoes are pertinent
to comparison with the instability calculations because irregularities with large am-
plitude, like a plasma bubble, are not expected other than at the equatorial latitudes.

MuLDREW (1980a) examined a large number of Alouette 2 topside ionograms and
obtained some morphology on the occurrence of conjugate ducts. There is a minimum
in duct occurrence near L = 1.2 with respect to radial variation in his L-value versus
local-time diagram. On the basis of the morphology, he concluded that the conjugate
ducts with L 1.2 could be associated with equatorial plasma bubbles, while those
with L 2 1.2 do not result from rising plasma bubbles. The altitude variation of the
calculated growth rate shown in Figure 5.6 exhibits a negative or stable region near
1100 km, which corresponds to L ~ 1.17. Apparently the large growth rate at altitudes
below 1000 km accounts for generation of plasma bubbles. At altitudes greater than
1100 km the growth rate of the instability is smaller than that in the low altitude
region by one order. In the analogy to plasma bubbles (Ossakow et al, 1979),
it needs some 10 growth times to generate disturbance like a rising plasma bubble.
Thus large disturbance may not occur at midlatitudes except when unusually large
electric field events. However, small field-aligned density discontinuity could be casily
generated through electromagnetic convection and downward (equatorward) density
gradient in the topside ionosphere. Irregulariiies generated in such a way have an
intrinsically field-aligned nature. They remain where they are generated and do not

travel far like rising bubbles. Thus present calculation results agree with the L-value
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distribution of conjugate ducts observed by the topside ionosonde.

Another interesting feature of the conjugate ducts pointed out by MUuLDREW
(1980a) is local time variation. The occurrence of ducts for L2 1.2 tends to increase
near 20 to 22 hours, while that for L < 1.2 increases from 20 to 02 hours. As seen
in Figure 5.6, for L2 1.17, the gravitational term acts as a stabilizing factor and
the E x B term as a destabilizing factor when the electric fields are eastward. Thus
for L2 1.17, generation of irregularities ceases when the electric field reverses from
eastward to westward. On the other hand for L £1.17, the gravitational term acts
as a destabilizing factor irrespective of direction of the electric field. The net growth
rate at these altitudes may be positive even after the reversal of the electric fields
until the layer is moved to lower altitudes where the ion-neutral collision frequency is

high. If the behavior of electric fields does not change with altitude or latitude, the

present theory also agrees with the local time variation of the ducts observed.

5.4.3. MU radar observations  Recently, field aligned irregularities have been ob-
served by the radar at Shigaraki, Japan (Fukao et al, 1988, 1991). This radar, the
MU radar, operates at 46.5MHz and is steerable up to a zenith angle of 56° at which
the radar beam is perpendicular to the magnetic field line. Intense echoes from field-
aligned irregularities are recorded as a range-time-intensity map. There are a variety
of cases of apparent drift direction that is deduced from the gross feature of echo
region, i.e., northward, southward, and stationary. However, fine structures always
incline as they drift northward when an intense echo region first appears (FukAo et
al., 1991). Doppler shifts corresponding to a radial drift velocity of ~100 m/s are also
observed in some events (FUKAO el al., 1988, 1991). These observations indicate that
the field-aligned irregularities are associated with eastward electric field events, which
is consistent with the E x B instability presented here. More direct comparisons be-
tween E x B drift velocity and midlatitude field-aligned irregularities are expected

from the MU radar facility at Shigaraki.
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3.4.4. Origin of the electric field enhancements  The electric field model illustrated
in Figure 5.3 requires some comments. There are two origins of enhancements in the
eastward electric field at night. One is due to action of the F layer dynamo, and the
other reflects penetration of the magnetospheric fields.

A model calculation based on the dynamo theory predicts enhancement of east-
ward electric fields near the equator in the evening hours (HEELIS ef al., 1974). The
amplitude of this electric field enhancement is somewhat larger than observations by
the incoherent scatter (IS) radar at Jicamarca (FEJER et al., 1979). Height variation
of the equatorial electric fields, which is equivalent to latitudinal variation at the F
layer peak, is studied both experimentally (PINGREE and FEIER, 1987) and theoret-
ically (MurpHY and HEELIS, 1986). Both studies predict that the enhancement of
electric fields in the evening hours becomes weaker at higher latitudes. Data used for
these studies are limited to sunspot minimum conditions. However, equatorial elec-
tric fields indicate a large day-to-day variation and change with solar activity, season
(FEJER et al., 1979), and longitude (BATISTA ef al., 1986). At any rate it is not clear
that the F layer dynamo effect causes the midlatitude irregularities on the basis of
information currently available.

Direct evidence of the penetration of magnetospheric origin electric fields is pos-
sible by using data from the IS radar chain in the American sector (GONZALES ¢l al.,
1983; EARLE and KELLEY, 1987). At the midlatitude station, Arecibo, the largest
electric field amplitude reported corresponds to a northward E x B drift velocity of
vin 2100m/s (GoNZALES el al, 1983; BEHNKE ef al., 1985). If the magnetic fields
are assumed to be in a dipole geometry the northward E x B drift velocity in the
midlatitude ionosphere, vy v, is related to the equatorial upward drift velocity, v,, in
the same magnetic meridional plane using the colatitude, 8, of the point concerned

as follows:
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Thus the E x B drift velocity in the magnetic meridional plane over Arecibo (8 ~ 60°)
is about half the corresponding equatorial upward drift velocity. The above observed
amplitude of electric field is about five times the enhanced electric field given in Figure
5.3. Unfortunately, it is not clear how often such a large disturbance in electric fields
oceurs.

At night, k' F scaled from the ionogram is a good indicator of short term change
in the electric field, and we have a much larger data base than the IS radars. Anoma-
lous variations of h'F and corresponding f,F> in the evening hours associated with
magnetospheric disturbances are presented by using data from the lower-midlatitude
ionosonde station chain in Japan's sector (TANAKA, 1986). Variations appear as an
enhancement of the eastward electric field. These ionospheric disturbances are inter-
preted as a penetration of magnetospheric electric fields into low latitudes. During one
of these events midlatitude irregularities indicating a field-aligned duct were observed

by the topside ionosonde onboard ISIS 2 after the eastward electric field enhancement

(TANAKA, 1987).

5.5. Concluding remarks

The non-local theory of equatorial spread F' developed in Chapter 4 is applied to
the off-equatorial and midlatitude ionospheric instability. The gravitational Rayleigh-
Taylor mode is stable at latitudes higher than the crests of the equatorial anomaly,
while the E x B mode is unstable at all latitudes when the electric fields are eastward.
Net instability growth rate is negative in the narrow region around the magnetic field
line that crosses the equator at 1100 km and penetrates the F' layer peak near 187 in
magnetic latitude. In lower and higher latitude regions of the crests, the ionosphere

becomes unstable. In the lower latitude region the instability accounts for generation
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of plasma bubbles, while in the higher latitude region it accounts for generation of
conjugate plasma ducts, plasma blobs in the topside ionosphere, and midlatitude
bottomside spread F.

At the latitudes near the rims of the equatorial spread F' region, which are ~20° in
magnetic latitude, presumably both effects coexist; nonlinear traveling of the plasma
bubble from the equator and E x B drift instability developing at those latitudes,

The growth rate at midlatitudes, which is a function of the eastward electric field,
is generally smaller than that for equatorial plasma bubbles by one order. The small
growth rate is consistent with the latitudinal distribution of spread F shown in Figures
2.5 through 2.8 and the fact that severe scintillations are rare events at midlatitudes.
However, in an unusually large eastward electric field event, intense irregularities and

gigahertz scintillations can occur, even at off-equatorial and midlatitudes.
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6.1. Experimental results

The topside ionospheric sounding by the ISS-b satellite first allowed to investigate
complete worldwide morphology of equatorial spread F (ESF), which yielded fairly
clear picture of a coupled seasonal-longitudinal effect of ESF: during northern winter
season the ESF activity is high at the Atlantic longitudes where the geomagnetic fields
have large westward declination; during northern summer season the longitudinal
peak of ESF activity moves to the Pacific longitudes where the geomagnetic fields
have large eastward declination; and during the equinoxes the ESF activity is high at
the Indian longitudes where the magnetic declination angle is small.

Also revealed from the ionograms are the abrupt plasma depletions associated
with severe back scatter echoes at zero range, which are ascribed to the encounter
with a plasma bubble. The plasma bubbles are the results of nonlinear evolution of
the Rayleigh-Taylor instability, which is considered to be a primary mechanism to
generate equatorial spread F. The positions of the plasma bubble encounter coincide
with the areas of high ESF activity. Another category of plasma irregularities at the
satellite height is the localized plasma enhancement or blob. The generation of plasma
blobs can not be explained by any previous theories. The generation of the plasma
blobs is discussed with theoretical and numerical calculations as described later.

The background ionospheric configuration is examined by the same ionosonde
data, which may be connected with the cause of the seasonal-longitudinal effect of
ESF. It is found that the electron density distribution in the magnetic meridional
plane is symmetric with respect to the magnetic equator when and where the ESF
activity enhancement is seen, while it is asymmetric when and where the ESF ac-
tivity is low. This morphological connection between the large scale structure and
ESF suggests that a transequatorial component of thermospheric winds in the mag-

netic meridional plane plays a role in suppression of the growth of the gravitational
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Rayleigh-Taylor instability and the ESF activity. A plausible mechanism of the in-
stability suppression is the increase of Pedersen conductivity integrated along the
magnetic field line that is due to the lowering of the ionospheric height in the lee
side hemisphere. Therefore absence of a transequatorial thermospheric wind is one
of the important necessary conditions for the growth of equatorial spread F. Such
condition tends to be satisfied at the Atlantic longitudes during the northern winter,
at the Pacific longitudes during the northern summer, and at the Indian longitudes
during the equinoxes, where the directions of the thermospheric diurnal winds in the
nighttime F region tend to be perpendicular to the magnetic meridians following the

seasonal migration of the thermospheric pressure bulge.

6.2, Computational results

The mechanism proposed to take account for the seasonal-longitudinal effect
of ESF is further investigated. For this purpose, we have developed a diagnostic
model and applied it to the ionosphere using parameters determined by solving a
continuity equation under variable conditions including ambient electric fields and
transequatorial thermospheric winds. The instability model contains effects from F
region plasma away from the equatorial plane and the E x B drift effect.

Numerical calculations are made with realistic electric field model based on the
observations at Jicamarca and Fortaleza and thermospheric wind based theoretical
calculations. The results have shown that the transequatorial wind and the E x B
drift are equally important for controlling the generation of ESF. A large wind veloc-
ity significantly reduces the instability growth rate, even if a large upward E x B drift
velocity is applied. Some properties of ESF at Jicamarca and other stations close to
it can be explained in terms of the seasonal change in E x B drift velocity irrespective
of the wind effect. A morphology over all seasons, however, indicates much better
agreement with the calculations including the wind effect. On the other hand, with-

out taking account of the wind effect, the seasonal dependence of the occurrence of
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equatorial spread I' at Fortaleza cannot be explained by the E x B drift effect only.
An instability model incorporating both E x B drift and wind effects can explain the
observed seasonal trend.

The above results can be extended at all longitudes. Since the transequatorial
component of the thermospheric wind in the magnetic meridional plane is determined
by the magnetic declination angle at every longitude, the magnetic declination effect
of ESF or a seasonal-longitudinal effect of ESF may be well explained by the wind
effect investigated here. However, a possible longitudinal change in the E x B drift
pattern could be equally important and is not known at this time.

The non-local theory of linear plasma instability developed for the equatorial
latitudes is applied to the off-equatorial and midlatitude ionospheric instability. The
gravitational Rayleigh-Taylor mode is stable at midlatitudes higher than the crests of
the equatorial anomaly, while the E x B mode is unstable at all latitudes when the
electric fields are eastward. As a result, the net instability growth rate is negative in
the narrow region around the magnetic field line that crosses the equator at 1100km
and penetrates the F' layer peak near 18° in magnetic latitude. In lower and higher
latitude regions the ionosphere becomes unstable; in the lower latitude region the
instability accounts for generation of plasma bubbles; while in the higher latitude
region it accounts for generation of plasma ducts, plasma blobs observed in the topside
ionosphere, and midlatitude bottomside spread F.

At the latitudes near the rims of the equatorial spread F region, which are ~20° in
magnetic latitude, presumably the following two effects coexist: nonlinear evolution
of the plasma bubble from the equator and E x B drift instability growth at those
latitudes.

The growth rate at midlatitudes, which is a function of the eastward electric
field, is generally one order of magnitude smaller than that for equatorial plasma
bubbles. This small growth rate is consistent with the latitudinal distribution of

spread F shown in Figures 2.5 through 2.8 and the fact that severe scintillations are
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rare events at midlatitudes, However, in a quite large eastward electric field event,
intense irregularities and gigahertz scintillations can occur, even at off-equatorial and

midlatitudes.
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