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Abstract

Tons in the ionosphere drift through the process of the cross product of the
electric and magnetic fields, momentum transfer from neutrals to ions through col-
lisions, and diffusion caused by the pressure gradient mainly along geomagnetic
field lines. At high latitudes, the electric field and precipitating particles origi-
nated in the magnetosphere significantly affect motions of ions. Motions of ions
during geomagnetically active intervals can disturb those of neutrals in the auroral
thermosphere through collisions between ions and neutrals. For example, wavelike
structures in the motions of neutrals at oscillation periods from a few tens min-
utes to a few hours are generated by enhancements of plasma flow, or the electric
field [Hunsucker, 1982 and references therein|. For more than four decades, wave-
like structures such as gravity waves in the thermosphere have been the subject
of many theoretical and experimental studies on thermospheric and ionospheric
motions during auroral activity. There are, however, many unresolved aspects of
the wavelike structures in the auroral ionosphere and thermosphere. Two of them
are, (1) dynamical coupling of plasma motions and neutral winds in the presence
of wavelike structures in short time-scale (10-90 min) in the auroral ionosphere,
and (2) relationships between wavelike structures and ionospheric disturbances in
association with auroral arcs. We conduct three analyses on these topics using
data observed mainly with the European Incoherent Scatter (EISCAT) radar, a

scanning Fabry-Perot interferometer (FPI), and an all-sky auroral camera:

e Dynamical coupling between oscillations of ions and neutrals in short time-
scale from simultaneous observations between the EISCAT radar and the
scanning FPI (A = 630.0 nm),

e Statistical analysis of the ion velocity, along the geomagnetic field line, ob-
served with the KST (Kiruna-Sodankyla-Tromsg) EISCAT radar and ESR
(EISCAT Svalbard Radar),

e Relationship between wavelike structures and ionospheric disturbances in
association with auroral arcs using data from simultaneous observations be-
tween the EISCAT radar and the all-sky auroral camera.

Field-aligned velocities of ions and neutrals in almost the same volume in the
F-region have been obtained at the same time with the EISCAT radar and the
scanning FPI during the night of 8 February 1997 at Tromsg, Norway. Our obser-
vation is the first experiment simultaneously using optical and radio techniques
for targeting short-time-scale oscillations of ions and neutrals in the auroral F-
region. In general, it is difficult to obtain optical data of sufficient quality, but
the field-aligned velocities obtained during this campaign have good quality with
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time-resolution of about 1.5 min and can be used to investigate dynamical cou-
pling between oscillations of ions and neutrals in short time-scale. The summary
of the EISCAT-FPI comparison is that the amplitude and the phase of Urp; have
been correctly estimated using EISCAT radar data as long as the height range
covered by EISCAT radar data in use overlaps the emission layer. It is concluded
that the plasma oscillations observed with the EISCAT radar at different heights
in the F-region are due to the motion of neutrals.

The main conclusion of the statistical study of the field-aligned ion motions
using KST radar and ESR data is that diurnal variations in the field-aligned ion
motion are likely driven by a large-scale pressure gradient of the temperature
of neutrals. Sporadic/burst upward ion motions along geomagnetic field lines
are observed during enhancements of southward electric field. Plasma diffusion
velocities during large upward ion-motion events are significantly smaller than the
magnitude of the observed upward velocity, which suggests that neutral winds
in the F-region should strongly affect the generation of the large upward ion
velocities. However, we do not yet understood the driving mechanisms of those
upward ion motions and the relation between motions of neutrals and ionospheric
heating caused by enhancement of the electric field.

The simultaneous observations using the EISCAT radar and the all-sky camera
were conducted in northern Scandinavia on 1 March 1995 and revealed wavelike
structures of the neutral-wind velocity in the auroral F-region and ionospheric
disturbances in association with auroral arcs. Although we cannot find conclu-
sive evidence that the observed oscillations are gravity waves (GWs), the wave
parameters, such as frequency, phase, and wavelength, of observed oscillations
are typical of those for medium-scale GWs according to Hunsucker [1982]. From
the wave parameters, we estimate when and where the observed oscillations have
been generated using the dispersion relation for GWs. Around the estimated po-
sition and time, the auroral arc extended in an almost zonal direction according
to all-sky auroral images obtained at Kilpisjarvi. This implies that geomagnetic
activity at high latitudes is important to generate GWs, as indicated by previous

theoretical studies.
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Chapter 1

General introduction

The terrestrial atmosphere is very thin compared with the radius of the solid earth. In this
thin layer, there are many gaseous species, which are controlled to the first order by the
gravitational force and are horizontally stratified. Height profiles of the temperature, con-
centration, and atmospheric motion have been investigated using theoretical calculations and
various instruments, and it is found that the height profiles depend on solar and geomagnetic
activity through complicated chemical reactions and dynamical coupling between neutrals
and ions. At high latitudes, electromagnetic energy can penetrate from the magnetosphere
to the ionosphere and the thermosphere by fluctuations in the electric field and particle pre-
cipitation. This energy directly affects thermospheric motions at high latitudes and indirectly
at middle and low latitudes through propagation of neutral-wind wave action.

In this chapter, we focus on vertical structures of temperature and concentration in the
thermosphere and the ionosphere. Dynamics in the thermosphere and ionosphere, mainly
targeting on high-latitude phenomena, are explained using fundamental equations for the

motions of ions and neutrals and results from previous observations.

1.1 Vertical structure of the thermosphere and the iono-

sphere

Figure 1.1a shows the height profile of the number density of the major gaseous species.
Below and around altitudes of 100 km, the major species are molecules of nitrogen and
oxygen. Above about 120 km, the concentration of atomic oxygen exceeds that of molecular
oxygen. This is due to the photodissociation of molecular oxygen by solar extreme ultra-
violet (EUV) and ultra-violet (UV) radiation. Atomic oxygen is the major species above
about 200 km up to the region where light species such as helium and hydrogen become
major components, above about 600 km.

Figure 1.1b shows the height profile of daily mean temperatures of neutrals in the ther-
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Figure 1.1: Height profile of (a) the density and (b) temperature of neutral gases above
Tromsg on 29 March, 1995, as calculated using the MSIS model [Hedin, 1991].

mosphere, above Tromsg, Norway (69.6° N, 19.2° E), calculated using the Mass Spectrometer
and Incoherent Scatter (MSIS) neutral atmosphere model [Hedin, 1991]. The temperature
varies more dramatically in the vertical direction compared to the horizontal one. The height
gradient in the temperature is positive in the thermosphere. It gradually decreases with
height becoming negligibly small above about 200 km. The temperature profile is signifi-
cantly dependent on solar activity. Effects of the solar activity seem to appear clearly in the

upper rather than the lower thermosphere [Roble and Emery, 1983].

The major heat source in the thermosphere is absorption of solar EUV and UV ra-
diation (in the range 130 nm < A < 175 nm) through the photodissociation of molecular
oxygen and photoionization. Atomic oxygen produced by photodissociation moves down-
ward through thermal diffusion due to the positive height-gradient in the thermospheric
temperature. Atomic oxygen diffuses into the lower thermosphere and changes to molecular
oxygen through three-body recombination. Three-body recombination releases the thermal
energy into the neutral atmosphere and thus contributes to the heat balance in the lower

thermosphere and the upper mesosphere.

While the airglow and auroral emission dissipate energy into the thermosphere by
radiating at visible wavelengths (in the range ~400 nm < A < ~800 nm), the major loss
process in the thermosphere involves infrared radiation, in particular, at wavelength of 5.3

pm from nitric oxide above 120 km height. The dissipation of tidal motions and gravity waves
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is a minor heat source in the upper thermosphere, but is important in the lower thermosphere

and the mesosphere, not only as a heat source but also as a source of momentum.

At high latitudes, the electromagnetic energy deposited into the ionosphere from the
magnetosphere is an additional and important heat source for dynamics and chemical reac-
tions in the thermosphere. The electric field originating in the magnetosphere varies greatly
with time and space depending on geomagnetic conditions. Charged particles drift perpen-
dicular to geomagnetic field lines through the process of convection at velocities defined by
the cross product of the electric and magnetic fields. This process increases the relative
velocities of charged and neutral particles and thus the frictional energy. The frictional en-
ergy is dissipated to ions and neutrals at the same time through collisions but unequally
because the density of neutrals is much larger than that of ions. Incoherent Scatter (IS)
radars at high latitudes frequently observe ion temperature enhancements (> 1000 K) during
electric-field enhancements. Dynamic Explorer 2 satellite observed significant enhancements
of the temperature of neutrals (> 200 K) at an altitude about 350 km [Spencer et al., 1982],
but ground-based instruments scarcely observe such large increases in the temperature of
neutrals. Quantitative relationships between temperature of ions and neutrals during geo-
magnetically disturbed intervals are an important subjects of experimental and theoretical

studies to understand the thermosphere-ionosphere dynamical coupling at high latitudes.

The vertical structure of the ionosphere is mainly described by the ion continuity equa-
tion, which involves three principal mechanisms; transport, production (P), and loss (L)

through the process of recombination of positive ions and electrons:

ON;
ot

= —V(N;V) + P, — L. (L.1)

The major contributor to production is photoionization by solar EUV and UV radiation.
The altitude at which the plasma density has its peak tends to be the F-region (150-300
km). At high latitudes, however, the region can be shifted downward into the E-region
(90-120 km) during enhancement of precipitation of auroral particles in an energy range
approximately from 1 to 20 keV. Relative to the ionization induced by cosmic rays, which has
a diurnal variation, the effects of auroral precipitation are unpredictable and are dependent

on geomagnetic activity, particularly in the E-region.

The ion pressure gradient along geomagnetic field lines transports ions, which is the
principal process in the upper ionosphere, whereas the processes of ionization and recombina-
tion are insignificant. All three processes contribute to the vertical structure in the F-region.

In the E-region, the transport process is insignificant compared with the other two processes.
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Figure 1.2: The height profile of the ion-neutral collision frequency (solid line) above Tromsgp.
Also indicated, for comparison, is the ion gyrofrequency (dashed line).

1.2 Ionospheric and thermospheric dynamics in the auroral

region

Dynamic coupling between thermosphere and ionosphere can be characterized by the collision
frequency between ions and neutrals. The frequency is a function of the density of neutrals
and thus of altitude. In the ionosphere, the momentum of neutrals can be transferred to ions
within a second. On the other hand, the time constant for the transfer of the momentum
of ions to neutrals is comparatively long but does have an effect on the motions of neutrals,
especially in the auroral F-region. Effects of the force through the collision process as well

as other forces on motions of ions are expressed by the ion momentum equation.

1.2.1 Fundamental equation for the motions of ions and neutrals

The ion momentum equation that is used in this thesis is

dv
m’N’E = —Vp; + m;N;g + ¢; N; (E + VXB) — miNz'I/in(V — U) (1.2)
The average mass and the density of ions are respectively given by
ms N
m; = @, (1.3)
25 N;

and

N; =Y N, (1.4)
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where j stands for ion species. The left-hand side of Eq. (1.2) is the rate at which momentum
is exchanged in a volume with a given ion density. The first term on the right-hand side is
the force due to the ion pressure gradient. The external forces on ions are the gravitational
force and the electric and magnetic forces, represented by the second and the third terms
on the right-hand side, respectively. The last term on the right-hand side represents the
momentum transfer through collisions between ions and neutrals. As long as the time scale
under consideration is longer than v}, the left-hand side can be neglected and then Eq. (1.2)

may be expressed as,

1 Q;
U=V — 7(—Vpi—|—miNig)— (E—I—VXB) (1.5)

m; N;Vin Vin

The geomagnetic field-aligned neutral-wind velocity, U,, can be obtained from the field-
aligned ion velocity, V},, and the diffusion and ambipolar diffusion velocities [ Winser et al.,

1988 and references therein]:

gsin I K 0
Uy=Vy— - - [Vi(Ti + Te). (1.6)

Vin m; N;v;, Os

Variations in the gyrofrequency with height are smaller than those in the ion-neutral
collision frequency, which decreases exponentially with height (Fig. 1.2). Below about 120
km, the ion-neutral collision frequency is higher than the gyrofrequency: on average, ions will
collide with neutrals more than once within a single gyration around a geomagnetic field line.
Above about 120 km, the ion-neutral collision frequency is lower than the gyrofrequency.

Figure 1.3 suggests that this boundary height seems to depend on the magnitude of
the electric field [Fujit et al., 1998]. When a strong electric field is present (E > 25 mV/m),
ions move almost perpendicular to geomagnetic field line above about 117 km. When the
electric field is weak (5 mV/m < E < 10 mV/m), neutrals tend to drag ions horizontally
through collisions in the whole E-region, and even in the F-region. We can use Egs. (1.5) and
(1.6) to obtain the neutral-wind velocity throughout the ionosphere. However, there are some
caveats on using these equations to estimate neutral-wind velocities. They are discussed in

the following subsections for the E- and F-regions.

1.2.2 E-region

The high ion-neutral collision frequency allows us to ignore the pressure and gravitational
terms of Eq. (1.5) [Rino et al., 1977] and obtain

Q;
U=V — FE +VxB). 1.
BB+ V xB) &

This equation has been used to derive the neutral-wind velocity at a few altitudes in the F-

region on the basis of data from tristatic measurements made with the European Incoherent
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Figure 1.3:  Distributions in the angle between the velocity vector for the ions and the
geomagnetic field line, at different altitudes (after Fujii et al., 1998).

Scatter (EISCAT) radar [e.g. Nozawa and Brekke, 1999]. Because in the E-region the ion-
neutral collision frequency is much larger than the ion gyrofrequency, the second term on the
right-hand side of Eq. (1.7) is smaller than the first term but can not be ignored. During
geomagnetically disturbed periods, the electric field originating in the magnetosphere can
penetrate into the E-region along geomagnetic field lines, and it accelerates ions perpendicular
to geomagnetic field lines; then neutrals are set in motion through collisions with ions. The
diffusion and ambipolar diffusion velocities in Eq. (1.6) are significantly smaller than the
field-aligned ion velocity in the E-region, so that U, = V. The field-aligned component of
the neutral-wind velocity is estimated from that of the ion velocity. The ion-neutral collision
frequency is not needed, and the approach is thus not dependent on any neutral atmospheric

models.
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1.2.3 F-region

In the auroral F-region, the ion drag force due to the electric field can play an important
role in controlling dynamics of neutrals. This suggests that the second and third term on
the right-hand side of Eq. (1.5) should be considered in deriving the neutral-wind velocity.
The magnitude of the last term of Eq. (1.5) is frequently larger than that of the first term
above about 110 km, during enhancement of the electric field. Discrepancies between real
and modeled neutral atmospheric parameters cause significant ambiguities in the ion-neutral
collision frequency and thus in the neutral-wind velocity calculated using Eq. (1.5). Although
the diffusion and ambipolar diffusion velocities in Eq. (1.6) are functions of the ion-neutral
collision frequency, the field-aligned neutral-wind velocity derived from Eq. (1.6) depends
very little on neutral atmosphere models because the magnitude of the diffusion velocities
are generally smaller than those of the field-aligned ion velocity below heights of about 300
km. Equation (1.6) has been used to estimate the neutral-wind velocity in the F-region [e.g.
Lilensten et al., 1992; Oyama et al., 2000].

1.2.4 Observational and modeled results for thermosphere-ionosphere dy-

namics

Global phenomena in thermospheric motions.

One of the fundamental mechanisms in atmospheric dynamics is the meteorological concept
of geographic balance. An approximate balance between the pressure gradient of neutrals
and the Coriolis forces exists, especially in the upper troposphere and the mesosphere, as
shown in Fig. 1.4. The horizontal pressure gradient is mainly caused by differences in the
absorption of solar EUV and UV radiation. The zonal averages of the temperature of neutrals
and mean molecular mass, as a first approximation, gradually decrease from the summer pole
to the winter pole except during equinox [Roble et al., 1977]. This indicates that an average
zonal summer-to-winter meridional flow should develop in response to the pressure gradient
between the poles, even though this meridional flow would diverge from the equator to the
poles at the noon meridian.

The summer-to-winter meridional flow that arises from the pressure gradient between
the poles is deflected by the Coriolis force, which would be expected to result in a westward
flow in the summer hemisphere and an eastward flow in the winter hemisphere. The wind
system in the mesosphere is a consequence of the balance between the pressure gradient
and the Coriolis force [Manson and Meek, 1984; Tetenbaum et al., 1986; Avery et al., 1989;
Manson et al., 1989]. The results of observations of the lower thermosphere, however, clearly
show an intervening region from 90 to 120 km [Manson et al., 1981; Johnson et al., 1987;
McLandress, 1998; Nozawa and Brekke, 1999]. In this region, the mean direction of the zonal

winds changes so that it is eastward in the summer hemisphere and westward in the winter
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Figure 1.4: A schematic drawing of the dynamic balance at different levels of the thermo-
sphere. U is the neutral-wind velocity vector, VP is the pressure vector of neutrals, C is the
Coriolis force, and I is ion drag. The pressure of neutrals in region L is lower than that in
region H.

hemisphere, but reverts back above 120 km. This reversal of the mean zonal flow is believed
to result from the deposition of momentum from gravity waves and tides in the mesosphere
and the lower thermosphere, though the horizontal scales of these reversed flows are much less
than the scales of those flows which dominate the general circulation [Garcia and Solomon,
1985].

Effects of ion drag on thermospheric motions at high latitudes.

In the upper thermosphere, ion drag affects the dynamics of neutrals through a so-called
fly-wheel process. If the ion drag is greater than the Coriolis force, the neutral-wind vector
is approximately parallel to the force produced by the pressure gradient, as shown in Fig.
1.4. Thermospheric general circulation models show that, at the boundary of the polar cap,
ions tend to flow against the pressure gradient while neutrals seem to respond to the pressure
gradient force [Killeen and Roble, 1984]. The meridional neutral-wind velocity in the upper
thermosphere is poleward in the daytime and equatorward in the nighttime, throughout the
year [Witasse et al., 1998]. The equatorward component of the mean meridional neutral-
wind in summer is greater than that in winter. These results suggest that the diurnal tide in
the upper thermosphere is generated mainly by the pressure gradient between the day- and
night-side as well as by the gradient between the summer and winter poles.

At high latitudes, ion drag is no longer a sink for momentum in the upper thermosphere,
or even in the lower thermosphere. The neutral-wind system in the upper thermosphere
responds primarily to the momentum transfer from ions to neutrals that is associated with
magnetospheric convection [Killeen and Roble, 1988 and references therein|. The neutrals

move antisunward within the geomagnetic polar cap and sunward on the equatorward side of
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the polar cap in the auroral zone (Fig. 1.5). Because the pattern of ion-convection strongly
depends on the interplanetary magnetic field (IMF), the sensitivity of the neutral-wind system
to the magnitude and orientation of the IMF has been the subject for several investigations
[Killeen et al., 1985; McCormac et al., 1985; Rees et al., 1986; Thayer et al., 1987].

Tons moving perpendicular to geomagnetic field lines almost immediately respond to
changes in magnitude and orientation of the electric field. There is, however, a considerable
time lag before the neutral-wind velocity responds to such changes; this case is close to an
inertial response [Killeen et al., 1985]. The neutral-wind signatures resemble those of the ion
velocities with, however, a reduction in magnitude and with much less evidence of spatial
structure. The discrepancy between velocities of ions and neutrals results in enhancement
of the frictional energy dissipation and thus of the ion temperature. Figure 1.6 shows that
large relative velocities between ions and neutrals occur in the dawnside region, where the
ion flow is sunward and neutrals reverse from antisunward to sunward [Killeen et al., 1984].
It is obvious that the ion temperatures in this region will be increased. Numerical simulation
of the thermospheric dynamics shows that enhancement of the frictional energy dissipation
drives upwelling motions that are associated with the strong equatorward flow [Richmond
and Matsushita, 1975; Hajkowicz and Hunsucker, 1987; Fujiwara et al., 1996]. Spencer et
al. [1982] showed that the neutral-wind velocity had a strong vertical component, reaching
100-150 m/s at times, and this was accompanied by temperature perturbations of neutrals
of about 300 K.

Thermospheric motions during auroral activity — wavelike structures

Observations with various instruments at auroral E- and F'region heights frequently
show wavelike structures, at periods from a few tens of minutes to a few hours, in ionospheric
parameters. These waves have been studied both experimentally and theoretically since

publication of Hines’ [1960] landmark paper using the dispersion relation for gravity waves

(GWs) (see Appendix A).

There are many probable sources for generating GWs in the atmosphere, both artificial
(nuclear explosions, spacecraft launch, etc.) and natural (auroral phenomena, tropospheric
turbulence, mountains, etc.). At high latitude, enhancement of the frictional energy dis-
sipation as well as heating caused by precipitation of highly energetic particles and rapid
motions in the aurora are believed to be significant sources of GWs [Chimonas and Hines,
1970; Francis, 1974; Walterscheid and Lyons, 1992; Bristow et al., 1994, 1996; Sun et al.,
1995].

Perturbations in the electrojet current result in fluctuations in the amount of energy
dissipated by friction and action of the Lorentz force. HF radars frequently observe wavelike
structures in ground-scatter echoes, which are thought to be caused by the neutral atmo-
spheric pressure-variations because the GWs couple to the bottomside ionosphere [Samson
et al., 1990; Bristow et al,, 1994, 1996; Sofko and Huang., 2000]. Most of the observed
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GWs reported in these papers are thought to be generated by auroral sources, mainly by
enhancements of auroral electrojet current. Bristow et al. [1996] report that different HF
radars simultaneously observed equatorward propagating GWs that extended along the zonal
direction for about 1/6 of the Earth’s circumference at 60° latitude.

Theoretical analyses have led to the conclusion that auroral activity can cause GWs
through thermal expansion and ion drag [Chimonas and Hines, 1970; Francis, 1974; Walter-
scheid and Lyons, 1992; Sun et al., 1995; Fujiwara et al., 1996]. The wave front generated
mainly by thermal expansion due to the Joule heating propagates toward low latitudes with
a velocity slightly less than the local sound speed at each height. After equatorial crossing,
the waves continue to propagate poleward, and then dissipate as they reach the polar re-
gions [Fujiwara et al., 1996]. Wavelike structures generated at high latitudes propagate both
meridionally and zonally. However, the zonal propagation rate is relatively small compared

with the meridional propagation rate [Sun et al., 1995; Fujiwara et al., 1996].

The relative importance of Lorentz and frictional effects in the generation of GWs has
also been investigated [Chimonas and Hines, 1970; Brekke, 1979; Balthazor et al., 1997]; it
is, however, not yet fully understood | Williams et al., 1998].

The energetic precipitating particles that produce increases in ionization also deposit
heat in the thermosphere through ion recombination. The heating rate by particle precip-
itation can be greater than that by frictional energy dissipation in the polar thermosphere
[Banks, 1977; Wedde et al., 1977]. While the effects of particle precipitation in GW gen-
eration have not yet been modeled theoretically, they certainly cannot be ignored at high
latitudes.

The effects of moving sources on GW generation were investigated theoretically, on
the assumption of auroral arcs moving rapidly [Swift, 1973; Kato et al., 1977]. GWs are ap-
parently produced when arcs expand poleward and subsequently move equatorward [ Wilson,

1972].

Some of the wavelike structures observed in the auroral thermosphere and ionosphere
are almost certainly generated above about 100 km height, as mentioned above. Others,
however, can be generated near ground level by meteorological sources. Some statistical
analysis on observational probability of the medium-scale traveling ionospheric disturbances
(TIDs) at high latitudes suggest that the medium-scale TIDs appear quite often during
geomagnetically quiet periods rather than during disturbed ones [Fvans et al., 1983; Ogawa
et al., 1987]. Ewvans et al. [1983] found no evidence for a K, dependence of the incidence
or amplitude of the medium-scale TIDs at middle latitudes. Bertin et al. [1975] report that
sources to generate some of the medium-scale TIDs observed at middle latitudes are located
in a geographic area in the vicinity of a weather disturbances associated with depressions. It
is, in general, difficult to identify the source of the wavelike structures because of the lack of

complete measurements of the neutral wind in the troposphere, stratosphere, and mesosphere.



1.3. Purpose of this thesis 11

The background dynamical conditions affect the gravity wave-activity (the incidence and the
amplitude) and the propagation and attenuation processes. Whiteway et al. [1997] suggest
that the gravity wave-activity is a maximum within the eastward jet at the edge of the
stratospheric polar vortex, and a minimum near the center of the vortex.

Thermospheric motion during auroral activity — vertical motions of tons and neutrals

Several techniques, such as satellite, sounding rocket, and IS radar, frequently observe
upward motions of ions in the polar ionosphere, which is called ion upflow [ Yau and André,
1997 and references therein|. Neither characteristics of the ion upflow/downflow not its
driving mechanisms, however, have been understood fully as yet. For example, it is still an
open question as to how the ion upflow in the topside ionosphere relates to the ion outflow
observed in the magnetosphere [Abe et al., 1993]. It is also not, as yet, known whether the
neutral wind plays a substantial role in driving the ion upflow/downflow.

Recent observations of the vertical wind velocity with a Fabry-Perot Interferometer
(FPI, A = 630.0 nm) show that vertical motions of neutrals in the auroral thermosphere
are more dramatic than those predicted by theoretical calculations [Rees et al., 1984; Conde
and Dyson, 1995; Price et al., 1995; Smith and Hernandez, 1995; Innis et al., 1997; Smith,
1998]. Conde and Dyson [1995] show their data in a histogram which indicates that most
observations at Mawson, Antarctica fall within 30 m/s of zero even when K, is higher than
3.0. Conversely, about 1 % of all observations were more than 75 m/s different from zero,
which suggests that vertical winds of more than 75 m/s were very rare. On the contrary, Innis
et al [1997] report that large vertical winds (up to ~ 80 m/s) at Mawson are not associated

with high geomagnetic activity.

1.3 Purpose of this thesis

In this thesis, we investigate two aspects of the thermosphere-ionosphere coupling at high
latitudes; ion-neutral interaction and the effects of auroral activity on the motion of neutrals.

The ion momentum equation should describe the underlying theoretical process for all
interactions between motions of ions and neutrals. Neutral winds estimated from IS radar
data using the ion momentum equation agree fairly well with the results from simultaneous
observations that were made with optical instruments, at least in terms of long-term tides
[Rees et al., 1984; Wickwar et al., 1984; Lilensten et al., 1992]. However, in terms of short-
time-scale oscillations in the neutral wind (10-90 min), there are significant discrepancies
between simultaneous observations with the two types of instruments. Results from numerical
calculations also agree fairly well with those from observations with IS radars in terms of long-
time-scale tides, but again there are discrepancies in terms of short-time-scale oscillations

[Johnson and Virdi, 1991; Killeen et al., 1991; Lilensten and Lathuillere, 1995].

There are at least two candidate explanations of the discrepancies in the short time-scale



12 Chapter 1. General introduction

oscillations observed with IS radars and optical instruments; (1) horizontal and/or vertical
shears of the neutral-wind velocity in the field-of-view of the both instruments, and (2)
fluctuations in the altitude of the peak emission rate and in the full width half maximum of the
emission layer in association with fluctuations in the energy flux of the precipitating electrons.
Discrepancies caused by explanation (1) may become serious for the comparison of short-
time-scale oscillations when the field-of-view covered with the IS radar differs considerably
from the field-of-view of the optical instrument. To make those discrepancies in explanations
(1) and (2) small for simultaneous observation, we should make the field-of-view of both
instruments the same in order to monitor almost the same volume and estimate height regions
integrated with the optical instrument using the height profile of the emission rate calculated
from ionospheric data acquired with the IS radar. To investigate the dynamic coupling
between ions and neutrals in the presence of short-time-scale wavelike structures, especially
along geomagnetic field line in the auroral F-region, we used data simultaneously obtained
with two independent instruments; the EISCAT UHF radar and a scanning FPI, during the
night of 8 February 1997, at Tromsg, Norway. Our observation is the first simultaneous
experiment using optical and radio techniques for targeting short-time-scale oscillations of
ions and neutrals in auroral F-region heights. In general, it is difficult to obtain optical data
with sufficient quality, but field-aligned velocities obtained during this campaign have good
quality with a time resolution of about 1.5 min and can be used to investigate dynamical

coupling between oscillations of ions and neutrals on the short time-scales (Chapter 3).

Because the magnetic dip-angle at high latitudes is close to 90° (e.g., ~ 78° at Tromsg),
field-aligned motions of ions induced by vertical motions of neutrals through collisions have al-
most the same magnitudes as the vertical velocities of neutrals. The EISCAT radar frequently
observes large amplitudes of field-aligned ion velocity at the F-region heights, which may re-
late to the generation of ion upflow. Field-aligned neutral-wind velocities from the EISCAT
radar-FPI simultaneous observation also show relatively large amplitudes (~ 25 m/s) in the
presence of short-time-scale wavelike structures. We investigate the effects of auroral activ-
ity on the field-aligned ion velocities using data using the KST (Kiruna-Sodankyla-Tromsg)
radar and ESR (EISCAT Svalbard radar) (Chapter 4).

Enhancement of the electromagnetic energy dissipated in the polar thermosphere is
considered to disturb local motions of neutrals through a process of thermal expansion. This
is one of the sources of GWs, and theoretical investigations of the relationship between auroral
activity and the generation of GWs have been undertaken, as mentioned in Section 1.2.4. It
may, however, be difficult to use the results of previous model-based calculations to estimate
the response to such increases in terms of thermospheric motion. This is because peaks in
the distribution of electromagnetic energy assigned in the models are more widely distributed
than the scale of actual auroral arcs and last longer than the typical life-time of an actual arc.

The simultaneous observations of motions of neutrals and knowledge of auroral morphology
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are necessary for a proper investigation of this response, and for testing hypotheses on the
relation between GWs and auroral activity.

An investigation of the effects of geomagnetic activity on wavelike structures in motions
of neutrals at F'region heights, using data from the EISCAT radar and an all-sky auroral
camera at Kilpisjarvi, Finland (69.0° N, 20.8° E), is also presented as part of this thesis.
In particular, we focus on identifying the region in which observed wavelike structures were
generated (Chapter 5).



14 Chapter 1. General introduction

Figure 1.5: Neutral wind and ion velocity vectors observed with instrumentation on Dy-
namics Explorer 2. The neutral-wind velocity vectors are drawn as yellow arrows, and the
ion ones as red bars. The curved lines represent the location of the solar terminator. The
symbol S indicates the location of the invariant pole (after Killeen et al., 1984).
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Figure 1.6: Geophysical observables measured along the track of DE2 during orbit 1161.
The ion and neutral-wind velocities are shown in the top two traces plotted against time,
and the altitude and latitude of the spacecraft. The second panel shows the temperatures of
electrons, ions, and neutrals measured along the track, and the third panel shows the atomic
oxygen, molecular nitrogen, and electron number densities. The bottom panel shows the
ion-neutral coupling time constant measured along the track (after Killeen et al., 1984).






Chapter 2

Instrumentation and data

Data used in this thesis are mainly from the EISCAT radar, the scanning FPI, and the all-sky

auroral camera.

The geographic positions and operating parameters of the KST (Kiruna-Sodankyla-
Tromsg) EISCAT radar and ESR (EISCAT Svalbard Radar) facility are given in Table 2.1.
There are two independent radars at the KST radar site; a tristatic UHF radar and a mono-
static VHF radar. The transmitters for both radars are at Ramfjordmoen, near Tromsg,
Norway. The receivers for both radars are at the Tromsg radar site. For the UHF radar,
there are additional receivers at Kiruna, Sweden, and Sodankyla, Finland. Folkestad et al.
[1983] have outlined technical characteristics of the system and the procedures designed for
preparing and running experiments. The principles of the incoherent scatter spectrum are
described in Appendix B. CP-1L is an observational mode of the ESR that also uses a fixed
transmitting direction along the geomagnetic field line at Longyearbyen to measure electron
density, electron and ion temperatures and velocity along the radar beam as functions of

altitude, but no electric field measurements are made.

The EISCAT radar is in operation for more than 1500 hours a year. These operations
are categorized as either of two types; Special Program (SP) or Common Program (CP). The
SP is designed by scientists of the EISCAT Association for the study of particular phenomena
in the polar ionosphere. The CP is designed for the development of a long-term data base.

It is usually scheduled to run for more than 24 hours at a time. There are currently seven
CPs for KST radar observations, CP-1 to CP-T7.

CP-1 observations provide values of ionospheric parameters — the electron density,
ion and electron temperatures, and the ion velocity — along geomagnetic field lines from
an alternating-code signal-modulation, which covers the region from 86 to 268 km with an
altitude resolution of about 3 km, and from a long pulse which covers the region from 146 to

586 km with an altitude resolution of about 22 km. The data set used in this thesis is from

CP-1.

17
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Table 2.1: Parameters of the EISCAT radar

Location Tromsg Kiruna Sodankyla ESR
Geographic coordinates 69.6° N 67.9° N 67.4° N 78.1° N

19.2° E 20.4° E 26.6° E 16.0° E
Geomagnetic inclination 77.5° N 76.8° N 76.7° N 82.1° N
Invariant latitude 66.2° N 64.5° N 63.6° N 7.2°N
Band VHF UHF UHF UHF UHF
Center operating frequency (MHz) 224 931 931 931 500
Max. bandwidth (MHz) 3 8 10
Channels 8 8 8 8 6
Peak power (MW) 2x1.5 1.5 - - 0.5
Average power (MW) 2x0.14 0.28 - - 0.125
Pulse duration (ms) 0.001~2.0 0.001~1.0 - - 0.001~2.0
Gain (dB) 431 48.1 - - 425
System temperature (K) 250-350 90-110 30-35 30-35 80-85

The scanning-type FPI was developed by Communications Research Laboratory, CRL,
and details on the design of the FPI are given by Ishii et al. [1997]. The FPI has a full-view
angle of 1.4°, which is almost the same as the full-power beam width of the EISCAT UHF
antenna (about 1.2°). The FPI simultaneously measured auroral emissions at wavelengths of
557.7 nm (green-line) and 630.0 nm (red-line) using a dichroic mirror to divide the incident
auroral light to follow two separate paths. The fringe images obtained with the FPI were
integrated over 60 sec. in this study. It took about 30 sec. to transfer each image from the
instrument to a hard disk, so the neutral-wind velocity was obtained roughly every 90 sec.

The principles of the FPI are outlined in Appendix C.

The FPI etalon is very sensitive to temperature and humidity. Variations in tempera-
ture and humidity in the room where it is sited cause variations in the width of the etalon
gap, which in turn induce false drifts in the neutral-wind velocity. To determine the artificial
drift, we calculated a running-average of the squared radius of the fringe over two hours. The
drifts tend to have a comparatively long oscillation period of a few hours. We assumed that
the effects of the etalon gap were negligible after subtracting the running-averaged data from

measured data.

Doppler shifts due to the neutral-wind velocity cause variations of the fringe radius,
however do not, in theory, change the center position of the fringe, as long as there are no

horizontal gradients in the motion of neutrals and auroral intensity in the volume that the
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FPI is observing. Thus, the radius of the fringe should not have any dependence on azimuth.
We have assumed that the neutral-wind velocity can be derived from the FPI observations
by averaging the Doppler shift over azimuth. However, some observed fringes displayed a
significant variation in radius over azimuth, and this increased the statistical and systematic
deviations in the measured neutral-wind velocity. The variation in the radius might have been
caused by a horizontal gradient in the intensity of that part of the aurora in the field-of-view
of the FPI. Considering the variations in radius of the observed fringes, we assumed that
integration over about 7 min (corresponding to five fringes) would be enough to derive the
neutral-wind velocity. The neutral-wind velocities from the original fringe obtained about

every 90 sec were computed using a running-average over five data points.






Chapter 3

Effects of atmospheric oscillations

on the field-aligned ion motions

3.1 Introduction

In this chapter, the focus is on interactions between ionosphere and thermosphere, and in
particular on the comparison of the field-aligned oscillations of neutrals in the F-region with
oscillation periods from 14 to 55 minutes derived independently with the EISCAT UHF radar
and the scanning FPI at Tromsg. Section 3.2 describes the data set. Section 3.3 describes the
model for calculation of the auroral red-line emission rate (A = 630.0 nm) and the two methods
we used to interpret the neutral-wind velocity. Section 3.4 describes the observational results.
The processes involved in the momentum transfer between ions and neutrals are discussed in
Section 3.5.

3.2 Data

Over the period of observation, from January 11 to February 13, 1997, the scanning-type
FPI was installed at the EISCAT radar site in Tromsg. The FPI was fixed to look along
the geomagnetic field line at Tromsg during the night of February 8, as was the EISCAT
UHF antenna. The same approximate cross-section in the layer of auroral red-line emission
was thus monitored by both instruments. When comparing data from these simultaneous
observations, we do not need to make any assumptions about the horizontal or vertical
components of neutral wind because both instruments looked along the same field line at
almost the same full-view angle. We were focusing on the motions of neutrals in the F-
region, so we used red-line emission data from the FPI.

In general, the red-line emission occurs at altitudes from about 150 to 350 km, so

we used EISCAT radar data from this height range. There are, however, some caveats when

21
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EISCAT radar data are used. The first gate of the long pulse, at 143 km for this observational
mode, might give biased ionospheric data, because the altitude gradient of the electron density
is frequently steep over the range covered by the first-gate pulse. There were a few gaps in
EISCAT radar data from the long-pulse code at altitudes higher than 297 km due to the low
SN ratio of the IS spectrum. Data from the alternating code signal at altitudes between 150
and 160 km had large fitting errors. We thus used data for altitudes from 165 to 275 km,;
that is, from six gates.

With an increase in geomagnetic activity, we would expect an increase in the input of
energy from the magnetosphere to the ionosphere. This increase enhances the vertical motion
of neutrals, which may alter the height profile of ion composition. It is thus more difficult
to derive the ion and electron temperatures and the electron density from IS spectra during
geomagnetically disturbed intervals than during geomagnetically quiet ones.

The intensity of the red-line emission was measured using a photometer with a narrow
view angle, 2°. The photometer was also fixed to look along the geomagnetic field line. The
integration time was 0.1 sec. While there was a small discrepancy in the view angle, the
volume observed with the photometer was assumed to be almost the same as the volume

observed with the other instruments.

3.3 Analysis

The neutral-wind velocity along the geomagnetic field line is given by Eq. (1.6). The MSIS
model [Hedin, 1991] was used to estimate v;,. The ion composition model used to derive N;,
T;, Te, and V), from the EISCAT radar spectrum was used to estimate m;.

The results of Strickland et al. [1989] were used to calculate the red-line emission rate
on the basis of data from the EISCAT radar and the MSIS model. The two major processes
by which O(!D) is produced are assumed to be the excitation of atomic oxygen by electron
impact and the dissociative recombination of molecular oxygen ions. The emission rate due
to electron impact is proportional to the electron precipitation flux. The flux in the energy
range from 10 eV to 10 keV has been estimated using a model equation [Meier et al., 1989].
To determine the characteristic energy and total energy flux, the least squares method was
used to fit the model flux to the flux derived from a method for calculating spectra from
the height profiles of electron density observed with the EISCAT radar. We used the CARD
method [ Brekke et al., 1989] to estimate the incident energy spectra of precipitating electrons.
Least squares fitting was performed over the energy range from 2 keV to 10 keV.

Meier et al. [1989] obtained relatively good agreement between the computed height
profile of ion and electron densities and the height profile observed with a rocket. The
model densities were calculated with ionization due to primary and secondary electrons taken

into account. The electron transport model used was described by Strickland et al. [1976].
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The relatively good agreement that was found suggests that ionization due to primary and
secondary electrons is the major process involved in producing electrons, and this ionization
is directly related to the emission rate. The emission rate model thus included the effects of
both primary and secondary electrons.

The altitude resolution of FPI data is inevitably limited by the shape of the emission
profile. The field-aligned component of the neutral-wind velocity derived from the FPI, Ujze:,
depends on the motions of neutrals over the entire emission-height range monitored with the
FPI, though the motion of neutrals at altitudes at which the emission rate has its peak will
affect U, /zp: more significantly than such motion at other altitudes. We will use two methods,

I and II, to interpret U ppr:

U /(/I) is the height-integrated velocity over the emission layer (21 < z < 23). The weight-

ing function for the integration is the emission rate normalized to the peak value:

U/(/I) :/ U(Z)U//EISCAT(Z)dZ// O'(Z)dz, (3'1)

21

where o(z) is the emission rate of the auroral red-line as a function of height, z; and 2,
stand for the altitudes of 165 and 275 km, respectively, and U giscar is the field-aligned
neutral-wind velocity derived from EISCAT radar data and the MSIS model according
to Eq. (1.6).

IT) U/(/H) corresponds to the neutral-wind velocity solely around an altitude where the

emission rate has its peak:

II
U/(/ ) = U//EISCAT|z:he'ight of max. emission- (32)

3.4 Observational results

Figure 3.1 shows temporal variations of the electron densities (a) and the ion temperatures
(b) observed with the EISCAT radar at two heights within the F-region (231 and 253 km)
during the interval of simultaneous observations on February 8. It should be noted that the
EISCAT radar data inevitably includes errors. There are some error sources that are not
possible to be evaluated quantitatively. Error bars in Fig. 3.1 are estimated from residual
between observed and modeled IS spectrum. Between 1900 and 2000 UT and 2330 and 0100
UT, the electron densities at both heights fluctuated with variabilities of greater than 6x10°
m~2, presumably due to electron precipitation. The ion temperatures at both heights also
fluctuated due to Joule and frictional heating. The graphs show that the strong increases seen
in the ion temperatures (at 1912, 1922, 1940, 2349, and 0036 UT) coincided with reductions

in the electron density. After these decreases in the electron density, the ion temperature
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Figure 3.1: (a) EISCAT electron density and (b) ion temperature as a function of time at
altitudes of 231 and 253 km. The electron density at 253 km is multiplied by 10, and the ion
temperature at 253 km is shifted by 500 K to avoid overlapping.

increased immediately. This asymmetry between the ion temperature and the electron density
appear to be associated with heating and electron precipitation in the vicinity of an auroral
arc [Opgenoorth et al., 1990, and references therein]. It appears that energy is dissipated
in the ionosphere due to Joule/frictional heating as well as due to particle heating during
geomagnetically active intervals. Because the derivation of the neutral-wind velocity from
EISCAT radar data is less accurate during such active intervals, we must be careful when
using EISCAT radar data when strong fluctuations in density and temperature are observed.
The electron densities and ion temperatures observed from 2000 to 2330 UT showed smaller
fluctuations than the densities and temperatures during the disturbed intervals. While there
were brief enhancements of the electron densities at around 2030, 2102, and 2138 UT, the
relative smallness of these fluctuations suggests that we can more reliably derive neutral-wind

velocities during quiet periods.

Figure 3.2a shows U/zp; including some data gaps. Error bars in Fig. 3.2 are estimated
from the residuals between observed and modeled FPI fringe. A running average was taken
over sets of five data points after interpolating data in the gaps using a linear function, so
that the gaps are not visible on the curve. The intervals in which there were gaps are shaded

with the darker gray. The intervals over which the variations in fringe radii, as noted in
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Figure 3.2: (a) Field-aligned neutral-wind velocity observed with the scanning FPI, and (b)
derived from EISCAT UHF radar data with height range from 165 to 275 km. Winds are
positive upward along the field line. The shaded parts in the upper panel are explained in
the text.

Chapter 2, were shaded with the lighter gray. We compared the neutral-wind velocity in
three intervals in the analysis: (A) 1912-2020 UT, (B) 2106-2218 UT, and (C) 2310-0100 UT.
A wind is shown flowing upward along the geomagnetic field line.

Figure 3.2b shows Ujgscar at altitudes from 165 to 275 km. There are two major
error sources for Uy gmiscar to be considered. First, each ionospheric parameter from the
EISCAT radar has an error at the time of measurement and the data processing. Second,
neutral atmospheric-parameters from MSIS model have a discrepancy from the actual value.
Because it is not possible to evaluate the discrepancy in the neutral atmosphere parameters,
we calculate error values of Ujmiscar using error values of EISCAT radar data. Over the
relevant interval there were no gaps in EISCAT radar data from 165 to 275 km, and the
errors of fit were small. If the ion composition model used for the IS spectrum analysis
has a relatively large ambiguity in geomagnetically disturbed conditions, Ujgiscar in such

disturbed conditions would be expected to have larger errors than during the quiet conditions.
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Table 3.1:  Cross-correlation coefficients and time lags between U, /grscar at an altitude of
275 km and at other heights, for interval A (1912-2020 UT).

Altitude [km)] 165 187 209 231 253
Cross-correlation coefficient 0.56 0.65 0.70 0.85 0.95
Time lag [min] 12.0 105 75 45 15

This is because the larger fitting error of EISCAT radar data introduces a greater degree of
uncertainty for the diffusion velocities. However, the sizes of the error bars in Fig. 3.2b do
not change greatly over the interval of observation. This suggests that uncertainty in the
ion composition model did not strongly affect Ujgiscar in this height range. Using Fourier
analysis, the oscillation periods of the neutral-wind velocities at these altitudes were found
to range from 14 to 32 min, and were longer than the Brunt-Vaisdla period in this height
range. Fourier analysis also showed that the mean amplitudes of the oscillations of U giscar
increased with height. Cross-correlation analysis of the values for U giscar at an altitude of
275 km and at other altitudes showed that the phase was dependent on height (Table 3.1).
The decrease in the time lag with height is consistent with the results of simulations obtained
by Kirchengast [1997]. A downward propagation of phase with time was not seen. The phase
propagation will be seen, however, in U/giscar derived for altitudes below 160 km. This
is because, in general, it becomes easier to detect the phenomena with decreasing altitude.
The wavelike structures observed with the EISCAT radar using Fourier and cross-correlation

analysis are probably associated with GWs.

Figure 3.3a shows the height profile of the red-line emission rate calculated using data
from the EISCAT radar and the MSIS model. The emission rate was normalized to the
maximum value obtained at 1945 UT at an altitude of 231 km. The thick line shows the
altitude of the peak emission rate. This altitude was used to derive the neutral-wind velocity
for method II. The altitude of the peak emission rate was 231 km before 2100 UT. After
2100 UT, the altitude fluctuates between two gates; however, it is difficult to discuss the
height variation of the peak emission rate from this fluctuation. During the observations, it
is expected that the altitude would be quite constant, at around 231 km. The thickness of
the emission layer was defined as the width over which the emission rate is greater than 1/e
of its peak value. Solid circles show the upper and lower boundaries of the emission layer.
The boundaries sometimes moved below and/or above the height range, from 165 to 275 km,
covered by EISCAT radar data used here. Solid circles outside the height range indicate such
cases. When the upper and lower boundaries of the emission layer were within the height

range, we were able to use method I to estimate the FPI neutral-wind velocity from EISCAT
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Figure 3.3: (a) Height profile of red-line emission rate calculated using EISCAT radar data.
The thick line shows the altitude where the emission rate has its peak. The solid circles show
the upper and lower boundaries of the emission layer, and those beyond the height range
(165 to 275 km) indicate upper or lower boundaries that are not within the height range. (b)
630.0 nm count profile observed by the photometer along the field line (thin line), and the
integrated emission rate over the height range from 165 to 275 km (thick line).

radar data. However, when the boundaries were beyond the height range, larger ambiguities
may have been present in the amplitude and phase of the neutral-wind velocity estimated
from EISCAT radar data. The effects of the thickness of the emission layer on the amplitude

and the phase relation will be discussed in Section 3.5.

Figure 3.3b shows the photometer count and the emission rate integrated over the
height range from 165 to 275 km on the basis of the normalized rate indicated by Fig. 3.3a.
Photometer data are plotted every 5 sec as indicated with the thin line. The integrated
emission rate is plotted with the thick line, which has been shifted and multiplied by a factor
to avoid overlapping. The cross-correlation coefficient between the photometric measurements

and the derived total emission is 0.81, with the maximum at zero time lag. This relatively
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Figure 3.4: (a) Field-aligned neutral-wind velocity derived from the scanning FPI, and (b)
from EISCAT radar data for both methods I and II.

strong correlation suggests that our emission model, in combination with observed ionospheric
data, quite accurately reflects the behavior of the real emissions.

Figure 3.4 shows (a) U rp; and (b) U /(/I) (thick line) and U /(/H) (thin line). The shading
is the same as in Fig. 3.2a. There are discrepancies in the amplitudes between U/(/I) and

U /(/H); however, both neutral winds have similar wavelike structures.

We performed a Fourier analysis on U/(/I), /(/H), and Ujpp; for intervals A, B, and C,
to investigate the amplitude and the phase in more detail. The thick lines with solid circles

in Fig. 3.5 are the spectra of U zp;. The thick lines with open circles are the spectra of U/(/I),

and the dashed lines with open circles are those of U /(/H). The shortest oscillation-period in
which we are interested is 14 min because of the data integration over about 7 min, and the
longest period corresponds to half the length of the observing intervals: 34 min for interval
A, 36 min for interval B, and 55 min for interval C. The shortest and longest periods are

marked with the vertical dashed lines. This spectrum analysis, including the phase relation,
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Figure 3.5: Results of spectrum analysis of the field-aligned neutral-wind velocities shown in
Fig. 3.4. Thick lines with solid circles are the spectra of the neutral-wind velocity observed
with the FPI. Thick lines with open circles are the spectra of the neutral-wind velocity for
method I, and dashed lines with open circles are for method II. The vertical dashed lines
show the shorter and longer periods used to compare the spectra: 14 and 34 min for interval
A, 14 and 36 min for interval B, and 14 and 55 min for interval C.

produced the following results.

1. Period and amplitude of the oscillations

Table 3.2 shows the amplitudes integrated over the selected oscillation periods: 14-34
min for interval A, 14-36 min for interval B, and 14-55 min for interval C. For intervals
A and B, the amplitudes of U/(/H) were closer to those of U zp; than those of U/(/I). For

interval C, the amplitudes of U /(/I) and U /(/H) were smaller than that of Uj/pp;.

Figure 3.5 shows that, for interval A, the spectrum of U /(/I) was similar to that of U /(/H),

though there was a difference in the amplitude at about 17 min. For interval B, while
there was also a difference in the amplitude at about 35 min, the spectrum of U /(/I)
agreed well with that of U /(/H). These good agreements suggest that the neutral-wind

velocity at around the altitude of the peak emission rate approximately represents the
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Table 3.2: Integrated amplitude of U;/pp; and U/(;-
periods for each interval.

)
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, and U/(;-I) over selected oscillation-

A B
Uyrpr 28 m/s 25 mys
Ul 2 14w
U 28w 23w

C
60 m/s
26 m/s
27 mys

velocity for method I. For interval C, the amplitudes for methods I and II showed

relatively large differences at about 21 and 35 min, although the amplitudes at periods

of about 15 and 52 min were in good agreement

For interval A, discrepancies in the amplitude between U, zp; and U /(/I) and between

Ujrpr and U/(/H) can be seen in the spectra. At about 17 min, the amplitude of U

(I1)
/"

was greater than that of U,se:, by a factor of three. At about 22 and 33 min, the
amplitudes of U/(/I) and U/(/H) were both less than that of Ujrp;. For interval B, the
spectra of U/(/I) and U/(/H) agreed fairly well with the spectrum of Ujrp;, except for the

amplitudes at about 23 and 35 min. The three spectra had peak amplitudes at about 14

min. For interval C, the spectra of U zp; and U

(1)

had similar trends in amplitude from

about 21 to about 35 min, though there were large discrepancies in the magnitudes (a
factor of about three). The spectra of Ujpp; and U/(/H) had peaks at about 21 min. The

reasons for the discrepancies in amplitude as well as the phase relation will be discussed

in Section 3.5.

Table 3.3: Cross-correlation coefficients and time lags between

(1
Uy

U/(;-) and U, ppr and between

) and U,/rpr- The significance of the cross-correlation coeflicient is also tabulated.

A
I II
Cross-correlation coefficient 0.792 0.718
Time lag [min] 3.0 1.5
Significance > 0.99 > 0.99

B C
I II I
0.525 0.633 0.150
13.5 15.0 15.0
> 0.99 > 0.99 > 0.70

II
0.153
3.0
> 0.70

2. C'ross-correlation and phase relation
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Table 3.3 shows the cross-correlation coeflicients and time lags. For interval A, the
cross-correlation coefficients were relatively high, and the time lags were short. The
significance was quite high and it thus appears that the oscillations in U /(/I) and U /(/H) are
synchronized with those of U /zp;. For interval B, while the significances remained high,
the cross-correlation coefficients and time lags probably do not reflect synchronization

(1) (11

of the oscillations in U//I and U/ ppr and in oscillations in U ) and U gp;. For interval
C, the oscillations in U /(/I) and U /(/H) are not thought to be correlated with those in
U, /rp1 because of the low cross-correlation coefficients, long time lags, and low levels of

significance.

3.5 Discussion and conclusions

We have compared the field-aligned motions of ions and neutrals obtained from simultaneous
EISCAT and FPI observations. The spectra of U/(/I), U/(/H), and Ujrp; indicated oscillation
periods from 14 to 55 min, as shown in Fig. 3.5. One dominant oscillation period is about
14 min, which is close to the Brunt-Vaisala period in the F-region. The observed wavelike
structures in other dominant oscillation periods appear to result from gravity waves because
the periods are greater than the Brunt-Vaisala period in the F-region.

There are two processes involved in the momentum transfer between ions and neutrals.
One is momentum transfer from ions to neutrals, which takes more than one hour in the F-
region. The other is momentum transfer from neutrals to ions, which only takes a few seconds
in the F-region. The former process makes the neutrals oscillate with the same periods as
the ions if the ions are oscillating at periods of more than one hour. Ujpp; from 1900 UT,
shown in Fig. 3.4a, gradually shifted from upward to downward along the field line, and
its minimum value was -37 m/s at 2134 UT. The amplitude of U rp; then decreased until
the end of interval B. For interval C, significant long-period oscillations are not seen. While
there were discrepancies in the amplitudes, the oscillations in U /(/I) and U /(/H) were similar to
those in U/ p;. This indicates that motions of neutrals at periods of longer than one hour
may be estimated using EISCAT radar data. This agreement is consistent with the results of
the comparison of meridional wind velocities observed with the EISCAT radar and with the
MICADO interferometer [ Thuillier et al., 1990]. This similarity, however, does not mean that
the momentum transfer process from ions to neutrals is dominant in the motions at periods
of longer than one hour because the momentum transfer from neutrals to ions can also make
ions oscillate with periods longer than one hour if neutrals oscillate at longer periods.

In the case of the momentum transfer process from neutrals to ions, ions are capable
of oscillating at almost the same amplitudes as the neutrals, propagating in phase with the
neutrals. Thus, this process should produce a high cross-correlation coefficients with no time

lags between U/(/I) and U rp1 and between U/(/H) and Ujpps.
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For interval A, the upper boundaries of the emission layer were above 275 km height
most of the time as shown in Fig. 3.3a. The lack of neutral-wind velocity at altitudes higher
than 275 km results in an underestimation of the amplitude of U /(/I) because, in general, the
neutral-wind amplitude increases with height in the F-region [Witasse et al., 1998]. This
is because the integrated amplitudes of U/(/I) were smaller than the amplitude of U ze:, as
shown in Table 3.2. The neutral-wind velocity at lower altitude tended to contribute to
the phase of U, p; more significantly than those at higher altitude because of a downward
phase propagation with time. For interval A, U /(/I) was thought to reflect all the neutral-
wind motions that affected the phase relation of Ujrp;, because the lower boundaries of the
emission layer were always higher than the bottom of the height range covered by EISCAT
radar data. This is because, for interval A, the cross-correlation coefficient was relatively
high, and the time lag was relatively small, as shown in Table 3.3.

For intervals B and C, the emission layers seem to have been thinner than those for
interval A, as shown in Fig. 3.3a. The thinness of the layer may have led us to expect that the

amplitude and the phase of U /(/I)

would be close to those of Ujzp; because the degree of height
ambiguity in the FPI data would be small. The frequent expansion and downward/upward
shifting of the emission layer, however, seem to have affected the amplitude and phase more
seriously. The upper boundaries of the emission layer were sometimes at altitudes above 275
km, resulting in an underestimation of the amplitude of U /(/I). This is consistent with the
discrepancies in the integrated amplitude in Table 3.2. The lower boundaries of the emission
layer frequently shifted to altitudes below 165 km, and this results in an incorrect phase
relation of U /(/I). This is because the phase relations for intervals B and C had relatively low
cross-correlation coeflicients and large time lags as shown in Table 3.3.

The peak-to-peak correspondences between U/(/I) and U zp; and between U/(/H) and U ppr
can be seen in Fig. 3.4 for intervals A, B, and C. For instance, for interval A, the oscillations
in Uj/ppr had three maxima (P1, P2, and P3) and two minima (V1 and V2). These oscillations
are thought to consist of two wave structures, one with a period of about 33 min, and the
other with a period of about 22 min (see the top panel of Fig. 3.5). Similar wave structures
were also visible in U /(/I) and U /(/H) for period A. These oscillation periods are shorter than
the period of the momentum transfer from ions to neutrals. The momentum transfer from
neutrals to ions is thus dominant in the observed field-aligned oscillations, rather than the

momentum transfer from ions to neutrals.

3.6 Summary

Dynamical coupling between ions and neutrals in the auroral F-region has been presented
using data obtained simultaneously with the EISCAT radar and the scanning FPI during

the night of 8 February 1997, at Tromsg, Norway. The results obtained are summarized as
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follows.

1. Our observation is the first experiment simultaneously using optical and radio tech-
niques for targeting short time-scale oscillations of ions and neutrals in the auroral
F-region. Field-aligned velocities of ions and neutrals obtained have sufficient qual-
ity with a time-resolution of about 1.5 min and can be used to investigate dynamical

coupling between oscillations of ions and neutrals in the short time-scale.

2. The amplitude and the phase of U, zp;: have been correctly estimated using EISCAT
radar data as long as the height range covered by EISCAT radar data in use overlapped
the emission layer. It is concluded that the plasma oscillations observed with the
EISCAT radar at different altitudes in the F-region are thought to be due to the motion

of neutrals.

3. Because the field-aligned component of neutral-wind velocity is convoluted by the verti-
cal and horizontal components, we cannot specify the relative importance between the
vertical and the horizontal velocities for field-aligned oscillations in neutrals. Johnson
et al. [1995] suggested that perturbations of neutrals propagated in the polar F-region
along trajectories of the DE2 satellite with relatively large vertical amplitude (~ 100
m/s). This result may suggest that the field-aligned oscillations obtained during the si-
multaneous observations with the EISCAT radar and the scanning FPI were generated
by vertical oscillations alone. This suggestion is, however, inconsistent with the pre-
dicted amplitude of the vertical wind with theoretical calculations of Sun et al. [1995]
who predicted the amplitudes induced by thermal expansions are smaller than 10 m/s.
To understand the reason for the discrepancies between observed and predicted results,
it is necessary to observe the vertical and horizontal components of the neutral-wind

velocity simultaneously. We will suggest some candidate experiments in Section 6.






Chapter 4

Field-aligned ion motions in the E-

and F-region

4.1 Introduction

The aim of this chapter is to investigate the characteristics of field-aligned (FA) ion motions
in the F- and F-regions and the driving mechanisms of these FA ion motions, with considering
electromagnetic and particle energy inputs from the magnetosphere as well as the interaction
with vertical and horizontal neutral winds. Section 4.2 describes the data set. We will
show results from the statistical analysis based on two data sets. One is obtained on 20-21
April 1993 with KST (Kiruna-Sodankyla-Tromsg) UHF radar, and other is obtained on 9-12
February 1999 with ESR (EISCAT Svalbard Radar); these are described in Section 4.3. The
time-dependence of the FA motion of ions and the effects of the electric-field enhancement

on the FA motion are discussed in Section 4.4.

4.2 Observations

We will use two data sets in this study. The first one was obtained with the tristatic KST
EISCAT radar on 20-21 April 1993. The other one was obtained with the KST radar and
the ESR on 9-12 February 1999. The reasons for using these two data sets are as follows.
The first data set is obtained from only one radar and therefore represents one-point observa-
tions; however, during the observation interval strong enhancements in both northward and
southward electric fields are seen and the quality of the data is relatively good. On the other
hand, during the acquisition of the second data set, relatively weak enhancements are seen
only in the southward electric field and the quality of the data, particularly from the ESR, is
poorer; however, the advantage of this data set is that it enables us to compare ion motions

at different locations and to distinguish ion motions caused by a local generator from those

35
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caused by a more global one. The KST radar and ESR are located about 1000 km apart and
are aligned nearly in a geographic meridional plane as shown in Fig. 4.1.

The modes of the experiments of the two radars were the Common Program One (CP-1)
mode for the KST radar and the CP-1L mode for the ESR.

Figure 4.1: ESR and KST locations in the geographical and geomagnetic coordinates.

4.3 Data analysis

4.3.1 April 20-21, 1993 case (KST UHF radar data only)

Figure 4.2 shows, from top to bottom, the electric field, the electron densities measured at
altitudes of 120 km and 138 km, and the FA ion velocities at 234 km and 212 km, at 190
km and 168 km, and at 138 km and 120 km, respectively. The northward component of
the electric field (in red) shows northward enhancements (equivalently eastward Hall current
enhancements) at 12-18 UT of April 20 and at 14-18 UT of April 21 and southward en-
hancements (equivalently westward Hall current enhancements) from 19 UT of April 20 to
04 UT of April 21. The magnetic local time (MLT) at Tromsg is UT plus about 3 hours.
The eastward component of the electric field (in blue) is much smaller in amplitude than the
northward component. Note that heights where incident electrons produce the maximum
ionization are 150 km, 130 km, 115 km, and 110 km for energies of 1 keV, 2 keV, 5 keV, and
10 keV, respectively [Rees, 1963]. Electron precipitation with energy of a few keV is stronger
in the southward electric field region than in the other regions. The most intense electron
precipitation is seen around 18-21 UT (21-24 MLT) of April 20 and around 18-20 UT (21-23
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MLT) of April 21 where the electric field changes its direction from northward to southward

(correspondingly the Hall current changes its direction from eastward to westward).
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Figure 4.2: Data obtained from EISCAT KST UHF radar on April 20-21, 1993. From top
to bottom, the electric field, the electron densities at altitudes of 120 km and 138 km, and
FA ion velocities at 234 km and 212 km, those at 190 km and 168 km, and those at 138 km
and 120 km, respectively.

The panels from the third to bottom of Fig. 4.2 show the FA ion velocities at sev-
eral heights in the F- and E-regions. The time variations of the FA velocities at the different
heights from 234 km to 168 km are well synchronized with each other even for short time vari-
ations of less than 1 hour. During the time intervals of southward electric field enhancements,
fast and fluctuating upward FA flows with velocities of more than 100 m/s are frequently seen.

This upward FA ion motion associated with a westward electrojet (southward electric field
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enhancements) is a common characteristic seen in most of other available data sets (not shown
here). On the other hand, weaker FA flows are seen during the time intervals of northward
electric field enhancements; for the present data, weak downward flows (weak upward flows)
at higher (lower) altitudes of 234 km and 212 km (190 km and 168 km). While FA velocities
at lower altitudes, 138 km and 120 km, fluctuated much more than those at higher heights,
the long-term trends appear to be still synchronized with those at higher altitudes. That
is, upward velocity enhancements for the southward electric fields and relatively small FA
velocities for the northward electric field are seen, although the FA velocity at the altitude
of 120 km appears to be biased a little bit towards a negative values.

Figure 4.3 shows the AE index and the Tromsg magnetogram during the time period.
The AE index indicates that the two days were very disturbed with magnitudes reaching
or exceeding 1000 nT occurring repeatedly; in particular, the disturbance around 1800 UT
reached more than 2000 nT. The H-component of the Tromsg magnetogram shows very
intense positive enhancements (eastward electrojet) with maxima of more than 400 nT in the
afternoon and evening and negative enhancements with minima of less than -400 nT around

the midnight region.
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Figure 4.3: AE index and the Tromso magnetogram on April 20-21, 1993.

Figure 4.4 shows histograms of the FA ion velocities at several altitudes during the
interval when data were acquired. The number in the parenthesis at the right top corner
of each panel shows the vertical scale of the sampled number. At the lowest altitude, 108
km, the FA ion velocity is less mainly between -30 m/s and +30 m/s and the distribution

is symmetrical around zero velocity. A plausible interpretation for the symmetry is that
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the ions are driven predominantly by horizontal neutral winds with velocities of less than
150 m/s (~ 30 (m/s)/cos(90°-12°)) that flow randomly both northward and southward with
a statistically equal occurrence rate. At an altitude of 123 km, in the vicinity of which
the Pedersen conductivity is often maximized, the velocity distribution is also symmetrical
around zero velocity but the velocity range is broader (equivalently an increase of the half
width of the half maximum of the distribution) than at 108 km.

April 20-21, 1993

-100 -50 0 50 100
Field-aligned ion velocity (m/s)

Figure 4.4: Histograms of the FA ion velocities at 108 km, 123 km, 138 km, 168 km, 190
km, 212 km, and 234 km heights on April 20-21, 1993. The number in the parenthesis at the
right upper corner of each panel shows the vertical scale of the sampled number.

At an altitude of 138 km, the velocity distribution is broader and shifted to positive
values but appears to be still symmetrical around some positive value, say 20 m/s. At an
altitude of 168 km, the FA velocity is mostly positive with the velocity between 0 m/s and

50 m/s and again appears to be symmetrical around some non-zero shifted value centered
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around 30 m/s in this case. This shifted center velocity at 168 km can change from one data
set to another. It should be noted that the data set used here is taken at all MLTs, including
around midday (midnight) region where the prevailing neutral wind is directed poleward
(equatorward), tending to drag ions FA downward (upward).

At altitudes of 190 km through 234 km, the FA velocity distribution becomes asymmet-
rical. The velocity distribution is broader in the positive velocity range than in the negative
velocity range.

Considering the observational fact that the FA ion motion depends greatly on the
direction of the electric field, as shown in Fig. 4.2, we will try to determine the relation-
ships between the FA velocity and other parameters such as ion and electron pressures and
temperatures for southward electric fields and northward electric fields separately.

Figure 4.5 shows the temporal variations of the FA ion velocity and other parameters
between 12 UT of April 20 and 06 UT of April 21, which covers the earlier southward electric
field interval 19-04 UT. The electric field (the second panel) fluctuates greatly during the
southward electric field interval 19-04 UT and shows an anti-correlation with the enhance-
ments of the electron density (the top panel) at 138 km (that are presumably produced by
1-2 keV incident electrons). That is, the electric field strength becomes smaller with in-
creasing electron density. The electron density is depleted and becomes even lower than the
background level when a strong electric field is applied, e.g., between 2010 UT and 2200 UT.

The FA ion velocity (the third panel) is upward and fluctuated very much during the
southward electric field interval 19-04 UT. The velocity varies between 0 m/s and more than
100 m/s. These fluctuations are not regularly periodic but appear to have a dominant time-
scale of 1-2 hours. All of these three parameters, the FA ion velocity, the electric field, and
electron precipitation show great enhancements with intense fluctuations during this time
interval, but the time variations of the fluctuations are not synchronized in time.

The fourth panel of Fig. 4.5 shows the electron densities at four heights, 168 km, 190
km, 212 km, and 234 km. We notice that each long-term trend shows a diurnal variation.
The electron density becomes larger in the daytime and smaller in the nighttime due to the
change of the solar irradiation with local time.

In the region where the northward electric field is dominant, the electron density be-
comes monotonically larger with increasing height under the F-region electron density peak.
On the contrary, during the nighttime which features mostly southward electric fields, the
electron density shows large, short-duration enhancements that are well synchronized with
the electron precipitation monitored at 138 km. In the region dominated by southward elec-
tric field, the electron density is temporarily more enhanced with going downward due to the
ionization produced by relatively high energy precipitation. Most of the other data sets show

more or less the same characteristic mentioned here.

The ion temperatures at the four altitudes (the fifth panel) have strong positive correla-
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Figure 4.5: Temporal variations of the FA ion velocity and other parameters between 12 UT
of April 20 and 06 UT of April 21, which covers the earlier southward electric field interval
19-04 UT.

tion and one-to-one correspondence to the electric field amplitude. This temperature increase
is caused by frictional heating that occurs instantly (within the data time resolution, 2-min
in the present analysis, see also Fig. 4.12 in Section 4.4) [e.g., Lathuillere et al., 1986]. The
ion temperatures do not show large differences between the four altitudes, in strong contrast
to the electron temperatures mentioned below. It should be noted that the increase of the ion
temperature (equivalently the increase of frictional heating) is not necessarily accompanied

by an enhancement of the upward FA ion motion.

Outside the region dominated by southward electric field, the electron temperatures
at the four altitudes (the bottom panel) have distinct height dependent distributions. The
higher the altitude, the higher the electron temperature, with a few hundred Kelvin differences
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Figure 4.6: From top to bottom, the FA ion velocities, the total pressure, and the ratios of
the total pressure at 234 km to that at the other altitudes. See text for detailed description.

between adjacent altitude ranges (22 km apart). Within the time interval of the southward
electric field enhancements, however, the difference of the temperatures between the altitudes
becomes much smaller. This is because the electron temperature at the altitude of 168 km
does not change so much, but the electron temperatures at higher altitudes become lower with
a larger decrease at a higher altitude. It is also clear from the figure that the time variations

of the electron temperatures are not synchronized with those of the ion temperatures.

Figure 4.6 shows, from top to bottom, the FA ion velocities, the total pressure (the sec-
ond panel) calculated from Nek(Te 4 T;), and the ratios of the total pressure at 234 km to that
at the other altitudes; Piagkm/P23akm, Pieskm/Pasakm; Prookm/Pasakm, and Poiskm [ Pazakm.-
The Earth’s gravity g plus the height gradient of the ion pressure N.xT; causes ion diffusion,

while that of the electron pressure NexT. causes ambipolar diffusion. The total diffusion
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Figure 4.7: Same as Fig. 4.5, but during the interval of the northward electric field enhance-
ments.

velocity along the field line is expressed by Vg, = (-w -m;Ne g;)/(miNevip). As
is expected from the height profiles of the electron density and temperature in Fig. 4.5,
the total pressure shows a striking difference between the northward and southward electric
field enhancements. In the regions dominated by northward electric field before 1810 UT
and after 0400UT, the total pressure becomes larger monotonically with increasing altitude,
which makes the ions diffuse downward. This is more clearly seen in the ratios of the total
pressure (defined above) in the bottom panel; that is, all ratios are less than 1 and the ratio
at a higher altitude is larger than that at lower altitude. On the other hand, in the region
dominated by southward electric field, the total pressure becomes smaller than that in the
northward electric field dominant region and exhibits irregular increases. For these irregular

increases, the total pressure becomes higher with decreasing altitude. These increases of the
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total pressure are, as expected from Fig. 4.5, mainly due to the increases of the electron
densities and the electron temperatures. The relative pressures in the bottom panel more
clearly show this tendency, namely larger pressures at lower altitudes and a ratio that can be
as large as 3. The gradient in height of the total pressure for the irregular increases makes the
ions diffuse upward. Although the directions of the diffusion appear to favor the directions
of the FA ion motion for both northward and southward electric field enhancements, the
diffusion velocity is too small (by 1 or 2 orders of magnitude) to explain the observed FA ion
velocity as will be described in Section 4.4.

Figure 4.7 shows the same parameters as in Fig. 4.5, but during the interval of the
northward electric field enhancements. The FA ion velocity is mostly less than 50 m/s.
Downward FA motions are occasionally seen, e.g., at the altitudes of 212 and 234 km during
12 UT and 14 UT. The electron density and the electron temperature respectively show a
monotonic increase with an increase of the altitude, this tendency being different from that
during the southward electric field interval. The increase of the downward (negative) FA ion
velocity at a certain altitude is well correlated to the enhancements of the electron density as
well as the electron temperature at the same altitude. The total pressure shown in Fig. 4.8
also depicts this relation more clearly. The total pressure becomes larger with altitude when
a downward FA ion motion occurs. Consequently the relative magnitude of the total pressure
(bottom panel) does not change much. It should be noted that these height distributions
of the electron density and ion and electron temperatures are common characteristics of the

dayside ionosphere below the F-region density peak.

4.3.2 February 9-12, 1999 case (Simultaneous ESR and KST radar data)

The data were obtained from both KST radar and ESR for more than three consecutive days
on February 9-12, 1999, when the solar zenith angle was more than 90° (i.e., the ionosphere
was not illuminated by sunlight) during most of the observation periods. Figure 4.8 shows
several parameters obtained from the KST radar. The top panel depicts the northward
component of the electric field Ey in red, the eastward component Fg in blue and the total
electric field Er (= sign(En)-(E%+ E%))'/? in green. Since the northward component Ey is
at most times much larger than the eastward component Eg, the value of the total electric
field E7 is almost the same as that of Exn. There are northward electric field enhancements
during each afternoon, reaching more than 50 mV/m. On the other hand, there are no strong
southward electric field enhancements except early in the morning of February 12.

The second panel presents the electron density at 123 km showing ionization produced
mainly by incident electron precipitation during the nighttime and by the solar irradiation
during the daytime. The electron density at 123 km hence shows a diurnal variation in
the daytime. In the nightside region, enhancements of electron density are seen mostly

associated with northward electric field enhancements in this case. The level of these electron
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Figure 4.8: Data obtained from EISCAT KST UHF radar on February 9-12, 1999, during
which time period both the KST and ESR radars ran simultaneously. From top to bottom,
the electric field, the electron density at 123 km, the electron densities at four altitudes; 168
km, 190 km, 212 km and 234 km heights, the FA ion velocities, ion pressures and electron
pressures at these four altitudes.

density enhancements is nearly the same as that associated with the northward electric field

enhancements in the previous case.

The third panel shows the electron densities at 234 km (green), 212 km (blue), 190 km
(red), and 168 km (light blue) in the F-region, respectively. The electron density at each
altitude shows a clear diurnal variation in the dayside region from ~06 to ~18 UT with the
peak around the midday local time (~12 UT). The electron density in the dayside region also
shows clear altitude dependence where the electron density becomes larger monotonically
with an increase of the altitude. It is noted that the ionization level is somewhat higher than
that in the previous case regardless of the higher solar zenith angle. On the other hand, in

the nightside region the electron density is much lower than that in the dayside region and it
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shows more irregular variations associated with the northward electric field enhancements.

The fourth panel shows the FA ion velocities at 234 km (green), 212 km (blue), 190
km (red), and 168 km (light blue), respectively. First, we notice that the FA ion velocity
has a clear diurnal variation at all of these heights, that is, FA downward ion motions in
the dayside region and upward ion motions in the nightside region. The time variations at
these altitudes are well synchronized in phase, which is also seen in the previous case. The
upward FA ion motions are seen in the region just after the time of the northward electric
field enhancements (eastward Hall current enhancements) in late evening. Although the
southward electric field was rather weak, the large-scale upward FA ion motions are confined
in this southward electric field region, i.e., in the midnight and post-midnight regions just
eastward of the northward electric field region. This characteristic was also seen in the
previous case and other cases when data were available. The upward FA ion velocity shows
short-term variations, which have larger fluctuations (sometimes exceeding 100 m/s peak-to-
peak) than those of the downward FA ion velocity. This characteristic was also seen in the

previous case and other cases (not shown here).

The fifth and sixth panels show the ion pressures (N.xT;) and electron pressures
(NesTe) at 234 km (green), 212 km (blue), 190 km (red), and 168 km (light blue), respec-
tively. As is inferred from the electron density and ion and electron temperature data, the
ion and electron pressures show clear diurnal variations in the downward FA ion region and
they become higher with increasing altitude. It is noted that the electron pressure at each
altitude is about two times larger than the ion pressure at the same altitude in the downward
FA ion region. In the upward FA ion region both ion and electron pressures are smaller than
those in the downward FA ion region especially at higher altitudes and hence the difference
between the ion and electron pressures at two altitudes also becomes smaller than that in
the downward FA ion region. The diffusion velocity due to these ion and electron pressures
is directed downward in the downward FA ion motion region, while in the upward FA ion
motion region it is mostly directed downward but it becomes much smaller than that in the

downward FA ion region.

Figure 4.9 shows a comparison of the FA ion velocity at 212 km high obtained from
the KST radar (red) to that from the ESR (blue). Since the ESR data quality is relatively
poor, both KST and ESR data are 20-min running averaged data. The long-term trends of
both datasets clearly show diurnal variations that are very similar to each other in phase and
amplitude. Downward FA ion motions are seen in the daytime when the electron density
is greatly enhanced and the ion and electron pressures are also enhanced, while upward FA
ion motions are seen during the nighttime when the electron density and ion and electron
pressures are depleted so that the pressure gradient of the ion and electron pressures becomes
smaller. Histograms of the FA ion velocities at several altitudes in Fig. 4.10 again disclose very

synchronized ion FA motions at the two locations. These well-synchronized time variations



4.4. Discussion and Conclusions 47

(m/s)

0 ,,,,, WI\\}SMv A ﬂﬁk

KST pressure gradients at 212 km [P(234)-P(190)]

(x 10" Pa)
Q
0
-
<+
?»
F
1
Il

W

n
EEEEEREEEEES
1

(x10™ Pa)

M,» M/L . IJ}M'AM LA S —‘hﬁ“‘ e »-mwf

: ESR pressure gradlents at 212 km
1t | | | | | | | | | | |

6 12 18 0 6 12 18 0 6 12 18 0 6
UT (hours)
Feb.9 Feb. 10 Feb. 11

Figure 4.9: Comparison of the FA ion velocity at 212 km high obtained from the KST radar
(red) to that from the ESR radar (blue). Since the ESR data quality is relatively poor, both
KST and ESR data are 20-min running averaged data.

O

strongly suggest that the long-term variations of FA ion motions are driven by a large-scale

neutral wind that flows from dayside to nightside.

4.4 Discussion and Conclusions

In Section 4.3, we have shown some characteristics of the FA ion motions in the ionosphere:
1) relatively stable, weak downward FA ion motions are seen in the northward electric field
region, while predominantly upward ion motions with intense, sporadic upward FA velocity
fluctuations are observed in the southward electric field region, 2) this sporadic upward FA
flow does not have one-to-one correspondence with either the enhancement (or reduction) of
the electric field (equivalently the enhancement of the ion temperature) or that of the electron
density; 3) the total pressure gradient points in the direction of the FA ion motions, but the
diffusion velocity due to the pressure gradient does not at all account for the observed speed

of the upward FA flow, 4) an ESR and KST comparison strongly suggests that the long-term
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Figure 4.10:  Histograms of the FA ion velocities obtained from the ESR (left) and KST
(right) radars at seven altitudes.

FA ion motions are likely driven by the large-scale day-to-night neutral wind.

First, we will discuss the ion diffusion velocity for the case shown in Fig. 4.2. Figure
4.11 shows the relationships between the FA gradients of the plasma pressures and the FA
velocity at 212 km height. The ion, electron, and total pressure gradients are defined as
VP; = P;(234km) - P;(190km), VP, = P.(234km) — P.(190km), VPr = VP;(234km) +
V P,(190km), where P; . = N.&T; . and all three gradients are positive upward. Both the ion
and electron pressure gradients and hence the total pressure gradient increase with a decrease
of the FA ion velocity. In other words, the FA ion velocity (positive upward) increases with an
increase of the upward pressure gradient force — VP. As shown in Figs. 4.5, 4.6 and 4.7, this is
caused by dramatic changes of the electron density and of the electron and ion temperatures,

particularly for upward FA flows. The degree of correlation between the FA ion velocity and
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the pressures is different, however, for the ion pressure and the electron pressure. The ion
pressure gradient rather linearly and monotonically decreases (in other words, upward force
increases) with an increase of the FA velocity for both negative and positive velocities. The
electron pressure gradient, causing the ambipolar diffusion, has a stronger correlation to the
downward FA ion motion than to the upward FA ion motion. This is why the downward
FA ion motion rather than the upward FA ion motion has stronger dependence on the total

pressure gradient.
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Figure 4.11: Relationships between the FA gradients of the plasma pressures and the FA
velocity at 212 km height.

The diffusion velocity at the altitude of 190-212 km for v;,, = 1 calculated from the CP-
1 data obtained on April 20, 1993 is 1 ~10 m/s. Considering the actual collision frequency
is supposed to be between 1 and 10 Hz (see Fig. 1.2), the diffusion velocity amplitude can

be one-tenth of the velocity calculated here.
One of our interests is how the frictional heating can affect the FA ion motions, par-
ticularly short-term (intermittent) variations sometimes exceeding 100 m/s as shown in Fig.

4.2. The frictional heating can work at least in two ways. One way is directly heating ions,
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which results in an increase of the ion pressure and hence the ion diffusion velocity. The
other way is heating the neutrals, making vertical (or FA) and horizontal pressure gradients
of neutrals, which drive the neutrals hence the ions through drag. The present results cannot
be explained by the former possibility, since the diffusion velocity is much smaller than the
FA ion velocity. It should be noted, however, that the frictional heating actually takes place
in the F-region as shown in Fig. 4.12. Indeed, the ion temperatures at 234 km, 168 km and
138 km increase (or decrease) simultaneously with increasing (or decreasing) the electric field
strength, as was already reported for one height by Baron and Wand [1983], clearly showing
that the frictional heating occurs instantly (within the data time resolution of 2-min in the
present analysis) [e.g., Lathuillere et al., 1986]. That is, the frictional heating does work in
the F-region but does not drive directly the FA ion motion concerned. It should also be
noted, however, that the tendency shown in Fig. 4.12 is different from a previous satellite
result [Killeen et al., 1988], where the frictional heating comes into effect around regions of
plasma flow shear. Since the ion diffusion velocity is too small to explain the short-term FA

ion motions, the only possible force to drive them is the neutral-wind drag.
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Figure 4.12: Direct comparison between the electric field strength and ion temperatures at
138 km, 168 km and 234 km on April 20-21, 1993.

The latter possibility, that is, heating the neutrals by frictional interactions and thereby
creating a pressure gradient of neutrals, may also be difficult to realize, since the characteristic

time of the energy transfer from the plasmas to the neutrals is relatively long (a few hours).
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However, 3-D model calculations such as those by Sun et al. [1995], who showed that both ion
drag and Joule heating play essential roles in generating flows and waves, may be necessary

to exclude this possibility.

It should be noted that an upward or downward FA ion motion can be driven by either
a purely horizontal neutral wind, a purely vertical wind, or a combination of these winds,
since the magnetic field line has a 12° offset angle from the vertical at Tromsg. If a purely
horizontal neutral wind drives ions in the FA direction, V), = Upor c0s(90° - 12°) = 0.21 Upor,
where Up,, is the horizontal neutral-wind velocity. This means that the neutral-wind velocity
must be about 5 times larger than the FA ion velocity and hence, for the event shown in
this paper, the horizontal neutral wind should have had intermittently changed its velocity
and direction between 500 m/s and -500 m/s in the F-region. On the other hand, if a purely
vertical neutral wind drives the ions in the FA direction, V), = Uyent sin (90°-12°) = 0.98
Uyert, where Uyeps is the vertical neutral-wind velocity, then the neutral-wind velocity will
be nearly the same as the FA ion velocity. It is unfortunately not possible only from the
ion motion to distinguish whether the FA ion motion concerned is driven by a horizontal or

vertical neutral wind.

There are several possible physical processes that drive these horizontal and/or vertical
motions of neutrals. One is the large-scale thermospheric motion from day to night primarily
due to the pressure gradient between the day and night [e.g., Smith and Sweeney, 1980;
Dickinson et al., 1984]. This day-to-night thermospheric motion is thought to drive large-scale
downward FA ion motions in the dayside and upward FA ion motions in the nightside, and it
is modified considerably by plasma convection [Dickinson et al., 1984]. The comparison of the
FA ion motions between the ESR and KST strongly suggest this mechanism is responsible for
the long-term trend of the FA ion motions. However, this day-to-night thermospheric motion

itself may not produce the intermittent variations of the FA upward velocity considered here.

One of the possible mechanisms to create the short-term upward FA ion motions in the
southward electric field region is blocking of the large-scale day-to-night horizontal neutral-
wind that penetrates into the southward electric field region by a high pressure of neutrals
(Fig. 4.13). This blocking of the neutral wind may result in its slowing down (Fig. 4.13b) or
even stopping (Fig. 4.13c) the neutral wind beyond the blocking region depending on relative
location between the blocking area and the observation point, and hence the FA ion flow is
decreased or ceased. This blocking of the neutral wind can also enhance upward FA ion
motions when a high pressure area is created somewhere else and blocked non-compressible
neutral winds get around the high pressure area and stream towards the observation point.
The high pressure region of neutrals can be created either by frictional heating or by incident
electron heating, both of which frequently occur in the southward electric field region around
midnight. This mechanism shown in Fig. 4.13 can explain why the fast, short-term FA ion

motions seen in the southward electric field region do not have one-to-one correspondence to
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Figure 4.13:  One of the possible mechanisms to create short-term upward FA motions
in the southward electric field region by blocking of the large-scale day-to-night neutral-
wind motion penetrating into the southward electric field region by a high pressure area of
neutrals, resulting in (b) slowing down or (c) even stopping the neutral wind beyond the
blocking region.

the local frictional heating.

4.5 Summary

We have determined the characteristics of the FA ion motions in the E-and F-region (below
the F-region peak) ionosphere based on an analysis of ESR and KST data. The results

obtained are summarized as follows.

1. Sporadic/burst upward FA ion motions are observed in the regions of southward electric
field enhancement, while relatively stable downward FA ion motions are seen in regions

of northward electric field enhancement.

2. The long-term (diurnal) variations of these upward and downward FA flow of ions
are likely driven by the large-scale day-to-night thermospheric wind, but the driving

mechanism(s) of each short-lived upward flow is not yet understood. Each short-lived
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upward FA flow has neither one-to-one correspondence to an enhancement (or depletion)

of the electric field nor to a change of electron density.

3. The total pressure gradient is likely favorable for the direction of the FA ion motions,
but the diffusion velocity due to the pressure gradient does not account for the observed

speed of the upward FA flow.

4. The speed of the ambipolar diffusion is significantly stronger in the downward FA flow

than in the upward flow.






Chapter 5

Generation of the wavelike

structures during auroral activity

5.1 Introduction

In this chapter, we investigate the relations between gravity waves (GWs) and auroral activity
by comparing data on auroral morphology that was obtained with an all-sky auroral cam-
era with data that was obtained simultaneously with the EISCAT radar. The field-aligned
neutral-wind velocity is estimated using Eq. (1.6) on the basis of data from the EISCAT
radar and MSIS model.

The data set used here was restricted to geomagnetically quiet intervals. During ge-
omagnetically disturbed intervals, at high latitudes, all waves that have oscillation periods
longer than the Brunt-Vaisila period are not recognized as GWs. If particle precipitation
and the electric field are enhanced periodically, thermal expansions of the local atmosphere
can cause periodic neutral-wind oscillations synchronized with enhancements of the geomag-
netic activity. It is thus important to consider effects of the disturbances in the ionosphere
to investigate GWs at high latitudes.

Section 5.2 describes the instrumentation. Section 5.3 describes the theoretical model
for GW's that was presented by Francis [1974]. Section 5.3 also describes the analysis method
we used for estimating the distance to the region in which the GWs were generated. Data
provided by the EISCAT radar and the all-sky auroral camera are shown in Section 5.4. We
try to identify the source region in which the GWs were generated using all-sky images and
GW models in Section 5.5.

55
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5.2 Instrumentation

Simultaneous observations with the EISCAT radar, an all-sky auroral camera, and the IM-
AGE magnetograms were conducted in Northern Scandinavia on 1 and 29 March, 1995.
The observation mode of the EISCAT radar in use was CP-1-K, which provided a three-
dimensional velocities of ions at an altitude of 275 km using the three receivers (at Tromsg,
Kiruna, and Sodankyld). The electric field is derived from the velocity vectors of the ions,
under the assumption that the ions and electrons are moving according to E X B drift alone.
The ionospheric values were obtained from an incoherent scatter spectrum integrated over
2 min. All-sky auroral camera records obtained at Kilpisjarvi (60.0° N, 20.8° E) were used.
The CP-1-K antenna beam intersected the ionosphere at an altitude of 110 km about 77 km

northwest of Kilpisjarvi.

5.3 Analysis method

5.3.1 Model of atmospheric gravity waves by Francis [1974]

Thermal expansions due to frictional and particle heating as well as ion drag due to the
Lorentz force are known to contribute to the generation of GWs, but their relative importance
is still not fully understood [Williams et al., 1988]. Here, we estimate wave characteristics
using the two-dimensional, meridional () and vertical (z), model of Francis [1974], assuming

that the Lorentz force alone generates GWs.

In this model, the equations of momentum, energy, and mass conservation with respect
to neutrals are used to calculate neutral-wind oscillations generated by the Lorentz force.
The Lorentz force is a function of the auroral-electrojet current, which has a simple time
variations in this model; it is null at time ¢ < 0 then remains constant at time ¢ > 0. The
auroral-electrojet current in this model is assumed to be zonal as a line source. The Coriolis
force in the momentum equation is neglected. The neutral atmosphere is assumed to have two
layers with different temperatures; the height (zp) of the boundary between them is at 150
km. The altitude (z,) of the peak auroral current is assumed to be 110 km. The background

neutral-wind velocity is set to zero throughout the calculation.

The three equations in the GW model are linearized through Fourier transformation
in time, assuming perturbations of pressure and mass density of neutrals. This linearization
gives a single equation for P /Do (p’ is the perturbation term of pressure of neutrals, and p,
is the equilibrium one) [Chimonas and Hines, 1970]. Francis[1974] found that when a source
function that is representative of the Lorentz force is convolved with Green’s function, p’ /Do

satisfies
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where J is the total auroral current integrated along the line source, « is the ratio of specific
heats (~ 1.66), wp is the Brunt-Vaisala frequency, B,, is the magnitude of the geomagnetic
field at an altitude of z,, C'is the speed of sound, pg is the equilibrium term of mass density
of neutrals, and z is the distance from the source along the meridional direction. |T| is the
magnitude of the transmission coefficient for waves at zp, and ¢ is defined by the equation
T = |T| exp (ip). Subscripts 1 and 2 respectively represent the layers below and above the

boundary height z;. The terms w1, wes, and ¢y, are defined as

Wel = wb1(Zo - Zs)/m, (5-2)

wea2 = wpa(z — 20) /%, (5.3)
and

tr = (wa1/Crwpr) z, (5.4)

where w, is the acoustic-cutoff frequency. We focused on the velocity perturbation due to a

GW, which is related to p'/po, shown in Eq. (5.1), with the simple formula,
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— wclt
W = Wea m (56)
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In the present work we assumed C; = 310 m/s, Cs = 900 m/s, wp; = 1/600 s™1, and wpy
= 1/900 s~!. Because we did not compare modeled and observed amplitudes of v, J was
simply set to 10° A.

The ray path of ' can be either direct or earth-reflected, but we took into account
only direct waves in our calculation on neutral-wind oscillations because the earth-reflected

waves disperse their energy before reaching the F-region [Francis, 1974].
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5.3.2 Distance to the source

Bertin et al. [1983] showed that the distance Ds between the observing point and the source

region to generate neutral-wind oscillations can be expressed as,

Zobs — %s
tan 0
where z,;, is the altitude at which neutral-wind oscillations are observed, and 6 is the upward-

Ds = (5.8)

propagation angle from the horizontal plane. If the wave packet is assumed to propagate
straight from the source region, 8 is defined as the ratio of the meridional-group velocity to
the vertical one.

The phase for GWs shifts linearly with height above about 200 km because of the
small vertical gradient of the temperature of neutrals. This suggests a stable vertical phase
velocity vy, with altitude. The vertical wave number k, is expressed as 27w /v,,. To derive
the meridional wave number k,, we substituted &, into the equation of the dispersion relation
for GWs given by Hines [1960] (see Appendix A):

w? w? we? — w?

2 _ 2 -
k. = o kaZ + P an? — (5.9)
The meridional and vertical group velocities, vg, and v,,, were derived from Ow/0k, and

Ow/0k,, respectively.

5.4 Results

We investigated relations between characteristics of neutral-wind oscillations observed with
the EISCAT radar and auroral activities for two observation intervals: 1800 to 2200 UT on 1
March 1995 (case 1) and 1130 to 1600 UT on 29 March 1995 (case 2). All-sky auroral images

obtained at Kilpisjarvi were available for case 1, but because of daylight not for case 2.

5.4.1 Case 1 (1800 — 2200 UT on 1 March 1995)

Electromagnetic energies that related to the generation of neutral-wind oscillations detected
with the EISCAT radar cannot be observed directly with the radar itself in the CP-1-K mode
because the source region is far from the observing point. One can, however, investigate
relations between characteristics of the observed oscillations and the auroral distributions
using EISCAT CP-1-K radar data together with all-sky images.

Some of the all-sky images for case 1 are shown in Fig. 5.1. They show that, from
1857 to 1907 UT, at least two auroral arcs were present aligned in the east-west direction
the brighter one being ~ 100 km south of the zenith and the fainter one being in the zenith.
At 1908 UT the arc in the zenith brightened significantly and became distorted through

a poleward motion of ~ 50 km. After this time the all-sky image showed diffuse aurora
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1 March 1995

Figure 5.1: All-sky camera images taken at Kilpisjarvi at 1900, 1908, 1909, 1918, 1927,
1936, 1937, 2005, and 2041 UT. North is toward the top of the page; east is to toward the
right. The white dot indicates the Tromsg field line at an altitude of 110 km. The three
circles shown with solid lines indicate distances of 50, 100, and 120 km from the zenith at
Kilpisjarvi. The dotted curves indicate distances of 140, 200, and 290 km from the Tromsg
field line at an altitude of 110 km.

until 1918 UT when several east-west aligned arcs appeared and began to drift steadily
equatorward at a few hundred meters per second. The most equatorward arc appeared to
cross the EISCAT beam at 1924 UT (not shown here) while the most poleward arc appeared
to cross the beam at 1927 UT. At 1936 UT, the most equatorward arc in the EISCAT field of
view broke up and a new arc appeared ~ 70 km poleward of the zenith; subsequently diffuse
auroras were seen over the field of view of the all-sky camera from 1945 to 2040 UT. At 2041
UT, another breakup occurred a little poleward from the region where the 1936 UT breakup
had occurred, and a relatively intense aurora covered almost half the field-of-view shortly

thereafter. This breakup was not accompanied by rapid motion of the auroras.

Figure 5.2 shows time variations in electric field, electron density, and electron and
ion temperatures as well as the field-aligned component of the neutral-wind velocity derived
from Eq. (1.6). The Lomb periodogram [Hernandez, 1999] was applied to the field-aligned
neutral-wind velocities, shown in Fig. 5.2d, in an altitude range from 165 to 253 km, in
which oscillation periods shorter than 13 min (the typical Brunt-V4aisdld period in the F-
region) were filtered out. The thick solid and dash-dotted lines in Fig. 5.2d are discussed in



60 Chapter 5. Generation of the wavelike structures during auroral activity

Case 1 (1800--2200 UT on 1 March 1995)
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Figure 5.2: For case 1: (a) Electric field derived from EISCAT radar data between 1800
and 2200 UT on 1 March 1995. Solid circles indicate the meridional component; open circles
indicate the zonal component. Positive values are northward and eastward. (b) Electron
density at an altitude of 209 km derived from the EISCAT radar. (c) Electron (solid circles)
and ion (open ones) temperatures at an altitude of 209 km derived from the EISCAT radar.
(d) Superposition of modeled phase surfaces on observed oscillations in field-aligned neutral-
wind velocity. The modeled phase surfaces with a minimum value are plotted with thick
dash-dotted lines, and those with a maximum value are plotted with thick solid lines. The
base line of the observed oscillations at an altitude of 165 km corresponds to a height of 165
km, and the base lines for the other altitudes correspond in the same way. Positive wind is
upward, along the field line.

Section 5.5.1. When the brightening region moving steadily poleward (from 1857 to 1907 UT)
and equatorward (from 1918 to 1935 UT) crossed the EISCAT radar observing point, the

electric field had peak values, which increased the ion temperature due to frictional heating.

Around 2000 UT, when diffuse aurora were observed, the field-aligned neutral-wind
velocities oscillated with relatively large amplitudes. Downward propagation of the phase
with time was seen in the field-aligned neutral-wind velocities. The velocity at an altitude of

165 km had a peak near 2000 UT, whereas that at 231 km had a peak about 7 min earlier.

To investigate the wave characteristics in more detail, the Lomb periodogram was
applied to the velocities observed from 1945 to 2040 UT (shown in Fig. 5.2 with an arrow).
Figure 5.3 shows the spectra obtained at altitudes of 209 (solid line) and 231 km (dashed line).
The spectra at the other altitudes have peaks at the same oscillation periods with different
amplitudes. The vertical dotted line shows the typical Brunt-Vaiséld period in the F-region.
While the spectra for both altitudes are relatively broad, they have a peak amplitude at an
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Figure 5.3: Spectra from the Lomb periodogram applied to field-aligned neutral-wind veloc-
ities at altitudes of 209 km (solid line) and 231 km (dashed line). Open circles show results
for case 1, and solid circles show results for case 2. The vertical dotted line at a period of 13
min shows the typical Brunt-Vaisilad period in the F-region.

oscillation period of 24 min, obviously longer than the typical Brunt-Vaisala period.

The downward propagation of the phase with time and the oscillation period longer
than the typical Brunt-Vaisald period are general characteristics of GWs, which imply that
the observed oscillations from 1945 to 2040 UT are GWs.

Figure 5.4 shows the height profile of the phase at an oscillation period of 24 min. The
vertical phase velocity is almost stable with height because the phase shifts approximately
proportionally with height. The vertical phase velocity for the oscillation period of 24 min
was about 190 m/s based on a linear fit, as shown by the dashed line in Fig. 5.4 (The cross-
correlation coefficient was 0.973.). Height profiles of the phase at oscillation periods of 27
and 22 min (not shown here) also showed shifts proportional with height. The vertical phase
velocities for oscillation periods of 27 and 22 min were respectively about 170 and about 190
m/s.

We could derive the distance between the observing point and the region generating
the observed oscillations using the method described in Section 5.3.2, although we could not
estimate the propagating direction of the observed oscillations because of the observation
being fixed to look along the geomagnetic-field line. This distance is listed in Table 5.1, along
with the values of the other wave parameters. The meridional wavelength A, (= 27/k,)
and the phase velocity vp, (= 2ww/k;) were about 160 km and about 110 m/s. Distances
for oscillation periods of 27 and 22 min were about 290 and about 140 km, respectively.
Compared with the distance for an oscillation period of 24 min, the differences are about 90
and about 60 km.

From 1800 to 1945 UT the electric field varied considerably with time, as shown in
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Figure 5.4: Height profile of the phase for cases 1 (open circles) and 2 (solid circles). Dashed
lines show the height profiles used in this paper.

Fig. 5.2a. The neutral-wind oscillations observed during this interval may have resulted
from not only local heating but also propagation of some neutral-wind perturbations from
distant sources. From 1945 to 2040 UT, when the all-sky images showed diffuse auroras,
the perturbations in the electric field were smaller than those in the disturbed interval. This
suggests that wave propagation from distant sources was more important for the neutral-wind
oscillations observed from 1945 to 2040 UT than local heating.

Table 5.1: Results of Lomb periodogram analysis from 1945 to 2040 UT for case 1 and from
1230 to 1400 UT for case 2.

Case 1l Case 2

Dominant period [min] 24 32

Distance [km] ~ 200 ~ 260

Meridional wavelength ~ 160 ~ 230
— phase velocity [m/s] =~ 110 ~ 120

Vertical wavelength [km] ~270 ~ 510
— phase velocity [m/s] =~ 190 ~ 270
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Case 2 (1130--1600 UT on 29 March 1995)
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Figure 5.5: As for Fig. 5.2, but for case 2 (between 1130 and 1600 UT on 29 March 1995).
The altitude range for the field-aligned neutral-wind velocity is from 165 to 319 km.

5.4.2 Case 2 (1130-1600 UT on 29 March 1995)

We could not identify the auroral distributions around the source region because of daylight.
There is, however, a method that can be used to investigate the relationship between the
characteristics of observed neutral-wind oscillations and geomagnetic activity, as explained
in the following.

The electric field increased, from 1145 to 1200 UT and from 1230 to 1300 UT (Fig.
5.5a). The electric field during the latter period reached about 40 mV /m, a level which (by
frictional-energy dissipation) significantly increased the ion temperature in the F-region (Fig.
5.5¢). According to the IMAGE magnetograms [Lihr et al., 1998 and references therein], the
frictional energy seemed to dissipate in the ionosphere not only over the EISCAT radar site
but also in the other regions. From 1230 to 1300 UT the Y-components (EW-components)
measured from Bjgrngya (BJN; 74.5° N, 19.2° E) to Oulujarvi (OUJ; 64.5° N, 27.2° E) had
comparatively large amplitudes, which seemed to decrease going equatorward and poleward.

After 1300 UT the field-aligned neutral-wind velocity in the F-region began to oscillate
with remarkably large amplitudes, as shown in Fig. 5.5d. The oscillations were observed from
altitudes of 165 to at least 319 km, and their amplitude increased gradually with increases
of altitude. While they were observed, the electric-field magnitude decreased gradually, and
the electron density and electron temperature in the F-region did not show any remarkable

enhancements due to energetic-particle precipitation. Periodic perturbations in the auroral-



64 Chapter 5. Generation of the wavelike structures during auroral activity

29 March 1995

e | | | NAL
g \ \
3% | | | LYR
: ‘ HOR
\ \
\ | \ HOP
| | | |
WWVMW BJN
c ‘ | | ‘ SOR
GC) \ \ \
o /\/\J"\/\M\W KEV
o
c \ \ \ \ TRO
5 W%WW
L‘) W\Wm MAS
> \ \ \ | KIL
\ [ \
W MUO
| | |
W ouJ
\ \ \ \
—~——r | | | HAN
e~ TR
| | | | | | | |
12 13 14 15 16

Universal Time [hr]

Figure 5.6: For case 2, the Y-components, i.e., EW-components, of magnetograms from the

IMAGE network.

particle precipitation and the electric field thus contributed little to the generation of the
observed neutral-wind oscillations. The oscillations appear to have a downward propagation
of the phase with time. Figure 5.3 shows that the Lomb periodogram spectra of the oscilla-
tions observed from 1230 to 1400 UT (shown in Fig. 5.5 with an arrow) at altitudes of 209
(solid line) and 231 km (dashed line) had a peak amplitude at an oscillation period of 32
min, which was obviously longer than the typical Brunt-Vaisala period. These results show

that observed oscillations had the general characteristics of GWs.

The vertical phase velocity for an oscillation period of 32 min, which was obtained using
the height profile shown in Fig. 5.4, was about 270 m/s (The cross-correlation coefficient
between the observed phase and fitted line was 0.986.). The estimated distance between the
observing point and the source region for generating observed oscillations was about 260 km
(Table 5.1). The meridional wavelength was about 230 km, and the meridional phase velocity
was about 120 m/s. For oscillation periods of 35 and 29 min, the vertical phase velocities

were about 200 and about 370 m/s, respectively, and the distances were about 430 and about
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150 km, respectively. The distances differed from that for an oscillation period of 32 min by
about 170 km and about 110 km, respectively.

5.5 Discussion

5.5.1 Assessing the validity of the hypothesis about the wave-source region

The neutral-wind velocity estimated from EISCAT radar data in the F-region oscillated with
periods of 20-30 minutes, and neutral-wind oscillations had wavelengths of several hundred
kilometers. These values are typical for medium-scale GWs according to the classification by
Hunsucker [1982]. These oscillations were associated with increases in the plasma temper-
ature and density. To assess the validity of the hypothesis that the observed neutral-wind
oscillations were generated in the expected source region, we used three analysis techniques.
First, we investigated the auroral activity around the expected source region for case 1 using
all-sky auroral images. Second, the distance between the observing point and the generation
region was calculated for case 1 using the model of Kato et al. [1977], and it was compared
with the distance tabulated in Table 5.1. Finally we compared, for both cases, the observed
phase line with that calculated using the model of Francis [1974].

e Using all-sky auroral images

The estimated distance from the observing point to the source region for case 1
was 140-290 km. The meridional phase velocity was about 110 m/s, and thus the front
of the oscillations observed from 1945 to 2040 UT should have reached the observing
point 21-44 min after leaving the source region if the phase velocity remained constant
during the propagation. Hence, the source should have appeared at 1900-1920 UT at a
distance of about 140-290 km.

According to the all-sky auroral images obtained between 1900 and 1920 UT, the
auroral arc extended in an almost zonal direction from 1900 to 1908 UT appears to be
the generator of the neutral-wind oscillations observed with the EISCAT radar. The
distance between the observing point and the auroral arc is roughly consistent with the
estimated distance, as shown in Fig. 5.1. Although it is difficult to estimate effects
of the thermal expansions and the momentum transfer between ions and neutrals on
motions of neutrals quantitatively using the present data set, we can presume that
Joule and particle heating and the Lorentz force enhance in the vicinity of the auroral
arc, and that these mechanisms are candidate generator of the observed oscillations.
The rapid motion of the auroral arc at 1908 UT is also the candidate generator of
the observed oscillations. Although the relative importance in the three mechanisms —
Joule and particle heating, the Lorentz force, and the rapid motion — for the generation

of the observed oscillations was not found from the present observation, it is concluded
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that the auroral arc appeared from 1900 to 1908 UT has affected the generation of the

observed oscillations strongly.

Using the model of Kato et al. [1977]
Within two minutes from 1907 to 1909 UT on 1 March 1995, the position of the

intense arc changed dramatically poleward as described in Section 5.4.1. There are
several possible explanations on these changes. Because the electromagnetic energy
dissipated into the arc must be driven from wave and particle energy stored within
flux-tubes in the magnetotail, the relative movement of the arc with respect to the
flux-tubes must be one of the candidate hypotheses of the change in the observed-arc
position [Elphinstone et al., 1996]. Another candidate hypothesis is with respect to the
background convection of plasma flow. If there are several flux-tubes in which the energy
flux of the precipitating electron fluctuates with time, the arc can be seen as moving like
an electric newsboard. Thus we cannot identify which physical process dominated in
the present case only using data from the all-sky camera. In this paragraph, we assume
that the flux-tubes have moved poleward rapidly. If this motion is the generator of the
observed oscillations, we can estimate the distance between the observing point and
the generation region using the model of Kato et al. [1977]. The position where a line
source moving at a speed of Vo can generate GWs with a phase velocity of Cs can be

expressed by the following equation [Kato et al., 1977]:

ro_resatD 5.10)
where r is the distance between the observing point and the generation region, and
(m - «) is the angle between the direction of the source motion and a line between
the observing point and the generation region. An intense auroral arc extending in an
almost zonal direction is the most likely candidate for the line source in the present
observation. The motion of the line source in the model agrees well with the actual
change of the auroral-arc position. In this model, the line source is assumed to drift
without any time variations in the magnitude. Although the auroral emission intensity
may not be directly proportional to the magnitude of the auroral-electrojet current
and to the Joule heating rate, this assumption may be inconsistent with actual time-

variations in the magnitude of the line source according to the all-sky camera images
(see Fig. 5.1).

For case 1, when the rapid change of the intense auroral-arc position occurred at
1908 UT, the arc was on the equator side of the EISCAT observing point, thus an
angle a of 0° corresponds to equatorward from the observing point. If the arc moves
poleward at a constant velocity, it arrives at a distance D from the observing point

after a time ¢. According to the all-sky auroral images, the Vo for case 1 was about
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800 m/s. The estimated distance between the observing point and the arc just before
the rapid change in position of the arc was about 200 km. Thus after 21-44 min, D is
about 800-1900 km. The Cs for case 1 was about 110 m/s (see Table 5.1) thus at «
= 0° the distance r is %D, or about 160-330 km. This range includes the estimated
distances listed in Table 5.1.

e Using the model of Francis [1974]

In Figs. 5.2d and 5.5d, the neutral-wind oscillations calculated using the model of
Francis [1974] are compared with the observed ones for cases 1 and 2. The distances
between the observing point and the source region, which were used for calculating
the modeled phase lines, were 200 km for case 1 and 260 km for case 2. These values
were estimated from the dispersion relation applied to the observed oscillations during
limited intervals: from 1945 to 2040 UT for case 1 and from 1230 to 1400 UT for
case 2. The wave source was assumed to be the Lorentz force in the model. This
assumption seems to be acceptable because the characteristics of observed oscillations
were categorized in medium-scale GWs, which can be generated by the Lorentz force

more effectively than by Joule heating [Jing and Hunsucker, 1993].

For case 1, from 1945 to 2040 UT there were approximate peak-to-peak correspon-
dences between the modeled phase line and the one observed at altitudes from 165 to
253 km. For case 2, from 1230 to 1400 UT the modeled phase line seems to agree
with the one observed at altitudes from 165 to 319 km. These agreements suggest that
the line source in the model can reproduce the phase line similar to the observed one.
For case 1, the auroral arc extended in an almost zonal direction from 1900 to 1907
UT, which could be identified as the line source in the model. The agreements also
suggest that the generator of the observed oscillations has some consistent properties
with ones of the wave source in the model. Effective parameters of the wave source in

characterizing neutral-wind oscillations will be discussed in next section.

5.5.2 Effective parameters of the wave source in characterizing neutral-

wind oscillations

An evaluation of the consistency of the assumptions with the observations can be directly
related to a prediction of some properties of the wave source. This suggests that if the
characteristics of GWs — period, wavelength, amplitude, etc. — are measured, we can estimate
the wave source, but that is generally quite difficult.

We used two models to assess the validity of the hypothesis regarding the wave-source
region under some assumptions. Prediction from these models agreed with results from
the observations, although the time variation and the motion of the wave source for both

models were considerably simplified using different assumptions. The consistency of these
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assumptions for the observations should be discussed.

For case 1, the auroral arc that was estimated as the wave source almost stayed at
about 200 km equatorward from the Tromsg site (from 1857 to 1907 UT), then it was seen as
changing its position poleward rapidly at 1908 UT. If the observed oscillations were generated
in association with the stationary arc, not with the rapid change in position, the motion
assumed in the Francis model may be more suitable than that in the Kato model. If the
observed oscillations were generated by the rapid change in position, the motion assumed in
the Kato model may be more suitable. The wave source was estimated to have turned on at
1900-1920 UT. The above two motions occurred during this interval, thus we cannot identify
which motions of the auroral arc were effective in generating the observed oscillations.

The Francis model assumes simplified time variations in the auroral-electrojet current,
but the current remains constant after its appearance. The wave source assumed in the
Kato model had no time variations. Electromagnetic energy associated with the auroral arc,
however, seems to vary with time according to the emission intensity obtained from the all-
sky camera images. Both models may not be suitable with respect to the time variations in
the wave source.

For case 2, discussions on time variations in the wave source may be possible using
IMAGE magnetometer data (Fig. 5.6), although any discussions on the motion is not possible.
The magnetometer at Bjgrngya showed at least two negative peaks during 1230 to 1300 UT,
which suggests that auroral-electrojet current had fluctuated with some amplitude and that
the time variations assumed in both models may not be suitable.

We cannot discuss the merits of the two model based on the consistency of the assump-
tions with observation. It is concluded, from the agreement between the predictions and the
observations, that the effective parameters of the wave source in characterizing the observed
oscillations will be the horizontal distribution of the wave source and the distance between
the observing point and the source region. This is because both models use same assumptions

for these parameters of the wave source.

5.5.3 Differences between predictions and observations

The models used here did not reproduce all the observed oscillations. Figures 5.2d and 5.5d
show that discrepancies between the phase lines from observations and those from calcula-
tions using the Francis model gradually became obvious with time. One reason for these
discrepancies is that the modeled oscillations were reproduced using the distance estimated
from the oscillations observed during limited intervals. For the other candidates, we will
discuss three explanations for the discrepancies: (i) local ionospheric-perturbations associ-
ated with enhancements of the plasma temperature and density, (ii) assumptions of the GW

model, and (iii) the propagation of waves from other source regions.
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(1) Effects of local ionospheric perturbation: For case 1, the amplitudes of the
oscillations observed at altitudes of 165, 187, and 209 km suddenly decreased after about
2040 UT, as shown in Fig. 5.2d. The all-sky auroral image at 2041 UT (Fig. 5.1) showed
an auroral intensification, which resulted in the enhancement of the plasma density and tem-
perature and the electric field (Figs. 5.2a-c). This can activate the thermal expansion of the
atmosphere and the ion-neutral momentum transfer thus produce neutral-wind oscillations.
The oscillations have relatively broad band spectra in the vicinity of the generation source
because permitted spectra, as determined by viscous damping, can survive due to the short
distance they propagate from the generation source. Neutral-wind oscillations originated from
an auroral intensification at 2041 UT might be superimposed on the neutral-wind oscillations
observed before an auroral intensification, which can modulate the wave characteristics of

the phase and the period.

Even during relatively quiet intervals, from 1945 to 2040 UT for case 1 and from 1230
to 1400 UT for case 2, the electric field and the electron density showed perturbations with
small amplitudes. These perturbations may cause discrepancies between the modeled and

observed phase lines through local thermospheric heating.
(i) Assumptions of the GW model: As mentioned in Section 5.3.1, the Francis

model makes various assumptions. While any of them could produce discrepancies between

predictions and observations, here we consider some that are likely to be important.

The model assumes that the Lorentz force is the only source generating GWs, though
frictional and particle energy dissipation have also been thought to be a source of GWs. If
particle heating significantly affect motions of neutrals in the F-region, the source region in
the model should be shifted upward from the 110 km altitude given in the model. An upward
shift of the source altitude in the model decreases the distance to the source according to Eq.
(5.8), and tends to decrease the oscillation period of the modeled GWs.

Background neutral-winds may affect wave characteristics, such as the frequency and
the ray-path. For case 1, the mean value of the field-aligned neutral-wind velocity in the
F-region is positive thus upward along the geomagnetic-field line, which suggests that the
background neutral-wind velocity appears to be equatorward. This is consistent with previous
works, from FPIs and the EISCAT radar, that equatorward winds are generally dominant
during nighttime in the upper thermosphere [Aruliah et al., 1996; Witasse et al., 1998]. The
estimated wave-source located at equator side of the EISCAT radar site. This suggests that
the observed oscillations propagated poleward, and that the group velocity of the observed
oscillations has a component anti-parallel to the background neutral-wind. Evidence for this
anti-parallel component can be seen for case 2. The mean neutral-wind velocity is negative,
which suggests that the poleward winds appear to be dominant. The magnetograms in Fig.
5.6 show that, from 1230 to 1300 UT, the amplitude of the Y-component seems to have a
peak around Bjgrngya (BJN), which is poleward of the EISCAT radar site. This suggests
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that the observed oscillations propagated equatorward opposite in direction to the poleward
background winds.

The anti-parallel direction of propagation of the wavelike structures causes an upward
Doppler-shift of the oscillation frequency and an upward shift of the direction of the group
velocity. The effect on the group velocity may reduce the distance between the observing
point and the wave-source region in terms of the wavelength. The anti-parallel direction is
considered to be one of the reasons for discrepancies between the observed and predicted
phase lines.

The model assumes that the height profile of the temperature of neutrals has no vertical
gradient above 150 km, and thus that the speed of sound and the Brunt-Vaisala frequency are
almost constant regardless of height. This assumption may cause large differences between
the assumed and actual temperatures, especially in the lower F-region (150-200 km). This
could result in discrepancies between the modeled and observed phase line because the phase
and the oscillation frequency are a function of the temperature of neutrals.

The simplifying assumptions required to derive Eq. (5.9) from Hines [1960] may also
cause discrepancies. This equation is based on the assumption that the horizontal wave
number k, is purely real, which indicates that viscous damping is ignored. This is not held
precisely in proportion to the distance from the wave source. Numerical simulations show that
GWs generated by Joule energy dissipation attenuate as they propagate with a component
in the horizontal direction [Fujiwara et al., 1996]. Interactions among multiple waves are also
not considered. Hines [1960] assumed an idealized atmosphere taken to be stationary in the
absence of waves. The actual atmosphere, however, always has some fluctuations.

(iii) Effects of propagation from other source regions: For case 2 there are
notable differences between the modeled phase line and the observed ones after 1400 UT,
although significant ionospheric heating was not observed from 1300 to 1600 UT. Thus local
heating cannot be the reason for the discrepancy. A possible reason for the difference is that
other sources might be generating neutral-wind oscillations. If oscillations propagating from
several sources are superimposed at the observing point, the observed oscillations cannot be

reproduced by a model that assumes a single source.

5.5.4 Was it possible to generate the observed GWs by the auroral activity
at 1927 and 1937 UT for case 1?

Figure 5.1 shows that the region where emission intensity was significantly high changed
from being equatorward of the Tromsg radar site to being poleward at 1937 UT, and that the
auroral arc extended in an almost zonal direction appeared to move at a few hundred meters
per second crossed the EISCAT observing point at 1927 UT. These auroral arc motions
affected the local ionosphere. Figure 5.2a-c shows significant enhancements of the electric

field, the ion temperature, and the electron density and temperature at those times. These
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auroral arc motions, however, are thought not to be significantly related to the generation of
neutral-wind oscillations observed from 1945 to 2040 UT. This is because wave characteristics
depend on the distance between the observing point and the source region, as concluded in
Section 5.5.2. The distance estimated from the spectrum analysis of the observed oscillations
is about 200 km, which is obviously different from that at 1927 and 1937 UT.

5.6 Summary

Relations between auroral activity and the generation of neutral-wind oscillations in the
auroral F-region have been presented using data from the EISCAT radar, the all-sky auroral

camera, and the IMAGE magnetometers. The results obtained are summarized as follows.

1. When the ionospheric perturbations were relatively small, the field-aligned neutral-wind
velocity estimated from EISCAT radar data oscillated at periods of 24 min for case 1
(from 1945 to 2040 UT on 1 March 1995) and 32 min for case 2 (from 1230 to 1400
UT on 29 March 1995). These oscillation periods were longer than the typical Brunt-
Vaisala period in the auroral F-region (~ 13 min). The observed oscillations showed the
downward propagation of the phase with time. Although we could not find conclusive
evidence that the observed oscillations were GWs, the wave parameters of observed

oscillations were typical for medium-scale GWs according to Hunsucker [1982].

2. The values of the wave parameters were derived from the equation of the dispersion
relation for GWs applicable to the observed oscillations. These values were used to
estimate the distance between the observing point and the source region where the
oscillations were generated: about 200 km for case 1 and about 260 km for case 2.
For case 1 the all-sky auroral images obtained at Kilpisjarvi showed that the auroral
arc extended in an almost zonal direction near the estimated position of the source.
Although we could not rule out the possibility of generating the observed oscillations
by meteorological sources (see Section 1.2.4), enhancements of electromagnetic energy

are considered to be strong candidate source to generate the observed oscillations.

3. The comparison of observed phase lines with predicted ones using models by Francis
[1974] and Kato et al. [1977] showed agreement between the two for both cases. Results
from the comparison suggested that effective parameters of the wave source in charac-
terizing neutral-wind oscillations will be the horizontal distribution of the wave source
and the distance between the observing point and the source region. This implies that
geomagnetic activity at high latitudes is important in generating GWs, as indicated by

previous theoretical studies.






Chapter 6

Conclusion and suggestions for

future studies

Three investigations on the coupling between the thermosphere and ionosphere in the auroral
F-region were carried out using data from the EISCAT KST radar, ESR, a scanning FPI,
an all-sky camera, and IMAGE magnetometers. The simultaneous observation with the
EISCAT radar and the FPI represent the first experiment using optical and radio techniques
for targeting on short time-scale oscillations of ions and neutrals in the auroral F-region. The
comparison between the neutral-wind velocities observed with the FPI and those estimated
on the basis of EISCAT radar data suggests that, in the Frregion, the field-aligned oscillations
in ion velocity were due to collisions of ions with neutrals. In the E-region, plasma motions
are tightly controlled by collisions of ions with neutrals; field-aligned ion velocities observed
with the EISCAT radar in the E-region almost correspond to the field-aligned component
of the neutral-wind velocity. Hence, collisions between neutrals and ions provide the main
process to determine the field-aligned ion motions in the E- and F-regions.

Little frictional energy will thus result from the differences between field-aligned ion
and neutral-wind velocities. The ion temperature can be elevated by the relative velocity
perpendicular to the geomagnetic field line between ions and neutrals (frictional heating),
which is attributed to the electromagnetic force on ions.

According to the statistical analysis of the field-aligned ion velocity in the auroral F-
and F-region, sporadic/burst upward field-aligned ion motions are related to the enhance-
ment of the electric-field strength in the region of southward electric field. The diffusion
velocity due to the total pressure gradient in this region does not account for the observed
speed of the field-aligned ion velocity. This suggests that motions of neutrals disturbed by
the electromagnetic energy in the region of southward electric field enhancement contribute

strongly to the sporadic/burst upward field-aligned ion motions.

According to the results of simultaneous observation from the EISCAT radar and the

73
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all-sky camera, the momentum and energy of ions activated in association with auroral arc are
considered to contribute strongly to the generation of wavelike oscillations of neutrals. The
field-aligned neutral-wind velocities estimated on the basis of EISCAT radar data oscillated
with periods of 20-30 minutes when almost no significant perturbations in the electric field
were observed. The spectrum analysis of the observed oscillations of neutrals showed the
characteristics of propagation of the oscillations. Substituting the parameters of the observed
oscillations into the equation representing the dispersion relation for GWs suggested that
oscillations of neutrals had been generated at about 200 km from the observing position and
had propagated from that source region to the observing position. The all-sky images showed
that around that time the auroral arc extended almost zonal direction close to the estimated
distance of the source. The comparison of the phase lines as predicted by models of Francis
[1974] and Kato et al. [1977] and observation showed agreement between the two.

The conclusions from three investigations that the basis of this thesis are valuable for
understanding the effect of the input of electromagnetic energy from the magnetosphere on
the motion of neutrals in the auroral thermosphere. This thesis shows the collision pro-
cess between ions and neutrals, which is one of the fundamental physical mechanisms in the
ionosphere, and relations between thermospheric motions and the auroral activity that is
representative of the electromagnetic energy deposited from the magnetosphere. Thus the
conclusions of this thesis contribute to our knowledge on thermosphere-ionosphere dynamical
coupling. Of course other approaches are necessary for further this knowledge. Electromag-
netic energy originating in the magnetosphere is frequently deposited into a localized region
of the ionosphere at high latitudes, which causes steep horizontal gradients in the plasma
density and temperature. These horizontal gradients cause a divergent flow of neutrals and
lead to the growth of the wavelike structures in the motions of neutrals. Because the ampli-
tude and the propagation direction of the waves depend on the magnitude and the horizontal
gradient of the electromagnetic energy, it is important to observe horizontal distributions of
the energy as well as those of the perturbations of neutrals. We propose three experiments

through which one can obtain these horizontal distributions.

1. Simultaneous observation with several optical instruments

All-sky FPIs detect neutral-wind velocities at several points in the field-of-view, and
this information can be used to estimate the horizontal motion of neutrals. All-sky
imagers are best tool with which check auroral morphology. Furthermore, they may
provide information about the horizontal structure of the electromagnetic energy from
the magnetosphere. Because the auroral emission intensity is a function of the energy
flux of the precipitating particles, the horizontal structure of the auroral emission inten-
sity observed with the imager at different wavelengths can provide information about
the energy flux. The height profile of electron density calculated from the energy flux

using an inversion method can be used to obtain the Pedersen conductivity. If the
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electric field distributions are given from a model or from observations using VHF and

HF radars, we can estimate the horizontal variation of the frictional heating rate.

2. Simultaneous observation with two IS radars

The ESR observatory has two IS radars; one is fixed to look along the local geomagnetic
field line, while it is possible to sweep the other to scan the ionosphere. The field-
aligned neutral-wind velocity can be estimated using data from the fixed radar. The
field-aligned motions of neutrals calculated from the fixed radar data provide the wave
characteristics required to estimate the source region in which the observed waves are
generated. Enhancements of ion temperature around the estimated source region are
representative of those of the electromagnetic energy from the magnetosphere. It is
possible to use the scanning radar to observe enhancements in the ion temperature as
long as the field-of-view of the scanning radar covers the estimated source region for
the observed waves. While the Joule heating rate cannot be directly calculated using
data from the scanning radar, the meridional and height profiles of the ion temperature

would allow an estimation of the distributions of source energies for the waves.

3. Comparison between the results of modeled and observed dynamic behavior of thermo-

spheric winds

Simultaneous observations as described above can be used to estimate the horizontal
distributions of electromagnetic energy and of neutral-wind velocity in the auroral ther-
mosphere. IS radars and optical instruments are capable of obtaining data with a time
resolution that is shorter than the typical Brunt- Vaisala period, so it is possible to esti-
mate wave characteristics of neutral winds around the observed position. It is, however,
difficult to estimate how waves propagate and attenuate from the observational data
because the horizontal scale that can be covered with observations may be shorter than
the wavelengths. Model-based calculations with a larger horizontal scale are effective

for the investigation of the propagation and attenuation.

The horizontal distribution of electromagnetic energy and the neutral-wind velocity
based on observations provides a description of the initial ionospheric and thermospheric
conditions required to generate waves. Substituting these initial conditions into models
of the dynamic behavior of the neutrals provides the temporal and spatial variations in
the neutral-wind velocity. Comparison of observed and modeled perturbations in the
neutral wind will improve our understanding of thermosphere-ionosphere coupling for

electromagnetic energy input.

Many other experiments may also be useful in the study of the thermospheric response
to auroral activity, e.g., IS radar observations in combination with those from optical instru-

ments. All instruments have their advantages and disadvantages in terms of thermospheric
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and ionospheric observations. It is important to define precisely what the target of the

experiment is.



Appendix A

Dispersion relation for gravity

waves

The equation of continuity, momentum, and state for the neutral atmosphere are

dp
— V(U Al
o8 = VD), (A1)
U 9
and
p = prTyp/my, (A.3)

where 7 is the dynamic viscosity coefficient, ., is the tensor of the momentum flux-density
due to waves, and {2 is the constant angular velocity due to the earth’s rotation. To derive the
dispersion relation for the linear modes of a non-rotating neutral atmosphere on a flat earth,
we use several assumptions. First is zero velocity of the vertical neutral-winds: thus U = (v,
w, 0). Although this assumption may cause significant errors in wave characteristics derived
from the dispersion relation in the case of high geomagnetic activity as mentioned in Section
1.2.4, this assumption is widely used in model calculations. Second is that perturbations of

the pressure of neutrals (§p) and density of neutrals (6p) are defined by

ép=p— po (A4)

and

8p = p — po, (A.5)
where pg and pg are the ambient pressure and density, respectively. Eqgs. (A.1)-(A.3) can be

expressed under these two assumptions retaining terms up to first order in dp and ép:
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o(é
0v  0(ép)
A A.
Oow  0(6p)
= L A9 = A.
pPogy + 5, TEpg =0, (A.8)
and
% +U-Vpo — 02@ — C?U-Vpo = 0. (A.9)
To derive Eq. (A.9) from Eq. (A.3), we use the total time derivative
d 0
=5 TUV (A.10)

This equation yields the time rate of change of a quantity moving with the flow of neutrals.

Solutions of the set of Eqs. (A.6)-(A.9) may be found in complex Fourier form as

6p/po, bp/po,v,w o expi(wt— kyy — k,2), (A.11)

where w is the angular frequency of the wave, and k is the wave number. Using Eq. (A.11),
the condition for hydrostatic equilibrium, and the expression for the scale height H, Egs.

(A.6)-(A.9) can be rewritten as a matrix equation:

tw 0 —tky —1/H — ik, §p/po
_.k 2 .
0 thyC /_7 w _0 | /e | (A.12)
g —C?(1/H +ik,)/y 0 w v
—iwC? iwC? [y 0 (v—1)g w

Setting the determinant of the 4x4 matrix equal to zero yields the dispersion relation of

wave,

wh — w?C?(k2 + k2) + (v — 1)g°k] + ivgw’k, = 0. (A.13)
If there are no sources of energy of dissipation, which is equivalent to ignoring the viscosity,
waves will not grow or decay in time at a fixed point in space so we can assume w is purely
real. If we include gravity, there are no solutions of Eq. (A.13) with both &, and k, purely
real and different from zero. If we assume that a wave does not attenuate as it propagates

horizontally, we can obtain the solutions of Eq. (A.13) with k, and k, real:

wh — W?CP (k2 + k2) + (v — 1)g°k] — v’ g’w? /4C? = 0. (A.14)

Eq. (5.9) can be obtained from this equation.



Appendix B

Scattering from an ionospheric

plasma

B.1 Thomson scattering

Thomson scattering is the process in which incident electromagnetic energy is scattered by
the free electrons in the ionosphere. The cross-section of the scattering of a free electron, o,

is approximated by

or = 47r?, (B.1)

as defined in terms of an equivalent spherical scattering target, where r. is the effective radius
of the electron; 7. is about 2.8 x 1075 m thus o7 is about 6 x 1072° m?2.

If the electron density is 10'' m™2 in a scattering volume of about 6 x 10! m? (a
cylinder with a radius of 3 km and a height of 22 km), the total cross-section of scattering

2. This is equivalent to a circle with a radius of about 1 mm.

3

becomes about 3.6 x 107% m
In the lower ionosphere, the electron density decreases with height, reaching about 10 m~

in the D-region. In this case, the radius for a round target is about 0.04 mm.

B.2 Spectra

In the early days of the application of Thomson scattering to radar technology for observations
of the ionosphere, random thermal motions of electrons were considered to scatter signals
with a wide variety of Doppler shifts. However, the bandwidths of observed echoes were
considerably more narrow than had been expected because scattering from the ions in the
plasma narrowed the effective spectrum width [Bowles, 1958].

In the ionosphere, the difference between the ion and electron temperatures increases

with height. The ion acoustic velocity increases with the ratio T, /7;. This indicates that the
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component of the spectrum due to ions will have a double-humped shape. Figure B.1 shows
the dependence of this ionic spectral component on the ratio 7, /T; [Evans, 1969].

IS radar can directly provide four important parameters that describe the ionosphere —
electron density, electron and ion temperatures, and ion velocity along the field-of-line — with
excellent height resolution. The IS spectrum depends on all of these parameters. The echo
power P, is proportional to the electron density. The shape of the IS spectrum is controlled
by the temperatures of electrons and ions. The Doppler shift of the IS spectrum gives a bulk
plasma drift along the line-of-sight.

The electron density at an altitude z is expressed as [Fvans, 1969]

Ne(z) = C’onst.Ps—ZZ, (B.2)
ar(2)
where og is the scattering cross-section. When the electrons and ions are at different tem-

peratures, og is given by

) = a1 T2/ THE) + 2l

where o, is the radar cross section of an electron, and « is the ratio of the Debye length to

(B.3)

the wavelength of the radio wave. The constant of proportionality can be estimated directly
by careful determination of the radar parameters, or indirectly using some other instrument
such as an ionosonde to make an absolute determination of the electron density. The radar
wavelength of the EISCAT radar (~ 0.3 m) is much longer than the Debye length in the
ionosphere, so Eq. (B.3) can be modified to

or(z) = 1+ Te(ze)/Tz(Z)

The ion and electron temperatures can be determined using a least-squares fit of the theo-

(B.4)

retical spectrum to the observed one, and the electron density can thus be obtained from Eq.
(B.2). The ratio T, /T; in the lower ionosphere (< 90 km) is thought to be ~1, so the electron
density can be estimated independently on the ion and electron temperatures.

If there is an overall drift of electrons and ions towards the transmitter site at a velocity

of v4, the observed Doppler shift with a radar wavelength Ag will be

2vq
Ar

If the electrons and ions are drifting away from the transmitter site, the sign of Afy

Afq= (B.5)

will be negative. The Doppler shift does not alter the shape of the IS spectrum. If, however,
the ions are moving relative to the electrons, the IS spectrum becomes asymmetric (Fig. B.2)
[Lamb, 1962].
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Figure B.1: Dependence of the ionic spectrum on T /T; (after Evans, 1969).

Figure B.2: Spectra for different values of the ratio of the drift velocity vq to the mean
thermal velocity of the electrons (after Lamb, 1962).






Appendix C

Theoretical fringe profile

Consider planar waves successively reflected between plane parallel surfaces S1 and 52 shown
in Fig. C.1. The incident ray ¢ with unit amplitude represents the direction of propagation
of the incident planar wave and @ is the angle of incidence of the beams on the surfaces
within the space between the surfaces (the interspace). The effective refractive index of the
interspaceis u, and we suppose the light to have a wavelength of Ag in a vacuum. We consider
the sets of successively reflected waves a, b, c,... and transmitted waves a, 3, 7v,... shown
in Fig. C.1. The surface reflection and transmission coefficients for an incident ray travelling
from left to right are labeled +, and those for an incident ray travelling right to left are
labeled —. The optical delay for successive reflections gives an additional phase difference,
which, for adjacent members of each set, obviously corresponds to a double passage through

the interspace. The phase lag ¢ is given by

v =27(2ud cos )/ X. (C.1)

Both sets of beams form a geometrical progression with the same factor 7 ry ', with
the exception of the first reflection. The amplitude E:(m) of the resultant electric field vector
of the light first transmitted, m, is given by

Ei(m) = t]tS {1 Frrge 4ot (rl_r;'ei‘p) m_l} . (C.2)

For an infinite number of beams as, i.e. m — o0, this becomes

282
Ei(m—ooo) = ——=—. C.3
d ) 1-— rl_r;'e“»’ (C3)
The corresponding transmitted intensity I; is found from the square modulus E, E;:
t+t+ 2
It | 172 | (C4)

T Ll 2 - 2friry | cos ¢

where ¥ = ¢ + €, and € is given by
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Figure C.1: Planar waves being successively reflected back and forth between two planar
parallel surfaces.

e=argr] +argry. (C.5)

For a single surface, coefficients for the intensity of reflection and transmission by the

surface, R and T respectively, may be summarized by

T = tft], R=1|rt?=|r"|?, and R+T=1. (C.6)

Substituting these into Eq. (C.4), we obtain

TZ
14+ R2—-2R cos ¢
(1) {1+ Fsin®(9/2)}

T

= (m)ZA(ﬁb): (C.7)

It =

where Fis given by 4R/(1-R)? and A(¢) is the Airy function. The periodic form of the fringes

arises from the Airy function, as shown in Fig. C.2.
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