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Auroral Ion Upflows in the F-Region and
Topside Ionosphere

Craig Foster

Abstract

Ion flow along geomagnetic field lines is an important mechanism in the coupling of the
magnetosphere-ionosphere system. Over the last 25 years or so, a wealth of satellite and
radar observations has revealed the ionosphere as a steady and significant source of

magnetospheric plasma. In the auroral ionosphere, field-aligned O* upflows are often
detected with fluxes exceeding those observed at higher altitudes, indicating that the
ionosphere actively supplies ions to the magnetosphere. A number of mechanisms,
principally associated with disturbed ionospheric conditions, have been proposed to account
for ion upflows. This thesis documents a study of ion upflows observed in the auroral F-
region and topside ionosphere. The work is based almost exclusively on incoherent scatter
measurements from the EISCAT facility. More than 12 years’ UHF Common Programme
observations were employed in a study of the variation of upflow characteristics as a function
of time, altitude, season and solar and geomagnetic activity. The study was extended in
altitude with the inclusion of 5 years’ vertical measurement from the EISCAT VHF radar. A
quantitative comparison between upflow occurrence and plasma heating events was also
performed. In addition, a case study is presented, examining three intervals of transient ion
upflow detected during a run of the UK EISCAT Special Programme UFIS. The three events
highlight some of the energization processes that can occur at different altitudes to generate
field-aligned flow. Finally, a more detailed numerical investigation examined a day-side
upflow observed by EISCAT in March, 1992. The event was modelled employing a simple
1-D approximation to the ion momentum-balance equation. The model explored the relative
effects of plasma pressure, gravity and neutral wind on the field-parallel ion velocity; it was
found that knowledge of the ion composition was necessary for accurate modelling of the
observations.
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CHAPTER 1
Introduction: The Solar-Terrestrial Environment
and the Earth’s Ionosphere

1.1 The Sun and the Solar Wind

The thermal expansion of the Sun's upper atmosphere, the corona, generates an outward
flux of particles into interplanetary space, a phenomenon termed the solar wind. The solar
wind is a fully ionized plasma, predominantly comprised of protons and electrons. At a
distance of 1 astronomical unit (AU), solar wind particles typically attain velocities of
between 300 and 600 km s-1. In general, the solar wind particle density lies between 1x100
and 1x107 m-3. The Sun’s magnetic field is carried into interplanetary space by the highly
conducting solar wind plasma, constituting the so-called interplanetary magnetic field (IMF).
As the Sun rotates with a 27 day period, the IMF acquires a spiral form, as illustrated in
Figure 1.1. Close to the Earth, interplanetary magnetic field lines make an angle of about 45°
with the radial direction in the ecliptic plane. In the solar meridional plane, a neutral current
sheet separates regions of sunward and anti-sunward directed magnetic field. The neutral
sheet is often shaped such that some regions lie above and others below the ecliptic plane. As
this pattern rotates with the Sun, the IMF in the vicinity of the Earth exhibits adjacent regions
of sunward and anti-sunward directed field, schematically illustrated in Figure 1.1. There are
typically two or four sectors, although at solar maximum the configuration can become more
unstructured. The position of the neutral sheet with respect to the ecliptic plane is important
since it determines the direction and magnitude the component of the IMF perpendicular to
the ecliptic (the z-component). The z-component of the IMF greatly influences the degree of
coupling between the solar wind and the terrestrial magnetosphere-ionosphere.

Solar electromagnetic radiation at X-ray and extreme ultraviolet (EUV) energies is the
dominant factor in the ionization of the Earth’s upper atmosphere. Fluxes at these
wavelengths exhibit a strong dependence on the 11 year solar cycle; at solar maximum, the
power of EUV and X-radiation can be enhanced by factors of about two and five,
respectively, compared with solar minimum conditions.

1.2 The Terrestrial Environment

1.2.1 The Magnetosphere

As the solar wind particles travel Earthward, they are deflected by the geomagnetic
field. The cavity thus formed in the solar wind is termed the magnetosphere. Figure 1.2
illustrates the principal regions of the terrestrial magnetosphere. The boundary of the
magnetosphere is marked by the magnetopause, within which the energy density of the
geomagnetic field exceeds that of the solar wind plasma. Deflected solar wind particles travel

around the magnetopause current sheet in a region known as the magnetosheath. Sunward of
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Figure 1.1 Schematic representation of the spiral structure of the
interplanetary magnetic field, indicating also adjacent regions of sunward and
anti-sunward directed field.
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Figure 1.2 The interaction between the solar wind and the Earth’s magnetic field, illustrating
the principle regions of the magnetosphere.
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the magnetopause, a bow shock is formed where the supersonic solar wind particles encounter
the hotter, denser magnetosheath plasma. On the day-side, the bow shock typically lies up to
13 Rg from the Earth in the noon meridian. Although the geomagnetic field effectively
shields the near-Earth environment from the solar wind, the magnetosphere contains plasma
of both solar wind and ionospheric origin. On the day-side, solar wind particles gain entry
into the magnetosphere through the polar cusps. On the night-side, the magnetospheric cavity
is drawn into a tail by the solar wind, extending to distances of up to 1000 Rg (Villante,
1975). Reconnection in the magnetotail injects solar wind plasma into the plasma sheet and
radiation belt, from where it has direct access to the high latitude ionosphere in the auroral
zones. At high latitudes, magnetospheric plasma convects across the polar caps in the anti-
sunward direction. The convection is driven by dayside reconnection (eg. Dungey, 1961) and
by viscous interaction between the solar wind and magnetosphere (Axford and Hines, 1961).
Anti-sunward convection results in a build up of plasma in the magnetotail, the plasma
returning Earthward along closed field lines at lower latitudes. The accumulation of solar
wind energy in the magnetotail is enhanced during periods of southward IMF, since then
dayside reconnection proceeds efficiently. The build-up of energy in the tail can result in the
collapse of the tail through reconnection, releasing energetic particles Earthward. Such an

energy release, termed a substorm, can have a dramatic ionospheric signature.

1.2.2 The Ionosphere

The ionosphere is formed by the photo-ionization of the upper atmosphere by solar
EUV and X-ray radiation. For practical purposes, the ionosphere is generally considered to
extend from approximately 60 to 1000-km altitude, beyond which magnetospheric processes
become increasingly important. Within the ionosphere there are sufficient numbers of free
electrons to influence the propagation of radio waves; it is that effect by which the ionosphere
is defined. Ionospheric plasma is, however, very weakly ionized, with charged particle
concentrations of less than one percent of the neutral atmosphere density at all altitudes.
Consequently, the structure and behaviour of the ionosphere is dependent to a large extent on
the surrounding neutral atmosphere. It is, therefore, necessary to understand the composition
of the neutral atmosphere in which the ionospheric plasma exists.

The regions of the upper atmosphere, illustrated in Figure 1.3, are generally defined
according to the neutral temperature. Above approximately 100-km altitude, within the
thermosphere, the neutral temperature increases steadily with altitude due to
photodissociation of atomic oxygen by UV solar radiation. The neutral temperature reaches a
limiting value at the thermopause, above which it stabilizes. The height of the thermopause
and the maximum temperature of the thermosphere exhibit seasonal, diurnal and solar cycle
variations.

The atmospheric density and pressure also diminish rapidly with increasing altitude,

such that at 50 km they are approximately 0.1% of their sea-level values. The region of
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atmosphere below about 500-km altitude is termed the barosphere, above which lies the
exosphere, as illustrated in Figure 1.3. Within the barosphere, the atmospheric density is
sufficiently large such that collisions prevent the escape of neutral gases. Beyond the
exobase, however, the lighter species such as H and He can escape the Earth’s gravitational
field.

The composition of the neutral atmosphere also exhibits altitudinal variations. Below
about 110-km altitude, turbulent mixing of the atmosphere means that the relative
concentrations of the neutral species, principally Oz and N3, remain constant with height.
The upper boundary of this region is termed the turbopause. Above the turbopause, the
different masses of the neutrals leads to stratification of the atmosphere under the influence of
gravity. Lighter species such as O, He and H become predominant with increasing altitude,
each layer exhibiting a scale height dependent on the neutral particle mass and temperature.

The depth to which solar radiation can penetrate into the atmosphere is dependent on
both the photon energy and the gases it is able to ionize. Thus the ionosphere is stratified into
distinct layers, each characterized by its predominant ion species and peak electron density
value. Figure 1.4 illustrates typical altitude profiles of electron density for the night-time and
day-time ionosphere at mid-latitudes for moderate solar activity. Between solar maximum
and miﬁimum, the peak electron density can vary by a factor of two. The principal
ionospheric layers are termed the D, E and F-regions, the latter comprising two distinct layers
by day, the F1 and F2 regions. The D-region is produced by hard X-rays and cosmic rays,
whilst softer X-ray and EUV radiation generates the E-region. The majority of EUV
radiation is absorbed between about 150 and 180-km altitude, forming the daytime F1 layer.
The E- and F1-regions are populated mainly by O+ and NO* ions, the latter produced through
chemical reactions. There is no strong absorption peak above the F1 region. The presence of
the F2 layer, and its relatively high electron density, is accounted for by the ion loss rate
decreasing faster than the ion production rate with increasing altitude. The electron densities
in the D, E and F1 regions are determined largely by the balance between solar production
and loss due to recombination, with transport effects being of lesser importance. Therefore,
the peak electron densities in these regions exhibit a dependence both on the ion species
present and their interactions with the surrounding neutral gas, as well as a dependence on
diurnal, seasonal and solar cycle variations due to changing solar fluxes. In the F2 region, O%
is the dominant ion and transport processes such as diffusion become increasingly important
as the neutral density decreases with altitude. Since there is no production peak
corresponding to the F2 layer, the altitude of the electron density maximum is more variable
than in the other regions, generally lying between 200 and 500-km altitude. Above the F2
peak, in the topside ionosphere, ion transport becomes the dominant loss process. At altitudes
beyond about 700 km, O* is gradually replaced by the H* and He* ions of the protonosphere.
He* ions are produced by photo-ionization of neutral He, whilst the H* ions of the
protonosphere are largely supplied by the ionosphere. By day, charge exchange between
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ionospheric Ot and H produces H* ions that diffuse upward to the protonosphere. Return
flow of H* on the night-side supplies the F2 ionosphere with O* ions via the reverse reaction.
Hence, the topside F2 layer and protonosphere are coupled via ion flow along geomagnetic
field lines.

1.2.3 The High-Latitude Ionosphere

At latitudes greater than about 60°, the behaviour and structure of the ionosphere is
principally governed by magnetospheric processes. Convection electric fields in the
magnetosphere are mapped along geomagnetic field lines into the high-latitude ionosphere.
The effects of electric fields in the ionosphere depend largely on altitude. At all ionospheric
altitudes, the gyrofrequencies of the electrons are far greater than their collision frequencies.
Consequently, the electrons are free to move with the ExB drift, where E represents the
external electric field and B the geomagnetic flux density. Below about 150-km altitude,
however, ion-neutral collision frequencies are large enough such that the geomagnetic field
has no discernible effect on ion motions, hence the ions are driven in the direction of the
external electric field. The differential ion-electron motion constitutes the electrojet current,
which is coupled to the magnetosphere through geomagnetic field-aligned currents. Beyond
about 150-km altitude, decreasing ion-neutral collision frequencies allow ions to flow with
the ExB drift. Thus at F-region heights and above the ionospheric plasma experiences bulk
motion driven by electric potentials that originate in the magnetosphere. In general, the
ionospheric plasma moves antisunward over the poles and returns at lower geographic
latitudes. The resulting twin-cell convection pattern is schematically illustrated in Figure 1.5.
Electric potential differences in the high-latitude, F-region ionosphere can exceed
100 mV m-1, sufficient to generate ion-neutral relative velocities in excess of 1 km s-I. Ion-
neutral relative motion results in frictional heating of the ions, leading to modification of the
chemical composition of the ionosphere through increased recombination of O+ (Rees and
Walker, 1968; St.-Maurice and Torr, 1978). The formation of the main ionospheric trough, a
region of depleted density in the nightside high-latitude ionosphere, is in part attributed to
chemical modification due to ion frictional heating. The approximate location of the high-
latitude trough is illustrated in Figure 1.5. Large electric fields can also heat the neutral
atmosphere, predominantly at E-region altitudes, through Joule heating.

Heating of the ionized and neutral atmospheres through the action of electric fields is an
important mechanism of energy exchange between the magnetosphere and high latitude
ionosphere. The magnetosphere-ionosphere system is also coupled through the exchange of
charged particles, which flow readily along geomagnetic field lines. Energetic electron
precipitation into the high-latitude ionosphere is a common occurrence, giving rise to the
visible aurora. Auroral electrons originate in the plasma sheet (see Figure 1.2) and are
accelerated along field lines, to energies of between approximately 100 eV and 10 keV, into
the latitudinally confined auroral ovals. The northern hemisphere auroral region, illustrated in

4
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Figure 1.5 Schematic representation of the ionospheric twin-cell convection pattern. The
typical positions of the main ionospheric trough and auroral oval are also illustrated.
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Figure 1.5, is centred on the geomagnetic poles and typically extends to around 65° latitude
on the nightside, penetrating further equatorward with increasing geomagnetic activity
(Feldstein and Galperin, 1985). Auroral precipitation leads to increased ionization, heating
both the ionosphere and neutral atmosphere, and can also enhance the effect of Joule heating
in the E-region through increased conductivities.

Ion flow along geomagnetic field lines at mid and high-latitudes couples the F-region
ionosphere and protonosphere. In the polar cap regions, open field lines allow for the escape
of ions from the ionosphere into the magnetosphere, a phenomenon termed the polar wind
(Ganguli, 1996). Polar wind outflows are composed primarily of the light ions H+ and He*.
Similarly, solar wind particles can enter the ionosphere along polar cap field lines,
constituting the so-called polar rain.

Ion outflows are also a common occurrence in the auroral zones and the ionosphere has
been shown to be a major source of magnetospheric ions (Chappell, 1988). Field-aligned
transport of plasma has also been implicated in the formation of the high-latitude trough
(Williams and Jain, 1986). A number of mechanisms have been proposed to account for ion
outflows. Upward thermal expansion of the neutral atmosphere and ionosphere can result
from Joule heating and ion frictional heating, or from heating caused by electron precipitation
(Jones et al., 1992; Sellek et al., 1991). Field-aligned currents, associated with auroral arcs,
provide a possible mechanism for ion flow from the ionosphere, and outflows have also been
attributed to transverse acceleration and subsequent magnetic mirroring of the ions (Suvanto
et al., 1989). The effects of horizontal neutral winds and the vertical component of the ExB
drift have also been considered (Rodger et al., 1992). Field-aligned plasma flow is an
important coupling mechanism between the high-latitude ionosphere and near-Earth
magnetosphere, affecting the structure and behaviour of the ionosphere-magnetosphere

system.

1.4 Radar Measurements of the Ionosphere

One of the most widely employed methods of ground-based remote sensing of the
ionosphere is that of incoherent scatter (IS) (Beynon and Williams, 1978). Incoherent scatter
radars, operating at VHF and UHF, rely on the quasi-coherent scatter of radiation by acoustic
waves in the ionosphere. Analysis of IS allows for the derivation of ionospheric electron
density, ion and electron temperatures and ion velocity along the line-of-sight of the radar. In
addition, a number of other parameters may be obtained from IS measurements when suitable
assumptions are made.

The present thesis is based primarily on observations obtained by the European
Incoherent Scatter (EISCAT) facility (Rishbeth and Williams, 1985). The EISCAT system,
located in northern Scandinavia, comprises a monostatic VHF radar and a tristatic UHF
system. The latter allows for measurement of vector velocities in the volume of intersection

of the three receiver beams. The different operating frequencies of the two systems allows for
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observations within different altitude regions in the ionosphere. The theory of incoherent
scatter, with particular reference to the EISCAT facility, is discussed in more detail in
Chapter 3.

1.5 Aims of the Present Study

Ionospheric ion upflows are an important mechanism in the coupling of the ionosphere-
magnetosphere system. Satellite and radar observations of the high-altitude, high-latitude
ionosphere have revealed the presence of a wide variety of outflowing ion species.
Measurements at lower altitudes have demonstrated that upflowing ion fluxes can exceed
those observed in the magnetosphere, indicating that the ionosphere actively supplies ions to
the magnetosphere. Furthermore, it has been suggested that the ionosphere alone might be a
sufficient source of plasma for the magnetosphere, without the need for a solar wind
contribution.

This thesis presents three complementary studies of ion upflows in the high-latitude, F-
region ionosphere. The work is based upon observations from the EISCAT facility. A case
study of three upflow events is presented in Chapter 4, highlighting some of the energization
processes that can occur at different altitudes to generate field-aligned ion flow. A synoptic
study of upflows based upon several years’ worth of observations is documented in Chapter
5. The study illustrates the variation in upflow characteristics as a function of universal time
(UT), altitude, season and solar and geomagnetic activity. The relationship between upflows
and ion frictional heating in the high-latitude F-region is also quantitatively examined.
Finally, Chapter 6 presents a more detailed investigation of an upflow event, employing a
simple one-dimensional approximation to the ion momentum balance equation. The study
examines the ability of the model to account for the observed ion velocities, exploring the
relative importance of plasma pressure, gravity, neutral wind, magnetic mirror force and
thermal diffusion on the field-aligned ion momentum. It is also demonstrated that the ion
composition is a vital factor if the observations are to be accurately modelled.

These studies shed further light on the nature of upflows in the high-latitude ionosphere.
In particular, the results of the statistical study clearly indicate that the occurrence
frequencies, velocities and fluxes of upflows are strongly dependent not only on UT and
season, as has been demonstrated previously, but also on solar cycle. The modelling study, in
addition to examining the relative importance of various acceleration mechanisms in a

particular event, also questions the validity of such simple models.
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CHAPTER 2
Ion Upflows in the High-Latitude F-region and Topside
Ionosphere: Review and Theory

2.1 Introduction

Since the time of the earliest observations of heavy ions in the magnetosphere,
numerous spacecraft and radar data have demonstrated that the ionosphere is an important
source of magnetospheric plasma. Ion outflow along open geomagnetic field-lines in the
polar caps, termed the polar wind, is a well documented phenomenon. Outflows are also
commonly detected in the auroral regions. In recent years, radar and spacecraft observations
of the high-latitude, F-region and topside ionosphere have revealed that heavy ion upflows are
not simply a response to a magnetospheric requirement; rather, the ionosphere actively
supplies the magnetosphere with plasma. This chapter describes the physical processes that
can generate ion upflows in the high-latitude F-region and topside ionosphere. The
discussion considers the theory, modelling and observations of these phenomena. Particular
reference is made to radar observations in the northern hemisphere auroral region.

2.2 Observations of Heavy Ions in the Magnetosphere

Until the early 1970’s, the Sun, solar wind and cosmic rays were thought to be the
dominant source of magnetospheric plasma. Magnetospheric particles were observed to
possess energies of order keV, whilst the energies of ionospheric particles were much less, of
order eV. Hence it was generally believed that the dominant sources of magnetospheric
plasma were extraterrestrial (Chappell 1988). Recognition of the ionosphere as a source of
magnetospheric ions came with observations of the heavy ions He* and O* in the auroral
zone with energies in excess of 1 keV (Shelley et al., 1972), and the discovery of heavy ions
at magnetospheric altitudes (Sharp et al. 1974, Johnson et al., 1974). Over recent years,
numerous satellite and rocket observations have demonstrated that the ionosphere is an
important source of magnetospheric ions (eg. Young et al., 1977; Ungstrup et al., 1979;
Ghielmetti et al., 1978; Lockwood, 1982; Heelis et al., 1984; Lu et al., 1992; Arnoldy et al.,
1992). Chappell (1988) presented a comprehensive study of the importance of the terrestrial
plasma source, based largely on data from the Dynamics Explorer 1 (DE-1) satellite. The
author concluded that ion outflows can consist of particles with masses ranging from 1 to 32
amu, with energies between 1 eV and 10 keV. The total strength of the ionospheric source of
magnetospheric ions was estimated by Chappell to be around 3.5x1026 s-1, primarily
comprising H*, He* and O% ions. Chappell compared this figure with the estimated
maximum solar wind input available from sub-solar reconnection, some 1.4x1027 g-!
(Cowley, 1980), and the solar wind flux of approximately 7x1026 s-! that may enter through
the flanks of the magnetotail (Eastman et al., 1985), arguing that the ionospheric input is at
least comparable with these other sources. Chappell et al. (1987) even suggested that the



ionosphere alone is an adequate source of plasma for the magnetosphere, although Chappell
(1988) stated a belief that plasma of both ionospheric and solar wind origin contribute to the
magnetospheric plasma.

Ionospheric outflows are generally categorized according to one of four sources, these
being the polar wind, the cleft ion fountain, the polar cap and the auroral zone (Chappell,
1988). The characteristics of these sources will be briefly discussed in the following section.
Particular attention will be paid to auroral zone outflows and upflows, as these phenomena

constitute the subject of this thesis.

2.2.1 The Polar Wind

The polar wind describes the escape of light ions, mainly H* and He*, along the open
geomagnetic field-lines of the polar caps. The outflow is driven primarily by diffusion. The
polar wind was first studied by Banks and Holzer (1968) and Axford (1968). Hoffman (1970)
presented the first observational evidence of the polar wind, detected as He* fluxes of order
1x1012 m2 s-1 above 250-km altitude. DE-1 observations of both H* and He* in the polar
wind, between 65° and 81° ILAT (invariant latitude) at magnetospheric altitudes of order 2
RE, were reported by Nagai et al. (1984). Heavy ions (O*) with energies of less than 10 eV
have also been detected in the polar wind by the S3-3 satellite near the auroral oval (Shelley et
al., 1976; Ghielmetti et al., 1978).

The polar wind has been extensively modelled over the years, formerly using steady
state approximations (eg. Banks and Holzer, 1969a, b). More recently, a number of time-
dependent models have more accurately described the polar wind behaviour, including the
presence of heavy ion outflows (Gombosi et al., 1985; Gombosi and Killeen, 1987; Schunk
and Sojka, 1989; Gombosi and Nagy, 1989; Ho et al., 1991). Abe et al. (1993) presented a
statistical study of polar wind outflows based on Akebono satellite observations. Figure 2.1,
taken from Abe et al. (1993), illustrates averaged parallel velocity distributions for H, He*
and O as a function of magnetic local time and invariant latitude between 60° and 88°. The
figure shows that, in general, stronger outflows are present at high latitudes and parallel
velocities tend to decrease with increased ion mass. It is also noted that enhanced flows are
evident within the auroral region, at around 68° ILAT on the night-side and 74° ILAT on the
day-side as a result of auroral zone energization (see section 2.2.4).

In summary, the polar wind is typically characterized by light ion outflow, with H+
fluxes of order 1x1012 m-2 s-1 at energies of 1-2 eV and an He* content of between 1 and
10% at a few eV (Chappell, 1988). A comprehensive review of polar wind observations and
theories has been presented by Ganguli (1996).

2.2.2 The Cleft Ion Fountain
In addition to the light ions of the classical polar wind, heavy ion (O+) outflows are also

observed along polar cap field lines. Among the first such measurements were made by the
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DE-1 satellite, with O* fluxes of order 1x1013 m-2 s-! at a few eV reported (Shelley et al.,
1982; Waite et al., 1985). The source for the outflows was identified as the dayside polar
cusp region (Waite et al., 1985), from where the upwelling ions convected into the polar cap.
This outflow was termed the cleft ion fountain by Lockwood et al., (1985a, c).

For a given initial energy in the polar cusp ionosphere, lighter ions attain a greater field-
aligned velocity. Consequently, the combined effects of field-aligned motion and convection
across the polar cap result in the dispersion of ions of different masses across the polar cap
and magnetosphere. This characteristic effect of the cleft ion fountain has been observed by,
for example, Lockwood et al. (1985b), who termed the phenomenon the geomagnetic mass
spectrometer. Figure 2.2 (Chappell, 1988) presents Dynamics Explorer 1 observations
illustrating ion dispersion across the polar cap. The upper three panels of the figure indicate
that the lighter, faster upflowing H* ions were detected before the He* and Ot ions, as the
spacecraft moved towards the night-side. Ions with sufficient energy will overcome
gravitational attraction and escape the ionosphere, becoming spatially dispersed depending on
their initial energies (Horwitz and Lockwood, 1985). Alternatively, lower energy,
gravitationally-bound ions may “hop” between their magnetic mirror points at the lower
altitude and the limit of their trajectories in the gravitational field at the upper altitude
(Horwitz 1984; Delcourt et al., 1988). Thus at times O* may be seen to move both up and
down polar cap field lines (Chandler et al., 1991; Chandler 1995). Chappell (1988) and
Pollock et al. (1990) have estimated that the cleft ion fountain supplies between about 1025
and 4x1025 ions s-! to the magnetosphere, with energies in the range 1 to 20 eV (Giles et al.,
1994).

2.2.3 Polar Cap Outflows

A further source of ionospheric outflow associated with the polar cap is characterized
by particle energies of between about 10 and 100 eV (Yau et al., 1985) . Polar cap outflows
of H*, Het and O* have been reported by Shelley et al. (1982). In addition, lesser field-
aligned fluxes of N* and molecular ions such as N»* and O* have been observed (Chappell
et al.,, 1982; Craven et al., 1985). These outflows tend to occur during more disturbed
conditions and may be associated with the cleft ion fountain (Chappell, 1988).

2.2.4 Auroral Zone Outflows

Ionospheric ions with energies of order keV were first detected within the auroral zone
(Shelley et al., 1972). Subsequently, a number of satellite observations have indicated the
presence of ionospheric ions within this region at energies of order 10 eV to 10 keV, at
altitudes between about 1000 km and several Earth radii. Auroral zone ion outflows are
generally characterized according to the ion pitch angle, being described as either field-
aligned “ion beams” or confined pitch-angle “ion conics” (eg. Shelley et al., 1976; Lockwood,
1982; Lu et al., 1992). For example, Ungstrup et al. (1979) reported ISIS-2 observations of
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Figure 2.2 An illustration of mass dispersion across the polar cap, the geomagnetic mass
spectrometer. The upper three panels show the sequential encounter of H*, He* and O*
by DE-1 as it moved toward the night-side polar cap (Chappell, 1988).
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ion conics at 1400-km altitude with pitch angles between 90° and 135°. Ungstrup and co-
authors indicated that these ion conics were usually detected near the boundaries of the
auroral oval. Lu et al. (1992) presented near-simultaneous DE-1 and DE-2 observations, from
about 700 and 12000-km respectively, of low energy (< 5 eV) Ot ion conics at the lower
altitude and high energy (~100 eV) ion beams at the higher altitude. A number of studies (eg.
Yau et al., 1984, Heelis et al., 1984; Lockwood et al., 1985c) have demonstrated that ion
conics are initiated at lower altitudes, around 1000 km, than ion beams, and the ions are
accelerated upwards by the magnetic mirror force to altitudes where parallel acceleration
occurs, at perhaps 1 Rg and above.

The sources of parallel electric fields along auroral field-lines and their role in the
generation of ion beams has been addressed by a number of authors, as summarized by
Horwitz (1982). Parallel electric fields of the order 1 V m! near 1 Rg have been reported by,
for example, Mozer et al. (1977) . Parallel electric fields are associated with field-aligned
auroral electron beams. It was argued by Horwirz (1982) that the same fields could accelerate
ions out of the ionosphere. This scenario is consistent with numerous observations of ion
beams at auroral latitudes (eg. Ghielmetti et al., 1978; Lu et al., 1992). For example, Figure
2.3 illustrates velocity-space contours for H+*, Het and Ot measured by DE-1 at
approximately 700-km altitude (Lu et al., 1992). The beam-like distributions, most clearly
seen for He* and O*, indicate acceleration through an upward electric field at auroral
latitudes. Statistical analyses suggest that ion beams are observed predominantly over the
auroral zone (Ghielmetti et al., 1978).

The presence of outflows with constrained pitch angle distributions (ion conics)
indicates transverse heating of the ions, that in turn points to the existence of perpendicular
electric fields (Sharp et al., 1977). Energization can result from resonant interaction of the
ions with electrostatic ion acoustic and ion cyclotron waves (Ungstrup et al., 1979; Norqvist
et al., 1996) or with lower hybrid waves (Chang and Coppi, 1981; Retterer et al., 1994). The
waves may be generated by local plasma instabilities; for example, ion cyclotron waves are
unstable to field-aligned current strengths that are often detected at auroral latitudes (Kindel
and Kennel, 1971; Forme at al., 1993). These and a number of other transverse acceleration
mechanisms, and the processes believed to produce them, are addressed by Crew et al. (1990)
and Moore et al. (1996). Gorney et al. (1981) found that the occurrence of ion conic
distributions was less dependent on altitude than that of ion beams, and that during quiet
periods conics were formed mainly at altitudes between 1000 and 2000-km altitude, below
where ion beams are typically observed. These findings are again consistent with
observations of, for example, Klumpar (1979), Heelis et al. (1984), Yau et al. (1984) and Lu
etal (1992).

A statistical analysis of S3-3 satellite observations (Ghielmetti et al., 1978)
indicated that keV O* and H* outflows occurred approximately 60% of the time within a
region corresponding to the statistical auroral oval. Similarly, Klumpar (1979) studied ISIS 1
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and 2 data, concluding that transverse ion acceleration and subsequent outflow was
predominantly a winter, night-side, auroral zone phenomenon, with an occurrence probability
of over 50% at certain times at 1400-km altitude (Figure 2.4). During Summer and at
altitudes above 2750 km, Klumpar found a preponderance of transverse ion acceleration
events within the dayside cleft region. Lockwood et al. (1985¢) and Pollock et al. (1990)
have arrived at similar conclusions. Yau et al. (1984) examined outflow characteristics
derived from DE-1 data acquired between 8000 and 23000-km altitude. These authors found
that the distribution for H* and Ot outflows was auroral-oval-like, and that conic distributions
for both ion species exhibited a dawn-dusk asymmetry in favour of the dusk sector. These
findings were comparable with those of Ghielmetti et al. (1978). Moreover, Yau and co-
workers indicated that the occurrence frequency of O* conics was dependent on magnetic
activity. In summary, there is ample evidence of both transverse and parallel acceleration of
cold ionospheric ions within the auroral zone, resulting in outflow to magnetospheric
altitudes.

A number of sounding rocket observations of auroral ion outflows appear in the
literature, for example Kintner et al. (1986) and Retterer et al. (1994). Arnoldy et al. (1992)
presented TOPAZ 3 observations from 1100-km altitude of heating of O* and H+ to energies
of order 10 eV, which they attributed to transverse heating by lower hybrid waves in the
region above an aurora. These authors further concluded that transverse acceleration of ions
is a common occurrence above aurorae. Notably, Whalen et al. (1978) reported low energy
Ot fluxes with near-90° pitch angle at altitudes of around 500 km, indicating that transverse
acceleration mechanisms may operate at relatively low altitudes.

In summary, satellite and rocket observations of ion outflow from the auroral
ionosphere have steadily increased in number since the early 1970s. In particular, data from
the Dynamics Explorer satellites have indicated several source regions, capable of populating
the magnetosphere with a significant proportion of ionospheric ions. A number of different
acceleration processes appear to operate at different points along geomagnetic field-lines
(Sagawa et al., 1 991), from topside ionospheric altitudes out to several Earth radii. Particle
energies ranging from a few eV to several keV are observed, and an extensive data base has
allowed for evaluation of outflow occurrence probabilities. Satellites and rockets have
mapped large areas of the high-latitude topside ionosphere and magnetosphere, but generally
do not observe down to F-region heights. Thus the low-altitude response to topside outflows
was uncertain until the advent of ground-based radar observations in the auroral F-region
ionosphere.

In order to distinguish between flows which exceed the gravitational escape energy,
which for O* is approximately 10 eV, with those less energetic field-parallel flows that might
not escape the ionosphere, the term “upflows” will be used from hereon to refer to the latter,
regardless of energy or velocity (Loranc and St.-Maurice, 1994). These upflows consist

primarily of O*, since that is generally the dominant ion in the ionosphere above about
y g y P
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Figure 2.4 (a) Ten-day occurrences for transversely accelerated ion (TAI) events in the
northern hemisphere between day 120 of 1971 and day 255 of 1972, derived from ISIS
2 measurements at 1400-km altitude. A total of 558 events were detected, most of which
occurred during the winter months, (b) One-hour occurrence sums of TAI’s at 1400-km
altitude in the northern hemisphere, derived from the same measurements as panel (a).
TATI’s favour the 12 hours centred on magnetic midnight, (c) Occurrence probability of
TATI’s at 1400-km between November 1971 and February 1972 as a function of invariant
latitude and magnetic local time (Klumpar, 1979).
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150-km altitude.

2.3 F-region Observations of Auroral Ion Upflows

Among the first radar observations of upward field-aligned ion flows in the F-region
ionosphere were those made by the Chatanika incoherent scatter radar (Bates, 1974) and later
by the EISCAT radar (Winser et al., 1986). Numerous such observations have since been
reported, primarily in the auroral regions but occasionally at mid-latitudes (eg. Yeh and
Foster 1990). Several workers, including Williams and Jain (1986), Jones et al. (1988),
Winser et al. (1988b, 1989), Wahlund and Opgenoorth (1989) and Wahlund et al. (1992),
have presented observations of upflows in the F-region and topside ionosphere, with ion
velocities ranging from around 100 m s-! to as much as 1500 m s-!. Corresponding ion fluxes
of up to 1014 m-2s-1 have been detected, values that are one or two orders of magnitude
greater than the classical polar wind flux. Figure 2.5, from Wahlund et al. (1992), illustrates
altitude profiles of electron density, ion and electron temperatures and field-aligned ion
velocity and flux at the time of two such upflows observed by EISCAT. The earlier event,
displayed in the upper four panels of the figure, exhibited field-aligned ion velocities of
nearly 500 m s-! and fluxes of around 8x10!3 m-2 s-1, concurrent with an enhanced ion
temperature of more than 2500 K. This upflow was characteristic of a “type 1” event, as
discussed in section 2.4.3. Transient field-aligned velocities of up to 1300 m s-1 and fluxes
nearing 2x1014 m-2 s-! were detected in the later event (Figure 2.5b). An enhanced electron
temperature and an unchanged ion temperature render the upflow characteristic of a “type 2”
event (see section 2.4.5).

Loranc et al. (1991) analysed vertical ion drifts detected by the DE-2 satellite between
200 and 1000-km altitude and found that, in the auroral zone, flows tended to be upwards,
with velocities in the range 100 m s-1 to 3 km s-1. It was suggested that these large upward
flows were generated by sudden increases in the ion temperature through ion frictional
heating below 500-km altitude. The distribution of upward flows below 1000-km altitude,
illustrated in Figure 2.6, was found to agree well with the morphology of outflowing ion
beams and conics observed by satellites at high altitudes, most clearly seen in panels (a) and
(b). Loranc and co-authors concluded that there is a close connection between F-region
upflows and magnetospheric outflow events in the auroral ionosphere. In addition, large
vertical velocities were observed more frequently above 600-km altitude than below. The
occurrence frequency of vertical ion drifts with speeds exceeding 100 m s-! was seen to be
dependent on magnetic activity. Furthermore, the peak occurrence frequency on the night-
side was generally smaller than on the day-side. Loranc and co-workers argued that the very
large observed drifts were the vertical component of bulk field-aligned flow, and not
attributable to the vertical component of the ExB convection. Notably, the upward field-
aligned fluxes observed at low-altitudes often exceeded those detected in the magnetosphere,

implying that ionospheric upflows are not simply a response to higher altitude loss processes;
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rather, the F-region and topside actively supply ions to higher altitudes.

A statistical study of large F-region field-parallel flows was presented by Keating et al.
(1990). These authors analysed EISCAT Common Programme 1 data collected between
1985 and 1987 and derived seasonal and diurnal distributions of upflow occurrence
frequencies for a range of altitudes between 200 and 500 km. An upflow (or downflow)
“event” was deemed to have occurred if either the field-aligned ion velocity exceeded 100 m
s-1 or the flux was greater than 1013 m-2 s1. These criteria, discussed in more detail in
Chapter 5, were based on previous observations of field-aligned flows (Winser et al. 1989)
and theoretical analyses, and are similar to the criteria adopted by Loranc et al (1991). The
diurnal and seasonal upflow occurrence distributions derived by Keating et al. (1990) are
included as Figure 2.7. Keating and co-authors observed that upflows were most frequent
during winter and on the night-side at the latitude of EISCAT, with a maximum occurrence at
around 2100 UT and above 400-km altitude. Fewer upflows were observed on the day-side,
possibly because the auroral oval is then typically at a higher latitude than the EISCAT radar.
Keating and co-workers also examined the correlation between the observed flux magnitudes
and ion and electron temperatures. Figure 2.8 illustrates the relationship between upward ion
flux at 400-km altitude and ion temperature at 200 km for three ranges of electron
temperature at the lower altitude. The vertical line in each panel represents the mean ion
temperature at 200-km altitude and 2100 UT wintertime for the period covered by the study.
The figure indicates that the number of upflows at 400 km tends to be greater during periods
of enhanced ion temperature, exhibiting also a dependence on electron temperature at lower
altitudes. Keating and co-authors remarked that more and larger upflows were observed
when both ion and electron temperatures were enhanced.

Satellite observations of outflowing O* beams and conics, at altitudes in excess of
around 1000 km, have been interpreted in terms of parallel and transverse acceleration of the
ions. Such acceleration mechanisms are generally considered to be effective at altitudes
above about 1000 km, often above auroral arcs. At lower ionospheric altitudes, other
acceleration mechanisms become important. For example, Winser et al. (1988b) interpreted
field-aligned F-region plasma flows of order 100 m s'! in terms of an equatorward neutral
wind, thermal expansion of the neutral atmosphere as a result of Joule heating, and enhanced
ion diffusion. These processes have been quantitatively considered in numerical models of
ion upflow events. The models employed range from single-ion, one-dimensional, steady-
state approximations (eg. Jones et al., 1988) to multi-ion time dependent approaches (eg.
Bailey and Sellek, 1990; Loranc and St.-Maurice, 1994; Wilson, 1994; Robineau et al.,
1996).

The Sheffield University plasmasphere and ionosphere model (SUPIM) is a typical
example of the latter (Bailey and Sellek, 1990). The model solves the time-dependent
equations of continuity, momentum and energy for a multi-ion plasma in one dimension, that
is, along the geomagnetic field direction. SUPIM has been employed by Sellek et al. (1991)

13
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Figure 2.7 (a) Diurnal variation (in hourly bins) of upflow frequency occurrence for six altitude levels between 200
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al., 1991).
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and Heelis et al. (1993) in investigations of field-aligned plasma flows generated by large
convection electric fields. These studies are addressed in more detail in section 2.4.3. A
similar approach is adopted by the Field Line Interhemispheric Plasma (FLIP) model (Torr et
al., 1990). The FLIP model has been adapted by Liu et al. (1995) in order to simulate
satellite observations of topside ion upflows, and by Caton et al. (1996) to explain EISCAT
observations of F-region ion upflows.

A comparison of two time-dependent fluid models was presented by Robineau et al.
(1996) . These codes were employed by Blelly et al. (1996), initially in an investigation of
the relative importance of ion-frictional heating, heat flux perturbations and upward field-
aligned currents in the generation of upflows. The numerical models simulated well the
overall characteristics of an ion outflow event observed by the EISCAT VHF radar (Blelly
and Alcaydé, 1994). Robineau et al. (1996) concluded that both models were at least valid
between 300 and 1500 km, and provided suitable boundary conditions for kinetic
approximations which are required to model processes such as wave-particle interaction and
non-Maxwellian velocity distributions at topside and magnetospheric altitudes.

Kinetic models have been described by, for example, Wilson (1994) and Loranc and
St.-Maurice (1994). The former simulated O* upflows resulting from ion frictional heating in
the high-latitude F-region. The results compared favourably with some topside satellite and
radar data.

Much simpler models have been employed by some workers to investigate specific
upflow events (eg. Jones et al., 1988). These approximations generally consider the one-
dimensional momentum balance equation along the geomagnetic field direction, for a single
ion under steady-state conditions. Using such an approach, Jones et al. (1988) reproduced
remarkably well the observed velocity profiles during two F-region ion upflow events
observed by the EISCAT radar, as illustrated in Figure 2.9. In the figure, the observed
velocity values are shown as dots with error bars. The solid line in each panel represents the
modelled field-parallel ion velocity, determined from estimates of pressure gradients,
frictional drag, the >magnetic mirror force and gravity, assuming steady-state flow. Wahlund
et al. (1992) attempted to interpret EISCAT observations of upflows in a similar manner.
These authors compared the magnitude of the available momentum terms, namely pressure
gradients, the mirror force and gravity, with the momentum required to produce the observed
field-aligned ion velocity and altitudinal acceleration. For some of the events the available
momentum was sufficient to generate the upward flows only above 600-km altitude.
Wahlund and co-workers suggested that the discrepancy below that height could be accounted
for by neutral winds, which drive the plasma to field-aligned velocities of a few tens of m s-!
(eg. Rodger et al., 1992). The work of Jones et al. (1988) and Wahlund et al. (1992) is
discussed in more detail in the modelling study presented in Chapter 6.

Some of the above processes for the generation of upward plasma flow in the high-
latitude ionosphere have been reviewed by Rodger et al. (1992). The principal factors
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influencing field-aligned plasma flow between 100 and 1000-km altitude are illustrated
schematically in Figure 2.10. These mechanisms will be discussed in detail in the following
section, from both an observational and theoretical perspective. Particular reference will be

made to EISCAT observations of upward ion flows in the auroral F-region ionosphere.

2.4 Acceleration Mechanisms in the F-region and Topside Auroral Ionosphere
The momentum equation describing geomagnetic field-aligned motion for a single ion

may be expressed as

Nimid—;t-'iz _(V‘g)u +N;zE, @1
—N;m; vy, (v —uy) — NikgB;9, T — Nymsg,
where
m; = ion mass z = ioncharge
t = time Tiy = field-parallel ion temperature
vy = field-parallel ion velocity Vin = 1on-neutral collision frequency
kg = Boltzmann’s constant E;, = field-parallel polarization electric field
Nj ‘= ion number density Bi = thermal diffusion coefficient
P = pressure tensor
dy = spatial gradient along geomagnetic field direction
upy) = field-aligned component of neutral wind
g = field-parallel component of gravitational acceleration

The assumption of a single ion is normally appropriate for the F-region ionosphere,
where Ot dominates. Also, electron-neutral collisions have been disregarded. The terms on
the right-hand side of equation 2.1 represent, briefly, pressure-driven diffusion, acceleration
by an electric field, ion-neutral frictional drag, thermal diffusion due to an ion temperature
gradient and gravity. Positive terms indicate upward ion acceleration.

For gyrotropic ion motion, the pressure tensor takes the form (eg. Suvanto et al., 1989)

Pjj = Pyb;b; — p. (8 —b;b)) (2.2)

where §;; is the Kronecker delta, b is the unit vector parallel to the geomagnetic field and py
and p_ are, respectively, the pressures parallel and perpendicular to b. The pressure force per
unit volume can be found by evaluating the divergence of pjj. Then, for a curl-free

geomagnetic field,
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9B

B (2.3)

J,B
Vp = 9Py — Py % TP

where B is the geomagnetic field strength. Finally, for a bi-Maxwellian ion velocity
distribution the field-parallel and field-perpendicular components of the ion gas pressure are
given by (eg. Kivelson , 1995)

py =N;kpT, (2.4a)
and
p, =NkgT;, (2.4b)

where Tjy is the field-perpendicular ion temperature. Hence equation 2.1 may be rewritten
thus

dvy _

J,B
i dt ! (TiJ. - Till)

B 2.5)
+zE), — m;v;, (v —u,) — kgB;0,T;, — m;g,

kp
~=B3,(T,N,) -k
Ni Il( ill 1) B

The first term on the right-hand side of equation 2.5 represents the force due to a field-parallel
pressure gradient in the ion gas. The second term on the right, arising from pressure
anisotropy and magnetic field inhomogeneity, was termed the “hydrodynamic mirror force”
by Suvanto et al. (1989). The relative significance of the hydrodynamic mirror force is
discussed is section 2.4.4.

2.4.1 Thermal Diffusion

Gas kinetic theory predicts that in the presence of a temperature gradient gases will
diffuse, even in the absence of a density gradient and other external forces (eg. Richmond,
1983). The peﬁultimate term of equation 2.5 represents diffusion of the ion gas resulting
from a gradient in the field-parallel ion temperature, where Bj is the thermal diffusion
coefficient. In general, a temperature gradient in either the neutral or ion gas causes thermal
diffusion. Conrad and Schunk (1979) showed that, for an O*-O mixture under F-region
conditions, the thermal diffusion coefficient associated with a gradient in the ion temperature
is small if the ion-neutral temperature ratio is less than four. Similarly, the ordinary diffusion
correction factor, which acts to reduce the ambipolar thermal diffusion coefficient, is
important only when the ratio of ion to neutral temperature is greater than four. Furthermore,
the neutral temperature gradient, VT, is generally so small that thermal ambipolar diffusion
due to VT, is also negligible. Hence thermal diffusion may reasonably be neglected from the

momentum equation.
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Now, assuming ambipolar flow (eg. Robineau et al., 1996) for a singly-charged ion the
third term on the right-hand side of equation 2.5 equates to

1
zE, = —?\I——a”(NekBTe) (2.6)

€

where N, is the electron number density and T, the electron temperature. Hence, for a quasi-

neutral plasma

dv
N.m; —!= “au[NekB (Ty + T, )]
3B 2.7)
~Nkg JI;—(Tu =Ty — Nem;v,, (v —u,) — N m;g,

where the first term on the right-hand side represents diffusion due to gradients in electron
density, ion temperature or electron temperature. Equation 2.7 therefore represents the field-
parallel ion acceleration as a function of the pressure gradient, hydrodynamic mirror force,
ion-neutral frictional drag and gravity. Although a simplification, the expression is
instructive when considering mechanisms capable of generating substantial ion upflows in the

auroral F-region ionosphere.

2.4.2 Field-aligned Component of Neutral Wind

The field-aligned ion flow may be modulated by the field-parallel component of neutral
wind, uyy. In the evening sector, the meridional neutral wind tends to be directed
equatorward (Rees et al., 1984a), so that plasma is driven upwards along the magnetic field
direction. Using EISCAT radar observations, Williams and Jain (1986) and Winser et al.
(1986) examined the role of field-aligned upflows in the formation of the high-latitude
trough. Both groups of authors estimated that the parallel ion velocity induced by the neutral
wind was approximately 30 m s-1, or about 30% to 50% of the total observed field-aligned
velocity. Horizontal neutral winds at high latitudes can attain speeds of hundreds of m s-1.
Therefore, at the latitude of the EISCAT radar (69.6° N) field-aligned ion motion of 100 m s1
could conceivably be generated by neutral winds (Wahlund et al., 1992).

2.4.3 Ion-neutral Frictional Heating

The ion temperature can become significantly enhanced through ion frictional heating,
as described by, for example, Rees and Walker (1968) and St.-Maurice and Schunk (1979)
and reviewed in detail by Davies (1996). Ion frictional heating is typically most effective at
F-region altitudes. Hence the plasma pressure gradient is modified by ion temperature
enhancements, resulting in field-aligned ion acceleration.

In the high-latitude F-region ionosphere, plasma flows in the direction of the ExB drift.
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Enhanced convection electric fields, which often exceed 100 mV m-!, can drive the ions at
large velocities relative to the neutral atmosphere, resulting in heating of the ions through
frictional contact with the neutrals. The response of the ion temperature is almost
instantaneous. The neutral particles are heated at a similar rate, but exhibit little increase in
temperature due to their far greater number density. Below about 130-km altitude, increased
ion-neutral coupling tends to inhibit large ion-neutral relative velocities and consequently the
degree of heating is less.

An important consequence of an ion-neutral relative velocity is the deviation of the ion
thermal velocity distribution from the Maxwellian form. This in turn results in anisotropy of
the ion temperature, the ions being heated preferentially in the direction perpendicular to the
geomagnetic field. These phenomena have been addressed extensively by, for example,
Schunk and Walker (1972), St.-Maurice and Schunk (1979) and Hubert and Kinzelin (1992).
The effect of ion temperature anisotropy on the ion parallel velocity is discussed in section
244,

In addition, the relative concentration of molecular ions in the F-region can become
enhanced as a result of increased reaction rates during periods of enhanced ion temperature
(St.-Maurice and Torr, 1978). The influence of ion composition on the analysis and
interpretation of incoherent scatter will be discussed in Chapter 3, and addressed in more
detail in Chapter 6.

Ion frictional heating can have a dramatic effect on the F-region ion temperature.
McCrea et al. (1991) indicated that a relative velocity of about 1 km s-! was sufficient to
double an ion temperature of about 900 K at 300-km altitude. F-region ion upflows are often
observed during intervals of enhanced perpendicular electric fields and ion frictional heating
(Bates, 1974; Winser et al., 1988b, ¢, 1989; Wahlund et al., 1992). Jones et al. (1988)
attributed EISCAT observations of F-region upflows to upward ambipolar diffusion resulting
from an elevated ion temperature. By assuming steady state conditions, Jones and co-authors
successfully modelled the field-aligned velocities in two events in terms of the modified
parallel pressure gradient, as illustrated in Figure 2.9. Jones et al. (1992) also noted that
stronger heating did not necessarily result in greater upward fluxes, since the rate of
recombination increases with ion temperature (St.-Maurice and Torr, 1978). Wahlund et al.
(1992) also reported EISCAT observations of upflows during intervals of enhanced ion
temperature. One such event is shown in Figure 2.5(a). As is common with this type of
event, the measured velocities increased with altitude, reaching 500 m s-1 at 800 km, with
corresponding fluxes of around 8x10!3 m-2 s-1. However, Wahlund and co-authors
concluded that thermal diffusion could account for the upflow only above about 600-km
altitude. It was proposed that neutral wind drag could account for the field-aligned velocities
observed at the lower altitudes (see section 2.4.2).

There is ample evidence that ion frictional heating is a contributing factor in the
generation of high-latitude field-aligned upflows. The statistical study of Keating et al.
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(1990) indicated that perhaps 50% of auroral upflows are associated with ion frictional
heating. In turn, ion frictional heating is generated by ionospheric electric fields.

Electric fields in the high-latitude ionosphere arise as a direct consequence of
magnetospheric convection. Thus, enhancements in magnetospheric electric fields result in
increased perpendicular electric fields in the ionosphere. Large ionospheric electric fields are
also associated with the electrodynamics of auroral precipitation, as discussed by, for
example, de la Beaujardiére et al. (1977), Marklund (1984), Opgenoorth et al. (1990), Aikio
et al. (1993) and Lewis et al. (1994). Observations have often revealed the presence of
enhanced electric fields on one edge of auroral arcs. McCrea et al. (1991) noted a number of
such features in EISCAT observations, where regions of elevated ion temperature were seen
adjacent to E-region electron density enhancements, as illustrated in Figure 2.11. These
observations correspond to the “asymmetric” auroral arcs described by Marklund (1984).
Opgenoorth et al. (1990) proposed that the enhanced electric field is necessary to maintain
current continuity between the upward field-aligned current out of the precipitation region
and a downward directed current at either the poleward or equatorward edge of the arc.
These authors further concluded that the direction of the enhanced field tends to be in the
direction of the background convection field, and on the equatorward side of the arc in the
pre-midnight sector and poleward of it post-midnight. Opgenoorth and co-authors indicated
that arc-associated electric fields may exceed 100 mV m-! within a narrow region that is
typically not wider than the arc itself.

Ionospheric electric fields may also be modified by geomagnetic micropulsations.
Geomagnetic field oscillations, with periods between a few seconds and several minutes, are
manifest in the F-region as fluctuations in the field-perpendicular ion velocity. Observations
of ion frictional heating, induced by a Pc5 micropulsation, have been presented by Crowley et
al. (1985).

The response of the field-aligned velocity to an enhanced perpendicular electric field
has been investigated by, for example, Sellek et al. (1991), Heelis et al. (1993) and Moffett et
al. (1993) using the Sheffield University ionosphere and plasmasphere model (SUPIM). The
study of Heelis et al. (1993) examined the time-dependent response of a magnetic flux tube to
an imposed convection velocity of 2 km s-1, a so-called sub-auroral ion drift (SAID) event. It
was found that the resulting upward velocity, which could exceed 1 km s-! at 1000-km
altitude, was dependent on the rise-time of the SAID velocity. For the fastest onset time of 15
seconds, the maximum field-aligned temperature gradient, and hence pressure gradient, was
attained almost immediately, and the field-aligned ion flow reached its maximum value
before the pressure gradient was diminished. These results are illustrated in Figure 2.12. The
figure also shows the evolution of the Ot temperature and field-aligned velocity up to 20
minutes into the SAID event. When the SAID was imposed on longer time scales of 10 to 20
minutes, diffusion occurred as the SAID velocity increased to its maximum value, resulting in

smaller pressure gradients and, therefore, lesser field-aligned velocities. The above studies all
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predicted downward plasma flow at 300-km altitude and upward flow above about 400 km,
the pressure peak being somewhere between those heights. Upward flows are, however, often
observed below 250-km altitude (Jones et al., 1988; Wahlund et al., 1992). Sellek et al.
(1991) suggested that the discrepancy between model and observations might be resolved by
considering neutral atmospheric upwelling due to E-region Joule heating, which was not
accounted for in the model. Nevertheless, such studies clearly demonstrate the coupling
between enhanced perpendicular electric fields and auroral ion upflows.

Other workers have modelled the effect of ion frictional heating on field-aligned plasma
flow. A semikinetic model by Wilson (1994) imposed perpendicular electric fields of up to
200 mV m-1l, generating parallel drift speeds of up to 2 km s°! below 1000-km altitude,
corresponding to O* fluxes of order 1x1013 m2 s-1. As with the models of SAID events,
Wilson (1994) also noted that the magnitude of the upflows depended on the rate of ion
heating. Other modelling analyses have indicated that ion frictional heating is at least
partially responsible for generating field-aligned upflows (Loranc and St.-Maurice 1994, Liu
et al. 1995, Blelly et al. 1996, Caton et al. 1996).

In summary, ion upflows can be generated through modification of the parallel plasma
pressure resulting from ion frictional heating. Field-aligned plasma flow acts to attain a new
equilibrium scale height. This type of upflow, a thermal upwelling of the plasma in response
to strong perpendicular electric fields and ion frictional heating, was labelled a “type 1” event
by Wahlund et al. (1992). Type 1 upflows have been shown to be a major factor in the
formation of the high latitude trough (Winser et al., 1986, Williams and Jain, 1986).

2.4.4 Ion Temperature Anisotropy and the Magnetic Mirror Force

It was noted in section 2.4.3 how ion-neutral relative flow results in anisotropy of the
ion temperature, the component of ion temperature perpendicular to the geomagnetic field
being greater than the parallel component. Under such conditions and in the presence of the
divergent geomagnetic field, the ions will experience an upward force. This force, termed the
“hydrodynamic mirror force” by Suvanto et al. (1989), is represented by the second term on
the right-hand side of equation 2.7. Suvanto and co-authors estimated that, between about
200 and 500-km altitude at auroral latitudes, the magnitude of the mirror force could be
between 1 and 10% of the opposing gravitational downforce on O*. Similar conclusions have
been reached by Korosmezey et al. (1992). It was found by Sellek et al. (1991) in a study of
SAID events that a 10% reduction in the gravitational acceleration, to simulate the effects of
the mirror force, had little effect on the resulting ion velocities. Jones et al. (1988, 1992) also
included the effect of the mirror force to account for their observations of upflows associated
with ion frictional heating. These authors suggested, though, that thermal diffusion was the
most important factor in producing the upflow.

20



Ion Upflows: Review and Theory Chapter 2

2.4.5 Electron Heating

In addition to ion heating, enhancements in electron temperature can also modify the
plasma pressure gradient, leading to bulk field-aligned plasma flow through an increased
polarisation electric field (Rodger et al., 1992; Blelly et al. 1 996). A number of mechanisms
capable of electron energization have been proposed. Primarily, the electron temperature is
influenced by the solar EUV flux. EUV radiation creates energetic photoelectrons, which
transfer heat to the ambient electrons through collisions (Schunk and Nagy, 1978).

In the E-region, below about 120-km altitude, the electron population can be heated by
interactions with plasma instabilities. At such low altitudes, the ions are largely collisionally
constrained by the neutral atmosphere, whilst the electrons move under the influence of the
ExB convection drift. Hence net currents exist in the E-region, driven by the same electric
fields that lead to frictional heating in the F-region. If these currents exceed a certain
threshold, related to the ion acoustic speed, Farley-Buneman instabilities are generated
(Farley, 1963; Buneman, 1963), and the electrons are heated by a process analogous to
frictional heating between particles. This process is known as electron turbulent heating
(Schlegel and St.-Maurice, 1981; Robinson, 1992).

At higher altitudes, secondary electrons produced by particle precipitation are an
important heat source in the high-latitude ionosphere. The heating effect of electron
precipitation through secondary electron production has been addressed by, for example,
Walker and Rees (1968) and Whitteker (1977). Wahlund and Opgenoorth (1989) and
Wahlund et al. (1992) reported observations of ion upflows, with velocities in excess of
400 m s-1, associated with significantly enhanced electron temperatures in the upper F-region,
but with no evidence of elevated ion temperatures. The upflows were observed above auroral
arcs and occurred more frequently, and were often stronger, than the “type 1” upflows.
Wahlund et al. (1992) labelled these features “type 2” ion upflows, as described in section
2.3; an example of such is illustrated in Figure 2.5(b). Caton et al. (1996) investigated
EISCAT observations of type 2 F-region upflows, considering separately the effects of soft (<
1 ke V) electron precipitation, convection-driven ion frictional heating and downward electron
heat fluxes from the magnetosphere, using the Field Line Interhemispheric Plasma (FLIP)
model (Liu et al., 1995). Caton and co-authors concluded that soft electron precipitation and
downward heat flux, affecting mainly the electron temperature, were the primary driving
mechanisms of the upflows, with ion frictional heating of lesser importance. Earlier work by
Liu et al. (1995) compared the FLIP model (Torr et al., 1990) with HILAT and DE-2 satellite
observations of topside upflows associated with soft electron precipitation and ion frictional
heating. Liu and co-authors indicated that precipitation-induced ionization and electron
heating, together with ion frictional heating, were the principal drivers of the upflows.
Recently, Blelly et al. (1996) separately modelled the effects of ExB-induced ion frictional
heating, downward electron heat flow from the magnetosphere and upward field-aligned
current densities of a few tens of LA m2. The response of the ion temperature and velocity to
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ion frictional heating was observed to be similar to that in the SAID studies of, for example,
Heelis et al. (1993). For instance, maximum upward velocities of 500 m s-! were induced by
an ExB drift of 50 mV m-1. Furthermore, Blelly and co-authors found that the effects of the
field-aligned current and the downward electron heat flux were very similar, inducing field-
aligned velocities of 500 m s-! at 1600-km altitude.

The above are examples of ion upflows related to enhanced F-region and topside

_electron temperatures occurring in the vicinity of auroral precipitation. As such, they
resemble the type 2 events described by Wahlund et al. (1992). However, the modelling
studies of Liu et al. (1995) and Blelly et al. (1996) have indicated that ion frictional heating
can also be an important factor in these type of events.

Recently, the effects of current-driven instabilities on the electron temperature at
topside altitudes of 1000 km and greater have been investigated (Forme et al., 1993; Wahlund
et al.,, 1993). Electrostatic ion-acoustic and ion-cyclotron waves have been shown to become
unstable to field-aligned current densities of a few pA mr2 (Kindel and Kennel, 1971), as does
the Buneman instability (Forme et al., 1993). Forme and co-authors conducted a theoretical
study of the effects on topside ion and electron temperatures of these current-driven
instabilities. It was found that the instabilities were initiated by current densities of a few tens
of A m'2 and normally appeared at altitudes above about 2000 km, although the ion-
cyclotron instability was triggered as low as 1200 km. Upward field-aligned currents of such
magnitude are well documented (Wahlund et al., 1992). Such low-frequency turbulence is
able greatly to enhance the electron temperature, through increased “anomalous” resistivity
(Swift, 1965; Papadopoulos, 1977) that arises from the increased scattering of electrons by
the turbulent electric field. A further consequence of increased resistivity is the enhancement
of any parallel electric field which might exist.

The type 2 upflows described by Wahlund et al. (1992) were described briefly in
section 2.3 (see Figure 2.5b). Significantly, Wahlund and co-authors found that type 2
upflows could not be explained solely in terms of thermal upwelling resulting from an
enhanced electron temperature, although this was a contributing factor. Wahlund and co-
workers also noted enhanced ion-line spectra during a number of type 2 upflows, an example
of which is illustrated in Figure 2.13. The naturally enhanced spectral shoulders are
indicative of acoustic turbulence and, therefore, possibly enhanced field-aligned electric
fields. Consequently, it was concluded that the type 2 upflows were probably generated by
enhanced field-aligned electric fields caused by anomalous resistivity in the presence of
plasma turbulence. Wahlund et al. (1992) also considered the possibility that the upflowing
ions might carry a significant portion of the field-aligned current, as argued by Block and
Fdlthammar (1968). Wahlund and co-authors estimated that the observed flux would
correspond to a current density of about 10 LA m-2, a value consistent with that considered in
the modelling study of Blelly et al. (1996).

In a companion paper to Forme et al. (1993), Wahlund et al. (1993) presented EISCAT
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Figure 2.13 Incoherent scatter ion-line spectrum during a type 2 ion upflow observed by
the EISCAT facility on February 20, 1990. The upper panel shows superposed normalized

indicating the sporadic existence of ion-acoustic turbulence (Wahlund et al., 1992).

spectra from all long-pulse range gates. The lower panel shows the same spectra as a
function of altitude. The spectra exhibit naturally enhanced ion-acoustic “shoulders”,



Ton Upflows: Review and Theory Chapter 2

observations of enhanced electron temperatures of up to 8000 K near 1500-km altitude. The
electron heating was correlated with ion-acoustic turbulence and electron precipitation
between 170 and 230-km altitude, corresponding to electron energies between 100 and 500
eV. The presence of ion-acoustic turbulence was inferred from naturally enhanced ion-line
spectral shoulders, as noted previously by Foster et al. (1988), Rietveld et al. (1991) and
Wahlund et al. (1992). Wahlund et al. (1993) suggested that an H*/O* two-stream instability
was the cause of the observed ion-acoustic turbulence. The calculations of Forme et al.
(1993) indicated that electron heating resulting from anomalous resistivity caused by low-
frequency turbulence is of major importance in the topside ionosphere, acting in addition to
classical collisional heating. Such instabilities might also generate Alfvén waves, which can
cause upward ion flow through ponderomotive acceleration (Li and Temerin, 1993; Lee and
Parks, 1996). Finally, it is noted that transverse ion heating is also associated with low-
frequency plasma turbulence (Ungstrup et al., 1979), leading to upward ion acceleration via
the hydrodynamic magnetic mirror force, as discussed in section 2.4.4. Transverse ion
heating is discussed briefly in the following section.

Electrons are an important link in the transfer of energy between the magnetosphere and
ionosphere. Electron energization can occur via a range of processes, viz. E-region turbulent
heating, particle precipitation, field-aligned currents and, at topside altitudes, increased
resistivity induced by plasma instabilities. Electron heating can modify the electron pressure
gradient and, therefore, the ambipolar electric field, resulting in upward ion acceleration.
Enhanced parallel electric fields in regions of increased resistivity might also aid upward ion
acceleration. In addition, transverse ion heating by current-driven instabilities can generate

outward acceleration. These processes are symptomatic of disturbed auroral conditions.

2.4.6 Transverse Ion Heating

It was discussed in section 2.4.4 how DC perpendicular electric fields can lead to ion
temperature anisotropy and subsequent ion upflow via the magnetic mirror force (Suvanto et
al., 1989). In general, the presence of conical ion velocity distributions implies transverse
heating of the ions. In turn, transverse ion heating indicates that energization results from
perpendicular electric fields which come in a number of guises, a variety of which have been
summarized by Moore et al. (1996). Heating by ion cyclotron waves (Ungstrup et al., 1979;
Norgvist et al., 1996) and lower hybrid waves (Chang and Coppi, 1981; Retterer et al., 1994)
was referred to in section 2.2.4. Transverse ion acceleration is also induced by impulsive
electric fields, when the field fluctuates at frequencies in excess of the ion cyclotron
frequency (Hultqvist et al., 1988; Newman, 1990).

A number of possible energy sources have been proposed to generate such instabilities,
as summarized by Moore et al. (1996). Low frequency turbulence is unstable to field-aligned
currents and, therefore, current-driven low-frequency turbulence is a likely mechanism for the
production of ion conics, as observed by rockets and satellites in the topside (Lu et al., 1992),
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often above auroral arcs (Arnoldy et al., 1992). Transverse ion acceleration has been detected
at altitudes as low as 500 km (Whalen et al., 1978, 1991).

Recently, Ganguli et al. (1994) proposed a mechanism capable of generating low
frequency plasma waves in regions of strongly sheared convection velocity, potentially
leading to transverse ion heating. Tsunoda et al. (1989) presented HILAT satellite
observations that indicated a strong correlation between ion heating and convection velocity
shears in the dayside auroral oval at 800-km altitude. Ganguli and co-workers found a similar
correlation in the nightside auroral zone. These authors argued that the observed ion
temperatures could not be explained in terms of classical frictional heating in the light of the
small convection speeds observed. Rather, it was proposed that sheared flows could excite
low-frequency plasma waves, such as the Kelvin-Helmholtz instability, leading to the
formation of strongly-sheared flows. The sheared flows may seed ion-cyclotron and lower-
hybrid waves, potentially leading to ion heating.

2.4.7 Joule Heating of the Neutral Atmosphere

It has been described how E-region currents can lead to turbulent heating of the
electrons at low altitudes (see section 2.4.5). In addition, the auroral electrojet current can
cause Joule heating of the neutral atmosphere (Cole, 1962). This has the effect of lifting the
neutral afmosphere through thermal expansion of the gas, resulting in a lifted F-region and
field-aligned plasma flow (Raitt et al., 1975). Bates (1973) reported Chatanika observations
of field-aligned velocities as high as 100 m s-1 resulting from enhanced Joule heating. More
typically, parallel ion flows associated with Joule heating exhibit velocities of a few tens of
m s 1. In their study of the high-latitude trough, Winser et al. (1986) approximated upward
field-parallel velocities resulting from Joule heating, arriving at values of between 10 and
25 m s'l. Rees et al. (1984b, 1984c) reported upward velocities of similar magnitude on the
night-side during auroral disturbances. Theoretical estimates of neutral wind velocities
resulting from Joule heating of the atmosphere have also been made by Hays et al. (1973) and
Fuller-Rowell (1984, 1985). The latter author concluded that vertical velocities of up to
40 m s-! could result from Joule heating induced by an electric field of 100 mV m-1.

A number of workers, including Williams and Jain (1986), Winser et al. (1988b, ¢) and
Jones et al. (1988) have concluded that Joule heating and subsequent upward expansion of
the neutral atmosphere is an important factor in the generation those upflows associated with
enhanced perpendicular electric fields, the “type 1” events described by Wahlund et al. (1992)
and illustrated in Figure 2.6(a). Jones et al. (1988) suggested that Joule heating of the neutral
atmosphere may be important in lifting the ions to altitudes where the ion-neutral collision
frequency is small enough such that other mechanisms, for example the magnetic mirror
force, can further accelerate the plasma with decreasing resistance.
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2.4.8 Auroral Plasma Cavity

The presence of regions of depleted plasma density in the high-altitude auroral
ionosphere have been reported by Calvert (1981) and Persoon et al. (1988). Calvert (1981)
described an “auroral plasma cavity” centred at 70° invariant latitude and approximately 6°
wide, penetrating down to 1.8 RE, although Hultqvist (1991) reported that cavities sometimes
extend as low as 1000-km altitude. Singh et al. (1989), employing a fluid model of the
plasma, investigated the effects of such a cavity on auroral ionospheric O* flows. Singh and
co-authors concluded that a cavity maintained at 1 Rg could draw a steady-state O* flux of
order 1x1012 m-2 s-1, whilst, for a cavity at 3000-km altitude, fluxes of 1x10!13 m2 s-! could
be generated. The upward flux from the ionosphere was observed first near the cavity, the
flux front moving downward at the ion-acoustic speed. ‘This process can draw a large O* flux
from the ionosphere without the need for low-altitude heating of the plasma. Persoon et al.
(1988) reported that the auroral plasma cavity is highly correlated with field-aligned
distributions of upflowing ions. High-altitude plasma cavities have been considered as a
possible source of O upflows by Lu et al. (1992) and Wahlund et al. (1992). However, as
noted by Wahlund and co-authors, an auroral plasma cavity requires perhaps 1 hour to reach a
steady state (Singh et al., 1989), and does not require a low-altitude driving force. These
features are not consistent with the transient F-region upflows reported by, among others,
Wahlund et al. (1992).

2.5 Summary

Over the last 25 years or so, it has become increasingly apparent that the ionosphere is a
major source of magnetospheric plasma. Indeed, it has been suggested that ionospheric
plasma alone could populate the magnetosphere, without the need for extraterrestrial sources.
Satellite observations in the high-altitude, high-latitude ionosphere altitude have revealed a
veritable zoo of outflowing energetic ions, dominated by H*, Het and O* outflows.

The polar cap is a consistent source of light ions escaping along open field lines as the
polar wind. The polar wind consists largely of H* and He* ions with energies of order 1 eV
and with fluxes of order 1x1012 m-2 s-1. On occasion, O+ fluxes of order 1x1013 m-2 s-1 are
observed on polar cap field-lines, contradictory to classical polar wind theory. The dayside
cleft region was identified as the source region for these upwelling ions, which convect anti-
sunward across the polar cap in the cleft ion fountain.

At lower latitudes, the auroral oval is a steady source of H* ions and, in the dusk sector,
of He*. In addition, during disturbed auroral conditions large upflowing fluxes of energetic
O™ are commonly observed. Satellite measurements have revealed transient Ot fluxes of
order 1x1014 m2 51, with energies ranging from a few eV to several keV. High-altitude
outflows are typically characterized as either ion beams or conics, defined according to the
velocity pitch-angle distribution. Conics tend to exhibit lower energies, of perhaps 5 to 100
eV, than keV ion beams, and conics are often observed at lower altitudes than beams.
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Rocket and satellite measurements indicate that there must be upward ion acceleration
at F-region altitudes to account for the fluxes, energies and compositions of outflows
observed at high altitudes. Radar measurements in the auroral ionosphere have revealed
transient ion upflows with fluxes of order 1x1014 m2 s'! and velocities of up to several
km s-1. Hence, ionospheric upflows seem a likely source for higher altitude outflows.
Statistical analyses of F-region ionospheric upflows have demonstrated that these phenomena
are common near the cusp and throughout the auroral oval, consistent with high altitude
observations of outflows.

Ionospheric fluxes in excess of those observed in the magnetosphere are sometimes
observed, indicating that the ionosphere is not simply responding to a magnetospheric
requirement, but is actively providing upward fluxes. A number of acceleration mechanisms
have been described which operate in the auroral ionosphere. These processes generally
pertain to heating of the plasma, and subsequent thermal expansion, during active auroral
conditions. Large perpendicular electric fields can lead to Joule heating of the ions and
neutrals, as well as turbulent electron heating in the E-region. Bulk electron heating may also
result from particle precipitation, through both collisions and enhanced “anomalous”
resistivity in the presence of field-aligned-current-induced instabilities. Low-frequency
plasma instabilities can be generated by a number of other processes, including sheared
convection flows, and may heat the ions transverse to the geomagnetic field direction, leading
to outward acceleration by the magnetic mirror force.

In summary, the auroral ionosphere is a consistent and significant source of ions for the
magnetosphere. Field-aligned ion upflows, consisting primarily of O+, are commonly
detected, with fluxes of order 1x1013 to 1x1014 m-2 5’1 and velocities ranging between tens of
m s-1 to a few km s-!. The energies and velocity distributions of these upflows indicate a
variety of acceleration processes which are primarily associated with disturbed auroral
conditions.

The following chapters include case studies of ion upflows associated with enhanced
perpendicular electric fields, particle precipitation and enhanced electron temperatures. In
addition, a statistical analysis of F-region and topside upflows observed by the EISCAT radar
is presented, examining diurnal, seasonal and solar cycle upflow variations and dependencies
on ion and electron temperatures. Finally, some of the acceleration mechanisms discussed in
the present chapter are investigated in a simple model of an F-region upflow event.
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CHAPTER 3
Incoherent Scatter and the EISCAT Facility

3.1 Introduction

The combined effects of pressure gradients and electrostatic forces in the ionosphere
generates acoustic waves. The scatter of electromagnetic radiation at radio frequencies by
such waves can yield information on a number of plasma parameters, such as electron density
and ion temperature. This process is known as incoherent scatter and is employed by ground
based radars for studies of the Earth’s plasma atmosphere. The theory of incoherent scatter is
reviewed in this chapter, including a brief discussion of how the scattered signal relates to
some ionospheric parameters. Measurement techni‘ques are then addressed, with particular
reference to the European Incoherent Scatter (EISCAT) system, followed by a description of
the analysis process and the uncertainties inherent in the derived parameters.

3.2 Incoherent Scatter Theory

Incoherent scatter (IS) considers the ionospheric scatter of electromagnetic radiation of
wavelengths much shorter than the smallest scale irregularities in the ionosphere. The earliest
considerations of incoherent scatter therefore treated electrons as free particles. Theory
predicted a return power proportional to the electron density (Fabry, 1928), and a frequency
spectrum Doppler-broadened over a bandwidth of several hundred kHz by the random
thermal motions of the electrons (Gordon, 1958). Initial experiments indicated that the
returned power was as predicted, but with a spectrum corresponding to the thermal motion of
the ions, giving far greater power per unit bandwidth (Bowles, 1958). The problem was
tackled independently by several workers, including Fejer (1960), Dougherty and Farley
(1960) and Hagfors (1961), who concluded that the signal resulted from scattering off
acoustic waves in the plasma.

Electrostatic attraction causes ions to form a shielding layer around each electron. The
radius of this layer is termed the Debye length, D, and is determined by the balance between
electric potential and the thermal motion of the ions, such that

1 1
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where e represents the electron charge, Ne and Te the electron density and temperature,
respectively, kg is Boltzmann’s constant and €¢ the permittivity of free space. The Debye
length is dependent upon a variety of factors, including altitude, time of day, season and
degree of solar activity, ranging from a few mm at the F-region peak to tens of cm in the E-

region and topside ionosphere. On scales shorter than the Debye length, electrons can be
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considered as free particles, and true incoherent scatter would occur for electromagnetic
radiation at such wavelengths. However, on scales much greater than D, the electrons cannot
be considered as independent since they are coupled to the ions. A combination of thermal
electron motion and electrostatic coupling generates ion-acoustic and electron-acoustic waves
in the plasma. These waves propagate in all directions over a continuous spectrum of
frequencies. Electromagnetic radiation with a wavelength greater than D will scatter off those
acoustic plasma waves for which the Bragg criterion is satisfied; it is this quasi-coherent
scatter that produces the observed IS spectrum. This process is not, therefore, true Thomson,
or incoherent, scatter, but is generally referred to as such in the absence of a more appropriate
term.

The incoherent scatter spectrum comprises four parts, due to scatter from both ion and
electron acoustic waves propagating toward and away from the radar. An idealized
incoherent scatter spectrum is illustrated in Figure 3.1. For a transmitted signal of
wavelength A, the Doppler shift arising from scatter off ion and electron acoustic waves,

respectively, is given by

AN (A 5
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where T; and mj represent the ion temperature and mass. The plasma frequency, fp, is given
by

1
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in which me is the electron mass. The ion-lines in the spectrum, arising from scatter by ion-
acoustic waves, typically exhibit a Doppler shift of a few kHz, whilst the greater velocity of
the electron-acoustic waves results in a shift of a few MHz in the electron lines. Broadening
of the ion lines occurs as a result of Landau damping. The ion-acoustic wave velocity is well
within the Maxwell distribution of ion thermal velocity, as illustrated in Figure 3.2. Hence
there are always more ions travelling at lesser rather than greater speeds than the acoustic
wave, resulting in attenuation of the wave. This gives rise to broadening of the two ion
spectral lines, which merge and produce the double humped ion spectrum characteristic of
incoherent scatter. In the E-region, the bandwidth of the ion-line is typically of the order 10
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kHz, increasing to around 50 kHz in the F-region and some 100 kHz in the topside. The
electron-acoustic lines (plasma lines) are attenuated very little, since electron acoustic waves
travel at a velocity much greater than the bulk of the thermal electron population. Hence, the
plasma lines remain sharp.

In addition to the frequency shifts of its components, the spectrum as a whole may be
Doppler-shifted due to bulk motion of the plasma. Figure 3.1 indicates this and some of the
other factors that define the shape of the spectrum. The spectral shape is also dependent on
the frequency of the transmitted pulse, particularly for wavelengths not greatly exceeding D.
For a given ratio of electron temperature to ion temperature, the spectral minimum becomes
more distinct for longer wavelengths. The following section describes how the electron-ion
temperature ratio and other ionospheric parameters can be determined from the incoherent

scatter spectrum.

3.2.1 Determination of Ionospheric Parameters from an IS Spectrum

The process of incoherent scatter and the derivation of ionospheric parameters
therefrom are reviewed by, for example, Evans (1969) and Beynon and Williams (1978). The
following section summarises the effects of various plasma parameters on the form of the
backscattered spectrum and how these parameters can therefore be derived from analysis of

the spectrum.

Electron density. The total power, Ps, scattered from a height h and received at the antenna

may be expressed as

KoN, (h)

P(h) ==

(3.5)

in which K is a constant proportional to the transmitted power and the effective collecting
area of the antenna. Under normal ionospheric conditions the bulk of the backscattered
power is within the ion spectrum, and for radar wavelengths much greater than D, the
scattering cross section, G, is given by

c=0c,(1+T,/T,)" (3.6)

where ¢ is the cross section for direct backscatter from a single electron, approximately
equal to 10-28 m-2. The ionospheric electron density can therefore be determined from
measurements of received power, given that the temperature ratio can be obtained from the
shape of the spectrum and the constant K from measurements of electron density by an
independent diagnostic instrument.

Alternatively, the electron density may be determined by measurement of the Faraday
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rotation of a polarized signal, or by measurement of the frequency offset of the plasma lines.
The difficulties associated with these more complex techniques are addressed by Beynon and
Williams (1978).

Ion temperature, electron temperature and ion mass. As discussed, the resolution of the
ion-line spectral peaks is dependent on the degree of Landau damping experienced by the ion-
acoustic waves. The amount of attenuation is governed by the gradient of the ion velocity
distribution at the ion-acoustic speed (see Figure 3.2), and this speed is proportional to the
ratio of electron to ion temperature. For larger values of the temperature ratio, the gradient of
the ion velocity distribution becomes shallower and so the degree of attenuation less,
resulting in sharper spectral peaks. Thus the temperature ratio can be determined from the
ratio of the peak power of the spectrum to the depth of the central minimum.

Having established the temperature ratio, the ratio of ion temperature to ion mass can be
calculated. This is achieved by measuring the separation of the ion lines, which is
approximately equal to twice the ion acoustic frequency, AF; (equation 3.2). An absolute
value of ion temperature, and hence electron temperature, can then be obtained if the ion mass
is known. For the majority of incoherent scatter analyses, values of ion mass are obtained
from standard composition models, the relative concentrations of ions being well known
within certain regions of the ionosphere. Between these regions, however, a mixture of
several ion species may be present. For example, below about 150 km altitude molecular
NO+ and O2* ions dominate, but these are progressively replaced by atomic Ot with
increasing altitude. Within such transition regions the relative proportions of each species are
generally not well known and changes in composition can be difficult to differentiate from
variations in temperature. Similar problems can arise when the plasma composition is
modified under disturbed conditions. It is illustrated in Chapter 6 how the adoption of
different ion composition models can affect the values of parameters obtained from IS
analysis.

When two ion species of substantially different mass are present their masses may be
directly determined from the shape of the spectrum; in particular, from the slope of the
spectrum at the half power points. This method has been employed to derive ion masses in
the transition region between molecular and atomic species (Lathuillére et al., 1983) and
between Ot and the light ions of the topside ionosphere (Moorcroft, 1964). Alternatively, the
ion composition in these transition regions may be deduced by interpolating the ion

temperature profile from altitudes where the ion composition is well known (Evans, 1969).

Plasma velocity. The entire incoherent scatter spectrum may be Doppler shifted as a result of
bulk plasma motion. The measured Doppler shift corresponds to the component of the mirror
velocity along the radar line-of-sight. For a monostatic radar, the mirror direction is along the

beam, and for a bistatic system is along the bisector of the beams; the latter situation is
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illustrated in Figure 3.3. The mean Doppler shift, AFq, due to a velocity vy, along the mirror

direction is given by

AR, = zzm cos(%) 3.7)

where 7y is the angle between the transmitter and receiver beams. The Doppler shift, AFy, is
typically small (of order 100 Hz) compared with the width of the spectrum, necessitating an

accurate measurement of the spectrum for determination of the velocity.

Other measurable parameters. Density, temperatures and drift velocity are typically
obtained routinely from incoherent scatter spectra for most ionospheric conditions. Within
certain altitude regimes or when conditions allow, three other parameters may also be
determined directly from the spectrum.

At heights below about 140 km, where the ion-neutral collision frequency greatly
exceeds the ion-acoustic frequency, ion-acoustic waves cease to propagate and the ion
spectrum narrows into a single hump. Assuming equal ion and electron temperatures allows
the ion-neutral collision frequency to be determined from the spectral shape. The assumption
of equal temperatures restricts this technique to altitudes below about 120 km.

Additionally, the plasma lines can become enhanced by precipitating suprathermal
electrons, and measurement of these lines can provide information on the spectrum of the
precipitating particles. Finally, it is possible that an electric current density could be directly
determined from measurements of any difference between the Doppler shifts of the ion and
electron lines of the spectrum.

A number of other ionospheric and neutral atmosphere parameters can be determined
from those directly obtained from the incoherent scatter spectrum. Typically, the electric
field and the Hall and Pedersen conductivities are derived. Table 3.1 lists these and some
other parameters that can be determined from incoherent scatter.

Table 3.1 Parameters obtained from incoherent scatter measurements

Directly Measurable Indirectly Derived

Electron Density, Ne Neutral Density, N,

Electron Temperature, T, Neutral Temperature, Ty,

Ion Temperature, Tj; Electric Field, E

Ion Drift Velocity, v; Neutral Velocity, U

Ion Mass, mj Ionospheric Conductivities, Xp, Xy
Ion-Neutral Collision Frequency, vi, Current Density, j

Photoelectron Flux Heat Flux, ® B
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3.2.2 Measurement Techniques

In practice, incoherent scatter radars generate autocorrelation functions (ACF’s) from
the received signals, from which plasma parameters are recovered. The ACF and the
incoherent scatter spectrum constitute a Fourier pair.

The received pulse is sampled at discrete intervals and, in the simplest case, the samples
are “gated” over a time T. Cross products are formed from samples within a gate to produce
lags of different intervals. Multiple estimates of each lag are combined to form the measured
ACF. Figure 3.4 illustrates ACF formation for a single pulse of length T, where the receiver
is gated such that the signal is scattered from a mean range R. It is apparent that there are
fewer estimates of the longer lags, greatly reducing the signal to noise ratio (SNR) for these
longer lags. Also, the range of heights which the different lags cover decreases with lag
number, introducing an uneven spatial distribution for different lags within the ACF . These
problems can be overcome by gating after the evaluation of cross-products, which allows
greater flexibility in the formation of the ACF’s.

Considering the simple case of a single pulse monostatic system, there are a number of
constraints on the form of the transmitted pulse, arising primarily from the need for good
SNR and adequate height resolution. If the receiver is gated over a time T then there are
contributions to the returned signal from a height range c7, yielding a height resolution of
ct/2, where ¢ is the speed of light in free space (see Figure 3.4). This range must be less than
the ionospheric scale height (H) in order that altitude variations are adequately described. For
vertical transmission the pulse length should therefore be shorter than 2H/c, although higher
spatial resolution and hence shorter pulse lengths are often required for the study of small
scale features such as sporadic E-layers. In addition, the pulse length and the receiver
recovery time set a minimum range from which echoes can be received, the height of which is
increased if several pulse schemes are transmitted within the pulse repetition period (prp).
Furthermore, sampling is continued after the last signal gate to obtain background noise from
altitudes where the signal component is negligible, in order that the background can be
subtracted during analysis. The maximum range from which the signal is received sets a
lower limit on the prp.

The above criteria mean that short pulse-lengths are desirable, but conflicting
requirements place lower limits on the pulse length. The signal to noise ratio is directly
proportional to the pulse length, T. In the particular case of the EISCAT radar, for example,
the SNR from a mean range R over the bandwidth of the ion line spectrum is given by
(Rishbeth and Williams, 1985)

P PN
SNR = —% o e
P, R2[1 +(T, /Ti)]

(3.8)

where Pg is the signal power, Py is the noise power and P represents the peak transmitter

32



e - =292 __
' I
, 1
1 I
! \
Ronge 1
_l-.._--.._____..'__._ |
| |
: 1 ‘\V II
RH~ e == = — |
| \,
let
-} ayw
|
Yo
Fae
Log1t
- - = = = - - H— =
T Time — T

Figure 3.4 Range-time diagram illustrating ACF lag formation for a single pulse; as
described in section 3.2.2 (Rishbeth and Williams, 1985).
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Figure 3.5 Constraints on allowed pulse lengths for EISCAT experiments. Pulse time-
of-flight = 2h/c; pulse length giving resolution equal to scale height (ie. minimum useful
height resolution) = 2H/c; ionospheric correlation times for UHF and VHF radars = 11.
Pulse lengths for UHF experiments must be greater than Ti(UHF) and less than 2H/c
(Rishbeth and Williams, 1985).
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power. For a pulsed radar, the accuracy of the returned power is related to T by the following

expression

AP, 1+SNR™'
P, (bN)?

3.9

where b represents the filter bandwidth and N the total number of pulses integrated. The
uncertainties in the other derived parameters are also inversely proportional to T, as indicated
by equation 3.10 (see section 3.3.3). The fundamental need to maximise the SNR therefore
makes longer pulses desirable. Furthermore, to obtain maximum spectral resolution the pulse
length, T, must be greater than the correlation time of the ionosphere, which is equivalent to
the reciprocal of the ion-line bandwidth. Figure 3.5 illustrates how, for a vertically
transmitted pulse, the conflicting requirements of adequate spectral resolution and height
resolution constrain the pulse length for the EISCAT UHF and VHF radars. For multistatic
observations the constraints tend to be less severe. The intersection of the beams provides a
spatial resolution which is usually less than the scale height, allowing a long pulse to be
transmitted, thus affording adequate spectral resolution.

Where single pulse schemes are unsuitable, a variety of multiple-pulse or alternating
code pulse schemes may be employed. Multi-pulse schemes consist of a series of short
subpulses, which provide the required height resolution, transmitted at variable intervals
within an envelope of sufficient duration to provide the necessary spectral resolution (Farley,

1972). Figure 3.6 illustrates the nature of a simple multi-pulse scheme. Four subpulses are
transmitted at times 0, T’, 47" and 67" within an envelope of duration . Thus lags of T’ to 67’
can be calculated, affording a height resolution corresponding to 7°, but with the spectral
resolution of a pulse of length T. Multi-pulse schemes suffer from relatively poor SNR,
caused primarily by clutter of the signal due to scatter from ranges other than R, as illustrated
in Figure 3.6. If the lag interval is at least 27’ then this self-clutter is uncorrelated and does
not contribute to the ACF. Another disadvantage of multi-pulse schemes is the lack of a true
zero lag, although sometimes this can be provided by transmitting a single pulse of length T at
another frequency.

Further improvements in height resolution may be achieved by reversing the phase of
the transmitted signal for some of the subpulses, according to a series of Barker codes
(Barker, 1958; La Hoz, 1982). Similar phase changes in the receiver have the effect of
concentrating most of the power of the pulse group into the height range corresponding to one
element.

Extremely high spatial resolution in conjunction with good spectral resolution and
signal to noise ratio can be achieved with alternating codes (specific to the EISCAT system),
whereby continuous sequences of subpulses of length 1T” are phased such that a full ACF can
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be obtained from a range with an altitude resolution corresponding to a single sample interval
(Lehtinen and Haggstrom, 1987).

3.3 The European Incoherent Scatter Facility
The European Incoherent Scatter (EISCAT) facility consists of three radars, a tristatic
UHF system, a monostatic VHF system and a monostatic UHF radar. In addition, the
EISCAT Association runs a dynasonde and HF heater. The tristatic UHF radar commenced
~full operation in 1982, whilst VHF radar observations are available from 1985 to the present.
Operation of the new monostatic UHF system, situated on the Svalbard archipelago, has
recently commenced. As yet, little data are available from this radar, and further discussion
will be limited to the established systems; the UHF tristatic radar will henceforth be referred
to simply as the UHF radar. Figure 3.7 illustrates the geographic locations of the EISCAT
antennas. The VHF system has both transmitter and receiver co-located in Tromsg, Norway.
The UHF radar also transmits from and receives at Tromsg, with receivers also sited in
Kiruna, Sweden and Sodankyld, Finland. There follows a brief description of the general
characteristics of these radars, and how the received signals are processed to generate the
measured autocorrelation functions. More detailed descriptions are available in, for example,
Hagfors et al. (1982), Folkestad et al. (1983) and Rishbeth and Williams (1985).

The UHF tristatic system. Each of the UHF antennas is a 32m diameter paraboloid with an
effective collecting area of 570 m2 and a half-power beam width of 0.6°. The antennas are
fully and independently steerable in both azimuth and elevation, although the minimum
elevation of the Tromsg antenna is limited to 2° above the horizon. The transmitter, powered
by a single klystron, is capable of a peak power of about 2 MW on a maximum duty cycle of
12.5%, providing an average power of about 250 kW. The transmitter can operate on any one
of 16 frequencies, spaced at 0.5 MHz intervals around the central frequency of 933.5 MHz.
The frequency can be changed on timescales of order microseconds, although only eight
separate channels are available for reception.

The system noise temperature is around 90-110 K at Tromsg and 30-35 K at Kiruna and
Sodankyld. The remote sites receive elliptically polarized signals, corresponding to the
transmission of circular polarization at Tromsg. The received signal is mixed down to 120
MHz, then attenuated and divided between the 8 channels. The signal in each channel is
mixed down to 30 MHz and bandpass filtered. After further mixing and baseband filtering
the signal is amplified; finally, sine and cosine inputs are fed into the analogue-to-digital
converter (ADC). The signal is then sampled; to obtain the maximum amount of information,
the sampling rate should be equivalent to twice the signal bandwidth (Shannon, 1948). The
maximum sampling rate is 500 kHz, although sampling up to 10 MHz is possible in specific
channels. The output from the ADC is then delivered to the correlator.

The UHF radar wavelength of approximately 30 cm is suitable for incoherent scatter
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observations between about 80 and 1500 km, although in practice an upper limit of around
600 km is imposed by power considerations. The viewing area accessible to the UHF
transmitter covers some 2 hours of Local Time and around 12° of latitude at 300-km altitude.
The geographic location of EISCAT is such that the auroral oval boundary generally sweeps
overhead within the course of a day.

The VHF monostatic system. The EISCAT VHF radar operates at frequencies around 224
MHz. The antenna is a parabolic trough measuring 120 m by 40 m, comprised of four equal
sections which can be tipped independently between 30° North and 60° South in the
geographic meridian plane. In practice, however, the transmitter is not operated at elevations
south of 90° because of local interference problems. The beamwidth is 1.8° in elevation and
0.6° in azimuth, and the antenna has an effective collecting area of about 3100 m2. The
transmitter is powered by two klystrons, capable of delivering a peak power of approximately
3 MW on a 12.5 % duty cycle, yielding an average power of 375 kW. An array of 128
dipoles illuminate the aperture and these can be phased to swing the beam up to 21° in
azimuth from the meridian. The transmitter can operate in either of two modes; in one, the
whole aperture acts as a single antenna. In the second mode the aperture is separated into two
halves, providing two beams which can point in different directions; this effectively creates
two separate antennas, although the split beam mode reduces the power received by each
antenna by a factor of four.

Reception in the VHF radar is analogous to that in the UHF. The system noise
temperature of the VHF system is around 250-300 K, which is adequate considering the
higher level of sky noise at VHF. As with the UHF receivers, the processed signals are
ultimately fed to the ADC’s and sampled.

The advantage of a low frequency incoherent scatter radar lies in its ability to make
measurements over an increased range of altitudes, the larger wavelength allowing for
increased sensitivity in the D region and topside ionosphere.

In summary, the EISCAT facility boasts several features which make it one of the most
versatile incoherent scatter radars currently in use, and an important ground based instrument
for studies of the Earth’s upper atmosphere. The dual nature of the system enables probing of
the ionosphere from D-region altitudes up to the topside, and high transmitter power allows
for good signal to noise resolution. The tristatic UHF system is at present unique, and
enables measurements of the plasma vector velocity, temperature anisotropies and electric
field vectors to be made. Versatile scanning experiments are possible with the option of rapid
beamswinging. Finally, multiple frequency operation allows for combinations of pulse
schemes to be transmitted within a single prp, allowing for simultaneous probing of the
various regions of the ionosphere at high time resolutions. The development of the EISCAT
facility and some of its scientific achievements are reviewed by Rishbeth and Van Eyken
(1993).
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3.3.1 EISCAT Programmes

EISCAT time is apportioned equally between the operation of Special Programmes,
designed and run by scientists from individual associate member countries, and Common
Programmes, which are run routinely by EISCAT staff. The purpose of Common
Programmes is to provide a long-term and consistent data base of general use to all associates.
Over the years, new Common Programmes have been introduced and all have undergone
refinement. At present there are seven Common Programmes, four for the UHF system (CP-
1, 2, 3 and 5) and three for the VHF radar (CP-4, 6 and 7). There follows a brief description
of those Common Programmes from which data presented in this thesis were obtained.

Common Programme 1, as with its forerunners CP-0 and CP-M1, is a fixed pointing-
direction experiment in which the transmitter beam is approximately aligned along the
geomagnetic field direction. The experiment was designed to provide high time resolution
observations of dynamic phenomena such as auroral arcs. In its present incarnation, CP-1-K,
the remote site antenna beams intersect the Tromsg beam at 278-km altitude; previous
versions also incorporated four pointings in the E region. CP-1 takes full advantage of the
frequency agility of EISCAT, transmitting long-pulse, power profile and alternating code
pulse schemes. CP-1-type experiments have been operated regularly since about 1982,
providing a large and consistent data base of measurements. CP-1 observations provided the
majority of the data employed in the statistical analysis described in Chapter 5, and were also
used for the modelling study of Chapter 6 of the present thesis.

Common Programme 2 performs a rapid four position scan of the transmitter, including one
field-aligned and one vertical position, the remaining two to the south and south-east of the
vertical. In the present version of the experiment, the remote antennas follow the scan,
observing the transmitter beam at 278-km altitude. The dwell time is 1.5 minutes at each
position. CP-2 transmits the same pulse schemes as CP-1. Common Programme 2 and its
earlier versions, including CP-M2, were designed to resolve spatial and temporal variations in
wave-like phenbmena, hence the short cycle time of 6 minutes. Both vertical and field-
aligned observations from CP-2 were employed in the statistical study (Chapter 5).

Common Programme 7 is a VHF experiment designed to make high altitude observations,
facilitating, for example, studies of plasma outflows in the topside ionosphere. The
transmitter points at 90° elevation, and under favourable conditions can receive signal from
around 300 km to beyond 1500-km altitude. CP-7 transmits long-pulse and power profile
schemes. Data from this experiment were used to provide high-altitude observations for the
statistical study of Chapter 5.

Of the other Common Programmes, CP-3 performs a 26 minute, sixteen position
latitude scan in the meridian plane, with the remote site antennas following the scan as in CP-
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2. CP-5, a little run experiment, is similar to CP-3 but with fewer positions in the scan and an
extended dwell time in the field-aligned position. The two remaining experiments, CP-4 and
CP-6, are VHF programmes. CP-4 is a split-beam experiment based on the old UK Special
Programme POLA, whilst CP-6 was designed for mesospheric and D-region studies,
employing Barker coding to obtain an altitude resolution of order 1 km. On occasion, UHF
and VHF programmes are run simultaneously, such as CP-1 with CP-7.

In addition to the seven Common Programmes, there are three Unusual Programmes.
These are designed for the study of specific ionospheric phenomena such as sporadic E-

layers, and can be run at very short notice when appropriate conditions arise.

3.3.2 Analysis of EISCAT Data

Thus far, the theory of incoherent scatter has been outlined, highlighting the dependence
of the incoherent scatter spectrum upon various ionospheric parameters. The practical
application of the technique has been discussed, with particular reference to the EISCAT
radar. The final stage of the process is the retrieval of ionospheric parameters from the
spectrum or, equivalently, the ACF. Autocorrelation functions are formed in the correlator.
The correlator is a dedicated computer system that takes the samples output by the ADC (see
section 3.3) and computes autocorrelations, cross-correlations or pulse profiles, depending on
the pulse pattern. At this stage, identical measurements from different channels may be added
together to reduce the level of uncorrelated noise. Similarly, successive correlator dumps are
integrated, typically over 5 to 10 seconds; this pre-integration period sets the maximum
temporal resolution for the experiment. A zero lag might be inserted into the ACF for multi-
pulse or alternating code measurements, and other corrections such as the removal of satellite
echoes may be necessary. Finally, the ACF's are written to a permanent storage medium.

A number of instrumental effects influence the form of the measured ACF, which must
therefore be corrected prior to parameter fitting. The three main effects arise from the form
of the transmitted pulse, the weighting of the lags during correlation and the receiver
response. The ACF of the scattered pulse is the product of the ACF of the transmitted pulse
and the incoherent scatter ACF. Further modification of the function occurs in the receiver,
the output of which is equal to the convolution of the received ACF and that of the baseband
filter. Finally, the correlator will introduce effects due to weighting of the lags caused by
gating of the samples prior to cross-correlation. This latter effect has been much alleviated
since the introduction, in 1984, of the GEN system of correlator programs, which allow
gating after the evaluation of cross products (Turunen, 1986). The effects of the instrument
on the measured ACF are addressed in some detail by Rishbeth and Williams (1985).

Each of these known instrumental effects can be removed, after which the background
noise 1is subtracted from each signal gate. An estimate of the background level is obtained
from samples taken beyond the farthest signal gate. The resulting signal ACF’s are then
suitable for derivation of ionospheric parameters.
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Initially, a crude estimate of the electron density is made, based on the backscattered
power (equation 3.5), where the system constant is neglected and the ion and electron
temperatures are assumed to be equal. Subsequently, the ion velocity may be determined.
Bulk plasma motion introduces a Doppler shift to the entire spectrum, which results in an
ACF with both real and imaginary components. Using a matched filter procedure, the ion
drift velocity may be deduced and its effect removed from the ACF. The resultant real ACF
can then be used to determine other ionospheric parameters.

Deduction of parameters proceeds by means of fitting the measured ACF to a
theoretical function, corresponding to known plasma parameters. Initially, ‘quick-fit’
approximations of ion and electron temperatures are assumed, based on the time to the first
cross-over and the amplitude of the first minimum in the ACF, as depicted in Figure 3.8.
These approximations are used to correct the initial electron density value. A theoretical
spectrum is then derived, based on the quick-fit estimates of plasma temperature and electron
density. Alternatively, the parameters from a previous fit, or from an adjacent signal gate,
may act as initial estimates. The empirical function is compared with the measured function
in the time domain and the former iteratively corrected until the variance between the two is
less than a specified threshold. If no acceptable fit is achieved within a given number of
iterations, as defined by the analyst, the process is terminated and no parameters are returned.

Generally, estimates of four parameters are obtained on a routine basis: electron density,
ion and electron temperatures and ion drift velocity. Other parameters, such as ion-neutral
collision frequency and ion composition, may be determined, although, as described earlier,

this is possible only under favourable conditions.

3.3.3 Uncertainties in Derived Parameters

For a quantitative interpretation of incoherent scatter measurements, it is necessary to
appreciate the uncertainties in the derived parameters. This requires an awareness of the
possible sources of error, the most significant of which are addressed below.

Random error. A variety of empirical relationships have been established which relate the
random error in a given plasma parameter to the received signal to noise ratio. Du Castel and
Vasseur (1972) concluded that random uncertainties in plasma temperature measurements and

electron density values were related to the error in signal power by

S~ e e . i (310)

where APg/P; is defined in equation 3.9. The error in the line of sight ion velocity, vj, is

expressed as
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AF;j is the ion line half-width, which is approximately equal to twice the ion-acoustic
frequency (equation 3.2). Murdin (1979) derived similar relationships, based on a simulated
data set, with the exception of the electron density error which was found to be twice that
given by Du Castel and Vasseur (1972). An experimental determination of random
uncertainties in electron density, plasma temperatures and ion velocity was undertaken by
McCrea (1989), and the results found to be in reasonable agreement with those of other
workers (eg. Williams et al., 1984; Jones et al., 1986). Although there is some variation
between all the estimates, each agrees that the random error is inversely proportional to a
factor (SNR - YN)-1. Random errors presented in this thesis are based on the relationships of
Du Castel and Vasseur (1972).

Fit error. As described previously, parameters are retrieved from analysis of EISCAT data
by minimising the variance between the measured ACF and a theoretical function. In the case
of the analysis program employed in the present study, the sum of the residuals between the
two functions is used to calculate an uncertainty in each derived parameter. This uncertainty
is referred to as the fit error; it is typically less than the random error, but the two may be
combined to give an overall error estimate.

Error due to non-Maxwellian velocity distribution. Standard EISCAT analysis assumes
Maxwellian velocity distributions for ions and electrons along the radar line-of-sight. The
presence of a relative velocity between the ions and neutrals may cause the line-of-sight ion
velocity distribution to depart from the Maxwellian (eg. Cole, 1971; St. Maurice and Schunk,
1979; Hubert and Kinzelin, 1992). The effect is particularly pronounced for high ion-neutral
relative velocities and large aspect angles (Lockwood et al., 1987). During such intervals, the
form of the ion velocity distribution is generally not well known, depending largely on the
species and type of collision involved. A non-Maxwellian velocity distribution tends to
distort the IS spectrum, producing a maximum, or at least a reduced minimum, about the
central frequency (Raman et al., 1981), and increasing the backscattered power (Lockwood et
al., 1988). Analysis of such a spectrum, assuming a Maxwellian thermal velocity
distribution, tends to overestimate the line-of-sight ion temperature and underestimate the
electron temperature (eg. Lockwood et al, 1988; Moorcroft and Schlegel, 1989; McCrea,
1989). A number of workers have successfully retrieved reasonable parameters from such
spectra by assuming non-Maxwellian velocity distributions based on simple collision models
(eg. Winser et al., 1987). Further errors may arise if, as suggested by Maehlum et al. (1984),
the thermal electron distribution does not remain isotropic within regions of field-aligned

currents.
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Error due to ion composition. Standard analysis of EISCAT data generally adopts a model
for ion composition in order to retrieve the ion temperature. The model specifies a time-
invariant profile of the relative concentrations of ions as a function of altitude, as illustrated in
Figure 3.9. The actual composition profile is sensitive to diurnal and seasonal variations.
Nevertheless, for undisturbed conditions, the adopted model is largely representative of the
true ion composition profile. However, the ion composition can become significantly
modified during active conditions, for example through increased reaction rates during
intervals of ion frictional heating and as a result of transport processes (eg. St.-Maurice and
Torr, 1978; Raitt et al., 1975). These effects are generally most marked between 150 and
300-km altitude, where enhanced temperature may increase the relative proportion of
molecular ions through recombination (eg. Lathuillere, 1987). An underestimate of the
fractional content of molecular ions results in underestimates of ion and electron
temperatures, by a fraction approximately equal to the ratio between the real and assumed ion
masses (Lockwood et al., 1993). Since disturbed conditions are often the subject of detailed
quantitative analysis, the possible errors inherent in the assumption of a composition profile
must be considered. The effects of ion composition modification on parameters derived from
IS analysis is addressed in more depth in Chapter 6 of this thesis. It should be noted that the
adoption of a model is not the sole method of obtaining ion mass. A number of workers (eg.
Lathuillére et al., 1983) have deduced the composition profile directly from EISCAT
measurements, as described in section 3.2.1.

Error due to single temperature analysis. Under conditions of relative ion-neutral flow,
the different ion-neutral collision frequencies of each species in a multi-ion plasma results in
the divergence of their respective temperatures (Hubert and Lathuillére, 1989). The
temperature difference is greatest in the direction of the magnetic field line (Lathuillére and
Hubert, 1989). Moreover, the measured line-of-sight ion temperature is not simply a
weighted mean of the temperature of each species. However, standard EISCAT analysis
assumes that the line-of-sight temperatures of all species are equal. Ion temperature
measurements derived from such a single temperature analysis may therefore be inaccurate
during intervals of relative ion-neutral flow, particularly when significant proportions of more
than one ion are present. The limitations of EISCAT analysis during intervals of high ion-
neutral relative velocity are addressed in more detail by McCrea (1989) and McCrea et al.
(1995).

3.4 Summary

In this chapter, the process of incoherent scatter of radio waves by acoustic waves in the
ionosphere has been outlined. The application of this phenomenon to ground based
investigations of the Earth’s upper atmosphere has been described, with particular reference

to the EISCAT radar, detailing how a number of atmospheric parameters may be obtained
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using the technique. The general characteristics of the EISCAT UHF and VHF systems have
been summarized, and the processes of data retrieval and analysis outlined. The uncertainties
inherent in incoherent scatter data have been addressed, arising from both the measurement
and analysis of the received spectra. A brief description of EISCAT Common Programmes

has also been presented.

41



EISCAT Upflow Observations Chapter 4

CHAPTER 4
EISCAT Observations of Nightside Auroral Plasma Upflows
in the F-region and Topside Ionosphere

4.1 Introduction

This chapter presents EISCAT observations of three events of ion upflow detected
during a six hour run of the UK special programme UFIS. The UFIS programme provided
vertical observations through the E-region to the topside ionosphere. In addition, tristatic
UHF measurements were made at 315-km altitude. A more detailed description of the UFIS
programme is given in the following section.

Three intervals of transient ion upflow were observed during a six hour interval from
2100 UT on 17 January, 1990. One event was clearly associated with electron precipitation.
F-region observations of an enhanced perpendicular electric field and ion heating are
consistent with upward acceleration resulting from thermal plasma expansion; at higher
altitudes the upflow is thought to have resulted from electron heating and field-aligned
currents. A later event exhibited vertical ion velocities of similar magnitude, again associated
with an elevated electron temperature, but in this case there was no evidence of significant ion
heating. A third event observed above about 600-km altitude was apparently unaccompanied
by lower altitude upflows, although the vertical field-of-view could not provide simultaneous
measurements along the same field-line at lower altitudes, rendering the experiment
insensitive to possible temporal variations within a field-aligned structure.

These observations illustrate some of the ion energization processes which can occur at
different altitudes within the structure of an auroral arc, and are consistent with the
measurements reported by Wahlund et al. (1992, 1993) and with the theoretical work of Blelly
et al. (1996).

4.2 Experimental Configuration

The UK EISCAT Special Programme UFIS was designed to provide observations of
upward flowing ions in the F-region and topside ionosphere, with both the EISCAT UHF and
VHEF radars taking simultaneous measurements of the high latitude ionosphere. By necessity,
the VHF radar operates at 90° elevation, and in this experiment the UHF radar also points
vertically to allow for a continuous range of observations from the E-region into the topside
ionosphere. A schematic of the experimental configuration is presented in Figure 4.1.

In the UHF experiment, long-pulses of 350 s are transmitted on four channels for F-
region observations extending between 150 and 500-km altitude (LP in Figure 4.1). Twelve
signal gates are formed using GEN-type weighting (Turunen, 1986), resulting in a range
increment of approximately 31 km and a range resolution of 84 km. In addition to the long-
pulse, a 30 us power profile scheme is transmitted for measurements of returned power

between 90 and 150 km altitude (PP in Figure 4.1). The remote UHF receiver beams from
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Kiruna and Sodankyld intersect the Tromsg beam at an altitude of 315 km, enabling the full
ion vector velocity to be calculated at this height. The VHF system transmits 750 pus pulses
on two channels for observations between 315 and 1260 km (VHF in Figure 4.1). A total of
15 signal gates are formed at increments of 67.5 km, each with a range resolution of

approximately 180 km.

4.3 Observations: Introduction

The data discussed here were obtained from a run of UFIS that commenced at 2100 UT
on 17 January 1990 and finished at 0250 UT on the following day. The remote site UHF data
and the Tromsg VHF data were post-integrated at a resolution of two minutes, whilst the
better signal to noise ratio of the Tromsg UHF data permitted analysis at one minute
resolution. Where present in figures, uncertainties in the parameters are derived from the
formulae of Du Castel and Vasseur (1972), (see section 3.3.3).

Panels (a) to (c) in Figure 4.2 present UHF long-pulse measurements of, respectively,
electron density, electron temperature and ion temperature, as observed vertically between
2100 and 0100 UT. UHF and VHF long-pulse observations of vertical ion velocity for the
same interval are illustrated in panels (a) and (b), respectively, of Figure 4.3. Positive values
of velocity represent flow towards the receiver (ie. vertically downward). A number of
intervals of upward vertical ion flow are evident in Figure 4.3, most obviously between 0000
and 0100 UT. However, the scales on these figures do not indicate clearly the magnitudes of
the flows. More detailed investigation reveals that large upward velocities (greater than about
100 m s-!) occurred on three occasions, at 2200 UT, 0030 UT and around 0040 UT. These
intervals will be discussed in detail in the following sections.

It should be emphasized that the measured velocities were vertical, and not field-
aligned. The full ion vector velocity can only be calculated at an altitude of 315 km, where
the remote receiver beams intersect the Tromsg UHF beam. However, consideration of the
geometry of the system (Figure 4.1 inset) reveals that the zonal component of field-
perpendicular velocity, v, g, can contribute only up to a few m s-! to the observed vertical
velocity, vi. The meridional velocity, v, N, makes a greater contribution to vi. The magnitude
of the vertical component of v,y is equal to v,nsinl, or approximately 0.2vy, given that the
geomagnetic dip angle, I, is around 12° at the latitude of Tromsg. However, the field-parallel
component of velocity makes the greatest contribution to v, the vertical component of vy
being equal to vycosl, or approximately 0.98vy. Thus, if the measured value of v,y is small
relative to the observed vertical velocity, the latter can be interpreted as an indicator of the
magnitude of the field-parallel velocity. Furthermore, if the meridional flow were southward
then this would contribute to a downward vertical velocity. Thus the vertical velocities
presented in the figures can be considered as representative of field-parallel velocities.
However, if v varies with latitude, and since the perpendicular drift-velocities map along
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magnetic field lines, v may vary along the vertical line-of-sight, which intersects different
field-lines at different altitudes (see Figure 4.1). The perpendicular velocity measured at 315-
km altitude may not, therefore, be representative of that at higher altitudes if the perpendicular
flows vary on spatial extents of less than approximately 100 km.

Ion temperature values illustrated in Figure 4.2 were also derived from vertical
observations. During intervals of enhanced ion flow, the ion temperature distribution can
become anisotropic (Schunk and Walker, 1972; St-Maurice and Schunk, 1973, 1974), with the
parallel ion temperature component being less than the field-perpendicular component. Then,
an observed vertical temperature is likely to be an underestimate of the three-dimensional
value, the former being principally determined by the field-parallel temperature.

In addition, the relative concentration of molecular ions in the F-region can become
enhanced during ion frictional heating, a result of increased reaction rates in response to both
the elevated effective temperature (St-Maurice and Torr, 1978) and the upwelling of the
lower atmosphere (Raitt et al., 1975). However, analysis of the data assumed a time-invariant
ion composition model, with O* ions dominant above 250-km altitude. This composition
model would lead to underestimation of both ion and electron temperatures if a significant
proportion of molecular ions were present at F-region peak density altitudes. The limitations
of the ahalysis of incoherent scatter spectra during intervals of ion frictional heating are
addressed in more detail by McCrea et al. (1995) and Davies et al. (1995).

It should be noted that the only parameter derived from the VHF radar data presented in
the present chapter is the line-of-sight plasma velocity. Unfortunately, the returned VHF
spectra were not sufficiently well defined to permit the reliable fitting of ion and electron
temperatures. However, the derivation of the line-of-sight plasma velocity was unaffected.
To validate the velocities derived from the VHF radar data, they were compared with those
measured by the UHF radar, over the altitude range where both radars observed
simultaneously, approximately 315 to 500 km (see Figure 4.1). Figure 4.4 presents time
series of velocity as measured by both radars at 300, 400 and 500-km altitude between 2100
and 0100 UT. It is noted that these VHF gates do not give totally independent measurements
since the range resolution for the VHF experiment is approximately 180 km. The red lines
indicate UHF observations, with associated uncertainties. For clarity, errors in the VHF
observations (blue lines) are not marked but are in general greater than those for the UHF
measurements. The figure illustrates that, within the uncertainties, the measured velocities are
in agreement. Hence it is believed that the VHF line-of-sight velocity measurements are
reliable, up to at least 800-km altitude.
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4.4 Event 1: Upflow at 2200 UT

4.4.1 Event 1: Observations

Figure 4.5(i)a illustrates the line-of-sight plasma velocity for the period 2130 to 2220
UT as derived from UHF radar observations at 300 and 500-km altitude and from VHF
measurements at 800 km. Positive values of velocity indicate upward plasma flow. There is
evidence of an upflow maximising at 2200 UT; velocities were positive at all altitudes at this
time and increased with height, reaching almost 300 m s-! at 800 km. Measured fluxes at
500-km altitude at this time were around 1.5x1013 m-2 ¢'1. The event was very short-lived,
lasting perhaps only three to four minutes, and the velocity maximum occurred at all altitudes
simultaneously, within the resolution of the data.

Vertical ion temperatures at 200, 300 and 500-km altitude, derived from UHF radar
measurements, are illustrated in panel (b). An enhancement in ion temperature maximized at
2200 UT at 300 km, and at 2201 UT at 500-km altitude. The interval of ion heating was of
approximately four minutes duration, with the temperature enhanced above the typical value
by some 800 K at 300 km, reaching a maximum value of 2000 K at that altitude. At 500 km
the peak temperature was 2700 K, an enhancement of some 1200 K.

Panel (c) of Figure 4.5(i) presents the zonal and meridional components of plasma
velocity, derived from tristatic measurements at 315-km altitude. Comparison with panel (b)
reveals an excellent temporal correlation between variations in the zonal velocity component
(and hence the meridional electric field) and the F-region ion temperature, as expected from
previous investigations of ion frictional heating (eg. Davies et al., 1995). The plasma velocity
reached a maximum of approximately 1200 m s-! westwards at 2100 UT, corresponding to a
northward electric field of around 60 mV m-!, simultaneous with the ion temperature
maximum. Following this peak in the plasma velocity, the zonal component changed
direction from westwards to eastwards, corresponding to a southward turning of the
meridional electric field.

Time series of electron density at 120, 200 and 300-km altitude are illustrated in Figure
4.5(@1)b. For clarity, the line-of-sight ion velocity is also presented in this figure as panel (a).
It is evident that just prior to and during the upflow at 2200 UT, the F-region electron density
was depleted, reduced by perhaps one third at 300-km altitude. At approximately 2205 UT
there was a rapid increase in electron density at lower F-region and E-region altitudes, a
signature of particle precipitation. Comparison of the electron density at 200 km (panel b)
with the velocity components (Figure 4.5(i)c) reveals that the eastward turning of the zonal
velocity was simultaneous with the onset of the particle precipitation.

The F-region electron temperature at 200, 300 and 500-km altitude is illustrated in
Figure 4.5(ii)c. A substantial increase in electron temperature of some 2000 K was observed
at 500 km, with smaller enhancements at 200 and 300 km, concurrent with the reduction in

ion velocity and cessation of ion frictional heating, and coincident with the enhancement in
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the E-region electron density. The maximum electron temperature was detected at 2202 at the
highest altitude, and about one minute later at the lower heights.

An enhancement in the zonal ion velocity between 2150 and 2156 UT is also evident in
panel (c) of Figure 4.5(i), simultaneous with an interval of ion frictional heating (Figure
4.5(i)b). Although not as intense as the subsequent event, the ion temperature was increased
by some 300 to 600 K between 300 and 500 km. However, in this case there was no apparent
response at any altitude in the vertical ion velocity.

In summary, the interval between 2130 and 2220 UT was marked by an ion upflow at
2200 UT with vertical ion velocities exceeding 300 m s-! at 800-km altitude, and F-region
fluxes in excess of 1013 m2s-!. The upflow was simultaneous with depleted F-region
electron density, strongly enhanced ion temperatures and elevated electric fields. The
duration of this event was only four minutes. Immediately following the upflow, electron
precipitation into the lower F- and E-regions was observed, accompanied by elevated F-region
electron temperatures. An earlier ion heating event did not have an associated ion upflow.

4.4.2 Event 1: Discussion

The ion upflow event at 2200 UT appears to be comparable, both in terms of the
magnitudes of the observed ion fluxes and in the behaviour of the main plasma parameters,
with events described previously by, for example, Wahlund et al. (1992), Winser et al.
(1988b, 1989) and Jones et al. (1988). These authors reported field-aligned ion velocities of
the order of hundreds of m s-! at altitudes ranging from 300 to 900 km, associated with
enhanced perpendicular electric fields and elevated ion temperatures. Large ion-neutral
relative velocities perpendicular to the geomagnetic field lead to elevated ion temperatures via
frictional heating (eg. Rees and Walker, 1968; Schunk and Sojka, 1982). Several workers,
including Jones et al. (1988, 1992), Wilson (1994) and Rodger et al. (1992), have discussed
how this can lead to an enhanced gradient of plasma pressure parallel to the magnetic field,
capable of dri{'ing field-aligned ion flows with velocities of the order of several hundred
m s-1.  Although other acceleration mechanisms have also been proposed, as discussed in
Chapter 2, Jones et al. (1992) concluded that the plasma pressure gradient was the dominant
factor in this type of event.

To assess the extent to which pressure gradients might account for the upflow at 2200
UT, field-aligned gradients must be inferred from vertical ones. This assumption is applicable
if the feature has a large enough latitudinal extent such that the horizontal temperature
distribution is homogeneous, as discussed by Blelly et al. (1996). Blelly and co-authors
successfully modelled EISCAT-VHF observations of vertical upflows associated with wide
scale phenomena, which corresponded to events of more than one hour duration. Although
the upflow at 2200 UT was only a transient feature, the occurrence of maximum ion
temperatures and maximum vertical ion velocities at all altitudes simultaneously suggests a
feature that “switched on” near 2200 UT, having a latitudinal extent of at least 100 km (see
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Figure 4.1), rather than a small scale, field-aligned feature that moved through the radar field-
of-view. Hence field-parallel gradients might be assumed from vertical observations. With
this assumption in mind, the vertical diffusion velocity, resulting solely from plasma pressure
gradients, was modelled. Although a simple approach, Jones et al. (1988, 1992) successfully
explained similar observations of field-aligned upflows associated with enhanced plasma
temperature in terms of pressure gradients alone; the event at 2200 UT was modelled in the
same way to provide a more quantitative comparison with the observations of Jones and co-
authors. However, at altitudes above 250 km the pressure gradient at 2200 UT was consistent
with downward plasma flow, whereas the observations indicated upward flow at all heights
between 150 and 800 km. As discussed in Chapter 6, though, such a model is greatly
influenced by the ionospheric composition model adopted both for the analysis of the data and
in the model itself. The true composition is often not well known, particularly during
disturbed conditions, hence the results of this simple model may not be reliable. Therefore, it
should not be inferred that the observed upflow was not driven, at least in part, by field-
aligned pressure gradients.

As previously stated, the field-perpendicular plasma velocities have components in the
vertical direction, and it is possible that the large vertical flows seen at high altitudes could be
the result of enhanced ExB drift speeds. Assuming a moderate parallel velocity, say 50 m s-1,
at 800-km altitude, and neglecting the vertical component of v g, a northward meridional
velocity in excess of 1200 m s-! would be required to produce the observed vertical velocities
of nearly 300 m s-!. Such values are unlikely and were never observed at 315-km altitude in
these data.

It seems most likely that the transient event observed at 2200 UT was associated with an
auroral arc. Numerous observations have indicated the occurrence of ion upflows in the
vicinity of arcs (eg. Wahlund et al. 1992; Lu et al. 1992), the upflows being attributed to a
variety of acceleration mechanisms. At F-region altitudes, heating of the electron gas by soft
particle precipitation can lead to upward diffusion via thermal plasma expansion (Rodger et
al., 1992; Wahlund et al., 1993; Liu et al., 1995). Large convection electric fields are often
observed in the vicinity of auroral arcs (Marklund, 1984; Opgenoorth et al., 1990; Lewis et
al., 1994). As discussed in Chapter 2, enhanced electric fields can result in enhanced pressure
gradients through ion frictional heating. Satellite and rocket observations of higher energy
outflows, occurring above auroral arcs, have been attributed to transverse ion acceleration by
low frequency waves, such as ion cyclotron waves (Ungstrup et al., 1979; Klumpar, 1979;
Heelis et al., 1984; Retterer et al., 1994). Ion conics are generally observed at altitudes above
1000 km, although Whalen et al. (1978) reported such heating at altitudes between 400 and
500 km. Ion-acoustic instabilities that are unstable to field-aligned currents can also lead to
enhanced (anomalous) resistivity and significant Joule heating of the electrons (Swift, 1965;
Wahlund et al., 1993; Forme et al., 1993). Forme and co-authors demonstrated that these
instabilities were initiated at altitudes above 1000 km, but conduction could lead to heating at
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lower altitudes, where classical collisional heating also becomes important. Upward ion
fluxes could be generated both by the modification of the electron pressure gradient and by
enhanced field-parallel electric fields, the latter resulting from the increased resistivity in the
presence of field-aligned currents (Wahlund et al., 1992, 1993).

There was indeed evidence of auroral precipitation between 2200 and 2205 UT (Figure
4.5(ii)b), both in the enhanced topside and F-region electron temperature, and in the increased
electron density at 120 and 200-km altitude. The interval of F-region frictional heating was
associated with an elevated perpendicular electric field, which was observed approximately
three minutes prior to the density enhancement and, therefore, apparently situated on the
leading edge of the arc. There is no indication of any latitudinal drift of the feature at 2200
UT; the enhancement in ion temperature was observed at all heights simultaneously,
consistent with the small meridional velocity measured at the time. Between 2200 and 2202
UT there was a reversal in the zonal velocity from 1200 m s-! westwards to around 200 m s-!
eastwards, corresponding to a change from a region of large northward electric field to a
moderate southward field of approximately 10 mV m-l. This feature is characteristic of a
convection shear, as discussed by Ganguli et al. (1994). These authors described how
strongly sheared flows in the topside ionosphere could generate low frequency plasma waves,
potentially leading to ion heating and thermal ion upflows. However, here the electric field
reversal was concomitant with a reduction in the ion temperature, hence it is unlikely that the
convection shear was the cause of the observed ion heating. The southward turning of the
electric field was coincident with the enhancement in F-region electron temperature. In
contrast with the ion heating event, the electron temperature enhancement was detected first at
the higher altitudes, indicating an equatorward drift of perhaps 600 m s-1; this is greater than
the meridional velocity measured at 2200 UT at 315 km, but is similar to velocities measured
between 2205 and 2210 UT. The increased ionization was also observed first at 200 km, with
higher energy precipitation evident later at 120-km altitude. This again is consistent with an
equatorward drifting field-aligned arc. However, these observations are at variance with the
earlier conjecture, based on the ion temperature data, that a large-scale feature “switched-on”
at approximately 2200 UT. It is possible, of course, that a field-aligned feature moving
meridionally through the radar field-of-view within one post-integration period could show
signatures in all range gates simultaneously, as with the ion temperature in Figure 4.5(i)b.
However, it is estimated that the drift velocity of the feature would need to have been

“approximately 1 km s-! in this case, whereas the meridional velocity measured at 315 km
altitude did not exceed 200 m s-1 at that time. It is suggested that the observed time-series of
vertical ion velocity, ion temperature, electron density and electron temperature may have
been produced by an auroral arc which first drifted eastward into the radar field-of-view and
then again southward.

Therefore, it seems probable that the upflow observed at 2200 UT resulted from a

combination of processes related to the passage of an auroral arc through the radar beam. The
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observations indicate that the electron temperature increased with altitude, and that the
temperature maximum was evident first at the higher altitudes. Although reliable electron
temperature measurements are not available beyond 500 km, it might be inferred that the
electron temperature maximum at 800 km occurred between 2200 and 2202 UT at the
geographic latitude of EISCAT; that is, at the time of the observed upflow at that altitude.
This is in accordance with observations reported by Wahlund et al. (1993), who associated
topside ion upflows with transient, high altitude electron heating resulting from the
simultaneous presence of field-aligned currents and ion-acoustic turbulence. These authors
also showed that such heating was correlated with electron precipitation in the 100-500 eV
energy range, indicated by increased ionization between altitudes of 170 and 230 km. This is
also consistent with the observations of elevated topside electron temperature followed by
enhanced electron density at 200-km altitude. It is surmised that the upflow observed at 800
km was related to electron heating above a field-aligned auroral arc, which at 2200 UT was
poleward of EISCAT, whilst the upward velocities observed at lower altitudes were probably
induced by ion heating, resulting from the velocity shear and enhanced convection electric
field on the equatorward edge of the arc. The geometry of the system is such that the plasma
flows along different geomagnetic field-lines were detected simultaneously in the vertical
line-of-sight. The acceleration regions then moved out of the field-of-view as the arc drifted
equatorward, indicated by subsequent F-region electron heating and enhanced ionization.

Blelly et al. (1996) modelled EISCAT-VHEF observations of a large-scale ion upflow by
imposing a combination of an enhanced convection electric field and an upward field-aligned
current, successfully reproducing the general features of the event. Although this was a long-
lived feature (lasting more than an hour) where ion and electron heating were observed
simultaneously, the model does not preclude the possibility that transient upflows related to
auroral arcs can be generated by the same mechanisms. Indeed, it is possible that the event
presented here was long-lived, but only observed for a few minutes as it passed through the
EISCAT beam.

Finally, it is noted that the zonal drift velocity turned eastward just prior to 2140 UT.
However, between 2142 and 2202 UT, westward flow was then observed. This pattern of
flow is put into a wider spatial context by observations during this interval from the EISCAT
magnetometer cross. An eastward electrojet was apparent between about 2140 and 2200 UT,
consistent with the westward flow measured by the EISCAT radars. At 2200 UT a substorm-
enhanced westward electrojet was detected in the magnetometer data. These observations are
also consistent with the eastward flow and electron precipitation detected by the EISCAT
radars from 2200 UT.

In summary, this event exhibits characteristics common to both the type 1 and type 2
upflows described by Wahlund et al. (1992), with the presence of F-region upflows related to
enhanced electric fields and ion frictional heating, and higher altitude, greater magnitude

upward velocities associated with enhanced electron temperatures. The F-region and topside
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upflows observed here are probably not directly related to one another, since the acceleration

occurs along different geomagnetic field-lines.
4.5 Event 2: Upflow at 0030 UT

4.5.1 Event 2: Observations

Figures 4.6(i) and (ii) display data from SP-UK-UFIS for the interval between 0020 and
0100 UT on 18 January 1990. The vertical ion velocity measured at 350, 500 and 800-km
altitude is illustrated in panel (a) of each figure. An upflow was observed between 0028 and
0034 UT, the vertical ion velocity increasing with altitude from less than 100 m s-! at 350 km
to some 300 m s-! at 800 km. Vertical ion fluxes were somewhat greater than in the previous
event, reaching some 5x1013 m2 s-! at 500-km altitude. Figure 4.6(i)c reveals zonal and
meridional flow magnitudes equivalent to perpendicular electric fields of only 30 mV m-! or
less. The southward to northward turning of the meridional velocity is equivalent to a change
in electric field of only approximately 10 mV m-!. There is correspondingly little indication
of frictional heating of the ion population (panel b); no enhancements in ion temperature were
detected at 350 km, although at 200 and 500 km there were peak increases of perhaps 300 K,
separated by two minutes, with that at 500 km simultaneous with the maximum ion velocity at
that altitude. There is a good correlation between the vertical ion velocity and an
enhancement in the F-region electron temperature, at least at 500 km, where a temperature
increase of some 1500 K was observed, as illustrated by panel (c) of 4.6(ii). The electron
density (Figure 4.6(ii)b) was relatively high throughout the entire period from 0020 to 0100
UT; comparison with electron densities at 120 km between 2140 and 2200 UT (Figure
4.5(ii)b) reveals around a four-fold increase during the later period. This high level of
ionization is indicative of production by electron precipitation.

In contrast to the earlier event, the upflow at 0030 UT was observed simultaneously
with an interval of enhanced F-region electron temperature, with only moderate perpendicular
electric fields and little ion heating. Although the maximum observed vertical velocities were

similar in each event, that at 0030 UT exhibited larger upward fluxes.

4.5.2 Event 2: Discussion

In terms of the magnitude of the maximum vertical ion velocity and the duration of the
event, the upflow observed around 0030 UT is comparable with the earlier feature. However,
in the later event only modest increases in the vertical ion temperature were detected during
the upflow, consistent with the moderate measured convection velocities. Furthermore, in the
earlier event the electron temperature at the lower altitudes was seen to increase subsequent to
the upflow, whereas here there appears to be a direct correlation between the enhanced
electron temperature and the vertical ion velocity at 500-km altitude. The observed electron
heating might be due to a downward heatflux of magnetospheric origin, or the result of
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particle precipitation; evidence of a discrete feature is apparent as a slight increase in electron
density at 200 km, and there is certainly a correlation between this and enhancements in both
ion and electron temperatures at that altitude. It was discussed in Chapter 2 how particle
precipitation can result in enhanced F-region and topside electron temperatures, which can
induce upward plasma acceleration via thermal diffusion and enhanced field-parallel electric
fields. Again, temperature measurements above 500-km altitude are not available, but
elevated electron temperatures might be inferred above 500 km from the observations at the
lower altitudes. Thus it is concluded that the observed upflows were associated with
precipitation-induced electron heating in the F-region and topside ionosphere. It is interesting
that in this event enhanced electron temperatures at 500 km were accompanied by large
vertical velocities at the same altitude, whereas in the previous event somewhat greater
electron temperatures at 300 and 500 km were not coincident with upward flows. The reason
for this is not readily apparent, but might simply be due to differences in field-aligned
pressure gradients between the two events, which cannot be quantitatively examined from
vertical observations for such transient features.

Several aspects of this event are suggestive of a field-aligned feature moving first
equatorward into the vertical field-of-view and then poleward. Examination of the velocity
time series (Figure 4.6(i)a) reveals that the vertical velocity increased first at the highest
altitude. Similarly, the electron temperature appeared to increase first at the higher altitudes;
this is consistent with the southward meridional velocity measured just prior to the event.
Concurrent with the onset of the electron heating, however, the meridional convection
velocity turned northward, and consequently the electron temperature was seen to reduce first
at the lower altitudes as the feature moved poleward away from the radar field-of-view.

In summary, the enhanced electron temperatures and moderate perpendicular electric
fields associated with this upflow event make it characteristic of the type 2 upflow described
by Wahlund et al. (1992). Similar observations of enhanced topside electron temperatures
have been documented by Wahlund et al. (1993), and were attributed to heating resulting
primarily from enhanced resistivity due to precipitation-induced ion-acoustic turbulence. It is
interesting to compare this event with that observed at 2200 UT, when upflows of similar
magnitude were associated with both enhanced ion and electron temperatures. Although the
experimental configuration does not allow for a quantitative assessment of the acceleration
mechanisms involved in each case, these two events exhibit characteristics consistent with the
most commonly considered acceleration processes which can lead to F-region and topside ion
upflows.
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4.6 Event 3: Upflow at 0045 UT

4.6.1 Event 3: Observations

A third ion upflow was detected between 0038 and 0046 UT (Figure 4.6(i)a). This
event was markedly different from the previous two, in that large upward velocities were seen
only in data from the VHF radar. Moderate vertical ion velocities, of less than 50 m s-1, were
observed up to 500-km altitude by both UHF and VHF radars. Enhanced upward flows were
evident from 600-km altitude, exceeding 200 m s-! at 0044 UT at an altitude of 800 km.
There was no evidence of ion heating at F-region altitudes during the upflow (Figure 4.6(i)b).
Slight increases in the zonal and meridional ion velocities were evident (panel c¢), although the
perpendicular electric field attained a maximum of perhaps only 35 mV m-l. The F-region
electron temperature exhibited no response at the time of the upflow (Figure 4.6(ii)c).
However, a transient increase in the electron density at 350-km altitude was evident during
the event, with a more sustained and substantial enhancement following the upflow (Figure
4.6(ii)b). As noted previously, there is evidence of precipitation into the lower F and E-
regions throughout the entire period from 0020 to 0100 UT.

In summary, the third upflow observed in this data set differs from the previous two in
that it occurred beyond the observing range of the UHF radar, and was detected only by the
VHEF radar at altitudes above 600 km. Furthermore, the maximum observed velocities were
of the order of 200 m s-1, some 100 m s-! less than was seen in the other events at the same
altitude. Of the earlier two ion upflows, one was associated with enhanced ion and electron
temperatures, the other with elevated electron temperatures alone; however, the upflow at

0044 UT was apparently uncorrelated with any temperature variations at lower altitudes.

4.6.2 Event 3: Discussion

The moderate vertical velocities near the F-region peak measured during this event are
consistent with the undisturbed ion and electron temperatures at these altitudes. It is possible
that the upflow detected at 600-km altitude is the result of downward heatflow into the
topside ionosphere, leaving the electron temperature unaffected at lower heights. The heating
could also be related to soft particle precipitation; just prior to the maximum observed
velocity, an ionization peak was apparent at 350 km. However, this was not detected below
about 300-km altitude, which is suggestive of precipitation with a maximum energy below the
range associated with bulk electron heating at high altitudes (Wahlund et al., 1993).

A further possibility is that the upflow was associated with a field-aligned feature
present at higher latitudes than the radar field-of-view. Enhanced field-aligned plasma flows,
translated into large vertical velocities, might then be detected only at high altitudes within
the VHF radar field-of-view (see Figure 4.1). Such an interpretation must remain purely
speculative, since, without observations away from the radar field-of-view, the effects of
spatial and temporal variations cannot be fully resolved. This highlights one of the limitations
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of single pointing direction experiments such as UFIS which, although offering measurements

at high temporal resolution, yield relatively little spatial information.

4.7 Summary and Conclusions

Observations from a six hour run of the special UK EISCAT programme UFIS have
been presented, detailing three distinct intervals of upward ion flow from the F-region
ionosphere. Table 4.1 summarises the primary characteristics of the events in terms of the

observed ionospheric parameters.

Table 4.1
Time [V; (800 km) [Flux (500 km) |AT; (500 km) |ATe (500 km) [E; n (315 km)

2200 UT | 280ms! [1.5x1013m2 51 1100 K 500 K 60 mV m-!
0030 UT 300m s! 5x1013m2 ¢-1 <200 K 1500 K -30 mV m-1
0040 UT | 200ms-! 1x1013m2 s-1 ~0K ~0K -35mV m-1

At 2200 UT, simultaneous UHF and VHF measurements indicated that the vertical ion
velocity increased steadily with altitude from the F-region into the topside ionosphere,
attaining flow speeds of nearly 300 m s-!, with fluxes of order 1013 m2 s-1. The F-region
upflow was simultaneous with a period of ion frictional heating, the result of an enhanced and
sheared convection electric field on the edge of an auroral arc. At higher altitudes, the
upward flow was thought to be related to elevated electron temperatures and field-aligned
currents. Thus the event was reminiscent of both the type 1 and type 2 upflows described by
Wahlund et al. (1992), and perhaps also of the large-scale features modelled by Blelly et al.
(1996). These observations demonstrate some of the features that can exist within the
structure of an auroral arc and which can induce upward plasma flow in the F-region and
topside ionosphere.

Similar upward ion fluxes were observed at 0030 UT. In this case, the upflow was
associated with enhanced electron temperatures, moderate convection flows and F-region
particle precipitation. These features are characteristic of the type 2 upflow described by
Wahlund et al. (1992, 1993), in which topside electron heating is attributed to enhanced
resistivity due to low-frequency turbulence induced by field-aligned currents. Upward ion
acceleration can result from both increased pressure gradients and enhanced field-aligned
electric fields.

Finally, an upflow was detected at altitudes above the observing range of the UHF
radar, but which was evident in the VHF data from 600 km upwards. Smaller vertical
velocities were observed in this event, which was apparently uncorrelated with any features
observed at lower altitudes. Limitations imposed by the experimental conditions inhibit the

interpretation this event, although the upflow was again likely related to topside plasma
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heating.

This data set gives an indication of the variety of characteristics of ion upflow events,
and the diversity of accelerating mechanisms involved. Three distinct events from this single
six hour run of SP-UK-UFIS were presented. The simultaneous operation of the UHF-
tristatic and VHF radars, with both transmitters observing along a vertical line of sight,
allowed for the direct comparison of observations from E-region altitudes up into the topside
ionosphere. However, there are spatial and temporal ambiguities inherent in any single
pointing experiment such as UFIS. The interpretation of line-of-sight measurements in terms
of field-parallel features is hindered when transient, field-aligned features are observed in the
vertical field-of-view necessary for the VHF radar. Also, although good temporal resolution
is achieved, no direct measurements are obtained from regions beyond the field-of-view of the
radar, thus limiting the information available concerning the spatial evolution of features
associated with the ion upflows. In the future, velocity observations from the Superdarn
CUTLASS radar (Greenwald et al., 1995) may enable these single-point observations to be
placed in a wider spatial context.
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CHAPTER 5
A Statistical Study of F-region and Topside Upflows
using EISCAT Data from 1984 to 1996

5.1 Introduction

The case study presented in Chapter 4 demonstrated some features which are common
to upflows in the F-region auroral ionosphere. However, single events do not provide
information about the occurrence frequency of upflows, nor do they give a view of the
general conditions prevalent during these events. Such information can be obtained from
studies of large numbers of observations covering an extended period of time. This chapter
presents a statistical study of F-region and topside ion upflow events observed with the
EISCAT radar. The study employs Common Programme data taken between 1984 and 1996.
The occurrence frequency of upflowing ion events (UFIs) is studied over the altitude range
200 to 500 km, utilizing field-aligned observations from Common Programmes One and
Two. The study is extended in altitude with measurements from Common Programme Seven
obtained between 1990 and 1995.

Statistical studies based on observations from single instruments, such as the EISCAT
radar, can suffer because of the limited latitudinal extent that may be covered. However, the
large data bases that are accumulated and the excellent temporal resolution achieved do allow
for informative studies of ion upflow events, such as that presented by Keating et al. (1990).
Since that particular survey, several more years’ worth of EISCAT observations have become
available, including topside data up to about 1000-km altitude. Thus it is pertinent to extend
the work of Keating and co-authors, in terms of both time and altitude range covered, to
document longer-term variations of ion upflow events. Furthermore, a larger data set should
also provide more statistically dependable distributions, less affected by “anomalous” periods.

Initial results of the statistical study are discussed with respect to the findings of
Keating et al. (1990). Then, the high-altitude CP-7 observations are considered, followed by
an investigation of the occurrence frequency of UFIs as a function of solar phase and
geomagnetic activity. Finally, a quantitative study of the relationship between UFIs and

enhanced ion and electron temperatures is presented.

5.2 Data Sets and Selection Criteria

For this study, data were collated from EISCAT Common Programmes One, Two and
Seven (CP-1, CP-2 and CP-7). As described in Chapter 3, CP-1 is a fixed pointing-direction
experiment in which the transmitter beam is aligned approximately along the geomagnetic
field direction at Tromsg. Reliable data from this experiment cover the period from January
1984 to the present. For the investigation, data from a total of 94 CP-1 experiments, up to
February 1996, were employed. Although this 12 year interval encompasses seven versions
of the programme, the differences between each do not affect the study. In addition to CP-1
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data, observations from the field-aligned position in CP-2 were included. Data from 47 runs
of CP-2 were obtained, representing four versions of the experiment from May 1984 to March
1996. Although the transmitter beam points along the field direction for only 25% of the total
observing time in this experiment, these data are a valuable addition to the analysis. It should
be noted that, due to the curvature of the geomagnetic field-lines, a transmitter beam said to
be “field-aligned” is only so over a limited altitude range. The transmitter elevation angles
for Common Programmes One and Two are such that the beam is intended to be field-aligned
at approximately 300-km altitude; with increasing distance away from this height, the angle
between the transmitter beam and the field-line tangent may be up to 0.5°. Furthermore, it
has recently been remarked that the elevation angles used for “field-aligned” pointing in both
CP-1 and CP-2 since late 1986 have been about half a degree in error. However, these
inaccuracies are unimportant with regard to the present study, which only requires
measurements that are approximately field-aligned.

Finally, CP-7 data from April 1990 to September 1995 provided vertical measurements
of the F-region and topside ionosphere. However, the limited size of this data set and the
often poor signal quality at high altitudes detracts from the usefulness of these observations.

In order to facilitate an initial comparison with the diurnal and seasonal distributions
presented by Keating et al. (1990), identical criteria were adopted in the present study to
identify “events” of ion upflow. Thus an upflow was defined as an upward field-aligned flux
of greater than 1013 m-2 s-1 and/or a field-aligned velocity in excess of 100 m s-1. Keating
and co-workers based these threshold values on experience with EISCAT observations of
field-aligned flows in the high-latitude ionosphere, which indicate that upflows normally only
exceed these values during limited intervals. Keating and co-authors cited observations
reported by Jones et al. (1988) and Winser et al. (1989) as examples of such events, since
when other authors have presented observations that further justify these selection criteria (eg.
Wahlund et al:, 1992). The velocity threshold is greater than values that might be expected
due to neutral winds and plasma pressure gradients under quiet conditions, typically a few
tens of m s-1 (Winser et al., 1986; Jones et al., 1988), whilst the flux threshold is an order of
magnitude greater than the typical polar wind outflow (see Chapter 2, section 2.2.1).

In order to compile upflow occurrence statistics, Keating and co-authors computed a
“percentage frequency occurrence” of upflows within various altitude and time bins. This
parameter expressed the number of “events” as a fraction of the total number of observations
- in that bin. An “observation” was defined as a single interval of data post-integrated at 5-
minute resolution. Thus the percentage frequency occurrence represented the fraction of
observing time that upflows occurred within a given bin.

The technique assumes that, within a given interval, the total number of observations is
constant with altitude. This is obviously true for the above definition of an observation.
However, it should be recalled that in standard analysis of EISCAT data the derived

parameters (electron density, ion and electron temperatures) are returned by the analysis

56



Statistical Study Chapter 5

program only if a fit to the measured spectrum is achieved. The poorer signal quality
received from the farther range gates means that fewer spectra can be fitted with increasing
altitude. Hence, the number of observations for which reliable parameters are obtained is
generally less at the higher altitudes than the total number of data dumps. For this reason, in
the present study an “observation” is defined as a single interval of post-integrated data for
which fits were achieved for all parameters. In addition, the signal-to-noise ratio was
required to be greater than 2%. Using this definition, the frequency occurrence of upflows
was then defined as the number of upflows expressed as a percentage of the total number of
observations within the same range and time bin.

An initial study investigated the difference in upflow distributions obtained using the
two contrasting definitions of an “observation”. For the purposes of this comparison, CP-1
data from the three-year period considered by Keating et al. (1990) were employed. It was
found that the adopted definition did not significantly affect the total number of observations
below 400-km altitude, as indicated diagramatically by the full lines in Figures 5.1 and 5.2.
Such a result is expected, since for the lower range gates nearly all post-integration dumps
contain reliable data. However, at and above this altitude the present definition leads to a
reduction with altitude in the number of observations. Diurnal and seasonal upflow
occurrence distributions, derived using the method described by Keating and co-authors, are
presented as dotted lines in Figures 5.1 and 5.2. Note that the results of Keating et al. (1990)
are not exactly reproduced since the data set employed here may differ slightly from that used
in the former study. For comparison, the histograms of Figures 5.1 and 5.2 illustrate upflow
distributions obtained using the present description of an observation. It is evident that, in
general, the definition employed does not significantly affect the derived distributions.
However, there are large differences in the calculated occurrence frequencies for intervals
when the total number of observations is relatively low, for example in the winter months at
500-km altitude. This highlights the need for a larger data set in order to allow for a sound
statistical analysis.

5.3 Results and Discussion

The initial study examined 12 years of EISCAT field-aligned measurements derived
from Common Programmes One and Two. Observations from six altitude ranges were
binned at hourly intervals. The range gates each covered 30 km, the approximate height
resolution for these experiments, and were centred on 200, 250, 300, 350, 400 and 500-km
altitude. These ranges match those employed by Keating et al. (1990), and thus afford a
direct comparison of results. For each time bin and range gate, the percentage occurrence
frequency of upflows was computed using the method described in the previous section.
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Figure 5.1 Histograms indicating the diurnal variation of the frequency occurrence of
field-aligned upflows for six altitudes between 200 and 500 km during 1985 - 1987. The
equivalent distributions derived using the method of Keating et al. (1990) are shown as
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Statistical Study Chapter 5

5.3.1 Diurnal Variation of Upflows: 200 to 500 km

Figure 5.3 illustrates the diurnal distributions of ion upflow events as a function of UT
and altitude for six range gates between 200 and 500 km. The histograms indicate the
percentage occurrence of upflow events within hourly bins, scaled according to the left-hand
axes. In addition, each bar is subdivided into three sections. The blue portion of each
represents the proportion of events in the bin that were identified solely in terms of flux; that
is, observations where the upward field-aligned flux exceeded 1013 m-2 s-1 but where the
upward velocity was less than 100 m s-!. Similarly, the proportion of events selected only
according to the velocity threshold is represented by the red portion. Events which exhibited
both large velocity and flux are represented by the green portion. Finally, the full lines
indicate the total number of observations in each bin at each altitude, scaled according to the
right-hand axes. The figure therefore not only communicates the variation of upflow
occurrence frequency with UT and altitude, but also the relative proportions of the different
“types” of event and the dependence on height of the number of observations obtained. Note
that when referring to events of different “types” there is no intended implication that they are
generated by different processes; an event of a particular type merely indicates by which of
the three selection criteria it was identified.

Figure 5.3 demonstrates that the number of upflows tends to increase with altitude, as
observed by Keating and co-authors in their three-year analysis. That study concluded that
the upflow occurrence maximized between 400 and 500-km altitude, reaching about 16%
around 2100 to 2200 UT. However, Figure 5.3 suggests that the increase in upflow
occurrence with altitude is more monotonic, reaching a maximum of approximately 23%
around 2200 UT at 500 km. The difference is likely due to the different descriptions of an
“observation” adopted in the two studies. The definition used in the present case results in a
smaller number of observations at higher altitudes, and it becomes apparent that the
percentage occurrence of upflow events is clearly greater at higher altitudes. Note also that
the maximum frequency is greater at all heights than observed by Keating and co-authors,
which is a real effect of the extended data set used in this study. It is apparent, too, that the
night-side peak is sharper in the present case, particularly above the 300-km range gate, again
a result of the extended data set.

The measurements contributing to Figure 5.3 were all obtained from a single
geomagnetic latitude, approximately 69° N, the latitude of the EISCAT transmitter. The
observed UT variation may not, therefore, reflect a real dependence of upflow occurrence on
local time (L.T). Rather, the variation could be due to the change, with time, in the location of
the EISCAT radar relative to the auroral zone. Previous statistical analyses (eg. Klumpar,
1979; Ghielmetti et al., 1978; Yau et al., 1984; Loranc et al., 1991) have revealed that the
spatial distribution of upflows and outflows is auroral-oval-like. Hence, the variation evident
in Figure 5.3 would be unexpected if the radar observed within the auroral oval at all times.
However, on the day-side the auroral oval is typically positioned at higher geographical

58



suoqo/uosqo jo -ou I0OJOJ. SlIl_]OA_]OSCp]O >lt].l |QJ[

o o o

E
X oo o
> g
M Li
N
E °
=]
V]
z © o
T7 ;V ™M
Ul
10
aT ]
X
* >q ® o
O += o
M o
00 © 't
<
O =
¢ 8
o
> 1
o
aN
to
U
38
aN @I o
®
§i
1
85
= w = I o N
SMOjjdn uoi 93u»jjnooo % SMOijdn uoi 90u»Jjnooo %

Figure 5.3 Diurnal variations of field-aligned upflow occurrence frequencies between
200 and 600 km, derived from EISCAT UHF observations from 1984 to 1996. The
histogram bars are subdivided to illustrate the occurrence frequencies of events exceeding
the flux threshold only, the velocity threshold only, and both. The full line indicates the
total number of observations within each hourly bin.
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latitudes than the EISCAT transmitter (beyond around 70° N between about 0600 to 1800
UT), so that at such times the radar observes outside a region where high upflow occurrence
is expected. On the night-side, however, the auroral oval typically extends to below 69° N
and the EISCAT facility is then within a region where higher upflow occurrence is expected.
Thus it appears that the apparent LT variation could be a largely geographical effect. It
should be noted, though, that Klumpar (1979) indicated that outflows were a predominantly
night-side phenomenon at auroral zone latitudes. Although that study concentrated on
altitudes of around 1400 km, it suggests that there may indeed be a dependence of upflow
occurrence frequency on LT. There is probably both a local time and latitudinal variation in
the distribution of upflows, both of which influence the distributions of Figure 5.3. As noted
in Chapter 4, combined temporal and spatial effects are difficult to resolve from single-point
measurements such as those derived from EISCAT radar observations. This point was also
appreciated by Keating co-workers.

Finally, it is manifest from Figure 5.3 how the type of upflow event varies with height.
Up to 300-km altitude, the majority of all events exhibit fluxes above the specified threshold
value but with upward velocities of less than 100 m s-1. However, beyond 350-km altitude
the occurrence of large velocities increases steadily, indicated by the red portion of each bar.
The percentage occurrence of flux events peaks around 2100 UT at 400 km and is then
slightly reduced in the highest range gate. However, greater numbers of large fluxes are
observed with increasing altitude and are accompanied by velocities above the threshold
value, as revealed by the green portion of each bar.

In summary, then, upward velocities in excess of 100 m s-! are uncommon below 350-
km altitude, but become increasingly likely with increasing height; large field-aligned
velocities are detected by the EISCAT radar up to approximately 12% of the time at 500-km
altitude. Upward field-aligned fluxes of greater than 1013 m-2 s-! occur less than 5% of the
time below 250 km, but the occurrence frequency of such events increases monotonically
with altitude, reaching a 15% maximum at 500 km. Finally, upflows are in general observed
by EISCAT between 15% and 20% of the time in the pre-midnight sector between 400 and
500-km altitude.

5.3.2 Seasonal Variation of Upflows: 200 to 500 km

In keeping with the initial comparison with the paper of Keating et al. (1990), seasonal
distributions of ion upflow events in the same six range bins are presented in Figure 5.4.
There is considerable variation over the year in the number of observations at each altitude,
with up to 6000 measurements around March and September and fewer than 1000 in
December at the highest altitude. The total number of observations in the 200-km range gate
approached 60000, some four times that available for the study of Keating and co-workers.

With regard to the upflow occurrence statistics, Figure 5.4 exhibits distributions similar
to those of Keating and co-authors up to the 300-km range gate. At 350 km, however, Figure
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5.4 reveals a higher upflow occurrence frequency in the December, January and February
bins, maximising at around 7%. There is no clear evidence of such a seasonal dependence at
the lower ranges.

Returning briefly to the results of Keating et al. (1990), a very large increase in upflow
occurrence during the winter months was detected at 400-km altitude. In addition, a
maximum in the July bin was attributed to a particularly large number of upflow events
detected during July of 1987. At 500-km altitude there was no apparent winter increase in
upflow occurrence; rather, maxima of up to 16% were observed in March, August and
September, with the January occurrence down to less than 2%. The authors indicated that the
small number of winter observations had a detrimental effect on the shape of the distributions,
concluding that there was a fairly clear winter dependence.

Returning to Figure 5.4, the winter dependence reported by Keating et al. (1990) is
readily apparent at 400-km altitude. Moreover, the larger data set has eliminated the
statistical significance of anomalous intervals such as July, 1987. Upflows were observed in
slightly more than 10% of observations in January and December, that figure falling to about
3% in June and July. The winter dependence is perhaps evident in the 500-km range gate,
although less pronounced due to higher upflow occurrence in the summer months. The
distribution is further marked by a high occurrence of upflows in October. The 400-km
distribution also reflects a relatively large October value, suggesting that there is a real
increase in the number of upflows detected during that month.

Considering the occurrences of the different types of event, similar conclusions can be
drawn as from Figure 5.3. The number of flux events tends to increase steadily with altitude,
maximising in the 400 and 500-km range gates. Below 350-km altitude, the frequency of flux
events exhibits little seasonal variation. The occurrence frequency of large upward field-
aligned velocities is small up to 300 km; above that height these events are progressively
common with ihcreasing altitude.

In general, then, upflow occurrence frequency is greater throughout the year with
increasing altitude. Upward field-aligned velocities in excess of 100 m s-! are typically only
detected above 300 km, but flux events are observed at all heights. Distinctly more upflows
were detected during the winter months above 300 km, an observation which is in good
agreement with the studies of Klumpar (1979) and Keating et al. (1990).

5.3.3 Diurnal Variation of Upflows: 300 to 800 km.

The results thus far indicate that the frequency of ion upflow events tends to increase
monotonically with height, at least up to 500 km. This altitude is effectively an upper range
limit for the analysis, since the EISCAT radar experiments CP-1 and CP-2 seldom provide
reliable field-aligned observations above this altitude. However, higher altitude vertical
observations are available from the VHF radar experiment Common Programme Seven.
Around five years of CP-7 data, obtained between April 1990 and September 1995, were
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collated and analysed, as described in section 5.2, to generate occurrence distributions of
upflows as a function of UT and altitude. In this case, six altitude gates spaced at 100-km
intervals between 300 and 800 km were chosen. Each gate extended over a range of
approximately 70 km, the altitude resolution of the experiment. The data were further
partitioned into hourly bins. Again, the upflow occurrence frequency was deduced according
to the total number of observations within the given time and altitude bin.

As before, an upflow event was defined as an upward velocity in excess of 100 m s-! or
an upward flux greater than 1013 m2 s-1. However, it should be emphasized that parameters
obtained from CP-7 are derived from vertical observations, not field-aligned. Hence the
distributions illustrated in Figure 5.5 represent the frequency occurrence of vertical upflow
events.

From the figure, it is immediately apparent that the distributions for 300, 400 and 500-
km altitude differ from those for the same ranges derived from the CP-1 and CP-2
observations, illustrated in Figure 5.3. A greater occurrence of upflows is evident in the CP-7
data, which also exhibit more day-side events. Furthermore, the occurrence maxima lie
between 0000 and 0200 UT, as opposed to the pre-midnight maxima noted previously.

To examine the extent to which the vertical pointing direction could account for these
differences, the analysis was also performed on the vertical observations from the CP-2
experiment. Since CP-2 observations constitute a relatively small fraction of the combined
CP-1 and CP-2 data set, it was first established that the CP-2 field-aligned measurements
were indeed a representative subset of the data base. Subsequently, diurnal distributions of
upflows were derived from CP-2 vertical observations. Figure 5.6 displays the distributions
for 300, 400 and 500-km altitude. It is clear that these distributions are more akin to those
derived from the CP-7 data (Figure 5.5) than from the field-aligned observations (Figure 5.3).
Although the CP-2 vertical data produce lower occurrence frequencies, the maxima are
detected around 0000 UT, as with the CP-7 observations, rather than pre-midnight as with the
field-aligned observations. Therefore, it seems likely that the distributions derived from the
CP-7 data are indeed characteristic of the vertical pointing direction employed in the
experiment.

As discussed in Chapter 4, there are components of the zonal, meridional and field-
aligned ion velocities in the vertical direction. The vertical component of v g is typically
small, perhaps only a few m s-1, so that the vertical velocity, vi, may be approximated by the
expression

V; = vy cosl +v ysinl =0.98v;, +0.2v (5.1)

where 1, the magnetic dip angle at the altitude of the measurements, is approximately 12°.
Hence if the meridional component of velocity, v N, is small with respect to the field-aligned

component, vy, the measured vertical velocity is indeed representative of that in the field-
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aligned direction, as assumed for the case study of Chapter 4. However, the current analysis
has revealed that, in general, field-aligned velocities cannot be inferred from vertical
observations. Figures 5.5 and 5.6 have demonstrated that the vertical component of the
meridional ion velocity is typically non-negligible during events of plasma upflow. This is
not a startling conclusion, since many upflow events occur during intervals of ion frictional
heating (Keating et al., 1990; Wahlund et al., 1992; Chapter 4) that are, in turn, the result of
enhanced field-perpendicular plasma velocities (Davies, 1996).

As described in Chapter 3, EISCAT Common Programmes One and Two provide
tristatic measurements of ion velocity, from which the components of velocity parallel and
perpendicular to the geomagnetic field may be derived. All available measurements of v N,
from approximately 300-km altitude, were collated and binned at hourly intervals. The
median and quartile values in each bin were calculated and are illustrated in Figure 5.7; the
full line represents the median and the dotted lines the upper and lower quartiles of the
velocity distribution in each bin. There is a clear diurnal variation in the meridional
component of ion velocity, with negative (southward) values between about 1200 and 2300
UT and positive (northward) values at other times. The maximum (median) southward
velocity of nearly 100 m s-! occurs around 2000 UT; at this time some 75% of all calculated
velocities are southward. Subsequently, velocity values become increasingly positive,
peaking at about 50 m s-! (median) around 0200 UT.

Considering equation 5.1, it is apparent that a southward, or negative, meridional
velocity will act to reduce the observed vertical velocity, whilst a northward flow will have
the opposite effect. Figure 5.7 indicates that, in general, the vertical velocity will be reduced
between about 1200 and 2300 UT and enhanced at other times. This effect may account for
the reduced detection of vertical upflows before midnight and the shift of the maximum
occurrence to post-midnight. This is at least true at 300 km, the altitude represented by
Figure 5.7.

The influence of v N on the observed vertical velocity was examined quantitatively for
the 300-km range gate. Initially, vertical velocities were derived from the field-parallel and
meridional velocity components for all CP-2 data. Then, a frequency distribution of upflows,
based on the calculated vertical velocities, was derived as before, and is presented as panel
(a) of Figure 5.8. For comparison, the distribution obtained from the observed vertical
velocities (panel (a) of Figure 5.6) is included as panel (b). The close agreement between the
two distributions indicates that the vertical observations are affected by the meridional
velocity component, suggesting also that this is the only cause of the different distributions
obtained from field-aligned and vertical observations. It is supposed that the vertical
observations at higher altitudes are similarly affected, although this cannot be tested since
measurements of the velocity components are not generally available above 300-km altitude.
Hence the effect of v N on the vertical observations accounts for the shift of the peak of the

vertical upflow distribution to post-midnight. However, the distributions of Figures 5.5 and
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5.6 also indicate an increased occurrence of day-side events above 300-km altitude, between
about 0900 and 1500 UT. Since v N at 300 km is typically between only +20 and -30 m s-1
during this interval, and there are few day-side events at that height, it might be concluded
that the meridional velocity attains greater values at higher altitude.

It is concluded that, if the vertical observations could be corrected to account for the
effect of v N, then the upflow occurrences derived from the CP-7 data would exhibit a similar
diurnal variation to those for lower altitudes. It is not clear, though, why a greater occurrence
of upflows is detected in CP-7 data than is observed in CP-2 observations at similar heights.
Notwithstanding the problems associated with vertical observations, the CP-7 data reveal

progressively greater frequency occurrences of upflow events with increasing altitude.

5.3.4 Examination of Ambient Field-aligned Flow

The diurnal distributions of upflows (Figure 5.3) indicated a dependence of upflow
occurrence on UT, a feature also noted by Keating et al. (1990). Such a dependence may be
due to a real increase in the incidence of accelerating processes on the night-side. Equally,
however, it is possible that the higher number of upflows detected in the night sector is
simply due to an ambient field-aligned plasma drift which is greater on the night-side.

Indeed, field-parallel ion velocities measured by the EISCAT radar do exhibit a general
diurnal variation, illustrated in Figure 5.9. In each panel of the figure, the full lines represent
the median and quartile values of the velocity distributions binned at hour intervals. The
figure was constructed by binning all CP-1 and CP-2 field-aligned velocity measurements
according to altitude and UT, and simply calculating the median and quartile values of the
distribution in each bin.

It is noted that there is good correspondence between the median and modal values of
velocity within each bin. Panel (a) of Figure 5.9 displays the variation with UT of the modal
velocity at 200-km altitude (red crosses). The modes were derived using velocity bins of
width 10 m s-1. The similarity between the median and modal values demonstrates that the
median velocities are indeed representative of “typical” field-aligned flows.

Between 200 and 300-km altitude the median velocity exhibits a simple UT
dependence, with largely upward flow between about 2000 and 0200 UT and downward flow
at other times. The velocities are small, typically not exceeding 40 m s-!, maximizing around
2300, 2200 and 2100 UT at 200, 250 and 300-km altitude, respectively. In the upper range
gates, the night-time maximum remains at 2100 UT but there is an additional peak in the
median velocity, centred around 0600 UT, which becomes positive in the 500-km range bin.
The spread of velocities, greater at the higher altitudes, is still generally less than 50 m s-1.

To summarise, the figure demonstrates that there is an ambient field-aligned flow that is
directed upward between about 1800 and 0400 UT, maximizing near to local magnetic
midnight (2200 UT), and downward at other times. This variation is probably a consequence

of the neutral wind pattern. On the night-side, typically southward neutral winds tend to drive
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plasma upward along field-lines with ambient velocities of a few tens of m s-1 (Winser et al.,
1986; Williams and Jain, 1986). Hence, it is possible that the greater occurrence of upflows
observed on the night-side may simply be due to this ambient flow, implying that a more even
distribution of events would be detected if the ambient velocity were corrected for.

Therefore, the appropriate median value was subtracted from each measurement of
field-parallel velocity, and fluxes were recalculated. Upflow occurrence distributions were
then derived as before. The resulting distributions are illustrated in Figure 5.10. Comparing
this figure with Figure 5.3, it is clear that the number of detected upflow events is reduced at
each altitude. The reduction is greatest between about 1800 and 0100 UT, that is,
approximately the interval during which the ambient field-aligned flow is upward. In
particular, at 400-km altitude the percentage occurrence of events is reduced from about 18%
at 2100 UT to around 10% when the ambient field-aligned velocity is taken into account; this
represents a decrease of more than 40% in the number of events identified.

However, above 300-km altitude there remains a clear night-time maximum in the
frequency occurrence of ion upflow events. Although the number of night-side events is
clearly augmented by the presence of an ambient upward field-aligned plasma flow, it is
concluded that there is yet a real increase in the incidence of upward acceleration mechanisms

in the evening sector.

5.3.5 Variation of Upflows over a Solar Cycle

The current data set of CP-1 and CP-2 observations extend over an interval slightly in
excess of 12 years, permitting an examination of the relationship between upflow occurrence
and solar cycle. Therefore, the data were binned according to altitude and year, and
percentage occurrences of upflow events calculated for each bin, as described in section 5.3.1.
Again, events were categorized according to the criterion by which they were identified.

Figure 5.11 illustrates the occurrence distribution of upflows at 400-km altitude for the
period between January 1984 and March 1996. This range-gate was selected since upflows
are observed relatively frequently at this altitude, whilst the total number of observations is
not adversely affected. Although thirteen year-bins are included in the figure, that for 1996
was derived from data from only two experiments and is therefore less representative of the
year than are the other bins. The figure reveals a dependence on year of the type of upflow
event observed. Between 1988 and 1992 the majority of events exhibited fluxes above the
threshold value, whilst during this period there were very few velocity events, and only a
small proportion of the upflows exhibited both large fluxes and velocities. However, the
opposite situation is apparent for the remaining intervals, namely 1984 to 1987 and 1993 to
1996, when few events exhibited fluxes above the threshold value but which exceeded the
velocity criterion. It was noted that a similar distribution (not illustrated), albeit with reduced
upflow frequencies, was obtained when the flux and velocity threshold values were increased

to 2x1013 m-2 -1 and 200 m s-1, respectively, demonstrating that the clear variation in the
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type of event is not a consequence of the arbitrary selection criteria.

The period from around late 1987 to the middle of 1993 corresponded to the more
active period of Solar Cycle 22, “active” here signifying a sunspot number (R;) of greater
than about 50. The remaining intervals covered by the present data set, however, fell within
the less active periods of Solar Cycles 21 and 22 (Solar-Geophysical Data, 27 Feb. 1996).
These loosely-defined intervals of greater and lesser solar activity correspond well to the
changes in upflow characteristics documented above, with flux events predominant during
generally active solar conditions and velocity events prevalent at other times.

Previous studies have demonstrated that the magnitude and composition of ionospheric
outflows are dependent on solar cycle. For example, Yau et al. (1985) presented a statistical
analysis of auroral and polar ion outflows in the energy range 10 eV to 17 keV, as detected by
the DE-1 satellite. The study examined the interval from September 1981 to May 1984,
coincident with the descending phase of solar cycle 21. Yau and co-authors concluded that
the Ot outflow rate for the period of greater solar activity between 1981 and 1982 was a
factor of two larger that the outflow rate between 1983 and 1984. It was also noted that
variations in H* outflow rate were not statistically significant. Hence, typically greater
outflow fluxes, consisting primarily of <1 keV ions, were observed during active solar
conditions. ,

The dependence of UFIs on solar cycle is also evident in the diurnal distributions of
upflows when observations at a single altitude are sub-divided into three-year bins, as
illustrated by Figure 5.12. This figure simply presents the data from panel (e) of Figure 5.3,
but with the data divided into four bins of three years. Note that the last panel also includes
data from 1996, for which year there are only a few hours of data. It is evident from the
figure that there is indeed a significant variation with solar phase on both the type of upflow
detected and on the diurnal distributions of the events. During more active solar conditions,
represented by panels (b) and (c), the majority of events exceed the flux threshold only.
There are more upflows in general during these periods, reaching a 30% occurrence
frequency for the period 1990 to 1992, compared with about 15% between 1984 and 1986.
Furthermore, broader distributions are observed during quieter solar conditions, as illustrated
by panels (a) and (d). Indeed, the familiar diurnal variation of upflows is scarcely evident
from the observations made between 1993 and 1996.

In conclusion, both the distributions of upflows and the type of event exhibit a strong
dependence on solar cycle. The diurnal distributions presented by Keating et al. (1990) were
derived from observations taken between 1985 and 1987, and are therefore representative of
the ascending phase of solar cycle 22. However, as indicated by Figure 5.12, markedly
different distributions could have been obtained from a different sample data set.

Keating and co-authors suggested that many supposed upflow events detected at
altitudes above 400 km were, in fact, due to large scatter in derived velocity and flux values,

arising from reduced signal-to-noise ratios high altitudes. It is possible, then, that some of the
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“velocity” upflows identified during less active solar conditions may have resulted from
greater errors in the derived parameters, since during such times the SNR is adversely
affected by relatively low electron densities. As remarked by Keating and co-authors,
quantifying an appropriate SNR threshold is problematical. The value of 2% employed in the
present study was arrived at after examination of a number of samples from the entire data
set. A similar SNR limit was adopted by Davies et al. (1997) to eliminate “unreliable”
estimates of ion velocity derived from CP-1 and CP-2 observations. Re-examination of the
data presented in Figure 5.12 indicated that SNR thresholds of up to 10% resulted in a
decrease in the proportion of velocity events detected, but had little effect on the observed
frequency of flux events. Importantly, though, sufficient numbers of events of both types
remained such that the variation with solar phase was still apparent.

The predominance of flux events during more active solar conditions is likely due to the
higher ambient electron densities prevalent at these times (Davies, 1990), since the calculated
flux is simply the product of the observed electron density and field-aligned ion velocity.
However, it is not obvious why there is also a decrease in the occurrence frequency of large
upward field-aligned velocities during such times. Variations in the electron density affect
the pressure gradient, gravity and frictional momentum terms in the simplified field-parallel
momentum equation (equation 2.7). The field-aligned pressure profile is also a function of
both ion and electron temperatures, which also vary with solar activity. Hence the degree of
solar activity will have a complex effect on the field-aligned ion momentum and the precise
causes for the variation in type of event are not immediately apparent. However, it is evident
that the nature and occurrence of upflows are indeed dependent to some degree on solar cycle.
These observations were only made possible by considering separately the selection criteria
adopted for the identification of upflow events, and through the study of the large database of
EISCAT observations.

It is concluded that during the more active phase of the solar cycle the majority of
upflow events are characterized by enhanced field-aligned fluxes and modest field-aligned
velocities. Conversely, during quieter solar conditions, large upward field-aligned fluxes are
rarely observed and intervals of enhanced field-aligned velocities are more common.
Furthermore, upflow events in general are more frequently observed during solar maximum

than solar minimum.

5.3.6 Upflow Occurrence as a Function of K

The preceding section demonstrated that the occurrence frequency of upflows was
typically greater during solar maximum than that during solar minimum. Increased solar
activity tends to enhance geomagnetic activity through the influence of disturbances such as
solar flares. Magnetic activity on the Earth can be represented by the K, index (Bartels,
1949). K values are derived at 3-hourly intervals, using measurements from 11 mid-latitude
magnetometer stations situated around the globe. The K index ranges from O to -1, 1, +1, -2
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etc. through to a maximum of 9; values of between 2 and 3 are characteristic of quiet to
moderate geomagnetic activity.

The variation with geomagnetic activity of the diurnal distribution of upflow events is
illustrated in Figure 5.13. Observations from 400-km altitude were categorized according to
Kp value, with four ranges representing varying degrees of magnetic activity, namely,
0<Kp<1+, -2<Kp<2+, -3<Kp<3+ and Kp=>-4. It is evident that the number of upflow events
increases with greater geomagnetic activity. This is attributable to the fact that features
commonly associated with the generation of upflows, such as ion frictional heating and
particle precipitation, occur more frequently during disturbed magnetic conditions. This
observation is consistent with the study of Yau et al. (1985). DE-1 measurements of high-
latitude outflows revealed that the O+ outflow rate was greater during active geomagnetic
conditions (3<Kp<5) than at quiet times (Kp<2). Yau and co-authors also noted that the
outflow rate for Kp>6 was a factor of 30 times greater than the value for K,=0.

5.3.7 Upflow Occurrence and Ion Frictional Heating.

It was discussed in Chapter 2 how F-region ion frictional heating (IFH) may contribute
to the production of upward plasma flows in the high-latitude ionosphere. A number of
studies (eg. Davies et al., 1997; McCrea, 1989; McCrea et al., 1991) have presented
occurrence distributions of high-latitude, F-region ion frictional heating events. Davies et al.
(1997) employed EISCAT observations in an investigation of the diurnal distribution of IFH
events under various geomagnetic and IMF conditions. In that study, ion frictional heating
events were characterized by an increase in the measured ion temperature of more than 100 K
above the unperturbed value for that altitude; the unperturbed value was defined as the modal
value of ion temperature for each experiment run. Furthermore, only events that occurred in
at least two consecutive post-integration periods were accepted, in order to eliminate
uncorrelated “spikes” in the ion temperature data, thought to be caused by satellite echoes or
system faults '(McCrea et al,, 1991). Using these criteria, Davies and co-authors derived
diurnal occurrence distributions of ion frictional heating at 300-km altitude. The data from
each experiment run were first partitioned into 30-minute bins. Then, for each half-hour bin,
the number of intervals in which heating events were detected was expressed as a fraction of
the total number of bins. The selection method was based upon that of McCrea et al. (1991)
and St.-Maurice and Hanson (1982), and is described in detail by Davies et al. (1997).

A similar analysis was adopted in the present study, in order to derive diurnal
distributions of ion frictional heating events suitable for comparison with the upflow
distributions. For each experiment run in the CP-1 and CP-2 data set, modal ion temperatures
were calculated for each of the six range gates between 200 and 500 km. Then, frictional
heating events were identified as increases above the mode of more than 100 K. However, in
order to remain consistent with the earlier analysis of ion upflows, events occurring in only

one post-integration bin were accepted. Finally, the number of events within hourly bins
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were summed and expressed as a percentage of the total number of observations in the bin,
exactly as for the upflow distributions.

Panels (a) and (b) of Figure 5.14 illustrate the diurnal distributions of ion frictional
heating events at 300 and 400-km altitude. For comparison, panel (c) displays the
distribution of ion heating events at 312-km altitude presented by Davies et al. (1997). This
histogram was derived by Davies and co-authors from EISCAT UHF measurements using the
method described above. The distribution for 300 km (panel a) is similar to that presented by
Davies and co-authors, with two maxima in occurrence frequency at about 1700 UT and 2300
UT. However, Figure 5.14(a) indicates maximum occurrence frequencies of between 30%
and 40%, some 10% lower than those reported by Davies et al. (1997). The discrepancy is
due to the difference in the way the distributions were calculated. For example, the technique
employed by Davies and co-workers would result in a 100% occurrence for a given 30-
minute interval if a single heating event occurred in every such bin. However, for 5-minute
integrated data, this would result in only a 30% occurrence with the present method. The
difference between the distributions is not as dramatic as this, however, since Davies and co-
authors recognized an “event” only if it occurred in at least two consecutive 5-minute post-
integrated data dumps, hence reducing the number of observed “events”. Furthermore,
multiple events in each bin were not considered, such that each half-hour bin contained either
a single event or none.

At 400-km altitude (panel b), the highest occurrence of ion frictional heating events is
observed around 0100 UT, where the frequency of events exceeds 50%. The distribution
exhibits a less distinct evening peak, with a lower occurrence frequency at 1700 UT than was
detected at 300-km altitude. However, the number of ion frictional heating events is greater
at most times at 400-km than at 300-km altitude.

It should be noted that at these altitudes, especially during intervals of enhanced ion
temperature, the plasma population may contain a significant proportion of molecular ions,
namely NO*. The parallel temperature of NO* may exceed that of O* (Lathuillere and
Hubert, 1989). However, as described in Chapter 3, standard EISCAT analysis assumes a
single ion temperature for a mixed ion population, resulting in inaccuracies in the derived ion
temperature under such circumstances.

" Returning to Figure 5.14, a comparison with the upflow distributions for the same
altitude (Figures 5.3c and 5.3e), there is no obvious correlation between the statistical
occurrence of ion frictional heating and ion upflow events. In general, frictional heating
events occur more frequently than upflows, such that it appears possible that all upflows
could occur during intervals of enhanced ion temperature.

However, Figures 5.15(a) and (b) present distributions of intervals of simultaneous ion
upflow and frictional heating events, at 300 and 400-km altitude, respectively. A crude
comparison of these distributions with Figures 5.3(c) and 5.3(e), included as panels (c) and
(d) in Figure 5.15, suggests that perhaps 50% of upflows occur during intervals of enhanced
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Statistical Study Chapter 5

ion temperature. Furthermore, the proportions of the different event types are unchanged,
indicating that the presence, or not, of enhanced ion temperature has no bearing on the nature
of the upflow.

At 400-km altitude the total number of observations was precisely 55719, from which
3322 upflow events were identified. Of these, 60% were simultaneous with an enhanced ion
temperature. Similarly, at 300-km altitude approximately 50% of upflows occurred
simultaneously with elevated field-parallel ion temperatures. “Simultaneously” here means
that the interval of ion heating and the upflow occurred with in the same post-integration
period. Numerical studies of field-aligned subauroral ion drift events (SAIDs) indicate that
the response of the field-aligned ion drift velocity to an increase in the F-region ion
temperature is near-instantaneous, the field-aligned flow acting to redistribute the plasma to
attain a new equilibrium scale height (Heelis et al., 1993). Thus we might expect to detect
ion heating and field-aligned ion flow within the same post-integration period.

In summary, some 50% to 60% of upflows are associated with intervals of ion frictional
heating, at least between 300 and 400-km altitude, where events of ion frictional heating can
be readily identified. This observation is in general agreement with the estimation of Keating
et al. (1990), namely, that about half of the upflows identified by these authors occurred when
the ion temperature was enhanced. However, the implication is that perhaps 40% to 50% of

F-region ion upflows are not associated with ion heating.

5.3.8 Upflows and Electron Temperature.

Case studies such as that presented in Chapter 4 reveal that upflows are sometimes
observed simultaneously with intervals of elevated electron temperature. Some authors have
demonstrated that an enhanced electron temperature may act in concert with a high ion
temperature to generate upflows (eg. Winser et al., 1989), whereas others (eg. Wahlund et al.,
1992) have indicated that upflows can sometimes be attributed to enhanced electron
temperatures alone. It was documented in Chapter 2 how a number of mechanisms can lead
to heating of the electron population, for example EUV energization, E-region electron
turbulent heating, particle precipitation and high-altitude ion-acoustic instabilities. These
processes can lead to upward ion acceleration through enhanced polarization and field-
aligned electric fields.

Keating et al. (1990) examined the relationship between large upward field-aligned
fluxes at 400 km and ion temperature at 200 km, the observations being further categorized
according to electron temperature at the lower altitude. These authors concluded that more
upflow events occurred when both ion and electron temperatures at lower altitudes were
higher than normally observed. Furthermore, measured upward fluxes were typically greater
at such times. Inherent in these conclusions was the adoption of a mean ion temperature,
representative of winter-time values at 2100 UT and 200-km altitude. The mean temperature
was based upon all Common Programme observations made between 1985 and 1987 (Farmer
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et al., 1990), the period of the study. The assumption of such a gross average is reasonable
for the ion temperature. Davies (1996) derived ambient ion temperatures from EISCAT
observations at 312-km altitude for the period 1985 to 1991. Between 1985 and 1987
relatively little variation in the modal value was detected, the temperature typically falling
between 750 and 950 K. These figures compare favourably with the mean value of about 870
K employed by Keating and co-authors.

To examine the statistical relationship between enhanced electron temperatures and ion
upflows, an appropriate base value against which to identify elevated temperatures is
required. Since the ion temperature exhibits little diurnal variation, it is comparatively
straightforward to derive meaningful diurnal averages, as described above (McCrea et al.,
1991; Davies, 1996). However, this approach is inappropriate for the electron temperate,
which is primarily dependent on solar flux and hence exhibits large diurnal, seasonal and
solar cycle fluctuations. Instead, median values of electron temperature, derived from
distributions categorized according to altitude, UT, season and solar cycle, were calculated
and used as a basis against which to measure electron temperature enhancements.

Having established base values by which to identify intervals of elevated electron
temperature, a similar analysis to that described in section 5.3.7 was performed. That is,
diurnal upflow distributions were derived for events where the electron temperature
enhancement exceeded a specified threshold. An arbitrary value of 100 K was adopted; to a
crude approximation, an electron temperature increase of 100 K would have a similar effect
on the plasma pressure as an increase in ion temperature of the same magnitude.

Figure 5.16 illustrates the diurnal distribution of upflows at 400-km altitude which were
concurrent with either an elevated ion or electron temperature, or both. The form of the
distribution is clearly comparable with that of Figure 5.3(e), with similar proportions of the
different event types evident. Hence the events represented in Figure 5.16 are a characteristic
subset of all observed upflows. A quantitative examination of the data revealed that about
80% of all upflows detected at 400-km altitude occurred during intervals when either the ion
or electron témperature was enhanced. It is noted that Keating et al. (1990) examined the
relationship between upflows at 400-km altitude with heating events at 200 km. There was
no suggestion, however, that upflows should not be associated with ion or electron heating at
the same altitude. Indeed, case studies have revealed that upflows and enhanced plasma
temperatures occur simultaneously at the same height (Jones at al., 1988; Wahlund et al.,
1992; Chapter 4).

The limitations of the selection technique for identifying upflows and ion frictional
heating events have already been addressed, viz. the problems associated with defining
threshold parameters and of determining ambient values against which to measure changes. It
has been shown that representative ambient ion temperatures can be obtained by calculating
the modal value for a given experiment run (McCrea, 1989; Davies, 1996). In the present

study, enhancements in electron temperature were measured according to differences between
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observed and median values, the latter based on EISCAT CP-1 and CP-2 observations
between 1984 and 1996. Therefore, local enhancements in electron temperature would not be
detected if the current “ambient” temperature was sufficiently greater than the median value.
An example of such is apparent in CP-1 observations from October 27, 1988, illustrated in
Figure 5.17. The figure presents time-series of field-aligned ion flux, field-parallel ion
temperature and electron temperature at 400-km altitude between 1600 and 2200 UT.
Between about 1900 and 2000 UT, transient electron temperature enhancements of well over
100 K were detected at a time when upward fluxes exceeded 1013 m2 s-1. However, the
“typical” value of electron temperature at 400-km altitude for this time, as used in the
previous investigation, was greater than 2100 K. Hence the local electron temperature
enhancements would not have been detected. This example highlights the limitation of using
gross statistical averages as a yardstick for identifying such diverse individual events.
Furthermore, the study was restricted to search for upflow and heating events which occurred
at the same altitude. Keating et al. (1990) indicated that the number of upflows at 400-km
altitude exhibited a dependence on the electron and ion temperatures at the lower altitude of
200 km. Also, as described in Chapter 2, acoustic turbulence at high altitudes can greatly
increase the electron temperature, leading to upward ion acceleration by enhanced electric
fields (Swift, 1965, Papadopoulos, 1977; Forme et al., 1993; Wahlund et al., 1993). Upward
flow at lower altitudes may result from a modified pressure gradient. Given these
possibilities, and the results of the present study, it is surmised that the majority of upflows
are associated with intervals of enhanced ion or electron temperature, although not

necessarily at the altitude where the upflow is observed.

5.4 Summary and Conclusions

The results of a statistical study of events of enhanced ion upflow have been presented.
The study employed F-region observations from EISCAT Common Programmes One and
Two, covering a period of more than twelve years, and over 5 years’ CP-7 topside
measurements. The investigation has followed on from and extended the analysis performed
by Keating et al. (1990), collating data from a greater period of time and covering a wider
range of altitudes. Initial results indicated a higher occurrence frequency of large field-
aligned plasma flows in the evening sector, in agreement with the work of Keating and co-
authors. However, the inclusion of vertical observations up to 800-km altitude revealed that
the frequency of upflows increases steadily with height, whereas the study of Keating and co-
workers suggested that the peak occurrence maximized between 400 and 500-km altitude.
The present analysis also established that vertical observations are, in general, affected by the
meridional component of ion velocity, which itself exhibits a strong diurnal variation.

The current study also revealed a pronounced seasonal dependence of upflow
occurrence, with a greater frequency of UFIs during the winter months at 350 and 400-km
altitude. It was also remarked that the large data set employed in the present study reduced
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the influence of “anomalous’ intervals such as the July 1987 period noted by Keating et al.
(1990). The preponderance of events in the evening sector is partially attributable to an
ambient upward field-aligned flow centred around local magnetic midnight. However, there
is still a night-side maximum in upflow occurrence when the background velocity is
accounted for.

The relationship between the diurnal distribution of upflows at 400-km and
geomagnetic activity was also examined. It was found that upflows occurred more frequently
during intervals of increased geomagnetic activity, in accordance with the findings of Yau et
al. (1985).

The large data set, comprising EISCAT observations from more than 12 years, allowed
the variation of upflow occurrence to be examined over a complete solar cycle. It was
demonstrated that more events were observed during greater solar activity. Furthermore, the
shape of the upflow distributions varied markedly with solar cycle. During solar minimum,
the diurnal distributions tended to be much flatter, with less pronounced night-side maxima
and more day-side events. Hence it is apparent that the three-year data set considered by
Keating and co-authors would have introduced selection effects into the study. Moreover, it
was revealed that the type of upflow likely to be detected is dependent on solar cycle; during
active solar conditions, the majority of events exceeded the specified flux threshold only,
whilst at other only the velocity threshold was exceeded.

Finally, the dependence of upflows at 400-km altitude and enhancements in ion and
electron temperatures was considered. It was demonstrated that between 50% and 60% of
upflows occurred during intervals of enhanced ion temperature, and perhaps 80% were

simultaneous with an elevated ion or electron temperature.
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CHAPTER 6
An Investigation of a Simple Model and its Application
to a Dayside Ion Upflow Event Observed by EISCAT

6.1 Introduction

An interval of field-aligned ion upflow has been modelled using a simple, steady-state
approximation to the field-parallel momentum equation for a single ion. The upflow was
detected by the EISCAT radar during a run of Common Programme One on April 3, 1992, an
interval previously studied by Davies et al. (1995) as an example of prolonged dayside ion-
frictional heating. This chapter presents an investigation of the model’s ability to account for
the observed upflow event. In particular, the relative effects of plasma pressure, gravity,
neutral wind, magnetic mirror force and thermal diffusion on the field-aligned ion momentum
are investigated. The latter two terms are shown to be insignificant in the present study and
the ion velocity profile is dictated by pressure, collisions and gravity. However, the
assumption of a single-ion plasma in the analysis of the radar data, and in the model itself,
does not allow for agreement between observations and model predictions. It is concluded
that accurate modelling of observed velocities requires the true ion composition to be known,
in order to minimise errors in the derived parameters and hence supply reliable values to the

momentum equation.

6.2 Motivation for Present Study

The preceding two chapters have considered ion upflows in a largely qualitative
manner. The initial objective of the current study is a quantitative examination of a typical
ion upflow event, in order to better appreciate the relative importance of the various
acceleration mechanisms that have thus far been discussed. In addition, the analysis will
provide an insight into the applicability and limitations of a simple model, which is similar to
that employed in a number of published works.

An additional incentive for the study lies in the upflow event to be modelled. The
interval has been previously studied by Davies et al. (1995). Davies and co-authors were
interested in the event as an example of extended daytime ion frictional heating. The
EISCAT observations were compared with results from the Sheffield University
plasmasphere and ionosphere model (SUPIM). It was demonstrated that, when a neutral wind
was included in the model, SUPIM generated ion and electron temperature enhancements that
were consistent with the observations. However, the model failed to reproduce the large
upward field-aligned velocities observed, nor the subsequent downward flows. Indeed, the
field-aligned flows predicted by SUPIM were at times opposite in direction to those observed
(Davies, 1996). It was suggested that the discrepancy between the model results and
observations was due, in part, to the modification of the field-aligned velocity by the neutral

wind. Neither the ambient meridional neutral wind, nor that resulting from Joule expansion
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of the lower thermosphere, were included in the model. In the light of these results, it is of
interest to examine whether a very simple, time-independent model, similar to those
employed by Jones et al. (1988) and Wahlund et al. (1992), could successfully account for
the observations.

As discussed in Chapter 2, the models employed by Jones et al. (1988) and Wahlund et
al. (1992) were approximations based on the one-dimensional momentum equation for a
single ion. Both models primarily considered just pressure gradients, ion-neutral collisions,
the magnetic mirror force and gravity, but adequately accounted for the observations. Hence
there is evidence that such simple approaches can be effective. The following sections
describe a similar modelling study of an ion outflow observed by the EISCAT radar, together
with an appraisal of the model employed.

6.3 Observations

Measurements obtained from the EISCAT UHF radar during a run of CP-1 on April 3,
1992 are presented in Figure 6.1. Panels (a) to (d) illustrate the behaviour of the field-parallel
ion temperature, electron temperature, electron density and field-parallel ion velocity,
respectively, at 300, 450 and 600-km altitude between 0700 and 1500 UT. This interval has
been described in detail by Davies et al. (1995). These authors’ interest lay in the period of
intense F-region ion frictional heating detected between 1200 and 1430 UT (panel a). The
heating was caused by an enhanced zonal ion drift velocity that at times exceeded 2 km s-1
(not illustrated). The interval was also marked by an increase in the electron temperature
above 250-km altitude and a sharp drop in the F-region electron density. In addition,
enhanced upward field-parallel ion flows were evident between 1200 and 1300 UT. Upward
ion velocities, indicated by positive values in panel (d), were detected above about 350 km
(not shown in the figure), increasing with altitude and exceeding 100 m s-1 at around 1230
UT. Subsequently, return flows of greater magnitude were observed. Davies and co-authors
attributed the flows to enhanced diffusion resulting from modified ion and electron
temperature gradients. However, simulations performed by the SUPIM model were unable to
account for the observed flows. It is therefore of interest to examine the upflow in more
detail, using a simple model to provide an insight into the acceleration mechanisms involved,
and to examine the limitations of the model itself.

It is noted that some authors (eg. Liu et al., 1995; Caton et al., 1996; Blelly et al., 1996)
have included the effects of electron precipitation in their upflow models. However, Davies
et al. (1995) indicated that there was no evidence of particle precipitation during this interval.
Therefore, it should be possible to simulate the observed velocities with an approximation
similar to that employed by Jones et al. (1988), that is, primarily by considering ambipolar
diffusion and ion-neutral collisions. The event is also of interest because it occurred during
the day; the study presented in the preceding chapter demonstrated that day-side upflows are
infrequently observed by the EISCAT radar.
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Figure 6.1 EISCAT CP-I-J long-pulse measurements of (a) ion temperature, (b) electron
temperature, (c) electron density and (d) ion parallel velocity at 300, 450 and 600-km
altitude from 3 April, 1992.
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6.4 The Model

The model is similar to those described by Jones et al. (1988) and Wahlund et al.,
(1992). It was detailed in Chapter 2 how the field-parallel momentum balance equation for a
single-ion, quasi-neutral plasma can be approximated by |

dv, _

Nm; at —aI![NekB(Till+Te)]

3B 6.1

—Nkg ‘E‘(Tu - Till) - N.m;v;, (Vu - “nn) - N.m;g,

The terms in equation 6.1 were discussed in Chapter 2. It is recalled that the thermal
diffusion term was neglected from the expression. Conrad and Schunk (1979) showed that,
for an O*-O mixture under F-region conditions, the thermal diffusion coefficient associated
with a gradient in the ion temperature is small if the ion-neutral temperature ratio is less than
four. Furthermore, the neutral temperature gradient, VT, is generally so small that thermal
ambipolar diffusion due to VTj, is also negligible.

The measured O+ temperature did not exceed 3000 K during the interval in question.
Thermospheric temperatures of around 1000 K were obtained from the MSIS-86 neutral
atmosphere model (Hedin, 1987), hence it is reasonable to neglect the effects of thermal
diffusion in the present study.

Equation 6.1 may be rewritten

dv,
N.m; *dt—“ =—0,P; -~ N.m;v;, (v, —u,) - N.m;g, (6.2)

[ 1

where the diffusion and mirror-force terms have been combined in a single pressure gradient
term, such that

9P, =0,[N k(T + T, )]+ N.kg -ﬁ‘(Tu. - Ty) (6.3)

Under steady-state conditions, the field-aligned velocity may therefore be approximated by

R &, (6.4)

vy == N
eMVin  V;

Finally, the ion-neutral collision frequency for a single-ion plasma of O* and a neutral
atmosphere consisting of O, O and N3 is given by (Bailey and Sellek, 1990)

vin=vo+_o+vo+_02 +vo+_N2 (6.5)
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where
V,._, =4.45x107"[O]T,#(1.04 — 0.067log,, T,)’
Vor_o, = 6.64x107°[0, ] (6.6)
Vor_y, =6.82X 107'°[N, ]

and

The expressions in square brackets symbolize neutral densities per cubic centimetre. T,
represents the thermospheric temperature and T; the three-dimensional ion temperature. The
former, along with the neutral densities, were obtained from the MSIS-86 neutral atmosphere
model (Hedin, 1987).

6.5 Method and Results

6.5.1. Modelling of Observed Velocity Profiles

The data from April 3, 1992 were integrated at 5-minute resolution and analysed as
described in Chapter 3, using the standard EISCAT plasma composition model, illustrated in
Figure 3.9. For each height profile, comprising 21 range gates between 140 and 600-km
altitude, the plasma pressure gradient in the field-parallel direction was calculated. Hence,
theoretical velocity profiles were derived via equation 6.4.

Initially, the velocity profile was modelled during an interval for which flow
magnitudes were small at all altitudes, indicating little altitudinal acceleration, and when the
field-parallel velocity was relatively constant in time, representing steady-state conditions.
The observed profile at 0915 UT satisfied these criteria. Figure 6.2(a) illustrates the
gravitational (dashed line) and pressure (dotted line) terms from equation 6.4. Positive
velocity values represent upward field-aligned flow. Isotropic ion temperatures were
assumed, hence the hydrodynamic mirror force was neglected. The modelled velocity profile
above 300-km altitude is represented by the full line. The measured velocity at 300 km was
taken as a lower boundary condition for the modelled velocity. In effect, this merely provides
an estimate of the neutral wind term, up), in equation 6.4. The value obtained was
approximately 16 m s-1. The 300-km range gate was selected as the lower boundary
primarily because the plasma composition model adopted in the analysis assumes that O is
the only ion present above that altitude. The assumptions made in the model therefore limit
its validity to heights above 300 km. Furthermore, the field-parallel component of neutral
wind is estimated at the lower range and assumed to be constant with increasing altitude,
implying a horizontal neutral wind that is invariant with altitude. Baron and Wand (1983)
argued that the neutral wind is constant with altitude above about 300 km, viscosity reducing
variations above that height, although other authors (eg. Rishbeth 1972; Wharton et al., 1984)
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have suggested that the neutral wind is invariant with height above about 200 km.

The modelled velocity profile was compared with the observed velocity, the latter
illustrated in the figure as points with error bars. It is clear that there is no similarity
whatsoever between the velocity profiles beyond about 450-km altitude. Even below that
height, the magnitude of the modelled velocity profile exceeds the observed value by
approximately 10 m s-1. Although the error is not great, it is significant in comparison with
the observed velocities of only a few m s-1. Notably, the observed and modelled velocity
profiles do not agree even within experimental uncertainty.

Figure 6.2(b) presents the same parameters for 1225 UT, approximately the time when
maximum upward velocities were detected. The deviation between the modelled and
observed velocity profiles is more pronounced in this case. Theoretical velocity estimates
are, in the main, opposite in direction to measured values, indicating that the gravitational
term is dominant over the pressure term in the model. Notably, the sudden fluctuation of the
velocity profile between negative and positive values near 500-km altitude illustrates the
sensitivity of the theoretical velocity to the pressure gradient.

These examples demonstrate that the simple model cannot account for the observed
upflows. Some doubt exists as to the value of the O*-O collision frequency (eg. Winser et al.,
1988a; Burnside et al., 1987). However, modified values do not improve the agreement
between model and observations, since both the pressure and gravitational terms of equation
6.4 are a function of vj,.

Several factors may account for the failure of the simple model. During intervals of ion
frictional heating, temperature anisotropies arise, and, in the presence of a magnetic field
gradient, the magnetic mirror force will come into play (Suvanto et al., 1989). However, the
mirror force is unlikely to be of influence during undisturbed conditions such as were
prevalent at 0915 UT. A more probable source of error lies in the assumption of the ion
composition profile. Analysis of the data employed the standard plasma composition model
(Figure 3.9). It was detailed in Chapter 3 how the relative proportion of molecular ions can
become enhanced during intervals of ion frictional heating, through increased reaction rates
and neutral atmosphere upwelling (St.-Maurice and Torr, 1978; Raitt et al., 1975).
Underestimation of the proportion of molecular ions leads to underestimations of both ion and
electron temperatures (Lockwood et al., 1993), whilst velocity measurements are unaffected.
Such an error would clearly affect the derived plasma pressure profile. Furthermore, any
change in either the neutral atmosphere or plasma constituents at a given altitude would
modify the collision frequency, thus affecting the modelled velocity. These effects are likely
present to some degree during the interval of ion heating and upflow, but probably not during
the quieter period. Then, the standard ion composition model and the MSIS-86 neutral
atmosphere model should be representative of the real conditions. The failure of the model
might question the validity of the MSIS model or the standard ion composition model
adopted in the analysis. However, it seems more likely that the simple model is itself at fault.
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6.5.2. A Comparison of Force Terms

It was intimated in the preceding discussion that the modelled velocity profile was
largely influenced by the plasma pressure gradient. A comparison of the relative importance
of the force terms of equation 6.2 is illustrated in Figure 6.3. The field-parallel ion velocity is

again assumed constant with time, but now altitudinal acceleration is included, such that

dv,
—AL =vav 6.8
it 191V (6.8)

Neglecting the neutral wind term, equation 6.2 may be expressed
Nem;V;,v, + N.m;v,0,v, = —9,P, — N.m;g, (6.9)

Figure 6.3 illustrates the four terms above, derived from measurements at 1225 UT. In
addition, the sum of the terms on the left-hand side of the equation (a and b in the figure) are
compared with those on the right (c and d in the figure). As discussed by Wahlund et al.
(1992), the LHS of equation 6.9 (a+b) represents the force (per m3) needed to produce the
observed velocity profile, and the RHS the force available from pressure and gravitational
sources (c+d). Again, isotropic ion temperatures were assumed, hence the mirror force is not
considered. The figure demonstrates that, above about 300-km altitude, diffusion alone is
unable to account for the observed velocity profile. Below that height, the collisional term,
Nem;v)Vin, ceases to be meaningful since the assumption of a single-ion plasma is no longer
valid. Analysis of the 0915 UT profile (not illustrated) resulted in a similar conclusion.

However, Figure 6.3 is informative in that it indicates the relative insignificance of the
altitudinal acceleration term, Nem;vyoyv. In fact, this term is of the order of 1000 times
smaller than the others in equation 6.9. Finally, the pressure gradient, 0Py, is compared with
the observed velocity profile illustrated in Figure 6.2(b). It is apparent that the velocity is
positive where the pressure gradient is negative, and vice versa, indicating that the pressure
profile is a controlling factor in determining the velocity. However, there is still a clear
deficiency in the available force above 300-km altitude.

6.5.3 Consideration of the Magnetic Mirror Force

In view of the inability of simple plasma diffusion to account for the observed upflow,
the magnetic mirror force might be considered as a source term. Anisotropic ion
temperatures, coupled with the inhomogeneous geomagnetic field, lead to modulation of the
field-parallel ion velocity through the hydrodynamic mirror force (Suvanto et al., 1989).
Temperature anisotropies were indeed evident during the interval of ion frictional heating
between 1200 and 1500 UT. Davies (1996) reported that the perpendicular ion temperature
exceeded the parallel value by up to 1000 K at 278-km altitude. However, assuming a dipolar
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Figure 6.3 Comparison of the force terms of equation 6.2 for the upflow at 1225 UT.
The “needed” term (full line) is the sum of the collisional and altitudinal acceleration
forces. The crossed full line represents the combined plasma pressure and gravitational
forces. Above 300-km altitude, pressure driven diffusion is insufficient to account for the
observed upflow.
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geomagnetic field, such a temperature difference equates to a force the order of 10-27 N, some
100 times smaller than the gravitational force. Even at the highest observed altitude of 600
km, the mirror force is of the same order of magnitude. Therefore, the hydrodynamic mirror

force may be reasonably neglected from further consideration.
6.6 Assessment of the Model

6.6.1 Errors Arising from an Incorrect Ion Composition Model

It has been ascertained that the simple model (equation 6.4) is unable to replicate the ion
parallel velocities observed by EISCAT during the interval in question, even for undisturbed
conditions. Discrepancies between model and observations arise largely because the
theoretical velocity is extremely sensitive to changes in the pressure gradient, particularly at
high altitudes, where ion-neutral collisions are comparatively rare. Thus, small errors in the
calculated pressure gradient, of perhaps a few per cent, can result in velocity deviations of
tens or hundreds of m s-! at the highest altitudes. Given the errors inherent in the derived ion
and electron temperatures and electron density, the modelling technique adopted thus far is
unlikely to achieve agreement with observed velocity profiles.

This section describes an analysis intended to establish the validity of the model. From
an assumption that the approximation is indeed valid, the model was used to derive pressure
gradient profiles consistent with the observed ion velocities. These calculated pressure
gradients were then compared with measured values; agreement between derived and
measured djP profiles would indicate that the observed velocities were consistent with the
measured pressure profile and that the model was valid.

Ilustrated in Figure 6.4 are altitude profiles from 0800 and 0915 UT, these being
intervals characteristic of undisturbed conditions prior to the upflow event. Within each
panel, the measured ion velocities and associated uncertainties are represented by the blue
points, and are scaled according to the upper axis. The measured plasma pressure profile is
indicated by the dotted green line and is scaled according to the lower axis. As in Figure 6.3,
the pressure gradient, -0|P, is represented by the black dotted line. Finally, superimposed in
red is the theoretical pressure gradient, that is, the gradient required to produce the observed
ion velocity above 300-km altitude.

This theoretical profile was derived from equation 6.4, simply by introducing observed
velocity values into the left-hand side of the expression and adopting the measured pressure
gradient at 300-km altitude as a boundary condition in order to derive an estimate of the
neutral wind term, uy). The latter is also indicated in each panel.

Figure 6.4 demonstrates that, within uncertainty estimates, the measured and theoretical
pressure gradients are largely in agreement. Thus it is surmised that the model is both
applicable and largely representative of the conditions during the quieter intervals. It follows
that the standard plasma composition model employed in the analysis is also valid for this
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Figure 6.4 Profiles of the measured pressure gradient (dotted black line) and the pressure
gradient derived from equation 6.4 (red line with error bars). In effect, the red line
represents the pressure gradient profile that is consistent with the observed velocity profile
(blue points). (The pressure gradient profiles are scaled according the lower axis and have
dimensions of kg nr2 s-2). The green dotted lines illustrate the pressure profile. These
intervals (0800 UT and 0915 UT) are representative of undisturbed conditions prior to the
upflow. The figure indicates that the model is applicable at such times.
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interval. In particular, it can be concluded that the observed velocities above 300-km altitude
are primarily governed by pressure, collisional and gravitational forces. However, it should
be recalled that the model was unable to simulate the observed velocities even during these
undisturbed periods. The technique described above is merely able to establish that the
measured flows are consistent with the simple theory.

However, during the interval of ion frictional heating and large field-aligned flows,
there was often a large discrepancy between the measured and theoretical pressure gradient
profiles. Altitude profiles equivalent to those presented in Figure 6.4, but for 1225, 1230 and
1235 UT, are illustrated in Figure 6.5. It is apparent that the theoretical pressure gradient (red
line) greatly exceeds measured values (dotted black line) between approximately 300 and
450-km altitude. Therefore, the observed velocities are not explained by the model at these
times.

The shortcomings of the model when applied to this interval probably stem from the ion
composition model adopted in the analysis, both for the evaluation of the radar data and for
the estimation of the ion-neutral collision frequencies. During undisturbed ionospheric
conditions, such as were prevalent between 0700 and 1100 UT, the adopted composition
model was likely representative of real conditions. Consequently, the derived plasma
parameters were reliable and the assumption of a single-ion plasma appropriate above 300-km
altitude. However, it was described in section 6.5.1 how an inappropriate ion composition
model can lead to errors in the parameters derived from incoherent scatter data. In particular,
an underestimation of the molecular ion content at a given altitude results in underestimated
ion and electron temperatures. It was discussed in Chapter 2 how the molecular content of
the plasma at a given altitude can become enhanced during intervals of ion frictional heating
and ion upflow, such that molecular ions may dominate the plasma up to perhaps 400-km
altitude (Hdggstrom and Collis, 1990). Therefore, it is possible that the ion composition
model adopted for the analysis of these data did indeed assume insufficient proportions of
molecular ions at some altitudes during the disturbed period. The error in the composition
model would have been most pronounced between about 150 and 300 km, in the region of
transition from a plasma dominated by molecular ions to one where atomic ions are
predominant. Consequently, the measured pressure at such altitudes would have been
underestimated, thus affecting the measured pressure gradient at all altitudes. In short, the
measured pressure gradient (the dotted black line in Figure 6.5) may have been
underestimated due to the adoption of the standard composition model. Furthermore, the
assumption of a single ion species above 300-km altitude would not be appropriate, and the
present model no longer applicable.

It is noted that other difficulties arise in the analysis of incoherent scatter during
disturbed conditions. The ion temperature is derived by assuming that the ion velocity
distribution function along the radar line-of-sight is Maxwellian. If the distribution is actually

non-Maxwellian then the ion temperature is overestimated and the electron temperature
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Figure 6.5 Same as Figure 6.4 but for 1225, 1230 and 1235 UT, during the upflow event. Here, measured pressure gradients (black dotted line)
are significantly less than required values between 300 and 450-km altitude, indicating that the model is not applicable during this interval.
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underestimated (Lockwood et al., 1993). However, Davies (1996) indicated that, for the
current data, the errors induced in the temperatures through the incorrect assumption of a
Maxwellian velocity distribution function would be less than 2%.

6.6.2 Consideration of a Modified Ion Composition Model

The final part of the investigation examines to what extent a modified plasma
composition model affects the correspondence between the measured and theoretical pressure
gradients. The standard model employed for analysis of EISCAT radar data considers a two-
ion plasma consisting of atomic and molecular components, the former being O* and the
latter a mixture of NO* and Oz* in the ratio 3:1. O™ is considered the only ion species
present above 300-km altitude, whilst the plasma is molecular below 150 km (Figure 3.9). As
discussed in section 6.6.1, this composition model is adequate for the analysis of data
recorded during undisturbed conditions, but is likely to be inaccurate during intervals of ion
frictional heating and ion upflow.

The investigation described here also considered only two ion species. The plasma
composition model was modified simply by varying the ratio of atomic to molecular ions as a
function of altitude.

The presence of a second ion species introduces a number of complications into the
study. Firstly, standard analysis of incoherent scatter assumes that the temperatures of the
different ion species are equal. However, in the presence of ion-neutral relative flow, the
different collisional mechanisms associated with each ion species cause their temperatures to
diverge. Differences in the field-parallel temperatures of NO* and O* of several hundred
Kelvin between have been reported (Lathuillére and Hubert, 1989). The ion temperature
derived from standard incoherent scatter analysis is a complex function of the individual ion
temperatures. However, for the purposes of this study it is assumed that the temperature of
each ion species is equal. The errors arising from an erroneous assumption of a single ion
temperature are likely to be small in comparison with those resulting from the adoption of an
inaccurate ion composition model.

In addition, the momentum balance equation for each ion species contains terms
describing collisions and thermal diffusion between the different species (eg. Moffett et al.,
1993). Therefore, if the ion velocity were to be accurately modelled then each species, and its
interactions with the other ions and neutrals, should be considered individually. However,
rather than attempting to solve the momentum equation for each species, a single equation
was assumed to describe the plasma, where the adopted ion mass was simply a weighted
mean of the masses of the constituent ions. Similarly, the ion-neutral collision frequency was
weighted according to the relative proportions of atomic and molecular ions; the O+-neutral
collision frequency was derived from equations 6.5 and 6.6, whilst NO*-neutral and O,*-

neutral collision frequencies were obtained via expressions presented by Bailey and Sellek
(1990).
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It is appreciated that this is an extremely simplistic approach. If the intention were to
replicate the observations then this method would not be appropriate, since in reality the each
ion population exhibits different temperatures and velocities, and experiences interactions
with the other ion species. However, the purpose here is not to accurately reproduce the
observations, but rather to investigate the effects on both the observations and the model of

changes in plasma composition which are likely during the upflow event.

6.6.3 The Effect of a Modified Ion Composition Model

The composition model adopted in the analysis of incoherent scatter influences the
derived ion and electron temperatures, and hence the measured plasma pressure gradient. In
addition, the modelled pressure gradient is influenced by the ion mass and ion-neutral
collisions, both of which are affected by the composition model. To simulate the effects of an
increased concentration of molecular ions in the F-region, such as might occur through
plasma upwelling and increased reaction rates, the analysis described in section 6.6 was
repeated with a modified ion composition model.

-Initially, a “worst case” composition model was adopted, in which the ion content was
entirely molecular up to 350-km altitude and purely atomic above that height. Obviously,
such a sudden transition is not realistic, but the profile was employed to assess whether or not
a change in composition could have a significant enough effect to allow agreement between
the observations and model. The full line in Figure 6.6(b) illustrates the modified altitude
profile of ion composition in terms of molecular ion content. For comparison, the standard
composition model is illustrated by the dotted line.

The EISCAT radar data were re-analysed using the modified plasma composition
model. The measured and theoretical pressure gradients were then calculated as before.
These parameters, together with the measured velocity and pressure profiles, are illustrated in
Figure 6.6(a) for 1225 UT. At this time, the correspondence between observations and model
was poorest (Figure 6.5).

Comparing the measured pressure profiles (dotted green lines) depicted in Figures 6.5
and 6.6(a), the pressure is clearly enhanced below 350-km altitude in the latter, resulting from
the expected increase in the ion and electron temperatures. Beyond that altitude, the profiles
are similar for each. The sudden step in the pressure profile in Figure 6.6(a) is a consequence
of the transition in the composition model. This step, although unrealistic, does illustrate the
influence that the composition model has on the derived plasma parameters.

The magnitude of the measured pressure gradient (dotted black lines) is dramatically
increased at 350-km altitude because of the discontinuity in pressure. More interesting is the
change in the theoretical pressure gradient. It is noted that, since the velocity profile is
independent of the adopted composition model, the change in the theoretical pressure gradient
must be a consequence of the modified collision frequency and ion mass. Hence, it has been

shown that an increase in the molecular content of the plasma at F-region altitudes can
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substantially modify both the observations and the predictions of the modelled values.

Finally, an iterative method was used to derive a plasma composition model that would
allow for agreement between the measured and modelled pressure gradient profiles. The
resulting composition profile is illustrated in Figure 6.7(b), the validity of which will be
discussed shortly. The data were re-analysed employing this model and, as before, the
measured and theoretical pressure gradients were derived, and are presented in Figure 6.7(a).

Comparing the pressure profile (green line) with that of Figure 6.6, it is evident that the
maximum pressure has been almost doubled, with a peak value at an altitude of
approximately 300 km. Consequently, the measured pressure gradient is positive above that
height. Furthermore, it is seen that the measured and theoretical gradients are largely in
agreement, within experimental uncertainties. Therefore, the plasma composition model
illustrated in Figure 6.7(b) allows for the observed upflow to be accounted for by the simple
diffusion model. Similar findings were achieved for other profiles within the disturbed
interval. It is noted that the neutral wind term, upy, has a value of -11 m s-1, corresponding to
a northward meridional wind velocity of just over 50 m s-1. This compares favourably with
average values of between 50 and 100 m s-1 predicted by the HWM90 thermospheric wind
model for local noon at 70° N and 250-km altitude (Hedin et al., 1991). Similar average
meridional wind velocities, derived from EISCAT measurements above Kiruna, have been
reported by Aruliah et al. (1996). Hence it is believed that the value of approximately
50 m s-! suggested by the present study is a credible one.

However, it should be considered whether such a composition profile is realistic and, if
so, if there is merit in this technique for the interpretation of upflows. With regard to the
former point, the profile depicted in Figure 6.7(b) is perhaps not unreasonable; it represents a
lifting of the transition altitude from about 200 km to around 350-km altitude. It has been
suggested that molecular ions may at times be predominant up to 400-km altitude during
some events (Higgstrom and Collis, 1990). The composition model may therefore be
plausible, especially for such an intense and prolonged event. It should be noted, though, that
Lockwood et al. (1993) concluded that the results of Héiggstrom and Collis (1990) were likely
exaggerated because no account was taken of the ion temperature anisotropy. Other studies
regarding ion-neutral frictional heating and ion temperature anisotropy have predicted
molecular fractions of, for example, 50% at 265-km altitude (McCrea et al., 1995), 90% at
275 km (Lockwood et al., 1993) and 20% at 350 km (Jenkins et al., 1996).

It should be stressed that it is certainly not possible to replicate the observed velocities
using the model described in section 6.4. The analysis has demonstrated that the modelled
velocity is very sensitive to the pressure gradient in the simplified 1-D ion momentum
balance equation. Experimental errors in the derived plasma parameters, in particular those
resulting from the adoption of an inappropriate composition model, result in large
discrepancies between the observed and modelled ion parallel velocities. However, the
analysis was able to indicate that the observed upflows were consistent with diffusion driven
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by pressure gradients and neutral winds.

One of the purposes of the study was to investigate the applicability and limitations of
such a simple model. This final study demonstrates that, if a specific event is to be accurately
and convincingly modelled, a knowledge of the plasma composition is required so that errors
in the derived parameters are minimised. Standard analysis of EISCAT radar data does not
allow for a time-varying composition model; that is clearly required in a study such as this.

6.7 Summary and Conclusions

A one-dimensional, single-ion approximation to the field-aligned momentum balance
equation was employed in an attempt to model an interval of ion upflow observed by the
EISCAT UHF radar on 3 April, 1992. The approximation, similar to that used by Jones et al.
(1988), included the effects of diffusion, ion-neutral collisions and gravity. It has been
demonstrated that thermal diffusion and the hydrodynamic mirror force can be reasonably
neglected for this event, the ion field-aligned velocity being governed primarily by pressure
and collisional forces. It was found, though, that the model could not replicate the ion
velocities observed during the upflow event, nor could it account for the flows detected prior
to the event. However, further study revealed that, within experimental error, the quiet-time
observations were consistent with the model. The enhanced upward flows could be similarly
explained only when the analysis was repeated with a modified ion composition model. The
composition profile employed simulated an increase of the concentration of molecular ions in
the F-region, as expected during intervals of ion-frictional heating and ion upflow.

In conclusion, it is not generally possible to accurately reproduce velocity observations
using such a simple approximation. In the light of these findings, it is surprising that such
good agreement between observed and modelled velocities was achieved by Jornes et al.
(1988), since these authors employed a technique similar to that described in this chapter. For
accurate modelling, a time-dependent plasma composition is required in order to minimise
errors in the derived parameters and hence introduce correct values into the momentum
equation. However, this simple approach has provided an initial estimate of the relative

importance of the acceleration mechanisms responsible for the upflow.
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CHAPTER 7
Summary

7.1 Introduction

Ion flow along geomagnetic field lines is an important mechanism in the coupling of the
magnetosphere-ionosphere system. A wealth of radar and satellite observations has revealed
that the high-latitude ionosphere is a steady and significant source of magnetospheric ions. In
particular, ion upflows are a common occurrence in the auroral ionosphere. Field-aligned
upflows of O+ are often detected, and fluxes exceeding 1013 m-2 s-1 and velocities of up to a
few km s-! have been reported. A number of acceleration mechanisms, primarily associated
with disturbed auroral conditions, have been proposed to account for events of transient ion
upflow. The present thesis has documented a study of ion upflows observed in the high-
latitude F-region and topside ionosphere. The work was based almost entirely upon
incoherent scatter measurements from the EISCAT radar, as described in Chapter 3. A
review of previous observations and analyses of ion upflows was presented in Chapter 2,
focusing on the physical mechanisms that can generate large field-aligned ion upflows. This
final chapter summarizes the studies presented in the preceding three chapters, in which the
general characteristics of upflows were investigated and statistical and numerical studies

documented.

7.2 Summary of Chapter 4

A case study of three events of ion upflow observed during a run of the EISCAT UK
Special Programme UFIS was presented in Chapter 4. The UFIS programme employs the
UHF and VHF radars, both of which operate at 90° elevation, thus yielding simultaneous
observations along a continuous line-of-sight between approximately 150 and 1000-km
altitude. In addition, observations from the remote UHF receivers allow for tristatic
measurement of the ion velocity at a height of 312 km. Three events of ion upflow were
observed during a six-hour run of UFIS on January 17, 1990. At 2200 UT, an upflow was
detected in which the vertical ion velocity approached 300 m s-! at 800-km altitude, whilst
fluxes of order 1013 m-2 s-1 were measured at 500 km. At F-region altitudes the upflow was
simultaneous with an interval of ion frictional heating, the result of an enhanced convection
electric field adjacent to an auroral arc. The upflow exhibited characteristics reminiscent of
both the type 1 and type 2 events described by Wahlund et al. (1992), demonstrating some of
the features that can exist within the structure of an auroral arc and which can induce upward
plasma flow.

A later event exhibited larger vertical ion velocities and fluxes, simultaneous with a
greatly enhanced electron temperature. Little ion heating was detected, consistent with the
moderate observed field-perpendicular ion velocity. These features are characteristic of a
type 2 ion upflow, where upward plasma acceleration is induced by thermal diffusion and
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enhanced field-parallel electric fields in the presence of an elevated electron temperature.

The third event exhibited lesser vertical velocities of perhaps 200 m s-1 at 800-km
altitude. The upflow was detected only by the VHF radar above 600 km, and was apparently
uncorrelated with any features at lower altitudes. The lack of temperature measurements
above 500-km altitude inhibited the interpretation of this event, although it was likely
associated with topside plasma heating.

The operation of both the UHF and VHF radars in the UFIS experiment allowed for
simultaneous measurements from E-region heights up to the topside ionosphere, thus
allowing the nature of the upflows to be investigated within several altitude regimes.
However, the study also highlighted the problems inherent in interpreting vertical
observations in terms of field-aligned features, especially when studying transient events such
as field-parallel upflows. It was also indicated that single pointing direction experiments such
as UFIS, although achieving excellent temporal resolution, can suffer as a result of limited
spatial coverage. It is suggested that, in future, collaborative experiments with the Superdarn
CUTLASS radar may aid in the interpretation of single point observations.

7.3 Summary of Chapter 5

Chapter 5 presented a synoptic study of F-region upflows observed by the EISCAT
radar. More than 12 years’ EISCAT field-parallel observations, obtained between 1984 and
1996 from Common Programmes One and Two, were employed. In addition, 5 years’ CP-7
data provided vertical observations up to 800-km altitude. Thus the study extended that of
Keating et al. (1990) in terms of both time and altitude range covered. Significantly, the large
data set enabled the relationship between upflow occurrence and solar cycle to be examined.

Aniupﬂow “event” was considered to have occurred if the measured field-aligned ion
velocity exceeded 100 m s-! and/or the flux was greater than 1013 m2 s'! for any given
observation. These threshold values are greater than might be expected due to neutral winds
and plasma pressure gradients under quiet conditions, and are identical to the selection criteria
adopted by Keating et al. (1990). An initial investigation of the diurnal variation of upflows
between 200 and 600-km altitude revealed distributions similar to those of Keating and co-
authors, with a higher occurrence frequency of upflows observed in the evening sector,
maximizing at 2200 UT (local magnetic midnight). It was suggested that the diurnal variation
is partially attributable to the ambient field-aligned flow being directed upward in the evening
sector, a consequence of typically southward neutral wind flow on the night-side. However,
when the ambient flow was accounted for, it was found that there was also a real increase in
the number of upflows observed by EISCAT in the evening sector. It was also shown that the
frequency of upflows increased steadily with height up to the highest measured altitude. The
larger data set also revealed a more pronounced dependence of upflow occurrence on season
than was reported by Keating et al. (1990), with a typically higher frequency of events during
the winter months. The relationship between upflow occurrence and geomagnetic activity, as
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measured by the Kp index, was also examined. It was found that, in general, upflows
occurred more frequently during intervals of greater geomagnetic activity. Notably, it was
established that upflows were detected with greater frequency during solar maximum.
Furthermore, the form of the diurnal upflow distributions varied markedly with solar cycle;
during solar minimum, the night-side maxima were less pronounced and more day-side
events were evident. In addition, during active solar conditions the majority of upflow events
exceeded the flux threshold only, whilst at other times only the velocity threshold was
exceeded. Finally, a quantitative investigation of upflows associated with enhanced ion and
electron temperatures revealed that between 50% and 60% of events occurred during intervals
of enhanced ion temperature, and perhaps 80% were simultaneous with an elevated ion and/or
electron temperature.

The study also highlighted the limitations imposed by the selection criteria, in particular
the problem of classifying transient enhancements in ion and electron temperature. The
analysis would be improved by a reliable method of identifying such events. In addition, it
would be instructive to examine the relationship of topside upflows with heating at lower
altitudes, and perhaps extend the study to investigate the distributions of downward field-
aligned flows. Further work is also required to account for the seasonal variation in upflow
occurrence above 350-km altitude, which might be facilitated by examining distributions of
plasma heating events as a function of season. The increased number of dayside vertical
upflows should also be examined in more detail. Finally, it would also be informative to
consider these results in conjunction with studies of satellite observations of high-altitude ion
outflows with the aim of quantifying the relationship between ionospheric upflows and

outflows.

7.4 Summary of Chapter 6

Chapter 6 presented a modelling study of an ion upflow event . The model employed
was a simple one-dimensional approximation to the ion momentum balance equation, similar
to that used by Jones et al. (1988) and Wahlund et al. (1992). The study was carried out to
investigate the relative significance of the acceleration mechanisms most commonly thought
to drive F-region upflows. In addition, the analysis highlighted some of the limitations of the
simple model.

The event studied was observed by the EISCAT UHF radar between 1200 and 1300 UT
on April 3, 1992. This interval has been previously scrutinized by Davies et al. (1995) in an
investigation of dayside ion frictional heating. These authors compared the observations with
the results from the Sheffield ionosphere and plasmasphere model which, although
successfully described the observed behaviour of the ion and electron temperature, did not
reproduce the large field-aligned ion flows. Hence it was of interest to examine whether or
not a simple, time-independent model could account for the observations. It was first

demonstrated that the effects of thermal diffusion and the hydrodynamic mirror force could
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be neglected. However, it was found that the model could not reproduce the observed field-
parallel velocities either prior to or during the upflow. In order to validate the model, it was
employed to derive pressure profiles consistent with the measured velocities. Agreement
between the calculated and measured pressure gradients, for the undisturbed interval,
demonstrated that the model was indeed valid. However, accordance between model and
observations for the interval of ion upflow was only achieved when the data were re-analysed
with a modified ion composition model. The revised composition profile simulated an
increase in the concentration of molecular ions at F-region altitudes.

In summary, the analysis demonstrated that the field-aligned ion velocity is a sensitive
function of the plasma pressure gradient. Hence, uncertainties of only a few per cent in the
measured pressure gradient may cultivate errors of several hundred m s-! in the derived ion
velocity. It is, therefore, difficult to model accurately ion velocities using this technique.
However, it was demonstrated that the model was consistent with observations of an upflow
event observed on April 3, 1992 when an appropriate ion composition model was employed
in the analysis. It was clear from the study that the adopted ion composition model had a
significant effect on the analysis and interpretation of the data. It would be an interesting
exercise to derive ion composition models for the entire interval between 0700 and 1500 UT
on April 3, 1992, in order to examine how the composition varies throughout the event.
Ultimately, the model should be extended to incorporate time-dependent effects.
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