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Abstract. Results of a statistical survey of F-region ion
frictional heating are presented, a survey which is based
on over 4000 h of common programme observations
taken by the European incoherent scatter (EISCAT)
UHF radar facility. The criterion adopted in this study
for the identification of ion frictional heating was that
defined by McCrea et al., requiring an enhancement in
the F-region field-parallel ion temperature exceeding
100 K over two consecutive integration periods, which
was itself based on a selection criterion for frictional
heating derived for the study of high-latitude F-region
ion temperature observations from the Atmospheric
Explorer-C satellite. In the present study, the diurnal
distribution of ion frictional heating observed by
EISCAT is established and, furthermore, its dependence
on geomagnetic activity and the orientation of the
interplanetary magnetic field (IMF) is investigated;
results are interpreted with reference to corresponding
distributions of enhanced ion velocity, again derived
from the extended set of EISCAT UHF common
programme observations. The radar, due to its location
relative to the large-scale convection pattern, observes
ion frictional heating principally during the night,
although preferentially during the post-midnight hours
where there is reduced coupling between the ion and
neutral populations. There is an increased preponder-
ance of frictional heating during intervals of high
geomagnetic activity and for a southward z component
of the IMF and, moreover, evidence of asymmetries
introduced by the y component of the IMF.

1 Introduction

A relative velocity between the ion and neutral popu-
lations in the F-region ionosphere results in an enhance-

Correspondence to: J. A. Davies

ment in the temperature of the ions through frictional
contact with the neutral atmosphere. This mechanism is
termed ion frictional heating and, at auroral latitudes
where its occurrence was first indicated by satellite
observations, is a manifestation of the coupling between
the ionosphere and magnetosphere. Frictional heating is
one of the principal mechanisms whereby energy
originating in the solar wind is deposited into the
Earth’s ionosphere and ultimately the neutral atmo-
sphere. Ton frictional heating has been extensively
described in the literature, by such authors as Rees
and Walker (1968), Schunk et al. (1975) and Schunk and
Sojka (1982). The neutrals are coupled to the ions by
collisions which tend to equalise the velocities of the two
populations, a mechanism referred to as ion drag (e.g.
Rishbeth, 1972). The response time of the neutral
atmosphere to variations in the ion velocity is a function
of electron density, and as such is highly variable (Baron
and Wand, 1983).

Theory predicts that a relative velocity between the
ions and neutrals in the F-region should result in the
distortion of the ion thermal velocity distribution from
an isotropic Maxwellian, tending towards a torus in
velocity space although remaining gyrotropic with
respect to the magnetic field. A review of the theory of
non-Maxwellian ion velocity distributions and the
consequent development of anisotropic ion tempera-
tures is presented by St-Maurice and Schunk (1979). The
first experimental evidence indicating the existence of
non-Maxwellian line-of-sight ion velocity distributions
was provided by the Atmospheric Explorer-C satellite
(St-Maurice et al., 1976) and their occurrence has
subsequently been identified from radar observations
by the European incoherent scatter (EISCAT) radar
(Lockwood et al., 1987; Moorcroft and Schlegel, 1988).
Anisotropic ion temperatures have been observed, again
using EISCAT, by Perraut et al. (1984) and Levhaug
and Fla (1986), amongst others.

In this paper, the results of a statistical study of ion
frictional heating are presented, a study which is based
on over 4000 h of observations by the EISCAT UHF
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radar (e.g. Rishbeth and Williams, 1985) taken between
October 1984 and December 1995. The UHF common
programme modes which provide the measurements for
the survey, or more specifically the geometrical arrange-
ments and pulse coding techniques employed, are
summarised in Sec. 2. Sections 3 and 4 discuss the
criterion adopted for the identification of ion frictional
heating and the statistical results, respectively. Subse-
quently, principal conclusions are reiterated.

2 Experimental arrangement

The following investigation is based on F-region obser-
vations taken by the EISCAT UHF radar in versions
F, H, I and J of the common programme 1 (CP-1) mode
of operation and versions C, D and E of common
programme 2 (CP-2). The basic geometry of each
common programme is retained through each version
to enable long term studies of the type documented in
this paper to be performed, although subsequent
versions of each programme are updated and refined.
The geometrical arrangement of both experiments is
discussed and any relevant difference between successive
versions of each programme is highlighted.

In the EISCAT CP-1 mode, the beam from the UHF
transmitter is aligned along the local magnetic field
direction in the F-region which, for a radar located at
Tromsg, is at an elevation of around 77° and an azimuth
of 182°. In all versions of CP-1 employed in the present
study, the remote site radars, at Kiruna and Sodankyla,
alternated between E- and F-region observation with a
scan of 10 min duration. In version F of the CP-1
programme (CP-1-F), the remote site radars performed
a five position scan intersecting the transmitter beam at
four E-region altitudes and at 312 km in the F-region. In
the subsequent version, CP-1-H, the remote site scan
was slightly modified in that the F-region intersection
volume was reduced in altitude to 278 km. In both the
CP-1-F and CP-1-H experimental modes, the effective
dwell time at the F-region intersection altitude was some
90 s. In CP-1-1 and CP-1-J, however, the remote site
radars performed an eight position scan intersecting the
transmitter beam at six different E-region altitudes and
at 278 km altitude in the F-region, the latter being
repeated twice within each scan with a dwell time of
approximately 60 s.

In CP-2, the transmitter performs a four position
scan, one position of which is vertical and another, field-
aligned. In the remaining two positions, the transmitter
points geomagnetically eastward of the zenith. The
dwell time for each position of the scan is 1.5 min,
giving a total cycle time of 6 min. The remote site radars
follow the transmitter beam scan, observing at a fixed
F-region altitude, centred around 312 km for CP-2-C
and 278 km in the subsequent versions, CP-2-D and
CP-2-E.

In all versions of both experiments, a long-pulse
scheme was transmitted for low-altitude resolution
F-region measurements, in addition to either multi-

pulse or alternating code transmission for high resolu-
tion observations at E-region altitudes. The long-pulse
measurements, which are the basis of the present study,
yield an altitude resolution of some 22 km along the
magnetic field direction, from approximately 150 to
600 km altitude, although the actual signal gates overlap
to some extent.

For the present study, CP-1 observations from
Tromse were post-integrated at a temporal resolution
of 5 min and the remote site data over the dwell time at
each scan position. CP-2 observations from all sites were
post-integrated over the dwell time at each scan posi-
tion.

It is accepted that the analysis of incoherent scatter
spectra to provide estimates of ion temperature is
limited by three factors when the ion-neutral relative
velocity is high; it is, indeed, this parameter under these
conditions which provides the basis of the present study.
These factors are the occurrence of non-Maxwellian
line-of-sight ion thermal velocity distributions, modifi-
cation of the ion composition and the divergence of the
temperatures of the different ion species. The effect of
these limitations is briefly discussed with respect to the
present observations at salient points in the text,
although a more detailed discussion see, for example,
McCrea et al. (1995) and references therein.

3 Selection criterion for the identification
of ion frictional heating

The current study extends that documented by McCrea
(1989) and McCrea et al. (1991) in which the authors
present the diurnal distribution of ion frictional heating,
along with that of the related phenomena of enhanced
ion velocity, derived statistically from F-region EISCAT
CP-1 and CP-2 observations taken during 1985 and
1986. The criterion employed in the present study for the
identification of ion frictional heating is that adopted by
McCrea et al. (1991), itself based on a condition derived
by St-Maurice and Hanson (1982) for the examination
of high-latitude field-perpendicular ion temperature
measurements taken by the retarding potential analyser
on board the Atmosphere Explorer-C satellite. The
selection criterion of St-Maurice and Hanson (1982) for
the identification of ion frictional heating required an
enhancement in the field-perpendicular ion temperature
of at least 200 K over the values measured in the
absence of strong electric fields. The authors concluded
that this threshold would exclude enhancements in ion
temperature arising from other physical processes, such
as heat conduction and thermal energy transfer from the
electron population, as well as significantly exceeding
the uncertainty in their measurements. St-Maurice and
Hanson (1982) quoted a relative ion-neutral drift of
between 400 and 600 m s~ as necessary to produce such
an enhancement in the field-perpendicular ion temper-
ature.

Under conditions of a large relative velocity between
the ion and neutral populations, the 3-dimensional ion
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thermal velocity distribution will become distorted from
an isotropic Maxwellian, a phenomenon reviewed by
St-Maurice and Schunk (1979). In EISCAT common
programme analysis the ion temperature is derived by
assuming that the ion velocity distribution along the
direction of observation is Maxwellian; an assumption
which has been demonstrated theoretically to lead to an
overestimate in the ion temperature in situations where
the velocity distribution is non-Maxwellian (e.g. Lock-
wood et al., 1993). Theoretical predictions, however,
indicate that along the field-parallel direction the
departure of the ion velocity distribution from a
Maxwellian is small and that the line-of-sight ion
temperature derived by assuming a Maxwellian velocity
distribution is accurate to within 5% for field-perpen-
dicular ion velocities of up to some 4 km s™' (Lathuillére
and Hubert, 1989). For this reason, McCrea et al. (1991)
constrained their analysis to that of EISCAT observa-
tions taken along the magnetic field direction, i.e. from
CP-1 and the field-aligned position of CP-2. Since the
satellite observations for which St-Maurice and Hanson
(1982) derived their threshold for the identification of
ion frictional heating were restricted to a direction
orthogonal to the geomagnetic field, McCrea et al.
(1991) suggested that the threshold should be adapted
for studies based on measurements taken along the
magnetic field direction. The latter authors stated that in
the ionospheric F-region, for O " -O interactions consti-
tuting the dominant collision mechanism, a field-per-
pendicular ion temperature enhancement of 200 K
would be accompanied by an enhancement in the field-
parallel ion temperature of only around 100 K, due to
the unequal partition of energy into the field-parallel
and field-perpendicular ion populations. McCrea et al.
(1991) thus adopted 100 K as the enhancement in the
field-parallel ion temperature necessary for the identifi-
cation of ion frictional heating.

Under conditions of a large ion-neutral relative
velocity, the proportion of molecular ions in the
F-region, particularly NO ™", increases as a consequence
of enhancements in both the reaction rate coefficients
and the concentration of reactant neutrals (e.g. St-
Maurice and Torr, 1978). The modification of the ion
composition due to the existence of differential flow
between the ion and neutral populations can result in
substantial underestimation of the ion temperature
derived from standard analysis of incoherent scatter
data. Moreover, under such conditions the field-parallel
ion temperature components for the atomic and molec-
ular ion species can diverge significantly; in the parallel
direction the temperature of NO ' has been predicted
theoretically to exceed that of O™ by almost 500 K for
an ion velocity around 1 km s™' and a neutral atmo-
sphere dominated by atomic oxygen (Lathuilléere and
Hubert, 1989). Standard analysis of EISCAT data
assumes, however, that the ion population can be
described by a single ion temperature, which, for a
multi-ion plasma, is a non-linear combination of the
temperatures of the individual ion species present.
McCrea et al. (1991) concentrated on observations from

the range gate centred at the altitude of 312 km to
perform their study, which corresponded to the F-region
tristatic altitude for the CP-1 and CP-2 observations
employed. At this altitude, the authors stated that it
would be unlikely that significant proportions of
molecular ions would be produced for the majority of
intervals of ion frictional heating.

Furthermore, McCrea et al. (1991) imposed the
criterion that the field-parallel ion temperature must
be enhanced by more than 100 K for two or more
consecutive integration periods to exclude anomalous
spikes in the ion temperature data. The authors noted
that such spikes, which did not correlate with enhance-
ments in the ion velocity, were a regular feature of the
ion temperature data and considered them unlikely to be
associated with actual physical structures but speculated
that they arose from contamination of the radar data
due to the presence of a satellite in the side lobes of the
radar beam or due to a system fault. It has, however,
been observed that the electric field in the auroral
F-region can fluctuate over time scales of the order of a
few seconds (e.g. Williams et al., 1990; Lanchester ez al.,
1996) and the inclusion of this condition unfortunately
had the effect of eliminating some ion temperature
enhancements which corresponded to instances of ion
frictional heating occurring on time scales shorter than a
single 5 min integration period.

Implementation of the selection criterion for the
identification of intervals of ion frictional heating relies
on the calculation of an ambient value of ion temperature,
defined as that in the absence of a relative velocity
between the ion and neutral populations. St-Maurice and
Hanson (1982), for their study of ion data from the
Atmospheric Explorer-C satellite, chose as their baseline
temperature the ion temperature from nearby positions of
the orbit where no, or very weak, clectric fields were
found. McCrea et al. (1991) suggested that the modal
value would be an appropriate estimate of the equilibrium
ion temperature; as the ion temperature at a given altitude
exhibits little diurnal variation the mode would remain a
valid description of the ambient ion temperature regard-
less of time of day. The authors calculated the ambient ion
temperature, for each run of EISCAT observations, as the
central temperature of the modal bin of the ion temper-
ature distribution, calculated with a bin size of 10 K.

To assist in their interpretation of the distribution of
ion frictional heating, McCrea (1989) also deduced the
distribution with universal time of the occurrence of
enhanced ion velocities from their two year set of UHF
EISCAT common programme observations. The author
applied the criterion that the magnitude of the ion
velocity, calculated at the F-region tristatic altitude,
should exceed 500 m s~'; this threshold was selected as
it is approximately the ion velocity required to produce
an enhancement in the F-region field-parallel ion tem-
perature of 100 K, although this assumes a stationary
neutral atmosphere. In order to eliminate unreliable
estimates of ion velocity, any velocity estimates for
which the signal-to-noise ratio at any of the three UHF
receiver sites was less than 2% were excluded.
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4 Statistical study of ion frictional heating: results
4.1 Diurnal distribution of ion frictional heating

The selection criterion described in the previous section
for the identification of ion frictional heating was
applied to the present extended data set of CP-1 and
field-aligned CP-2 observations of field-parallel ion
temperature at 312 km altitude. Satisfaction of the
criterion requires, in summary, an enhancement in the
field-parallel ion temperature, over the modal value
derived for that run, equal to or exceeding 100 K, for a
minimum of two consecutive integration periods; tem-
peratures are those measured by EISCAT in the range
gate centred at 312 km altitude. A total of 1152 intervals
of frictional heating were identified from the 4230 h set
of field-parallel ion temperature observations, ranging in
duration from the minimum of 2 integration periods, 10
and 12 min for CP-1 and CP-2, respectively, to several
hours. Ion frictional heating was observed to some
extent during the vast majority of the EISCAT common
programme runs incorporated in the present study.

As in the study of McCrea et al. (1991), the diurnal
distribution of ion frictional heating was constructed by
dividing the day into 30 min bins and summing the
number of occasions over the entire data set on which
heating occurs in each bin. Intervals of frictional heating
which span 30 min boundaries contribute in each time
bin in which they were observed. The observational
coverage, however, is not uniform throughout the day,
with a minimum in the number of radar observations
between 22:00 UT and 08:00 UT; the number of
observations of each 30 min bin lies between some 150
and 200. To negate the effect of non-uniform sampling
the diurnal distribution of ion frictional heating was
derived as a percentage of the number of observations of
each half-hour bin. The diurnal distribution of ion
frictional heating derived from EISCAT UHF field-
parallel CP-1 and CP-2 measurements at 312 km
altitude is presented as a function of universal time in
Fig. 1. The histogram represents the percentage occur-
rence of ion frictional heating as a function of universal
time, with a bin width of 30 min extent (left-hand-scale);
the line plot illustrates the number of observations of
each bin (right-hand-scale).

The diurnal distribution of F-region ion frictional
heating observed by EISCAT at 312 km altitude exhib-
its a broad peak in the night-time sector, with relatively
little heating occurring between 06:00 and 13:00 UT on
the dayside. The distribution is centred at approximately
20:00 UT about which it is asymmetric, with a propen-
sity for ion frictional heating in the early morning
sector, some 50% maximum occurrence, and a some-
what smaller peak in occurrence, approximately 35%,
around 17:00 UT. Between 18:00 and 21:00 UT on the
nightside there is a slight reduction in the occurrence of
ion frictional heating; the probability of observing
frictional heating in any half-hour bin during this
interval is around 30%. A physical interpretation of
the diurnal variation in the occurrence of F-region ion
frictional heating observed by EISCAT is detailed later
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Fig. 1. Diurnal distribution of ion frictional heating at 312 km
altitude, derived from over 4000 h of field-parallel EISCAT UHF
common programme observations taken between 1984 and 1995. The
histogram represents the percentage occurrence of ion frictional
heating as a function of universal time, with a bin width of 30 min; the
line plot indicates the number of observations of each half-hour bin

in the present section, particularly with reference to the
observed distribution of enhanced ion flow.

The variation of the enhancement in the field-parallel
ion temperature at 312 km altitude, during identified
intervals of ion frictional heating, is illustrated as a
function of universal time in Fig. 2. The solid line
represents the median value of the field-parallel ion
temperature enhancement in each half-hour bin, for all
integration periods during recognised intervals of fric-
tional heating (left-hand-scale); the vertical lines encom-
pass the range of parallel temperature enhancements
bounded by the upper and lower quartiles. The number
of estimates of the field-parallel ion temperature en-
hancement in each 30 min bin is signified by the dotted
line (right-hand-scale). The criterion for the identifica-
tion of ion frictional heating that the enhancement in the
parallel ion temperature should exceed 100 K, imposes
that threshold as a lower limit on the median enhance-
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Fig. 2. Enhancement in the field-parallel ion temperature during
identified intervals of ion frictional heating, plotted as a function of
universal time. The solid line indicates the median temperature
enhancement in each 30 min bin, with vertical lines which encompass
the range bounded by the upper and lower quartiles. The dotted line
illustrates the number of estimates of the enhancement in each bin



J. A. Davies et al.: A statistical study of ion frictional heating observed by EISCAT 1403

ment observed. The median field-parallel temperature
enhancement during recognised intervals of ion friction-
al heating exhibits a distinct dependence with universal
time, ranging from a maximum approaching 350 K
around 06:00 UT to little over 100 K between 07:00 and
13:00 UT on the dayside. Furthermore, the spread of
observed parallel ion temperature enhancements tends
to be far greater after 13:00 UT and prior to 07:00 UT
on the nightside; near 06:00 UT, for example, a quarter
exceed some 500 K. Although the median enhancement
in the field-parallel ion temperature tends to be greater
over those range of universal times where the probability
of occurrence of ion frictional heating is high, the
maximum ion temperature enhancement, observed
around 06:00 UT, corresponds to a time of low
occurrence of ion frictional heating.

The duration of each interval of ion frictional
heating, identified from the extended data set of
common programme observations, was also noted.
Figure 3 presents the diurnal variation of the duration
of ion frictional heating, identified by the selection
criterion discussed in the previous section. The format of
this illustration is similar to that of the previous figure.
The solid line (corresponding to the left-hand-scale)
represents the median value of the duration of identified
intervals of ion frictional heating in each half-hour bin;
the vertical lines span the range of durations bounded
the upper and lower quartiles. The dotted line (right-
hand-scale) corresponds to the number of estimates of
the duration of frictional heating in each 30 min bin.
The duration of intervals of ion frictional heating which
span 30 min boundaries contribute in each bin in which
the event was observed. The minimum duration of
intervals of frictional heating is set by the selection
criterion, two integration periods corresponding to
10 min and 12 min for CP-1 and CP-2, respectively.

The duration of identified intervals of ion frictional
heating exhibits an obvious diurnal variation; frictional
heating events characterised by a long duration tend to
occur on the nightside. The median duration of identi-
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Fig. 3. Duration of identified intervals of ion frictional heating, as a
function of universal time. The solid line represents the median
duration, in each half-hour bin, with vertical lines which span the
range of durations bounded by the upper and lower quartiles. The
dotted line indicates the number of estimates of duration in each bin

fied intervals of ion frictional heating exceeds 60 min
between 00:00 and 02:00 UT, reducing to between 20
and 30 min between 06:00 and 12:00 UT on the dayside.
Frictional heating of prolonged duration corresponds,
in general, to periods where the probability of observing
such heating is higher, and those which are observed are
characterised by larger temperature enhancements. Be-
tween 16:00 and 22:00 UT a distinct reduction in event
duration is noted; between these hours the duration of
frictional heating events reduces to similar values to
those observed in the dayside hours. The minimum in
the duration of frictional heating between 16:00 and
22:00 UT on the nightside is rather more marked than
the corresponding minimum in the percentage occur-
rence of frictional heating.

The observed absence of ion frictional heating, by
EISCAT, on the dayside is a consequence of the
equatorward edge of the ionospheric convection pattern
typically being situated far poleward of the radar during
these hours, a result of the displacement of the convec-
tion pattern as a whole in the antisunward direction.
More interesting, however, is the observed asymmetry
between the occurrence of ion frictional heating prior to
magnetic midnight and that in the post-midnight sector.
These observations are consistent with those of Baron
and Wand (1983), Alcaydé et al. (1984), Alcaydé and
Fontanari (1986) and Moorcroft and Schlegel (1988) in
that these authors also reported a propensity for the
occurrence of ion frictional heating during the hours
post magnetic midnight. The dawn-dusk asymmetry in
the occurrence of ion frictional heating results from the
tendency for smaller neutral winds to develop during the
post-midnight sector than prior to magnetic midnight,
an effect to which several processes are thought to
contribute.

The F-region electron density is generally lower in the
morning sector than during the afternoon and evening
hours, due to the decay of solar-produced ionisation, thus
the ion drag force on the neutral atmosphere, which is
proportional to the plasma concentration, will tend to be
less (Baron and Wand, 1983). This weaker coupling
between the ions and the neutral population post-
midnight, results in larger ion-neutral relative velocities
and, in consequence, more intense ion frictional heating
during these hours. Another factor which determines the
extent to which the neutral wind can be accelerated by ion
drag is the length of time for which it is resident in the
region of large auroral ion flows. In the dusk sector, the
Coriolis and centrifugal accelerations of a packet of
neutral air tend to cancel and its motion is largely
westward; air which remains within the region of strong
auroral ion flows acquires a large westward velocity.
Conversely, in the dawn convection cell both centrifugal
and Coriolis forces act in the same direction, moving the
packet of neutral air equatorward out of the oval thus
preventing it from acquiring a large momentum from the
ions (e.g. Lockwood and Fuller-Rowell, 1987a, b). Both
of these factors account for the observations of Baron and
Wand (1983) and Moorcroft and Schlegel (1988),
amongst others, of larger ion temperatures in the post-
midnight sector. Alcaydé et al. (1984) proposed an
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additional mechanism which would contribute to this
effect; a mechanism also relating to the role of the Coriolis
force on the neutral atmosphere. The authors pointed out
that the strongly developed southward neutral winds
which exist on the nightside under both disturbed and
quiet conditions, a feature of global thermospheric
circulation, would induce a Coriolis force which opposes
the ion drag force arising from eastward plasma flow
during the post-midnight hours whereas in the evening
sector these two forces would act in the same direction.
To aid the interpretation of the diurnal distribution
of ion frictional heating it is instructive to construct a
similar distribution with universal time of enhanced ion
velocity. The selection criterion adopted was that
suggested by McCrea (1989) for the identification of
intervals of enhanced ion flow; the magnitude of the ion
velocity should exceed 500 m s™', the velocity necessary
to produce an enhancement of 100 K in the ion
temperature component parallel to the geomagnetic
field. To exclude unreliable estimates of velocity, the
condition was implemented that the signal-to-noise ratio
at each receiver site should exceed 2%; a threshold
suggested by McCrea (1989). Figure 4 presents the
diurnal distribution of ion velocities exceeding
500 m s~', derived from the extended set of common
programme 1 and 2 observations. As for Fig. 1, the
histogram expresses, effectively, the probability of ob-
serving enhanced ion velocities in any 30 min bin during
the day (left-hand-scale) and the line plot indicates the
number of observations of each bin (right-hand-side).
Moreover, velocities have been subdivided according to
the orientation of the zonal flow; ion velocities in which
the zonal component is westward are represented as
light shading whereas darker shading illustrates ion
velocities with an associated eastward component. The
number of observations of each 30 min bin in Fig. 4
tends to be less than that in Fig. 1, the former ranging
from some 120 to 180 and the latter from 150 to 200; it is
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Fig. 4. Diurnal distribution of F-region ion velocities exceeding
500 m s~!, observed by EISCAT. The histogram represents the
percentage occurrence of enhanced ion velocity as a function of
universal time, the bin width again 30 min; light grey shading
indicates enhanced ion velocities with a westward zonal component,
dark grey indicates those with an eastward zonal component. The /ine
plot shows the number of observations of each half-hour bin

necessary to have line-of-sight ion velocity measure-
ments from all UHF receiver sites in order to estimate
the magnitude of the ion velocity and the returns from
which these velocities are obtained are, moreover,
subject to a 2% signal-to-noise threshold.

An exact correspondence between the ion velocity
magnitude and the enhancement in the parallel ion
temperature, and consequently their diurnal distribu-
tions, is not expected since it is the relative ion-neutral
velocity that determines the extent of frictional heating
of the ion population and not simply the magnitude of
the ion velocity. The distribution of enhanced ion
velocities exhibits a similar form to that of ion frictional
heating, a broad peak about midnight with a central
minimum corresponding to the location of the nightside
convection reversal which is characterised by lower
velocities. Ion velocities exceeding 500 m s~ are seldom
observed by EISCAT between 06:00 and 12:00 UT
due to the antisunward displacement of the convec-
tion pattern. The nightside convection reversal, corre-
sponding to a change from eastwards to westward
flow, is generally located temporally between 18:00 and
22:00 UT at the latitude of EISCAT. The occurrence of
enhanced ion velocities appears symmetric about the
nightside reversal, implying the equal occurrence of
enhanced ion velocities in the dawn (westward) and
dusk (eastward) convection cells, although the tendency
for lower neutral atmosphere response times and the
opposition of the ion drag and Coriolis forces during the
early morning hours gives rise to asymmetry in the
distribution of ion frictional heating between these two
regimes. Within the convection reversal, intervals of ion
frictional heating are characteristically of very short
duration, comparable to that of intervals observed by
EISCAT on the dayside. This highlights the highly
dynamic nature of this region of plasma flow.

The asymmetric response of the F-region ion tem-
perature to enhancements in the dawn and dusk
convection cells can be investigated more fully using
simultaneous observations of the ion vector velocity
determined at the tristatic altitude and the enhancement
in the field-parallel ion temperature during intervals of
ion frictional heating. Figure 5 presents the variation in
the median enhancement in the field-parallel ion tem-
perature at 312 km altitude during identified intervals of
ion frictional heating as a function of the simultaneously
observed ion velocity magnitude, derived from the set of
EISCAT CP-1 and CP-2 observations. The ion velocity
observations have, moreover, been classified according
to the orientation of their field-orthogonal zonal com-
ponent. The left-hand-side of Fig. 5 illustrates the
variation of field-parallel temperature enhancement with
ion velocity magnitude where the field-perpendicular
zonal component of the ion velocity is westward; the
right-hand-side of the figure shows the functional
response of the ion temperature enhancement with
velocity magnitude where the associated zonal velocity
component is eastward. The ion temperature enhance-
ment has been binned according to ion velocity with a
bin width in velocity of 100 m s~'. For both orientations
of the zonal velocity component, vertical bars join the
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Fig. 5. Field-parallel ion temperature enhancement as a function of
ion velocity during identified intervals of ion frictional heating, sub-
divided according to the orientation of the field-orthogonal zonal
component of the ion velocity. The solid line shows the median
enhancement in each 100 m s~ width velocity bin, with vertical lines
which indicate the range bounded by the upper and lower quartiles.
The dotted line represents the number of estimates of parallel
temperature enhancement in each velocity bin

upper and lower quartiles of the temperature enhance-
ment in each velocity bin, and the dotted line indicates
the number of estimates of the parallel ion temperature
enhancement in each velocity bin.

The response of the field-parallel ion temperature
with ion velocity magnitude is clearly asymmetric with
respect to the zonal velocity component; in the dusk
convection cell an ion velocity of 1000 m s™' results in a
median enhancement of around 250 K in the parallel ion
temperature whereas an equivalent velocity in the dawn
cell enhances the ion temperature by more than 400 K.
For an ion velocity of 1500 m s™', the corresponding
temperature enhancements are approximately 350 and
600 K in the dusk and dawn cells of the convection
pattern, respectively. The results presented are not
directly comparable to those of Baron and Wand
(1983); the latter authors presented observations of ion
temperature as a function of the zonal ion velocity from
both the Chatanika and Millstone Hill incoherent
scatter radars during two limited intervals. Although
the work of Baron and Wand (1983) indicates a larger
enhancement in ion temperature for a given ion velocity
for both orientations of zonal flow, this is accounted for
by the larger aspect angle of their observations, indeed
the Chatanika beam was zonally directed.

4.2 Variation with interplanetary magnetic field
orientation

The solar wind plasma and the interplanetary magnetic
field (IMF) have been consistently monitored since 1963,
by a series of spacecraft such as IMP-1 to 8, HEOS and
ISEE-1 to 3. Hourly averages of the interplanetary
magnetic field components, in addition to solar wind
velocity and dynamic pressure measurements, are avail-
able during the intervals when the satellites were
upstream of the bow shock. The IMF measurements

covering the period of the present set of EISCAT
observations were taken by the IMP-8 spacecraft.
Although the proportion of each individual spacecraft
orbit for which observations are available is highly
variable, approximately half of the EISCAT data set
employed in the current statistical study has associated
IMF coverage. The response time of the ionosphere to
variations in the interplanetary magnetic field ranges
between some tens of minutes on the dayside to more
than an hour on the nightside (Todd et al., 1988; Lester
et al., 1993). It is, therefore, inappropriate to use
observations of the interplanetary magnetic field at
any higher time resolution than hourly averages in the
present study, although IMF and solar wind data are
available at up to 30 s resolution.

The present EISCAT field-parallel ion temperature
and ion velocity observations have been classified
according to the orientation of both the northward
(B,) and eastward (By) components of the IMF where
these components are measured in the GSM (geocentric
solar magnetic) coordinate system. Initial classification
was according to the B, component of the IMF. The
upper two panels of Fig. 6 illustrate the diurnal distri-
bution of ion frictional heating observed by EISCAT for
B, negative (southward) and B, positive (northward),
irrespective of the orientation of the y component of the
interplanetary magnetic field. As in previous figures of
this type, the histograms represent the percentage
occurrence of ion frictional heating and the line plots,
the total number of observations, in each 30 min bin for
each orientation of B,.

For both orientations of B,, the diurnal distribution
of ion frictional heating exhibits a similar general form
to that illustrated in Fig. 1, that is a broad and
asymmetric distribution, centred in the midnight sector.
At all universal times, however, the probability of
observing ion frictional heating in a half-hour bin is far
greater for a southward orientation of B, than for a
northward B,; between 00:00 and 02:00 UT the percent-
age occurrence of frictional heating for B, negative
approaches 60% whereas for positive values of B,, the
corresponding figure is less than 30%. The minimum in
the occurrence of frictional heating, corresponding to
the general location of the night-time convection rever-
sal, appears less clearly defined for the case of south-
ward B, than it is for northward B,. During conditions
of southward B,, both the size and duration of identified
intervals of frictional heating (not illustrated) are also
significantly greater than those for a northward z com-
ponent of the interplanetary magnetic field; on the
nightside the median enhancement in the field-parallel
ion temperature for southward B, generally exceeds that
for northward B, by more than 100 K and the median
duration is almost doubled.

The dependence of high-latitude ionospheric convec-
tion on the orientation of the interplanetary magnetic
field provides an explanation for these observations (e.g.
Friis-Christensen et al., 1985). There is little doubt that
the interplanetary magnetic field strongly influences
magnetospheric and ionospheric convection although
the exact processes involved in solar wind/magneto-
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Fig. 6. Variation of the diurnal distribution of ion frictional heating
with the orientation of the y and z components of the interplanetary
magnetic field. The form of each panel is the same as that of Fig. 1

sphere/ionosphere coupling are not well determined. It
is generally accepted that convection in the dayside
ionosphere is driven by reconnection at the nose of the
magnetosphere, the rate of which is highly dependant on
the orientation of the z component of the IMF with a
southward B, required for reconnection at low magnetic
latitudes. The resulting build-up of magnetic flux on the
tailside leads to the substorm expansion phase, which
drives impulsive convection more confined to the
nightside ionosphere. Viscous processes in the magne-
tosphere are also suggested to drive convection in the
ionosphere, irrespective of the orientation of the z com-
ponent of the IMF (Axford and Hines, 1961). Previous
authors have, therefore, attributed ionospheric flows
observed under conditions of northward B, to viscous
interaction. Recent research, however, indicates that
enhanced convection on the nightside can persist for
many hours after a northward turning of the z compo-
nent of the IMF, driven by residual reconnection of
open flux in the magnetotail, thus mimicking the effect
of viscous interaction (Lockwood and Cowley, 1992;

Fox et al., 1994). This interpretation complements the
findings of Wygant et al. (1983) which revealed that the
convection electric field reduces over about 9 h after a
northward turning of B,. Overall, the pattern of
ionospheric convection is, if anything, more complex
under conditions of northward B, than for southward B,
(e.g. Cowley, 1982).

Foster et al. (1986), as the foundation of an empirical
model, constructed statistical patterns of high-latitude
ionospheric convection based on ion velocity measure-
ments by the Millstone Hill incoherent scatter radar,
classified according to the orientation of the IMF, using
hourly averages of the latter. The authors found that the
convection pattern greatly enhanced and expanded for
negative values of B,. Consequently, the occurrence of
ion frictional heating would be expected to depend
critically on the orientation of the z component of the
IMF, with larger convection velocities, thus a greater
percentage of ion frictional heating, expected for south-
ward values of B,.

The diurnal distributions of enhanced ion velocities
observed by EISCAT, those exceeding 500 m s™', for
both negative and positive z components of the IMF are
illustrated in the upper panels of Fig. 7. As in Fig. 4, the
ion velocity is further categorised according to its
associated zonal component, to enable the location of
the convection reversal to be more clearly determined. It
is evident that the far greater proportion of frictional
heating observed under conditions of southward B, than
when the z component of the IMF is oriented north-
ward, is attributable to the higher occurrence of
enhanced ion velocities during such intervals. As noted
previously, the response time of ionospheric high-
latitude convection after a southward turning of the
z component of the IMF is some tens of minutes on the
dayside to perhaps 90 min on the nightside. Moreover,
even several hours after the IMF z component has
turned northward, the effect of residual tail reconnection
on nightside convection can still be significant (Lock-
wood and Cowley, 1992). These factors might be
suggested to account for the relatively high occurrence
of ion frictional heating when simultaneous satellite
observations indicate a northward B,, particularly as
frictional heating is principally observed by EISCAT on
the nightside. However, the immediate past history of
the IMF is actually found not to affect significantly the
distributions presented in Fig. 6. It is also interesting to
note that for southward B, the ion flow observed at
EISCAT (albeit restricted to velocities exceeding
500 m s™') is separated into two distinct regimes with
respect to its zonal component whereas, under situations
of northward B,, the demarcation between eastward and
westward zonal ion flow is not clearly defined and,
indeed, the majority of enhanced flow has an associated
eastward zonal component. This is, perhaps, a manifes-
tation of a more complex convection pattern associated
with northward B, than the simple twin cell pattern
which is associated with intervals of southward B,.

Empirical models of ionospheric convection (e.g.
Reiff and Burch, 1985; Burch er al., 1985) illustrate a
strong skew imposed on the convection pattern by the
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Fig. 7. Variation of the diurnal distribution of enhanced ion velocity
with the orientation of the y and z components of the interplanetary
magnetic field. Each panel is presented in the same form as Fig. 4

eastward (y) component of the IMF, reflecting asym-
metries in magnetospheric convection dictated by By,
particularly under conditions of southward B, where
convection is excited primarily by reconnection. These
models are, however, based mainly on observations
around noon. Further observational evidence for a By
influence on ionospheric convection has been presented
by such authors as Rodger et al. (1984), de Ila
Beaujardiere et al. (1985, 1986) and Burrage (1988),
although the inferred details of the convection patterns
vary from those modelled, in particular with the
observed patterns for B, negative not simply being
mirror images of the B, positive patterns.

The diurnal distribution of ion frictional heating has
been derived from the EISCAT field-parallel CP-1 and
CP-2 observations at 312 km altitude for positive
(eastward) and negative (westward) values of By, both
under conditions of negative B,. The lower two panels of
Fig. 6 present the percentage occurrence of ion frictional
heating with universal time for B, negative with B,
negative and B, negative with By positive. As in previous
figures, the number of observations of each 30 min bin

are represented by a dotted line. Equivalent distribu-
tions of enhanced ion velocity are illustrated in the lower
panels of Fig. 7. It is, however, only possible to draw
speculative conclusions due to the relatively low number
of observations available.

The diurnal distribution of ion frictional heating
appears to be very different for the two orientations of
the y component of the interplanetary magnetic field, a
difference which is clearly attributable to a correspond-
ing difference between the occurrence distributions of
enhanced ion velocities. For By negative, the maximum
occurrence of frictional heating of the F-region ions
occurs around 20:00 UT, whereas, for By positive, this
time corresponds to a minimum in the occurrence of ion
frictional heating on the nightside. Moreover, for B,
negative there is a much higher percentage occurrence of
ion frictional heating during the interval from 12:00 to
16:00 UT than for B, positive and somewhat less
frictional heating is observed around 00:00 UT. It must
be reiterated that both distributions are derived from
data taken during periods of negative B,. It is not
worthwhile to compare rigorously the distributions of
enhanced ion velocity observed by EISCAT, for both
orientations of B, with observed and modelled convec-
tion patterns presented by previous authors. There is,
however, a feature evident in the present observations
that agrees well with statistical convection patterns
derived from the SABRE coherent scatter radar mea-
surements, presented by Burrage (1988); this feature is
the displacement in local time of the location of the
nightside convection reversal between negative and
positive values of By. For B, negative, the location of
the convection reversal, identified from Fig. 7, is situated
close to 19:00 UT, with no observations of eastward
velocity prior to 18:00 UT whereas, for positive values of
By, the night-time reversal is displaced to an earlier local
time by approximately an hour. This displacement is
consistent with that observed by Burrage (1988) at the
same geomagnetic latitude as the present observations,
and supports the conclusions of de la Beaujardiére et al.
(1985), whose Sondrestromfjord incoherent scatter radar
observations indicated that the effect of By is not limited
to the noon hours. Present results are also consistent with
those inferred from magnetometer measurements by
Rodger et al. (1984). The results of Rodger et al. (1984)
indicate that, in the Northern Hemisphere, the position
of the night-time convection reversal is at later local
times for negative By than for positive By whereas, in the
southern hemisphere, the converse is true.

4.3 Variation with geomagnetic activity

Geomagnetic conditions reflect to some extent the
magnitude and orientation of B,, such that highly
disturbed geomagnetic conditions correspond in general
to large southward values of the IMF. More accurately,
geomagnetic activity is a gauge of the energy input into
the magnetosphere from the solar wind by the interac-
tion of both magnetic fields and particles. Geomagnetic
activity may be crudely characterised by K,, (Bartels,
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1949), a 3 hourly planetary index derived from magne-
tometer measurements from eleven mid-latitude sta-
tions, 10 from the Northern Hemisphere and 1 from the
Southern Hemisphere. K,,, a quasi-logarithmic index, is
scaled from 0 to 9 with increments —, 0, +. Typical
values of K, are between 2 and 3, with storm time values
approaching 7. Due to the non-uniform distribution of
the contributing magnetometer stations, universal time
variations are scaled out of the K, index.

The variation of the diurnal distribution of ion
frictional heating with geomagnetic activity, the latter
categorised according to the K, index, is illustrated in
Fig. 8. Successive panels of this figure present the
distribution of frictional heating for K, <1, K, = 2,
K, = 3 and K, = 4. The total number of observations
and the percentage occurrence of frictional heating at
312 km altitude for each range of K, are presented,
respectively, as line plots and histograms. Figure 9
presents corresponding distributions of enhanced
F-region ion velocity for these ranges of K.
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Fig. 8. Variation of the diurnal distribution of ion frictional heating
with the level of geomagnetic activity, the latter of which is
categorised according to K. Each panel is presented in the same
form as Fig. 1

The percentage occurrence of ion frictional heating
exhibits a dramatic increase with increasing geomagnetic
activity over all universal times; at around 20:00 UT, for
example, the probability of observing ion frictional
heating increases from less than 10% for K, < 1 to more
than 70% for K, > 4. Indeed for values of K, in excess of
4, the occurrence of frictional heating observed around
geomagnetic noon exceeds 30%. Although the double-
peaked form of the diurnal distribution is pronounced
during moderate geomagnetic activity, under both highly
disturbed and undisturbed conditions this feature be-
comes less well defined. For quiet conditions, this is due
to the low incidence of frictional heating throughout the
day. In addition to an increase in the occurrence of ion
frictional heating, both the enhancement in the field-
parallel ion temperature during identified intervals of
ion frictional heating and the duration of these intervals
tend to increase with increasing geomagnetic activity.
The average enhancement in the parallel temperature
for K, < 1 is typically half of its value for K, > 4.
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The marked dependence of ion frictional heating on
geomagnetic activity is clearly attributable to a corre-
sponding dependence of the ion velocity (see Fig. 9).
With increasing K,, the occurrence of ion velocities in
excess of 500 m s~ ! increases significantly throughout the
day. Indeed, the probability of observing high ion flows in
any 30 min bin exceeds 80% over much of the day for
K, =4, corresponding to highly disturbed conditions.
This intensification of convection is a well-known char-
acteristic with increasing geomagnetic activity and is a
feature of all empirical models (e.g. Oliver et al., 1983;
Holt et al., 1987) as well as being observed in studies of
individual intervals (e.g. Alcaydé et al., 1986). This
intensification is accompanied by the penetration of the
convection pattern to lower magnetic latitudes. To some
extent these results highlight the variation in the convec-
tion pattern with increasingly negative values of the z
component of the interplanetary magnetic field, indeed
reinforcing the results shown in the previous section.

Several authors have characterised the convection
pattern as a function of K,; for example Oliver et al.
(1983) derived, as the basis of an empirical model,
averaged drift patterns of the F-region plasma between
60 and 75° invariant latitude as a function of K, from
incoherent scatter observations by the Millstone Hill
radar taken during 1978. The work of Senior ez al.
(1990) is perhaps more applicable to the present study.
Senior er al. (1990) constructed average convection
patterns derived from a database of about 900 h of
EISCAT common programme 3 observations, taken
between June, 1984 and November, 1987. As well as
observing the intensification and extension of the
convection pattern with increasing K, Senior et al.
(1990) noted that the convection pattern rotated with
increasing geomagnetic activity such that the average
position of the nightside convection reversal moved to
earlier local times. This had previously been suggested
by the theoretical modelling of Fontaine and Blanc
(1983) and was attributed by the authors to an increase,
with increasing magnetic activity, of particle precipita-
tion in the auroral zone. The results of Senior et al.
(1990) indicated that, at the location of the radar, the
centre of the convection reversal was displaced by some
2 h; from 21:00 UT for K,, less than 2 to 19:00 for K, in
excess of 4. This time shift is indeed evident in the
present study (see Fig. 9) and is of comparable value. It
must be remembered that the y component of the IMF
can induce similar asymmetries in the convection
pattern (e.g. de la Beaujardiere e al., 1986; Burrage,
1988), although any B, effects should be averaged out,
to a large extent, by the inclusion of a prolonged data
set, as By is as likely to be negative as positive. Senior
et al. (1990) also noted that under geomagnetically
active conditions, larger flows arose in the evening
convection cell than are observed in the morning cell. At
the location of EISCAT, Senior et al. (1990) found that
for K, exceeding 4, the maximum of the northward
component of the electric field (equivalent to westward
flow) in the dusk sector was some 25% higher than the
equivalent southward component (eastward flow). This
result appears to be reproduced in the present study, for

K, = 4 the occurrence probability of enhanced west-
ward flows is higher, although the relatively low number
of observations under geomagnetically active conditions
makes this assertion somewhat speculative.

5 Summary and conclusions

The results of a statistical study of F-region ion
frictional heating have been presented. Around 4200 h
of field-aligned observations from the EISCAT common
programmes CP-1 and CP-2, taken between 1984 and
1995, comprised the data set on which the investigation
was based. The diurnal distribution of ion frictional
heating observed by EISCAT over this six year interval,
at 312 km altitude in the F-region, was constructed; the
identification criterion for intervals of frictional heating
was based on high-latitude observations by one of the
Atmospheric Explorer satellites. The distribution of
frictional heating exhibits a double-peaked, although
asymmetric, form centred around local magnetic mid-
night. This asymmetry results from the tendency for
larger neutral winds to develop in the pre- as opposed to
the post-midnight sector. Furthermore, the dependence
of the diurnal distribution of ion frictional heating on
the orientation of the interplanetary magnetic field and
geomagnetic activity has been investigated. A marked
increase in the occurrence of ion frictional heating is
noted with increasing geomagnetic activity and, more-
over, for intervals where the z component of the
interplanetary magnetic field is southward; both inter-
preted with respect to corresponding dependencies of
ionospheric convection. Furthermore, the y component
of the IMF, which is known to introduce asymmetries
into the ionospheric convection pattern, affects mark-
edly the shape of the distribution of ion frictional
heating. In a future paper, the authors intend to
demonstrate and explain, with reference to the results
presented here the dependence of ion frictional heating
on season and solar activity.
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