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Abstract. Ion frictional heating constitutes one of the
principal mechanisms whereby energy, originating in
the solar wind, is deposited into the Earth's ionosphere
and ultimately the neutral atmosphere. Common pro-
gramme observations by the EISCAT UHF radar
system, spanning the years 1984 to 1995, provide the
basis for a comprehensive statistical study of ion
frictional heating, results of which are documented in
this and a previous paper by the authors. In the present
work, the authors demonstrate the solar and seasonal
dependence of the universal time distribution of
frictional heating, and explain these results with
reference to corresponding dependences of the ion
velocity. Although EISCAT observes a signi®cant
increase in the occurrence of enhanced ion velocities
associated with increased solar activity, the latter
characterised according to the prevailing 10.7 cm solar
¯ux, this is not re¯ected to such an extent in the
occurrence of frictional heating. It is suggested that this
is a consequence of the decreased neutral atmosphere
response times associated with active solar conditions,
resulting from the higher ionospheric plasma densities
present. Seasonal e�ects on the diurnal distribution of
ion frictional heating are well explained by correspond-
ing variations in ionospheric convection, the latter
principally a result of geometrical factors. It is noted
that, over the entire dataset, the variations in the
unperturbed F-region ion temperature, required to
implement the identi®cation criterion for ion heating,
are highly correlated with model values of thermos-
pheric temperature.
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1 Introduction

Auroral electric ®elds, a manifestation of magneto-
sphere-ionosphere coupling, drive the F-region plasma
through the neutral atmosphere thereby heating the ion
population through collisions with thermospheric par-
ticles in a process termed ion frictional heating (see, e.g.
Rees and Walker, 1968; Schunk et al., 1975). These
collisions, however, tend to equalise the velocities of the
two populations, in a mechanism referred to as ion drag
(e.g. Rishbeth, 1972). The ion drag force on the neutral
atmosphere is proportional to the 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 ®eld. Ion temperature anisot-
ropy is, in consequence, predicted to develop relative to
the ®eld, with the ®eld-perpendicular ion temperature
exceeding the temperature of the ®eld-parallel ion
population (e.g. St-Maurice and Schunk, 1977, 1979).
Experimental evidence indicating the existence of non-
Maxwellian line-of-sight ion velocity distributions and
anisotropic ion temperatures has been provided both by
satellites (e.g. St-Maurice et al., 1976) and radar
observations (e.g. Perraut et al., 1984; Lockwood et al.,
1987).

Solution of the ion energy balance equation, simpli-
®ed appropriate to F-region conditions, yields the
following expressions for the steady-state enhancement
in the ®eld-parallel and ®eld-perpendicular components
of the ion temperature in response to frictional heating ±
the temperature components themselves are denoted by
Tik and Ti^ respectively.

Tik ÿ Teq � hmni
2kB

bk�vi ÿ vn�2 �1a�
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Ti? ÿ Teq � hmni
2kB

b?�vi ÿ vn�2 �1b�
in which hmni represents the mean neutral mass, kB is
Boltzmann's constant, vi and vn represent the ion and
neutral velocities and the ®eld-parallel and ®eld-perpen-
dicular ion temperature partition coe�cients are denot-
ed by bk and b^, respectively (e.g. St-Maurice and
Schunk, 1977). Such steady state conditions are attained
in a characteristic time which is the inverse of the ion-
neutral collision frequency, of the order of seconds. The
unperturbed ion temperature, Teq, de®ned as the ion
temperature in the absence of frictional heating, is
equivalent to the sum of the neutral temperature and a
small contribution due to electron-ion thermal energy
exchange.

In a recent paper, Davies et al. (1997) (see also Davies
et al., 1998) presented results from a statistical study of
ion frictional heating, based on over 4000 h of common
programme 1 (CP-1) and common programme 2 (CP-2)
observations taken by the EISCAT UHF incoherent
scatter radar between October 1984 and December 1995.
In addition to deriving the diurnal distribution of ion
frictional heating, Davies et al. (1997) (hereafter referred
to as paper A) investigated its dependence on both the
orientation of the interplanetary magnetic ®eld and
geomagnetic activity. The present work is an extension
to paper A; here the authors further assess the seasonal
dependence of ion frictional heating and also its
dependence on solar activity, since the observations
extend over an entire solar cycle, solar cycle 22.

2 Experimental arrangement

The EISCAT UHF incoherent scatter radar system,
which operates at frequencies around 933 MHz, com-
prises three parabolic dish antennas, one sited at
Tromsù, Northern Norway, which combines both
transmit and receive capabilities, and two remote site
receivers, at Kiruna, Sweden, and SodankylaÈ in Finland.
Notwithstanding the ability to measure those iono-
spheric parameters, such as ion temperature and elec-
tron density, which is standard amongst incoherent
scatter radars, the unique tristatic nature of the EISCAT
UHF radar allows the full ion vector velocity to be
determined within the intersection volume of the three
receiver beams.

The following work is based on observations taken
by the UHF radar in common programme 1 (CP-1) and
common programme 2 (CP-2) modes. The geometrical
arrangement of both experiments and their measure-
ment techniques are discussed in detail in paper A, and,
as such, are summarised only brie¯y here.

In CP-1, the UHF transmitter beam is aligned along
the local magnetic ®eld direction in the F-region which,
for a radar located at Tromsù, is at an elevation of
around 77° and an azimuth of 182°. In CP-2, however,
the transmitter performs a four position scan, in which
one position is ®eld-aligned, with a total scan time of
6 min. In both experiments, the remote site radars
provide F-region tristatic observations near 300 km

altitude, although, incidentally, in those versions of CP-
1 employed in this study the remote site radars also
scanned through the E-region.

The long pulse measurements, which are the basis for
the present study, yield an altitude resolution of some
22 km along the magnetic ®eld direction, from approx-
imately 150 to 600 km altitude; high resolution obser-
vations at E-region altitudes are provided by either
multi-pulse or alternating code transmission. CP-1
observations from Tromsù have been post-integrated
at a temporal resolution of 5 minutes and the remote site
data over the dwell time at each scan position. CP-2
observations from all sites are post-integrated over the
dwell time in each scan position, some 90 s.

3 Selection criterion for the identi®cation
of ion frictional heating

The criterion adopted by the present authors, and used
previously in paper A, for the identi®cation of ion
frictional heating was that initially devised by McCrea
et al. (1991). A detailed explanation of the selection
criterion, and the rationale behind it, is presented by
both McCrea et al. (1991) and in paper A and, as such,
will not be repeated in full here. Instead, the selection
criterion is simply stated.

Identi®cation of an interval of ion frictional heating
requires an enhancement in the ion temperature equal to
or exceeding 100 K, for two or more consecutive
integration periods. Analysis is constrained to ®eld-
parallel observations from the long-pulse range gate
centred at the F-region altitude of 312 km. Implemen-
tation of the selection criterion relies on the estimation
of an unperturbed ion temperature for which the modal
value of the distribution of the ion temperature,
calculated at 312 km altitude for each experiment run
with a bin width of 10 K, is considered appropriate;
runs have a typical duration of between 24 and 48 h.

An enhancement in the F-region ®eld-parallel ion
temperature of 100 K, through frictional heating, re-
quires an ion velocity of around 500 m s)1, though this
assumes a stationary neutral atmosphere. To assist in
the interpretation of the statistics of frictional heating,
following the work documented in paper A, this
threshold is implemented in order to identify enhance-
ments in the UHF tristatic ion velocities measurements.
In order to eliminate unreliable estimates of ion velocity,
any velocity estimates for which the signal-to-noise ratio
at any of the three receiver sites was less than 2% are
excluded.

4 Statistical study of ion frictional heating

4.1 Application of the selection criterion

The selection criterion for the identi®cation of ion
frictional heating, stated in the previous section, was
applied to the present extended data set of CP-1 and
®eld-aligned CP-2 long-pulse observations of ®eld-paral-
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lel ion temperature at 312 km altitude. The variation
over the 12 y data set of the unperturbed ion temperature
at 312 km, for which the modal ion temperature
calculated as described in the previous section is used
as an approximation, is illustrated in Fig. 1 (solid line).
Also illustrated, represented by a dotted line, is the
temperature of the neutral atmosphere calculated for the
same altitude and at the location of EISCAT, using the
MSIS-90 model (Hedin, 1991). The value of neutral
temperature presented is the mode calculated for the ®rst
day of each month. The values of the AP index and the
10.7 cm solar ¯ux (F10.7), input parameters required by
the MSIS model to characterise geomagnetic and solar
conditions, were those appropriate to the days for which
the model was run. The neutral and ion temperatures
exhibit a similar trend, both seasonally and with solar
cycle, tending to be highest in summer and towards the
peak of the solar cycle, corresponding to increased solar
UV and X-ray photon ¯ux. In general, the unperturbed
temperature of the ion population tends to exceed
slightly the neutral temperature, indicative perhaps of
energy transfer to the ions from the hotter electron gas.
The di�erence in the unperturbed ion temperature
between conditions of solar minimum and solar maxi-
mum is some 500 K while its annual variation is less then
300 K. The e�ect of frictional heating on the ion
temperature often exceeds that attributable to solar
cycle and seasonal variations, illustrating the importance
of ion frictional heating as a source of energy deposition
into the high-latitude ionosphere and thermosphere.

A total of 1152 intervals of ion frictional heating were
identi®ed from the 4230 hour set of ®eld-parallel ion
temperature observations; indeed frictional heating was
observed to some extent during the vast majority of the
EISCAT common programme runs incorporated into
the study. The diurnal distribution of ion frictional
heating was presented in paper A, having been derived
from the entire data set by dividing the day into 30 min
bins and summing the number of occasions over the
dataset on which heating occurred in each bin. To

negate the e�ect on non-uniform sampling, the distri-
bution was expressed as a percentage of the number of
observations of each bin. Similarly, to aid interpretat-
ion, the distribution of enhanced ion velocities was
constructed. These two distributions, along with a
physical explanation of their forms, are discussed in
great detail in paper A and, because of their relevance to
the present work in which they are subdivided according
to solar and seasonal factors, are summarised here.

The diurnal distribution of ion frictional heating,
presented in paper A, exhibits a broad peak in occur-
rence in the night-time sector with a much reduced
incidence of frictional heating between some 06:00 and
13:00 Universal Time (UT) on the dayside (at EISCAT,
Local Time (LT) = UT + 1 h and Magnetic Local
Time (MLT) � UT + 2 h). This reduced occurrence of
frictional heating during the daytime hours is a conse-
quence of the equatorward edge of the ionospheric
convection pattern typically being situated poleward of
the radar during these hours, a result of the displace-
ment of the convection pattern as a whole in the
antisunward direction. This interpretation is supported
by the occurrence of a corresponding nightside peak in
the distribution of enhanced ion velocities. The diurnal
distribution of ion frictional heating is centred at
approximately 20:00 UT (22 MLT) manifesting a
nightside minimum about which the distribution is
asymmetric with a propensity for frictional heating in
the early morning sector. This nightside minimum
corresponds to an interval extending over several hours,
in the region of the nightside convection reversal, during
which the ion velocities tend to be of depressed
magnitude and ¯uctuate in direction, as con®rmed by
observations of electric ®eld, at comparable magnetic
latitudes, by the incoherent scatter radar at Chakanika,
Alaska (Banks and Doupnik, 1975). The dawn-dusk
asymmetry in the occurrence of frictional heating, a
feature which is not evident in the distribution of
enhanced ion velocity, is consistent with observations by
Baron and Wand (1983), AlcaydeÂ et al. (1984), AlcaydeÂ

Fig. 1. Variation of the unperturbed ion temper-
ature, derived from the EISCAT CP-1 and CP-2
observations at 312 km altitude (solid line). The
dotted line indicates the variation of the thermos-
pheric temperature at the same altitude, from the
MSIS-90 model
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and Fontanari (1986) and Moorcroft and Schlegel
(1988) of larger ion temperatures in the post-midnight
sector and results from a tendency for smaller neutral
winds to develop in the post-midnight sector than prior
to magnetic midnight, an e�ect 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. 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 (Baron
and Wand, 1983). 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
within the region of large auroral ion ¯ows. In the dusk
convection cell, where opposing Coriolis and centrifugal
forces tend to cancel, neutral air tends to remains within
the region of strong ion ¯ows for longer than in the
dawn cell, where both forces act to move the air
equatorward out of the oval preventing it from acquir-
ing a large momentum from the ions (e.g. Lockwood
and Fuller-Rowell, 1987a, b). In a similar vein, AlcaydeÂ
et al. (1984) suggested that the strongly developed
southward neutral winds which exist on the nightside as
a feature of global thermospheric circulation, would
induce a Coriolis force which opposes the ion drag force
arising from eastward plasma ¯ow during the post-
midnight hours whereas in the evening sector these two
forces would act in the same direction.

It is pertinent to remark that increasing the enhance-
ment necessary for the identi®cation of frictional heating
to 200 K, 300 K or, indeed, higher does not signi®cantly

alter the shape of its distribution. This con®rms that the
application of a threshold enhancement of 100 K does
not lead to the selection of extraneous intervals of
frictional heating caused by normal diurnal variations.

4.2 Variation with solar activity

The set of EISCAT common programme observations
were loosely classi®ed according to prevailing solar
conditions into those taken during low solar activity
(F10.7 < 150) and high solar activity (F10.7 ³ 150).
Figure 2 illustrates the diurnal distribution of ion
frictional heating observed by EISCAT at 312 km
altitude for these two ranges of solar activity. The
histograms represents the percentage occurrence of ion
frictional heating with universal time (left hand scale)
while the superimposed lines plots illustrate the number
of observations of each 30 min bin (right hand scale).
Figure 3 presents equivalent distributions of enhanced
F-region ion velocities, those with a magnitude exceed-
ing 500 m s)1. Velocities are further categorised in terms
of the orientation of their associated zonal component;
ion velocities in which the zonal component is westward
are represented by light shading whereas darker shading
illustrates ion velocities with an associated eastward
component.

The distributions presented in Figs. 2 and 3 are not
signi®cantly di�erent, in shape, to those derived from
the entire data set, as presented in paper A, although
binning the data with respect to conditions of solar
activity does a�ect the observed incidence of frictional
heating and enhanced ion velocity, particularly in the
case of the latter. It is, indeed, instructive initially to
consider the variation of the diurnal distribution of
high ion ¯ows with solar activity. It is evident from

Fig. 2. Variation of the diurnal distribution of
ion frictional heating at 312 km altitude with
solar activity, characterised according to F10.7.
The histograms represent the percentage occur-
rence of frictional heating as a function of
universal time (left hand scale); the line plots
indicate the number of observations of each half
hour bin (right hand scale)
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Fig. 3 that the occurrence probability of ion velocities
exceeding 500 m s)1 in magnitude tends to increase
markedly at all universal times with higher solar
activity. Near 00:00 UT, for example, the percentage
occurrence of enhanced ion velocity is around 40% for
low solar activity, rising to more than 60% under
active solar conditions, although there is no signi®cant
di�erence in the form of the two distributions. This
trend can be explained with respect to the solar cycle
variation of the geomagnetic activity. Magnetic activity
on the Earth tends to increase with increasing solar
activity, characterised by a greater incidence of distur-
bances on the Sun, such as solar ¯ares and coronal
holes. A study by Hapgood et al. (1991), based on
satellite observations taken over two complete solar
cycles (numbers 20 and 21), revealed a distinct solar
cycle variation in the IMF; the authors noted that the z
component of the IMF tends to be of larger magni-
tude, and display a greater variance, at sunspot
maximum, a factor which will contribute, at least in
part, to a corresponding solar variation in geomagnetic
activity. The median values of the Kp index corre-
sponding to low and high solar activity as de®ned in
this study are 2+ and 3), respectively. This di�erence
may seem minimal but paper A illustrates the signi®-
cant increase between the probability of observing
enhanced F-region plasma ¯ows for values of Kp

around 2 and that for values of Kp around 3, from less
than 40% to almost 70% for a half hour bin around
midnight UT. A solar cycle variation in F-region ion
velocities measured by the EISCAT UHF radar has
previously been demonstrated by Aruliah et al. (1996)
who found that, in general, the average velocities were
signi®cantly higher around solar maximum except in
winter when the ion velocities were slightly greater at
solar minimum.

The diurnal distribution of ion frictional heating
(Fig. 2) does not exhibit nearly such a marked di�erence
between conditions of low and high solar activity as that
observed in the ion velocities, although, on average, the
occurrence of frictional heating does still increase with
ascending solar activity. More quantitatively, the aver-
age percentage occurrence of ion frictional heating,
averaged over the entire day, is only some 25% more on
solar active days whereas, for enhanced ion velocities this
increase is more than 50%. The implication is of a
mechanism which acts to suppress ion frictional heating
preferentially at times of high solar activity or, equiva-
lently, enhance frictional heating during low solar
activity. Further analytical evidence, exploiting the
ability of the radar to make simultaneous measurements
of ion temperature and velocity, illustrates more clearly
the suppression of frictional heating around solar max-
imum. Figure 4 presents the ®eld-parallel ion tempera-
ture enhancement as a function of ion velocity during
identi®ed intervals of ion frictional heating. Indicated are
the median enhancements in consecutive velocity bins of
100 m s)1 width for both conditions of high (F10.7 ³ 150:
dotted line) and low solar activity (F10.7 < 150: solid
line), with vertical lines which indicate the range bound-
ed by the upper and lower quartiles (o�set for clarity).
Also shown, in corresponding line styles, are the number
of estimates of parallel temperature enhancement in each
velocity bin. Under quiet solar conditions, an ion
velocity of value 1000 m s)1 results in a median en-
hancement in the ®eld-parallel ion temperature of some
400 K while under more active solar conditions the
corresponding value is only 250 K. For ion velocities
around 1500 m s)1, corresponding values are 400 and
800 K, respectively.

The factors which determine the extent of ion
frictional heating in the ®eld-parallel direction are the

Fig. 3. Variation of the diurnal distribution of
enhanced F-region ion velocity with solar activ-
ity. The histograms represent the percentage
occurrence of enhanced ion ¯ow as a function of
universal time (left hand scale); light grey shading
indicates enhanced ion velocities with a westward
zonal component, dark grey indicates those with
an eastward zonal component. The line plots,
again, indicate the number of observations of
each half hour bin (right hand scale)
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mean ion mass, the ®eld-parallel ion temperature
partition coe�cient and the ion-neutral di�erence
velocity (see Eq. 1a). The ®rst two would tend to
increase the parallel ion temperature enhancement with
increasing solar activity for a given ion ¯ow velocity.
Estimates of both of these quantities, based on the
MSIS-90 model thermosphere, illustrate their tendency
to increase towards solar maximum in response to
composition and temperature changes in the neutral
atmosphere, albeit by only a small amount compared
with their seasonal variation (see Sect. 4.3). The appar-
ent suppression of frictional heating towards active solar
conditions cannot, therefore, be explained with refer-
ence to variations in the parallel ion temperature
coe�cient and the mean ion mass. It must be that, for
a given ion velocity, the magnitude and direction of the
neutral wind at solar maximum are such as to reduce the
di�erential velocity between the two populations.

As noted previously, the ion and neutral populations
are coupled through the force of ion drag (e.g. Rishbeth,
1972). The neutral velocity approaches the ion velocity
exponentially with a time constant which is inversely
proportional to the plasma density and directly propor-
tional to the ratio of the neutral atmosphere mass
density to the ion-neutral collision frequency (e.g. Baron
and Wand, 1983). Results from the MSIS-90 model
indicate that the latter varies only marginally with solar
activity, decreasing by less than 5% between solar
minimum and solar maximum. Although this would act
to reduce the neutral response time under active solar
conditions, leading to higher neutral winds for a given
ion ¯ow, it is clear that the e�ect would be far less than
the e�ect on the ion drag time constant attributable to
the solar cycle variation of the plasma density. The
ionospheric plasma concentration exhibits, on average,
an 11 y periodicity corresponding to the variation of
solar emission in the X-radiation and ultraviolet wave
bands between solar minimum and solar maximum,
resulting in, at least, a doubling of the electron density in
the high-latitude F-region (e.g. Farmer et al., 1990).
Plasma density e�ects will, therefore, decrease the

response time of the neutral atmosphere substantially
with increasing solar activity, permitting the generation
of far larger neutral ¯ows for a given ion ¯ow speed and,
consequently, suppressing frictional heating. These ob-
servations, indeed, highlight the signi®cant in¯uence of
the electron density in determining, through ion drag,
the extent of ion frictional heating through the solar
cycle. This is an analogous e�ect to that proposed by
Baron and Wand (1983) which is thought to contribute
to the asymmetry in ion frictional heating between the
pre and post-midnight sectors (see Sect. 4.1).

4.3 Variation with season

In order to ascertain any seasonal dependence of ion
frictional heating, the EISCAT observations were sub-
divided according to season, with the seasons de®ned as
centred on the appropriate equinoxes and solstices.
Successive panels of Fig. 5 illustrate the diurnal distri-
bution of ion frictional heating at 312 km altitude,
derived from the EISCAT UHF long-pulse ®eld-parallel
CP-1 and CP-2 measurements, during winter, spring/
autumn, and summer respectively. As in previous ®gures
of this type, the histograms represent the percentage
occurrence of ion frictional heating as a function of
universal time, with a bin width of 30 min extent (left
hand scale) and the line plots illustrate the number of
observations of each bin (right hand scale). Correspond-
ingly, Fig. 6 illustrates the variation of the diurnal
distribution of enhanced F-region ion velocity with
season. The equinoctial distributions are incorporated
into a single panel as they exhibit no discernible
di�erence.

It is helpful, initially, to determine if the observations
indicate any seasonal dependence in enhanced F-region
ion ¯ow at the location of EISCAT. Figure 6 reveals
that there is a distinct seasonal variation in the diurnal
distribution of large ion velocities, not just in the level of
incidence but also in the form of the distribution
compared to that of the general distribution presented

Fig. 4. Field-parallel ion temperature enhance-
ment as a function of ion velocity during
identi®ed intervals of ion frictional heating.
Indicated are the median enhancements in each
100 m s)1 width velocity bin for conditions of
both high (dotted line) and low solar activity
(solid line), with vertical lines which indicate the
range bounded by the upper and lower quartiles.
Also shown, in corresponding line styles, are the
number of estimates of parallel temperature
enhancement in each velocity bin
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in paper A. Although for the equinoctial seasons there
remains a roughly symmetric occurrence of large veloc-
ities in the dawn and dusk convection cells, this is not so
for summer and winter. This asymmetry in the convec-
tion pattern between summer and winter, at least at the
location of the radar, is manifested as a preponderance
of enhanced ion ¯ow in the pre-midnight hours during
the winter months and, conversely, in the dawn
convection cell during summer. In the post-midnight
sector, the probability of observing ion velocities
exceeding 500 m s)1 is comparable in summer and
winter, but signi®cantly greater during the equinoctial
seasons. Before midnight, the incidence of such ¯ows is
by far the lowest during the summer months and slightly
higher in winter than in spring/autumn. The average
occurrence of enhanced ion velocities during the eq-
uinoctial seasons is some 20% higher than it is during
the winter months and nearly double that in summer.

Previous authors have suggested that the convection
pattern in the high-latitude ionosphere varies seasonally.
Foster et al. (1986) and Holt et al. (1987) investigated
the seasonal variation of convection although they could
not obtain a complete description of seasonal depen-
dence as their data, already subdivided according to
IMF and Kp, was too sparse to draw any de®nitive
conclusions. Later work by de la BeaujardieÁ re et al.

(1991) concentrated purely on seasonal variations in
convection. The authors present average patterns of
ionospheric convection between 67 and 82° invariant
latitude, derived for each season from observations
taken between 1983 and 1988 by the Sondrestromfjord
incoherent scatter radar. The authors de la BeaujardieÁ re
et al. (1991) suggested that a major factor a�ecting
ionospheric convection on a seasonal basis is the semi-
annual variation in geomagnetic activity. Geomagnetic
conditions are most active at the equinoxes, a phenom-
enon proposed to result from a semi-annual variation in
the e�ective southward component of the IMF caused
by the seasonal variation in the Earth's dipole tilt angle
(Russell and McPherron, 1973). The greater occurrence
of enhanced ion velocities noted in the present study
concur with the assertion that geomagnetic activity
tends to be higher at the equinoxes and, indeed, over
the EISCAT data set, the median value of Kp is 3) for
the equinoctial seasons, 2+ for winter and 2o during the
summer months. As illustrated in paper A, and men-
tioned previously with reference to the solar activity
e�ects, even such a small variation in Kp is associated
with large changes in the intensity and extent of the
convection pattern at the latitude of Tromsù. Further-
more, de la BeaujardieÁ re et al. (1991) suggested that, as
the Earth's dipole tilt angle changes, so does the relative

Fig. 5. Seasonal variation of the diurnal distri-
bution of ion frictional heating at 312 km. The
format of each panel is as for Fig. 2
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position of the large-scale convection pattern, such that
between summer and winter the pattern moves antisun-
ward and also towards dawn. At the lower latitude
boundary of the ®eld of view of the Sondrestromfjord
incoherent scatter radar, equivalent to the geomagnetic
location of the present observations, de la BeaujardieÁ re
et al. (1991) noted that larger velocities tend to arise
before midnight in winter and during the post-midnight
hours in summer, attributable to dipole tilt e�ects on the
position of the large-scale convection pattern. Evidence
for a winter/summer asymmetry is clearly supported by
results of the present study, which reveals a far greater
incidence of enhanced ion ¯ow during the pre-midnight
hours in winter and in the dawn sector in summer. As
mentioned earlier, this asymmetry is not evident during
spring and autumn.

The general shape of the diurnal distribution of ion
frictional heating for each season (Fig. 5) is consistent
with what would be anticipated from the corresponding
distribution of enhanced ion velocity. During the
equinoctial seasons, where there is an almost symmetric
occurrence of enhanced ion ¯ows in the dawn and dusk
sectors, the tendency for larger ion-neutral relative
velocities to develop during the early morning hours
(see paper A) introduces an asymmetry in the distribu-
tion of ion frictional heating between these two regimes.

During summer, where the occurrence of enhanced
velocities is less during the post-midnight hours, this
asymmetry becomes more pronounced and in the winter
months there is a slightly greater occurrence of frictional
heating before midnight. The average occurrence of
frictional heating, like that of high ion ¯ows, is largest
during the equinoctial seasons and least in summer.

Figure 7 illustrates the variation of the ®eld-parallel
ion temperature enhancement as a function of ion
velocity during identi®ed intervals of ion frictional
heating for the di�erent seasons. Indicated are the
median enhancements in each 200 m s)1 width velocity
bin for winter (solid line), the equinoctial seasons
(dotted line) and summer (dashed line), again the
vertical lines indicate the range bounded by the upper
and lower quartiles. Also shown, in corresponding line
styles, are the number of estimates of parallel temper-
ature enhancement in each velocity bin. The median
value of the ®eld-parallel ion temperature for a given ion
velocity is signi®cantly higher in summer than in winter
and the equinoctial seasons, at least for ion velocities
over some 1400 m s)1, although for velocities less than
this value, frictional heating appears to be equally
e�ective regardless of season. Notably, even though the
probability of observing ion frictional heating is least
during summer, the e�ect of frictional heating on the ion

Fig. 6. Seasonal variation of the diurnal distri-
bution of enhanced F-region ion velocity. The
format of each panel is as for Fig. 3
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temperature is actually greatest during these months.
This result cannot be reconciled with the e�ect of
seasonal variations of electron density on the neutral
wind, through ion drag, since on the nightside, where
EISCAT observes the vast majority of frictional heating,
the electron density at F-region altitudes is a factor of
two higher in summer than during the winter months,
with intermediate values in the equinoctial seasons
(Farmer et al., 1990). The exclusion of daytime events
does not signi®cantly alter Fig. 7 con®rming that there
is not a disproportionate e�ect from the few intervals of
frictional heating on the dayside, where the winter
anomaly means that the winter electron densities far
exceed those during summer.

Model calculations using MSIS-90 predict signi®cant
increases in the mean neutral mass and the ®eld-parallel
ion temperature partition coe�cient, by some 20% and
30% respectively, towards the summer months. Simi-
larly, the ratio of the thermospheric mass density to the
ion-neutral collision frequency which in¯uences the ion
drag time constant is predicted to increase markedly
towards summer by around 20% compared to winter
values (contrary to its slight decrease towards solar
maximum). It is suggested that the e�ect of larger
electron densities must be outweighed by increases in
these three parameters, making ion frictional heating
most e�ective in the summertime.

5 Summary and main conclusions

The current work, along with a previous paper by the
authors, document results of a statistical analysis of F-
region ion frictional heating, based on an extensive set
of observations by the EISCAT UHF radar, a database
spanning the years 1984 to 1995 and comprising more
than 4000 h of common programme observations. In
this study, both the solar and seasonal dependence of
the universal time distribution of frictional heating are
demonstrated, and explained with reference to corre-
sponding dependences of the ion velocity.

The general, yet only moderate, increase in the
occurrence of ion frictional heating with increased solar
activity, characterised according to the prevailing
10.7 cm solar ¯ux, appears, at ®rst sight inconsistent
with the far more pronounced increase in the occur-
rence of enhanced ion velocities. It is suggested that
this apparent suppression of frictional heating under
conditions of increased solar activity is a consequence
of the increased ion drag force on the neutral atmo-
sphere resulting from the higher plasma densities
present. This conclusion is supported by the analysis
of simultaneous temperature and velocity measure-
ments from the radar.

Seasonal variations in ionospheric convection, prin-
cipally a result of geometric factors, provide an
explanation for corresponding e�ects on the form of
the diurnal distribution of ion frictional heating.
However, the e�ect of seasonal variations in the
neutral response time to ion drag, which may be
expected to preferentially suppress frictional heating on
the summer nightside, do not appear evident. Model
calculations suggest that the e�ect of larger electron
densities is outweighed by increases in both the mean
neutral mass and the ®eld-parallel ion temperature
partition coe�cient, such that ion frictional heating is
actually most e�ective in raising the parallel ion
temperature during summertime.
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