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Abstract—Data are presented for a nighttime ion heating event observed by the EISCAT radar on [6
December 1988. In the experiment, the aspect angle between the radar beam and the geomagnetic field was
fixed at 54.7°, which avoids any ambiguity in derived ion temperature caused by anisotropy in the ion
velocity distribution function. The data were analyzed with an algorithm which takes account of the non-
Maxwellian line-of-sight ion velocity distribution. During the heating event, the derived spectral distortion
parameter (D7) indicated that the distribution function was highly distorted from a Maxwellian form when
the ion drift increased to 4kms™'.

The true three-dimensional ion temperature was used in the simplified ion balance equation to compute
the ion mass during the heating event. The ion composition was found to change from predominantly O*
to mainly molecular ions. A theoretical analysis of the ion composition, using the MSIS86 model and
published values of the chemical rate coefficients, accounts for the order-of-magnitude increase in the
atomic/molecular ion ratio during the event, but does not successfully explain the very high proportion of
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molecular ions that was observed.

1. INTRODUCTION

In the presence of large d.c. electric fields, the ton
velocity distribution function in the high-latitude, F-
region ionosphere becomes anisotropic and sig-
nificantly distorted from the Maxwellian form associ-
ated with thermal equilibrium (ST-MAURICE and
ScHUNK, 1979). Such distortions from thermal equi-
librium give rise to characteristic spectra of signals
received by an incoherent scatter radar (see, for exam-
ple, RaMaN et al., 1981 ; HUBERT, 1984). The spectral
shape s determined by the line-of-sight ion velocity
distribution and, by assuming a suitable form for this,
it is possible to derive a line-of-sight ion temperature
from the radar measurements. Lockwoob and
WINSER (1988) have presented rigorous definitions of
ion temperature and have clearly distinguished
between the line-of-sight and three-dimensional ion
temperature, and pointed out that only the latter can
be used in energy considerations.

Recent ground-based radar measurements have
provided confirmation that the ion velocity dis-
tribution can become anisotropic when the electric
fields are large (PERRAUT et al., 1984 ; LovHAUG and
FLA, 1986). Clear evidence for the presence of highly
non-Maxwellian distributions has also been presented
by LockwooD et al. (1987), WINSER et al. (1987),
MOORCROFT and SCHLEGEL (1988), WINSER ef al.
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(1989), SuvaNTO et al. (1989) and LOCKwOOD et
al. (1989). The first experimental evidence that the
observed incoherent scatter spectra under such con-
ditions were sensitive to aspect angle, as predicted
theoretically, was presented by WINSER ef al. (1987,
1989), and these along with other workers (MOOR-
CROFT and ScCHLEGEL, 1988; SuvaNTO, 1988;
SUVANTO et al., 1989) have shown that ionospheric
parameters derived from such data with the assump-
tion of a Maxwellian velocity distribution are in
serious error.

In analyzing incoherent scatter spectra measured
during conditions of large electric field, there are two
problems to be considered : first, the ion temperature
exhibits a strong anisotropy which must be accounted
for if energy balance arguments are to be used; and
second, the distribution of line-of-sight ion velocities
departs from a Maxwellian form (at least for look
directions away from 0° aspect angle), and any
interpretation of the data using the standard assump-
tion of a Maxwellian distribution leads to errors in
the derived ionospheric parameters.

2. EXPERIMENTAL PROCEDURE

To remove the first of the difficulties described
above, we devised the ISOA experiment, in which the
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angle, Y, between the direction of the Tromsg radar
beam and the geomagnetic field (referred to as the
aspect angle) remained fixed at 54.7° [= arc sin
\/ (2/3)]. The Tromse antenna azimuth and elevation
were 360.0 and 44.8°, respectively. From the definition
of one-dimensional temperature, it can be shown that
the line-of-sight (l-o-s) ion temperature, 7, (for an
ion velocity distribution function which is symmetric
in the field-parallel direction) is given by :

T, = Tycos’ Y+ T sin*y (1

and at y = 54.7° this is the same as the ‘real’ (kinetic)
three-dimensional temperature which, for a gyro-
tropic distribution function, is defined as (Lockwoon
and WINSER, 1988):

Ti= (T +2T.)/3. @

The parallel and perpendicular ion temperatures,
T,and T, are defined in the same way as T,for aspect
angles, ¢, of 0 and 90°, respectively. Both equations
(1) and (2) arise from the definition of ion temperature
and are valid for any form of the distribution function
which is gyrotropic and symmetric with respect to the
magnetic field direction. As both these conditions are
predicted to be met in the F-region (ST-MAURICE and
ScHUNK, 1979; KikucH! et al., 1988), the result
T, = T;aty = 54.7°is a general one. Note that unless
T, =T, (i.e. an isotropic distribution, which is only
valid for low ion—neutral relative velocities), the mea-
sured 7 is not equal to T, at any other angles.

The experiment was run from 0130 to 0430 UT on
16 December 1988. During the previous few hours,
geomagnetic conditions had been very quiet, with an
almost flat magnetogram trace at Kiruna. The K,
indices for the 12-h period preceding the event (1200
2400 UT on 15 December) were 1+, 1+, 1, 04, but
increased to 4—, 3 for the period 0000-0600 UT on
16 December: that activity was probably associated
with the strong flows and ion heating event described
in this paper.

The remote stations at Sodankyld (Finland) and
Kiruna (Sweden) positioned the radar antennae so
that their lines-of-sight intersected the Tromsg beam
at an altitude of 275 km (geographic latitude = 72.0°
and longitude = 19.21°), allowing an unambiguous,
tristatic estimate of the bulk plasma flow (and hence
electric field) with a basic time resolution of 10 s. A
390 us pulse was transmitted from Tromse, allowing
range profiles of electron density and temperature, ion
temperature and l-o-s velocity, with a range resolution
of 58 km, to be measured. In addition, a shorter pulse
(84 ps) was also transmitted, allowing profiles of elec-
tron density with a range resolution of 12.6 km to

be obtained. For Kiruna and Sodankyld, the l-o-s
temperature and bulk velocity measured are those for
the bisector of the transmitter and receiver beams, i.c.
at aspect angles of 61.69 and 62.6°, respectively.

The data analysis was performed using both a
‘Maxwellian’ and the semi-analytic ‘non-Maxwellian’
spectral synthesis routine given by SUvaNnTO (1988),
which is based on the theoretical work of RAMAN et
al. (1981). These workers used the form of distribution
function derived theoretically for the relaxation model
of ion—neutral collisions and an empirical correction
to allow for shortcomings of this model: this cor-
rection includes replacing the ion drift Mach number,
D', with a shape distortion parameter D*. The fitting
procedure used in this paper is described in detail by
SuvaNTO et al. (1989). LockwooD and WINSER (1988)
presented results obtained from this analysis, with
Monte—Carlo simulations of the ion velocity dis-
tribution function for almost identical ionospheric
conditions (KikucHI et al., 1988), and concluded that
the RamaN e al. (1981) distribution function is a
good first-order approximation to the real dis-
tribution function under such conditions. It should be
noted that because observations are made at 54.7°,
the ion temperature derived does not depend upon an
assumed form for the three-dimensional ion velocity
distribution function. All that is required is that the
distribution of line-of-sight velocities at y = 54.7° are
able to reproduce the observed spectrum.

3. OBSERVATIONS

Figure 1 summarizes the observations from 16
December 1988 which were obtained using the exper-
imental procedure described above. The top panel
shows the magnitude of the bulk plasma flow at
275km as a function of UT. Clearly for most of the
period the velocity magnitude was in the range 500
800m s~ '. The exception to this was the 15-min period
between 0140 and 0155 when the velocity magnitude
increased to about 4kms™ ', corresponding to an elec-
tric field strength close to 200mV m ', Panels (b)—
(d) show the results of an analysis assuming the ion
velocity distribution is always Maxwellian : the elec-
tron density was at its minimum value during the
event while the ion temperature increased from 1400
to around 2700 K. The lowest panel illustrates that
the electron temperature showed no clear response to
the enhanced electric fields. This event is very charac-
teristic of the formation of what are known as high-
latitude troughs (WiLLIAMS and JAIN, 1986 ; WINSER
et al., 1986; JONES et al., 1990). This is better illus-
trated in Fig. 2, which shows the electron density and
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Fig. 1. Summary of plasma parameters for the period 0100
0430 UT on 16 December 1988, obtained using the UK.~
EISCAT special observing program ISOA. The aspect angle
(4) for this experiment remained fixed at 54.7°, and the
plasma parameters displayed in {(b)-(d) were derived with the
assumption that the line-of-sight distribution of ion velocities
was Maxwellian. The bulk plasma velocity displayed in (a)
was obtained by combining the components of velocity
measured at the three radar sites in Tromse, Kiruna and
Sodankyli.

ion temperature observed along the Tromse beam as
a function of altitude and UT. The clear correlation
between electron density depletion and ion tem-
perature enhancement is evident ; however, it should
be noted that because the radar is looking due north
at an elevation of 44" the observations at the greater
altitudes are also further north. This figure clearly
shows that the electron density trough was created
locally (coincident with enhanced ion temperatures)
and did not drift northward or southward across the
radar field-of-view. This is an important consideration
if a reasonable description of the ion chemistry is to
be attempted (Section 7).

The absolute values for the electron density and
plasma temperatures within the heating event should
be treated with some caution in Figs 1 and 2, as this
“first-look’ analysis was performed using the assump-
tion of a Maxwellian ion velocity distribution. This
is clearly an incorrect assumption under these large

electric field conditions, and this point is discussed in
more detail in the following sections.

4. NON-MAXWELLIAN ANALYSIS OF DATA

The incoherent scatter spectra are very different for
the situations when the distribution of line-of-sight
ion velocities are Maxwellian and highly non-Maxwell-
ian. In the Maxwellian case, F-region spectra are the
classic double-humped shape as described by Evans
(1969), where the width is determined primarily by
the ion temperature/mass ratio, and the separation of
the peaks is defined by the electronfion temperature
ratio. In the non-Maxwellian case the situation is very
different. The spectra generally become wider as a re-
sult of the broadening of the distribution function.
The spectra also consist of a well-defined central peak
with ‘shoulders’ near the frequency corresponding to
the phase velocities of the up- and down-going ion
acoustic waves. This peak arises from a decrease in
the dielectric constant at low frequencies. These effects
are very obvious from Fig. 3, which shows examples
of the spectra observed at Tromse and Kiruna dur-
ing, and after, the event described in Fig. 1. In the case
of the Tromsg spectra the non-Maxwellian effects are
much less noticeable at higher altitudes due to the re-
duced number of ion-neutral collisions, and possibly
because the drift was lower at the higher latitudes of
these further range gates. The spectra observed at
Kiruna during the event are considerably noisier than
they are following the event (though the non-
Maxwellian features are still fairly clear). This is a
consequence of the fact that the electron density
decreases considerably during the cvent resulting in a
much poorer signal-to-nose ratio at the remote sites.

Individual spectra were integrated over 30s, and
were then fitted for electron density, clectron tem-
perature, ion temperature, and the non-Maxwellian
distortion factor (N,, T,, T, D") using the algorithm
described by SuvanTo er al. {1989), which is based
on the distribution function of RaMAN et al. (1981}.
Initially an ionosphere consisting of 100% O ions at
275km was assumed in the analysis, but this point is
discussed in more detail in the following sections.
It is only necessary to perform the non-Maxwellian
analysis during the period when the electric fields were
enhanced, and in the following discussion only data
where good fits to the observed spectra were obtained
are considered.

Figure 4a presents the derived ion temperature at
the intersection scattering volume as a function of the
square of the plasma velocity (V) for the period 0130
0200 UT. As expected from simple energy arguments
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there is a fairly clear linear relationship between the
two parameters. Figure 4b shows a scatter plot of
D" against the bulk velocity magnitude for the same
period. For the largest values of ¥, the estimates for
D" approach the limit expected for a torus [D" ~ 1.25
(ST-MauURICE and ScHUNK, 1979)], indicating the
non-thermal nature of the plasma during this period.
(However, the values shown assume that the ion gas
remained purely O", which is extremely unlikely for
these conditions. SUVANTO ef a/. (1989) showed that
the non-Mazxwellian analysis procedure used here
would give a lower limit for D'(0O™) if molecular ions
were also present.) Figure 4¢ indicates the clear anti-
correlation between the electron density and the ion
temperature, as expected when a high-latitude trough
forms. If the electric field is very strong (as in this
case) the electron density is so severely depressed that
the signals measured at the remote sites are very noisy.
This can result in large errors in the estimates of the
convection velocities, which appears to be the source
of the larger scatter in Fig. 4a and b. The data quality
tends to be higher at Tromsg, and as the ion tem-
perature can be used as a good tracer for the electric
field, one would expect there to be a reasonable cor-
relation between the ion temperature and D°. This
point is verified in Fig. 4d where D" decreases to zero
as the ion temperature approaches the neutral tem-
perature, The derived electron temperature (not
shown in Fig. 4) shows no strong dependence on the
electric field strength.

Figure 5 summarizes the results of the non-
Maxwellian analysis at the intersection height
(275 k) for the period discussed in the previous para-
graph. The top panel shows the derived plasma tem-
peratures, with T clearly enhanced over T, when the
electric field is increased. Qualitatively this behaviour
was apparent even for the Maxwellian analysis; how-
ever, because of the allowances for the distortion of
the ion velocity distribution function from a Maxwell-
ian, the derived ion temperature {(for an assumed
mass) should be more accurately determined. As the
aspect angle for these observations was fixed at 54.7",
the derived ion temperature also corresponds to the
true, three-dimensional temperature which can be
used for energy considerations. WINSER ef al. (1989)
showed that analyzing such data with the assumption
of a Maxwellian distribution function would lead to
an overestimate of the ion temperature at large aspect
angles, and an underestimate of the ion temperature
at lower aspect angles. Also shown on this plot (using
triangles) are the ion and electron temperatures
derived from the analysis, which assumed a Maxwell-
ian distribution function (refer to Fig. 1). Clearly both
the ‘Maxwellian’ and "non-Maxwellian' analysis pro-
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duced temperatures which were in significant agree-
ment before and after the heating event. However, the
‘Maxwellian analysis’ clearly overestimates the true
ion temperature in the middle of the heating event by
up to 300 K. The effect in the derived electron
temperature is similar, but much less marked. The
second panel in Fig. 5 shows the steady decrease and
subsequent recovery of the clectron density through
the event. The lowest panel shows the variation of D*
(assuming the ion gas is O* ions) as a function of UT
through the event, reiterating the clear correlation
between D" and 7, We believe that these parameters
are determined to a much greater degree of accuracy
than they would have been if a Maxwellian velocity
distribution had been assumed. In particular, the l-o-s
ion temperature, T}, has been derived with allowance
for the non-Maxwellian nature of the distribution of
l-0-s velocities, and because ¢ = 54.7-, this is equal to
the ion temperature, T, (which is a major factor in the
energy balance equation) with no errors introduced by
the anisotropy of the ion velocity distribution
function. We now present a novel method to deter-
mine the ion mass using a combination of the ion
energy equation and the results from the non-
Maxwellian analysis described above.

5. ESTIMATES OF THE ION MASS FROM THE SIMPLE
ION ENERGY EQUATION

The general form of the ion energy equation has
been described previously by several authors (BANKS
and KoCKARTS, 1973 ST-MAURICE and HANSON,
1982) and will not be described in any detail here.
However, it is possible to simplify this equation by
making certain assumptions, most notably that: heat
advection and conduction terms are insignificant
below about 400 km altitude ; effects due to the partial
differential with respect to time can be ignored, as we
arc only interested in events happening on a time-
scale greater than the inverse of the ion-neutral
collision frequency; the ion drift is non-divergent:
and that no relative ion—electron drift cxists at the
height under discussion. The equation can then be
written as:

fn,, LR, v,

I—1,= VI [T~ :
S L= WP T T ()

in

where ¥, and T, are the neutral wind velocity and
temperature respectively ; m; and m, are the ion and
neutral masses ; v,, and v,, are the ion—-neutral and ion—
electron collision frequencies ; and k 1s the Boltzmann
constant,

According to equation (3), the temperature differ-
ence between the ions and neutral particles depends
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upon frictional heating, and the heat exchange
between ions and electrons. It is possible to use the
plasma temperatures and convection velocities
obtained from the radar, along with suitable models
for the neutral wind and temperature, and the col-
lision frequencies, to test the validity of using this
simplified equation to model heating events such as
that presented in Fig. 1. However, there are other
factors which have to be considered when doing this.
In addition to distorting the ion velocity distribution
function from an isotropic Maxwellian, enhanced
electric fields result in other processes which in turn
affect the ion energy balance. The most obvious of
these are : (1) the neutral atmosphere is accelerated by
the ions, which reduces the frictional heating ; (2) the
neutral atmosphere is heated ; (3) the composition of
the neutral atmosphere changes; (4) the ion com-
position changes; (5) the electron density is depleted,
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which in turn affects the degree of ion—neutral coup-
ling; (6) the ions are heated; and (7) plasma insta-
bilities are produced. These processes can all occur
simultaneously, but the time-scales for each of them
can be different. The first three are not so important
for the analysis which follows, as the event only lasts
for 10-15min, and this is less than the expected time-
scales for these processes. The last of the effects (7)
is very difficult to quantify and is currently a topic
under study (SuvanTo, 1989). In any event it docs
not really affect the ion energy balance directly. The
consequences of topics (4), (5) and (6) are the subject
of the following discussion.

The width of the incoherent scatter spectrum is
approximately proportional to the ion temperature/
mass ratio (SALPETER, 1960; DOUGHERTY and FAR-
LEY, 1963 Evans, 1969), and so the values derived
for the ion temperature depend critically on the as-

TROMSO  16/12/1988 01:46:00 UT SP-UK- ISOA20
RC PROG: 1 LOOPC: 437
STATUS UHF : 0001 RC: 0 COR: 0 TX : P~ POW: 0 KW, HV: 86 KV RF OFF
= =43.8 RN = 3887 HT=2751

AZ=:0 EL=438 RN =38 POST INT: 18/18 OF 10 SEC DUMP
1 446 031
REAL SPEC
3-7
SUB BACKGR qu\w
-12270-78

3 ' 4 ! 5 ' 6 ! 7
1 203 733
REAL SPEC
8 -12
SUB BACKGR J/L
-17827-75 A

8 ' 9 ' 10 f n T 12

(a)
KIRUNA  16/12/1988__ 01:45:20 UT SP- UK - ISOA20
RC PROG: 1 LOOPC: 437
STATUS UHF:0000 RC: 0 COR:0Q TX: P-POW: 1433 KW, HV: 90 KV RF ON
AZ=354.8 EL=280 RN=547-5 HT=2751 PHA= 87 AMP= 2
POST INT:18(A) 10 SEC DUMP
7016275
REAL SPEC
2 -4
SUB BACKGR
],AvA iy WI\UA/“\V,\/'AVV," WYY A AA\/[\' "AVAV"
-14418-86 I .
2 3 4
(b)

Fig. 3(a) and (b).
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TROMSO  16/12/1988 01:58:00 UT SP-UK-1S0A20
RC PROG: 1 LOOPC: 437
STATUS UHF:0000 RC: 0 COR: 0 TX: P-POW:1301 KW, HV: 88KV RF ON
AZ=-0 EL=43.8 RN=3887 HT=2751
POST INT: 18718 OF 10 SEC DUMP
2 486 056
REAL SPEC :
3-7
SUB BACKGR] j \ j\
-178819
3 | 4 ! 5 ' 6 J 7
2 295 212
REAL SPEC
8-12
SUB BACKGR ‘/\\
-18560.16 '
8 ! 9 10 7 1 ! 12
(¢}
KIRUNA  16/12/88 02:00:20 UT SP-UK-IS0A20
RC PROG: 1 LOOPC: 437
STATUS UHF 10000 RC: 0 COR: 0 TX: P-POW: 1312 KW, HY: 88 KV RF ON
AZ=354.8 EL=280 RN=5475 HT =275-1 PHA =87 AMP = 2
POST INT: 1B8{A) 10 SEC DUMP
24453756
REAL SPEC
2 -4
SUB BACKGR /V\
—12952.75 AL A ‘ v"'\jv L L. —" i\“ AAYA' P WA PN
2 3 4
{d)

Fig. 3. (a) Incoherent scatter spectra as a function of range (gates 3-12) observed at Tromse during the

period when the plasma flows were around 3-4kms™

! (see Fig. 1). The spectra have been integrated for

3 min but otherwise have not been processed or smoothed in any way. Panel (b) is similar to (a), but shows

the spectra observed in the intersection volume by the Kiruna receiver. Figure 3(c) and (d) are similar to

Fig. 3(a) and (b), respectively, but correspond to a period when the plasma velocity was relatively small
{(~600m s~ ).

sumed ion mass {see, for example, KeELLY and
WICKWAR, 1981; LATHUILLERE et al., 1983). In the
analysis described in the preceding paragraphs, O
was assumed to be the only ion present at 275 km,
though this is unlikely to be the case under the cir-
cumstances reported in this paper (see, for example,
LATHUILLERE and BREKKE, 1985). WINSER ef ol. (1989)
presented observations from a similar set of con-
ditions and concluded that molecular ions, and in
particular N, formed a major proportion of the ion
population at 275 km. Their observations were
unusual in the respect that NO* is usually assumed
to be the dominant molecular ion in the lower F-
region. We have adopted a novel approach to use the
single species analysis in conjunction with the ion

temperature derived from the simplified form of the
ion energy equation to estimate the real ion mass as
a function of time throughout the event. From the
non-Maxwellian analysis we find that the ratio of the
derived ion temperature (7;) over the assumed ion
mass (m;) is constant to within about 20% (see
Fig. 7). To a first approximation we can then state
that:

T;(analysis) N T (real)
m{assumed) ~ m,(real)

4

where T'(analysis) is the ion temperature derived from
the non-Maxwellian analysis for an assumed ion mass,
ni(assumed). T(real) and m{real) are the real ion tem-
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RAL Non-Maxwellian

01:30 —02:00UT Analysis
(a) X . (b) X
3000 « 20
3 X X I
X L
X % X 15: X
X X
_ 2000 xX x, X N i
< X x L X
- X X% x N x X
= L i xg Xy 10: § X X
1000F~ P % x
+ X
ost ¥
E XX §x X
0 ! | | ) ] 1 | L 1 L | 1 |
0 1 2 3 1 2 3 4 5
Vo203 (ms™)2] IVpl (km/s)
X
(c) (d) X
L X
X
200 2000 .
L . | .
‘E )&xx — X X XX
) Y Xx X x
p ~, - X x X
© X =
- X * X
X X X X X
_® 100f )&(x x 1000~
XX
X xxxx Xx *x -
L ! ! ] 1 ! 1 1 L 1
0 1000 2000 o0 04 08 12 16 20
T (K) D*

L

Fig. 4. Results of a single-species (O*) non-Maxwellian analysis of the data obtained in the period 0130

0200 UT on 16 December at Tromsa. The raw data in this case were post-integrated for 30, and only data

where the analysis succeeded in obtaining a satisfactory fit to the measured spectra are presented. The

figure shows scatter plots of : (a) ion temperature against the square of the bulk plasma velocity; (b) the

derived non-Maxwellian shape distortion parameter (D°) vs the magnitude of the bulk plasma flow; (c)

the measured electron density as a function of ion temperature ; and (d) the derived ion temperature as a
function of D",

perature and mass, respectively. It is now possible to
solve equation (3) for T(real) and substitute this value
into equation (4) to solve for m,(real). Neglecting the
ion—electron conduction term in (3) yields:

T,

T.(analysis)
dl

The validity of this assumption will be discussed
later.
It is necessary to make estimates of the neutral wind

m;(real) =

mn[Vp_ Vn]z

1+ — T, :|m,.(assumed). (%)

and temperature to solve this equation for m,(real).
The value for the neutral temperature was taken to be
the same as the measured ion temperature between
0300 and 0400 UT when the electric fields were small.
This value was consistent with MSIS86 model pre-
dictions of T, for similar location and conditions.
From the MSIS86 model, it may also be deduced that,
before the event, the horizontal pressure gradient in
the neutral air, acting in conjunction with Coriolis
force and ion drag, would drive a wind of about
50ms~', approximately in the north-south direction.
This is smaller than the ion drift observed at the start
of the event, and would not greatly affect the ion
heating as deduced from equation (3). The small mag-
nitude of the wind is consistent with the very quiet
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a

) RAL Non -
e T % Maxweltian Analysis
Te
2500~ 4 Tj(mox)
< Te{max)
@
S 2000+
©
@
[« 8
£
& 15001
a
(a) 1000t L ! 1 ) | |
2 —
o
E
@
z
(b) o L1 L L L ! !
10
* 0.5
o
o
(c) ! ] i ] 1 I J
01:30 01:40 01:50 02:00
U.T. {hrs : min)

Fig. 5. Summary of the plasma parameters as a function of UT for the period described in Fig. 4. These

parameters result from the single-species, non-Maxwellian analysis described in Section 4. Figure 5(a) shows

the derived ion temperature (solid circles) and electron temperature (open circles). [Also shown are the

ion (open triangles) and electron (solid triangles) temperatures from the Maxwellian analysis presented in

Fig. 1.] Panel (b) shows the derived electron density, and (c) the non-Maxwellian shape distortion parameter

(D"). The data in this figure, resulting from the non-Maxwellian analysis, have been post-integrated for
2min.

magnetic conditions prevailing prior to the intense
heating. We have also assumed that the magnitude of
the neutral wind did not change through the event,
which only lasted for about 15 min. This is con-
siderably smaller than the estimated time-scale for
the neutral wind to respond to the rapid change in
plasma flow, considering the electron densities mea-
sured at the time. If, however, the wind were to
change by a factor of 2 or 3 during the heating event,
this would still be a very small factor (compared
with the very large increase in ion velocity) in
the calculations of the ion mass using equation (5).

The results of these calculations are presented in
Fig. 6.

The top panel (a) shows the two components of the
plasma flow perpendicular to the geomagnetic field,
V,xand V.. These data have been averaged for 2 min
in an attempt to reduce the errors in the derived vel-
ocities caused by the poor signal-to-noise ratio at the
remote sites during the event. For shorter post-inte-
gration periods, the errors in ¥,y and ¥, provide the
largest source of error in the calculations of m,(real)
described below. The second panel (b) reproduces the
ion temperature derived from the non-Maxwellian
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Fig. 6. The top panel shows the eastward (solid circles) and northward (open circles) components (with
respect to the gecomagnetic field) of the bulk plasma flow for the period 0130-0200 UT on 16 December. The
middle panel (b) shows the corresponding ion temperature derived from a single-species non-Maxwellian
analysis of the data (the same as that presented as part of Fig. 5(a)). The lower panel (c) illustrates the
calculated ion mass as a function of UT, assuming the ion temperature/mass ratio to be constant. The
error bars correspond to the range of values obtained for an assumed neutral mass between 16 and 32
a.m.u. The horizontal dashed lines correspond to the mass of O™ and NO™* (or OF) for the lower and
upper lines, respectively. These calculations neglect heat exchange between ions and electrons in the simple
ion energy balance equation.

analysis described above (refer to top panel in Fig. 5).
This corresponds to T{analysis) in equation (5) [for
mfassumed) of 16 a.m.u.] and shows a clear enhance-
ment associated with the increased plasma flows in
Fig. 6a. Figure 6c shows the estimated values for
my(real) using equation (5). The derived values cor-
respond to oxygen ions at the beginning and end of

the period, but slowly decrease to about 13 a.m.u.
until 0140, and then increase to around 25 a.m.u. at
0145 followed by another decrease. There is then a
rapid increase to a value in excess of 40 a.m.u. fol-
lowed by an equally sudden decrease at 0151, The ion
mass slowly recovers to 16 a.m.u. at the end of the
period.
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There are several points which should be made
about this figure. First, the error bars correspond to
the range of values for myreal) obtained when the
mean neutral mass, »1,, assumed in equation (5) varied
between 16 and 32 a.m.u. (the solid circles correspond
to an assumed neutral mass of 21 a.m.u., which is
consistent with MSIS86 model predictions at this
time). Second, the derived ion masses appear to be
too low (13 a.m.u.) in the periods immediately before
and after the event, but too high (48 a.m.u.) in the
middle of the event. Firstly, we investigate the effects
of neglecting ion—electron conduction as a possible
cause of these inconsistencies. Reference to Fig. 5
shows that between 0133 and 0152 UT, T, was elevated
above T,, with the largest difference occurring near
the time when the bulk plasma flow was largest. Out-
side this period the electron temperature was larger
than the corresponding ion temperature. Inclusion of
this term in equation (5) would act to reduce the
estimates of m,(real) during the event (with the largest
reduction occurring for the greatest ion—electron tem-
perature difference), while increasing the estimates
outside the heating event where T, > T,.. However,
simple calculations using expressions for v, (SCHUNK
and NAGy, 1980) and v, (RISHBRETH and GARRIOTT,
1969) show that this term is insignificant in magnitude
throughout the period of interest in this paper,
accounting for less than 0.25 a.m.u. (maximum) in
the calculated values of my(real). The largest sources
of error in our calculations of m,(real) result from (i)
the uncertainties in the bulk ion flows due to the
reduced signal-to-noise (particularly at the remote
sites) during the heating event and, to a lesser extent,
(i1) the estimate of the neutral wind. The latter effect
is more important when the ion flows are small (i.e.
outside the main heating period).

Even allowing for all these sources of error one
conclusion can still be drawn from the calculations;
namely, that the ion composition at 275km altitude
changed from predominantly oxygen to pre-
dominantly molecular ions over a period of a few
minutes, in response to a sudden increase in the bulk
plasma flow from several hundred metres per second
to around 3-4kms~ .

6. MIXED SPECIES NON-MAXWELLIAN ANALYSIS

From the above discussion it is clear that the ion
composition did not remain totally O* during the
event described above. It therefore seems pertinent to
re-analyze the data using the non-Maxwellian algo-
rithm, but allowing for the possibility of a mixed
species plasma. Under normal circumstances it would
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be necessary to fit for seven parameters from the
observed spectra to describe adequately the plasma.
These are: electron density, electron temperature,
line-of-sight (l-0-s) ion temperature for both species
considered [T,(O") and T,(NO™)], ion composition,
and the non-Maxwellian shape distortion parameter
for both species [D'(0O*) and D'(NO™)]. Recent
attempts to fit this many parameters from the spectra
have shown that the fits obtained are ambiguous
(SUVANTO et al., 1989). Because the anisotropy of the
ion velocity distribution function will be different for
atomic and molecular species, derived l-o-s tem-
peratures, T}, for the two species would be different
at a general aspect angle, . However, because the
aspect angle for the experiment described here
remained fixed at 54.7°, it is known that, to a
very good approximation T,(0*)=T,(NO*) =T,
(LaTHUILLERE and HUBERT, 1989). Also, rather than
trying to fit for ion composition, we have adopted
the approach of fixing the composition at some pre-
determined value, attempting a five parameter fit
[N,, T., T, D(O"), D"(NO*)], then repeating the exer-
cise again for a different value of composition, and
searching for a minimum in the fit variance. This
reduces the number of fit parameters to five, which
WINSER et al. (1989) and SUVANTO ef al. (1989) have
shown to be a reasonable number.

Figure 7 is an example of the results from the mixed-
species, non-Maxwellian analysis for the data inte-
grated over the period 014900-014930. The top panel
shows the derived plasma temperatures as a function
of assumed ion composition. This illustrates very
clearly the dependence of the derived temperatures on
the assumed ion mass, with a difference of around
2000 K in both electron and ion temperature between
apure OF and pure NO™ plasma. Such behaviour has
been observed previously in cases where a Maxwellian
ion velocity distribution has been assumed (KFLLY
and WICKWAR, 1981; LATHUILLERE et al., 1983).
The first of these authors estimated the ion mass by
assuming model electron temperature profiles, and
applying a full least-squares fit of a theoretical auto-
correlation function (ACF) to the measured function.
This method was also used successfully at lower lati-
tudes where the ion temperature was assumed to be
the same as the neutral temperature (MOORCROFT,
1964 ; Evans and Cox, 1970; WAND and PERKINS,
1970; ALCAYDE et al., 1974). LATHUILLERE ef al.
(1983) used a method to estimate the ion mass which
was closer to the method described in this paper. They
attempted several fits on the measured ACF with fixed
composition ranging from 100% molecular ions to
purely atomic ions, and used the minimum variance
from the fits to indicate when the derived ionospheric
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Fig. 7. Results from a five parameter (mixed species) fit to the data integrated over the period 014900~
014930 on 16 December. Each point on the curves correspond to the results of an analysis with the ion
mass assumed (shown on the abscissa). The point (solid circle) on the right-hand side of the top panel
corresponds to the ion temperature {T(real)] derived using the simplified form of the ion energy equation,
and the error bar corresponds to the range of values obtained for an assumed mean neutral mass between
16 and 32 a.m.u. The dashed lines represent the projection of this estimate of ion temperature onto the ion
temperature/ion mass curve obtained from the mixed-species, non-Maxwellian analysis, and hence allow
a range of ion masses at this time to be evaluated.

parameters were closest to the final solution. They
then used these parameters as initial values for a full
fit (including 1on composition) on the measured ACF.
We believe that this is more reliable than the method
described by KELLY and Wickwar (1981) for inter-
preting data obtained at high latitudes, where intense
ion and electron heating (which may vary rapidly with
time} are commonly observed.

Figure 7 also indicates that the ion temperature/
mass ratio (7;/m;) remains fairly constant for these
data, changing by 20% in the extreme case. This is
consistent with previous findings (SUvaNTO et al.,
1989 ; WINSER et al., 1989; Lockwoop et al., 1989)
and justifies the use of equation (4). Figure 7b shows

the fitted D" values for both the atomic and molecular
ions. Both D*(0*) and D"(NO™") are about 1.0 for all
values of ion composition. This is a little surprising
as the collision mechanisms for NO* are not really
conducive to producing toroidal ion velocity dis-
tributions. However, the lower panel shows that the
fits were insensitive to ion composition in this case,
with no discernable minimum in the variance curve
for any given composition.

Ths solid circle (with the error bar) on the right-
hand side of Fig. 7a is the value of the ion temperature
[T(real)], derived from the simplified ion—energy
equation for this period. The error bar corresponds
to the range of values obtained for an assumed mean
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Fig. 8. Sections of the ion temperature against assumed mass curves (from mixed-species, non-Maxwellian

analysis) corresponding to the projections of the ion temperatures calculated using the simplified form of

the ion energy equation for four periods as shown. Each point or section corresponds to a 30-s post-

integration, and the 2-min period covered in this figure covers the peak of the jon heating event discussed
in the text.

neutral mass between 16 and 32 a.m.u. From this
estimate of T(real) it is possible to infer (by inter-
polation) the corresponding ion composition from
the ion temperature/ion mass curve, derived from the
mixed-species, non-Maxwellian fits to the data. This
procedure was repeated for several integration periods
through the peak of the heating event, and the results
are summarized in Fig. 8, which shows the ion com-
position corresponding to the estimates of 7(real)
for the four 30-s integrations in the period 014830
015030. This period covers the peak estimated value
for myreal) as described in the previous section. The
plot shows a clear increase from 100% O* to 100%
molecular ions as the temperature increases due to the
enhanced electric fields, and similarly a decrease in the
ion mass as the temperature falls again. From this
plot it is possible to estimate that the ion mass changes
from O" to NO™ ions at an approximate rate of
1% change in the mean ion mass per 26K of ion
temperature for the event described in this paper. It
is also fairly clear from Fig. 7 that m, = 2] a.m.u.
represents a minimum value for the neutral mass dur-
ing the heating event.

7. ION COMPOSITION DURING THE HEATING EVENT

According to the standard theory of the F-region
(e.g. RisuBETH and GARRIOTT, 1969, section 3.61), the

molecular/atomic ion concentration ratio depends on
the relative rates of the ion-molecular transfer reac-
tions (characterized by the linear loss coefficient )
and the subsequent dissociative recombination reac-
tion (characterized by the square-law coefficient «), of
which the most important are probably:

0" +0, > 07 +0 (rate coefficient K,) (6a)
O*" +N, - NO*+N (rate coefficient K,) (6b)
07 +e—+0+0 (ratccocflicient z,)  (7a)
NO* +¢— N-+O (rate coefficient a,). (7b)

In a steady-state photochemical situation, to which
the lower F2-layer normally approximates, the mole-
cular/atomic ion ratio is given by

r=pjaN = {Kin[O,]+ K:n[Ns]}jaN - (8)

where n[X] denotes the concentration of the neutral
gas X, and « is a combination of &, and «,, which in
our experiment we may take to be their mean (since
o, and 2, are found to differ by only 20%).

Estimates of the parameters, taken from appendix
5 of Rees (1989) and converted to m.k.s. units, are as
follows :

K, =20x107"7(T./300) **m’s™!
K, =45x1072%T,/300)° m s~

(9a)
(9b)
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o, = 19%107"3(T,/300)""*m’s!
2y = 4.2x 107 "3(T,/300)" " m3 s

(9¢)
(9d)

where T, is the ‘reduced temperature’ (7,+T)/2.
Taking values of atmospheric parameters from
the MSIS86 model (Hepin, 1987) for the date, place
and time of the healing event, we have
n[0,] = 2.8 x 10" m™*, #[N,] = 5x 10" m™ *and gas
temperature 7, = 1200 K. We assume that these pa-
rameters do not change significantly during and after
the 15-min heating event, which seems reasonable
(unless therc was strong Joule heating by a nearby
auroral electrojet, which does not seem consistent with
the small disturbance of <100 nT of the Kiruna mag-
netogram). From the data we have that during the
event (0148 UT):

N, =04x10"m?,
T, = 1500K,

T.=2500K, T,=1850K,
x=095x10""m?s""

whence :
B=p8+p,=(027+085)x10 s !

=1.12x1073s ., oN,=38x10"%s"!

so that from equation (8) r = 0.3 (i.e. 23% molecular
ions).
After the event (say, 0200 UT onwards) :

N, =20x10"m" 3 T,=1200K, 7,=1200K,
T, =1300K, a=095x10""m’s'
whence:

f=PB+p>=(0324+0.36) x 1035~

=0.68%107%s7",

so that from equation (8) r=0.035 (ie. 3.5%
molecular ions).

aN,=19x10"%s"!

According to this calculation, the ninefold differ-
ence between the ‘during-the-event’ and ‘“after-the-
event” values of the molecular/atomic ratio r is mainly
due to the fivefold change in N.. The change in the
loss coefficient § does contribute, but not as much as
might have been expected ; this is because the large
change in f, [due to the temperature dependence of
the rate coefficient K, equation (6b)] is partly offset by
the opposite temperature dependence of K, equation
(6a). Of course, these coefficients are still not well
known for the physical conditions encountered in the
heating event, nor can we be sure of the neutral air
composition, though we can at least rely on the
MSIS86 value of T,, since it agrees well with the
observed values of T, after the heating event. We are
left with some difficulties:
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(1) Despite the order-of-magnitude difference in
our computed values of the ratio r, during and after
the heating event, the value of r = 0.3 during the event
disagrees with our observation of a predominantly
molecular ion plasma at that time. We could perhaps
try to increase this estimated value by a factor of 10
to give r = 3, say, which corresponds to 75% molec-
ular ions and 25% atomic ions. Conceivably, this
could be done by (a) raising the N, concentration, (b)
assuming a stronger temperature dependence of K,
or (¢) postulating an additional loss mechanism for
O" ions, possibly involving an excited state.

(2) The time constant for conversion of O ions to
molecular ions is 1/ which, for the estimated values
during the heating event, i1s 900s. This is too long to
account for the rapid observed change of ion com-
position, which again suggests that the estimated f is
too small.

(3) On the other hand, increasing the loss coefficient
B aggravates the difficulty of explaining the survival
and subsequent recovery of the plasma. This difficulty
is particularly severe if the ions are predominantly
molecular, in which case their mean lifetime is
approximately 1/2aN, which is only about 2 min dur-
ing the event.

(4) If there is a rapid upwelling of the ncutral air
during the event, this would increase the molecular
gas concentrations, and therefore increase r in equa-
tion (8). Doubling the N, and O, concentrations at
275km height would go some way to meeting our
difficulty about ion composition, but considering that
there was not a strong auroral disturbance at the time
the question of whether such a large change could
occur within a few minutes needs further study.
Upward transport of ions (rather than neutrals) seems
unlikely to explain the change of ion composition,
since molecular ions would only move a few kilo-
metres during their lifetime, even with an upward
velocity as large as 50ms ™.

(5) The problem of plasma lifetime is related to the
more general question of how the F-layer ionization
is maintained during the winter night. At this time,
when direct solar photoionization is absent, sources
of ionizing radiation in the night sky are prob-
lematical, and there is no obvious steady source of
particle precipitation; furthermore, the lack of any
increase in electron temperature suggests that particle
precipitation was not strong. The lifetimes just quoted
imply that the plasma has to be completely replaced
every few minutes (and this requirement becomes only
slightly less stringent during the quiet period after the
heating event).

These difficulties might be reduced (though prob-
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ably not removed) if we could show that horizontal
transport provides a significant source. However, a
preliminary study of data from the other radar gates,
i.c. neighbouring latitudes (Fig. 2), does not suggest
that the depletion during the ion heating event moved
systematically across the experiment’s field-of-view.
Other possibilities include downward diffusion from
the protonosphere. To investigate this problem, fur-
ther studies are needed of the velocity data.

8. CONCLUSIONS

Results are presented from an experiment where the
aspect angle for the Tromse beam remained fixed at
54.7°, allowing direct measurements of the true, three-
dimensional ion temperature that can be used in
energy balance arguments. During one set of obser-
vations the bulk plasma flows were observed to
increase from a few hundred metres per second to
around 4 km s~ ' within a few minutes, resulting in
enhanced ion temperatures and depleted electron
densities. The spectra observed simultaneously at
Tromsg and the remote sites clearly exhibit a form
which is consistent with a distortion of the distribution
of line-of-sight ion velocities from a Maxwellian.
These data were analyzed using the semi-analytic spec-
tral synthesis algorithm of SuvanTo (1988), which was
based on the generalized form of the relaxation model
of ion—neutral collisions described by RaAMAN ef al.
(1981). This confirmed that the plasma was highly
distorted from Maxwellian when the convection
speeds were several kms™ '

We have used the ion temperatures derived from
the single-species, non-Maxwellian analysis, in con-
junction with the simplified form of the ion energy

balance equation, to calculate the ion mass during an
intense ion heating event. This showed that the plasma
at 275km changed from predominantly O to pre-
dominantly molecular ions within 2-3min, in
response to the enhanced ion temperatures caused by
the rapid increase in convection electric field. If we
neglect the heat exchange between ions and electrons
in the ion energy equation, we underestimate the ion
mass outside the heating event, but overestimate the
jon mass at times when the ion temperature sig-
nificantly exceeds the electron temperature. This
effect, however, is a minor one and cannot easily
explain the unusually large ion mass estimated using
equation (5).

Results from a mixed-species, non-Maxwellian
analysis confirmed the conclusion regarding the com-
position changes during large electric fields. We used
these results in conjunction with the ion energy equa-
tion to quantify the dependence of ion composition
on measured ion temperature for the event described
in this paper. A theoretical consideration of the ion
composition, using recently published values of the
chemical rate coefficients in conjunction with the
MSIS86 model, could explain an order of magnitude
increase in the atomic/molecular ion ratio during the
event, but could not explain the high proportion of
molecular ions that were observed.
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