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We have used the Atmosphere Explorer C data base of ion temperature and ion drift velocities to 
study the long recognized principle that large scale convection electric fields are responsible for 
substantial enhancements in the ion temperature at high latitudes. As had been indicated by various 
authors previously, our study shows that there is a clear relationship between large ion velocities and 
ion temperature enhancements. Furthermore, with the help of a more quantitative study, we find that, 
since ion heating is sensitive to the relative motion between the ion and neutral gases we can use the 
ion temperature and drift measurements to extract neutral wind and neutral temperature informatiøn 
along the satellite track. From a study of several examples we conclude that the present approach can 
be used with varying degrees of accuracy for the diagnostic of thermospheric dynamical properties 
above 300 km when those properties are not measured directly. When neutral dynamical properties are 
measured our approach could be used for a detailed study of the ion energy balance at high latitudes. 

1. INTRODUCTION 

From the theoretical point of view, frictional heating has 
long been recognized in high-latitude ionospheric work as a 
means by which the ion temperature can be elevated above 
the neutral temperature value, sometimes substantially [e.g., 
Rees and Walker, 1968; Robie and Dickinson, 1972; Schunk 
et al., 1975; Banks, 1980]. The ion temperature is particular- 
ly affected when large dc electric fields produce relative ion- 
neutral drifts that exceed the thermal speed of the neutrals. 

Measurements showing evidence for the presence of fric- 
tional heating effects in the ion gas are few. Generally, 
increases in F region ion temperatures are presented in 
correlation with dc electric field measurements at high 
latitudes with a passing reference to the frictional heating 
process [e.g., Watkins and Banks, 1974; Wickwar et al., 
1981; De La Beaujardiere et al., 1981; Torr et al., 1975; St.- 
Maurice et al., 1976; Schlegel and St.-Maurice, 1981; M. H. 
Rees et al., 1980; Kelley and Wickwar, 1981]. With the 
exception of the work by Watkins and Banks [1974], an 
actual quantitative study of the correlation is usually not 
attempted, however, since an important element, either the 
neutral temperature or the neutral wind is not known, and 
neither is the extent to which other heating processes affect 
the ion energy balance. 

In this study we have first used the Atmosphere Explorer 
C data base in order to examine the extent to which frictional 

heating with the neutrals heats the ion gas in the high latitude 
F region. For this particular study we have used only a few 
orbits for which strong dc electric fields were present. 
Information of a more statistical nature, using a large num- 
ber or orbits, will be published in a future paper. 

The frictional heating mechanism is important for the 

Copyright 1982 by the American Geophysical Union. 

Paper number 2A0749. 
0148-0227/82/002A-0749505.00 

study of high-latitude energetics, since about one half of the 
Joule heating rate used in energy deposition rate calculations 
is given directly to the ion gas first through the frictional 
heating process. (It is usually assumed that the heat thus 
gained is then released locally to the neutrals through the 
collisional heat exchange process; e.g., Banks [ 1980] and St.- 
Maurice and Schunk [1981].) A study of ion frictional 
heating is also useful for the understanding of the extent to 
which other thermodynamic processes (e.g., heat conduc- 
tion or adiabatic heating) affect the ion energy balance at 
high latitudes. This aspect of the problem has been recently 
studied theoretically by Schunk and Sojka [1982]. 

Frictional heating measurements can also be used to 
estimate the neutral gas velocity and the temperature of the 
thermosphere. This application is studied in detail in the 
second part of our paper. Although the method is straightfor- 
ward in principle, its application requires some care since it 
deals with nonlinear statistics and with assumptions about 
the atmospheric properties that may not always be valid and 
must be recognized. 

Our presentation starts with a brief description of the 
theoretical background required for an understanding of the 
present work in section 2. In section 3 we examine the ion 
data from six different AE-C orbits for which large ion 
convection was taking place. That study shows that there is 
indeed a clear correlation in the data between electric field 

strength and ion temperatures. This means that on the 
average, frictional heating in the ions is balanced by heat 
exchange with the neutrals to first order, as expected 
theoretically. In sections 4 and 5 we use these findings to 
develop a method by which to infer neutral winds and, when 
necessary, neutral temperatures from the ion measurements. 
The method and its limitations are discussed at length in 
section 4, and applications to six different AE-C orbits are 
presented in section 5. We give our summary and conclu- 
sions in section 6. 
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2. THEORETICAL BACKGROUND 

In its general form the ion energy equation is [e.g., Banks 
and Kockarts, 1973; Schunk, 1977; Banks, 1980] 

Dt •-Pi + -• Pi (•7. Vi) q- V'qi + Pi' VVi 

= • nimiPi-•2-"{3KB(T, - T/) ½i, + mn(Vi- V,) 2 (•in} 
mi +mn 

tl 

q- tliPie 3KB (Te - Ti) + ni Pie me (Vi - Ve) 2 (1) 

where D/Dt is the convective derivative and is equal to O/Ot 
q- Vi' V, Pi -- nigBri is the ion pressure, Vi, V, and Ve are 
the ion, neutral, and electron drift velocities, respectively, qi 
is the ion heat flow, Pi is the ion stress tensor, pi, and Pie are 
the ion-neutral and ion-electron momentum transfer collision 

frequencies, respectively, m• and m, are the ion and neutral 
masses, respectively, K• is the Boltzman constant, Ti, Te, 
and T, are the ion, electron, and neutral temperatures, 
respectively, and n• is the ion number density. The functions 
6i, and (•in are, to a good degree of approximation, equal to 1 
for all ion-neutral interactions. Corrections to this approxi- 
mation are usually not too important even for resonant 
charge exchange processes as is shown is Appendix A. For 
the sake of completeness we nevertheless carry the correc- 
tions through here. 

In principle the terms on the left-hand side should usually 
be negligible in the presence of strong dc electric fields due 
to a number of reasons. First the term Pi:•7Vi, which 
represents viscous heating, should be very small for spatial 
scale lengths greater than IVi - V,I/Pi, [Schunk, 1975], i.e., 
of a few kilometers in the F region. The effects due to the 
time derivative, (O/Ot), should be neglected for events hap- 
pening on a time scale longer than 1/p•,, which is of the order 
of seconds in the F region [Schunk, 1975]. The divergence of 
V• should be neglected because the ion motion is essentially 
incompressible [Rishbeth and Hanson, 1974]. This leaves 
the heat advection term Vi. Vp• and the heat conduction 
term V.q• on the left-hand side of (1). These terms should 
not be neglected a priori. However, Schunk and Sojka [1982] 
have studied the effects of these two terms on the ion energy 
equation at high latitudes for a whole range of conditions and 
have found that the ion energy balance is not seriously 
affected by heat advection or heat conduction, up to an 
altitude of at least 400 km, and usually, for altitudes up to 500 
km. 

Therefore, below 400 km altitude, the terms on the left- 
hand side of (1) can be neglected on theoretical grounds for 
scale lengths larger than 5-15 km in size and time scales 
greater than a few seconds in duration. We have therefore 
assumed that (1) can be rewritten as 

•i,• 3K•(Ti - T,•) • m, (Vi - V,•) 2 •bi,• 

mi+ m,) Pie 3K• (Te Ti) (2) mi Pin 

In (2) we have neglected the (V• - Ve) 2 term of the right-hand 
side of (1), since we have restricted ourselves to F region 
heights and have assumed that no substantial relative ion- 
electron drifts exist in the direction parallel to the field lines. 
Finally, in (2) the approximation that one neutral species 

dominates the atmospheric composition was also made, 
which is usually appropriate in the upper F region. In (2) the 
left-hand side describes heat exchange with the neutrals, 
while the right-hand side contains a heat exchange term with 
the electron gas (usually small) and a frictional heating term. 

We note that the sum of the ion-neutral heat exchange on 
the left of (2), plus the direct frictional heating in the neutral 
gas is what should be referred to as 'Joule heating' [e.g., 
Banks, 1980; St.-Maurice and Schunk, 1981]. Part of the 
reason for studying the validity of (2) from the measurements 
point of view is therefore to find whether or not the Joule 
heating rates presented in the literature are locally available 
as a direct heat source to the neutral atmosphere, as expect- 
ed. This problem has to be studied not just at E region 
heights, where the largest amount of Joule heat is deposited, 
but also throughout the F region, since the atmospheric 
response to heating may depend greatly upon the heating 
rate per neutral gas particle [Banks, 1980]. 

3. FRICTIONAL HEATING MEASUREMENTS BY AE-C 

3.1. Electric Field Requirement 

Our first goal in the present work was to find if there is 
conclusive evidence in the ion data acquired by the Atmo- 
sphere Explorer-C satellite for the behavior predicted by (2), 
i.e., that there should be a first order balance between 
frictional heating and heat exchange terms in the ion energy 
balance at high latitude under disturbed conditions. In order 
to study this problem it is clear that IV• - V,I must be large 
enough for the increase in Ti above T, to be not only 
detectable, but also large enough so as to be difficult to 
explain through other means, such as through heat exchange 
with electrons or through heat conduction. From a study of a 
large number of AE-C orbits (J.P. St.-Maurice, manuscript 
in preparation, 1982) as well as from theoretical arguments 
[Schunk and Sojka, 1982] we find that in the high latitude F 
region, heat exchange with electrons can account for an 
increase in Ti of a few tens of degrees up to a maximum of 
200øK under most circumstances. Uncertainties in T• are also 
normally less than 100øK when Ti --< 1500øK [e.g., Hanson et 
al., 1973] and are therefore generally not a concern. On the 
other hand, while no neutral temperatures were available on 
AE-C for the circular F region orbits needed in this work, a 
'baseline' neutral temperature can be inferred from the 
nearby positions of the orbits where no or very weak dc 
electric fields are found. For the purpose of seeking an 
estimate for what constitutes a large enough electric field, it 
is sufficient to estimate that an uncertainty of at least 100øK 
should result from this approach while recognizing that 
actual variations depend on local effects, for instance, on 
Joule heating itself. 

Therefore, when looking for regions where frictional heat- 
ing dominates the ion energy balance, we should require a dc 
electric field strength that is such as to produce an ion 
temperature increase of at least 200øK over the values 
measured in the absence of strong dc fields. As shown in 
Figure 8, in an atomic oxygen atmosphere a relative ion- 
neutral drift of 400 to 600 m/s is required for frictional 
heating to produce such an increase. In the high latitude F 
region we expect neutral winds of the order of 200 to 500 m/s 
to be present, depending on conditions [e.g., Strauss, 1978; 
Fuller-Rowe# and Rees, 1980, 1981; also see below]. Since 
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the expected neutral wind value is therefore in general less 
than 400 to 600 m/s, we conclude that on the average, ion 
drifts of the order of 400 m/s and, therefore, electric fields of 
the order of 20 mV/m or greater can produce detectable 
increases in Ti. Actual required values, however, could 
sometimes be smaller, and sometimes up to twice as large, 
depending on the direction of V, with respect to the direction 
of Vi and on the amount of heating that has taken place in a 
given region. 

3.2. Measurement Techniques 

All the data presented here were obtained from Atmo- 
sphere Explorer C. We have used the highest resolution 
available from the retarding potential analyser data base, 
from which we obtained the ion velocity component along 
the ram component, the ion temperature, and the total ion 
density [Hanson et al., 1973]. The other horizontal compo- 
nent of the ion drift was obtained from the ion drift meter 

measurement [Hanson et al., 1973]. The rest of the data 
presented here were obtained from the united abstract files, 
which contained data averaged over 15 s (roughly 100-km 
intervals). This was judged sufficient for our purposes since 
even if structure in the electron temperature and neutral 
composition data exists over a 100-km scale, those struc- 
tures only influence our results to second order. The elec- 
tron temperature was obtained with a Langmuir probe 
[Brace et al., 1973] while the neutral composition (referred 
to in the next section) was acquired with either the open- 

source neutral-mass spectrometer [Nier et al., 1973] or with 
the neutral-atmosphere temperature instrument [Spencer et 
al., 1973]. 

3.3. A Clear-Cut Example of Frictional Heating: AE-C 
Orbit 20193 

The effect of frictional heating in the ion gas is best 
illustrated with the use of a particularly clear example, taken 
from the Atmosphere Explorer C data set. This example is 
presented with the help of Figures 1 a and 1 b. In Figure 1 a we 
display in an invariant coordinate plot the ion velocity 
measurements obtained in a corotating frame on a portion of 
orbit 20193, on August 24, 1977, in the northern hemisphere. 
A clearly defined 'shear reversal' [Heelis et al., 1976] was 
measured for this particular event. On each side of the 
reversal, the dc electric field strength was relatively uniform 
and of the order of 50 mV/m. The reversal occured over a 

region less than 150 km in width, while the ion drift was 
basically aligned along the day-to-night direction. 

An important point to notice is that the ion velocity 
reversal occurred over a scale much smaller in size than that 

normally expected for substantial changes in the neutral 
wind or temperature at that height (500 km in the horizontal, 
or more, depending on conditions; see section 4). Thus 
conditions for the detection of frictional heating in the ion 
gas seemed particularly good during the event shown, if the 
neutral wind component in the day to night direction hap- 

1KM/$EC 

12 

Fig. la. Perpendicular ion drift velocity vectors measured in a corotating frame by Atmosphere Explorer C on 
August 24, 1977, for orbit 20193, northern hemisphere. The coordinates are magnetic local time (MLT) and invariant 
latitude. The data were acquired around 1320 UT, while Kp was 3. 



ST.-MAURICE AND HANSON' ION FRICTIONAL HEATING 7583 
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EFFECTIVE T nCORRECTIONS 
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Fig. l c. Neutral wind vector and mean neutral temperature differences from the MSIS model retrieved from the 
data presented in Figures la and lb. The intervals used were 500 km in the horizontal. Vectors accompanied with a '1' 
are uncertain in the sense that a perfect fit to the data could not be obtained, probably due to the presence of structure 
within the sample. Vectors accompanied with a '2' have an uncertainty greater than 150 m/s on at least one of their 
components. Note that the velocity scales are not the same in Figures la and lc. 

pened to be large enough. As we now show, this was actually 
the case since the evidence for frictional heating was indeed 
very strong in the measurements. 

The effect of frictional heating on the ion temperature is 
displayed in Figure lb, along with other parameters of 
interest. The top portion of Figure lb shows how, as a 
function of universal time, the horizontal ion drift vector was 
changing both in magnitude and direction along the satellite 
trajectory. Also as a function of universal time we show from 
top to bottom how the ion speed, the 'perpendicular' ion 
temperature, TIPER, the model neutral temperature, MTP, 
from MSIS and the atomic oxygen and molecular nitrogen 
densities were changing during the same period. For the 
purpose of an easy cross reference to Figure la, the magnet- 
ic local time (MLT) and the invariant latitude (ILAT) are 
also given at the bottom of the scale, together with the 
universal time (UT) in seconds. 

It was necessary to distinguish between 'perpendicular' 
and true ion temperatures in Figure lb because of non- 
Maxwellian distortions in the ion velocity distribution that 
are still present near 400 km. The distortions in the velocity 
distribution in a weakly ionized plasma are discussed in 
detail by St.-Maurice and Schunk [1979] in a recent review 
paper. At 400 km the plasma is usually fully ionized. 
However, when the ion temperature is high (2000øK and 
above) ion-ion collisions are only slightly more frequent that 
ion-neutral collisions near 400 km. One expects the distribu- 
tion function to still 'look' more Maxwellian in that case than 

lower down where departures are detectable [St.-Maurice et 
al., 1976]. However, the two-temperature character of the 
velocity distribution can still be appreciable in a fully ionized 
situation. For instance, Schunk and St.-Maurice [1981] have 
recently shown that a two-temperature character arises in 
the ionosphere of Venus, even when ion-ion collisions are 10 
times more frequent than ion-neutral collisions. Schunk et 
al. [1975] also considered the two-temperature effect at high 
latitudes and high altitude for the earth in terms of the stress 
tensor. In appendix B we write the specific connection 
between the measured ('perpendicular') ion temperature and 
the average (or 'true') ion temperature that we expect for the 
earth plasma at high altitudes based on calculations of 
collisional cross section properties summarized in St.-Mau- 
rice and Schunk [1977]. 

The most striking fact about Figure lb is that there is a 
very clear difference (• 1000øK) between the perpendicular 
ion temperatures measured on either side of the velocity 
reversal even though the ion speed is about the same (• 1 
km/s), while all the other properties measured in the plasma 
(except for particle fluxes) do not have a clearly identifiable 
structure associated with the ion shear reversal. However, 
when we use (2) and insert a day-to-night neutral wind 
component of about 385 m/s through the region, the mea- 
surements can be explained. To carry this estimate, we can 
neglect departures of •in and •bin from unity and discard the 
electron heat exchange term as well. For each side of the 
reversal we then have 
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3K1• (Ti - Tn) • mn (Vi DN- VnDN) 2 q- mn(VnDD) 2 (3) 

where Vi •)N and Vn r•N are the day-to-night ion and neutral 
wind components, respectively, and Vi m• and Vn m• are the 
dawn-to-dusk wind components. Near the reversal we set 
Vi DD • 0, while Vi •)N • 1 km/s poleward of the reversal and 
Vi DN • 1 km/s equatorward of it. By evaluating (3) on 
each side of the reversal and substracting the resulting 
equations we find that if V• and Tn are reasonably constant 
we must have 

3 Kaari 
Vn DN • 

4 m• Vi r)N 

where ATi is the difference between the mean ion tempera- 
ture measured poleward of the reversal and the mean ion 
temperature equatorward of the reversal. Since ATi 
-1000øK and IVi DN • 1 km/s, we obtain the result V, •)N 
385 m/s. From this result we cannot determine T, and Vn 
uniquely from (3), however. If we assume, on the other 
hand, that T, is between 1100øK an 1300øK (an arbitrary 
choice), then we find IVn to vary between 500 and 250 m/ 
s, although the sign of V, I)r) is still not determined. 

In summary, the ion temperature measurements obtained 
on each side of the shear reversal on orbit 20193 can be 

explained in a straightforward manner by frictional heating 
arguments if we invoke a relatively uniform day-to-night 
neutral wind component blowing at about 385 m/s. The other 
wind component cannot be determined uniquely but seems 
to be of the order of a few hundred m/s. If blowing from dusk 
to dawn, this value would then produce a wind blowing 
roughly from 1500 LT to 0300 LT as would be the case for a 

thermally driven wind. The magnitude of the wind is stron- 
ger than indicated from EUV heating alone, however, al- 
though within the range of expected values [e.g., Strauss, 
1978; Fuller-Rowelt and Rees, 1980; D. Rees et al., 1980]. 

Thus, from rather simple estimates we can understand the 
ion temperature observations on orbit 20193 by inferring the 
presence of a neutral wind the magnitude and direction of 
which appear to be reasonable. A more systematic method 
of analysis is used in section 5. That method confirms the 
present results while yielding a sign for V• m) well. 

The example just discussed is unusual in that all the proper 
conditions for a clear identification of the frictional heating 
process were met. Sharp shear reversals with ion drifts 
aligned along a direction for which there is a strong neutral 
wind component are not frequently observed with such 
clarity. However, although they are not so ideal, several 
other orbits with large, steady ion drifts show similar fea- 
tures, so far as a change in Ti with changing ion drifts is 
concerned. 

3.4. Other Examples 

Other examples of frictional heating are shown in Figure 
2a through 6a and 2b through 6b, using the same format as in 
Figure la. In all cases, we chose events for which the ion 
drift was large and somewhat structured along the satellite 
trajectory, as can be seen in Figures l a through 6a. Figures 
2b through 6b clearly demonstrate that there is a general 
correlation between the magnitude of the ion drift and the 
measured ion temperature, as one would expect if Vi had a 
direction and strength that were not too strongly correlated 
to the V, direction and strength. A closer look at Figures 1 b- 

12 

Fig. 2a. 

1KM/$EC 

Same as in Figure l a, but for AE-C orbit 20223, on August 26, 1977, in the northern hemisphere, around 
1130 UT. During that time Kp was 3. 



7586 ST.-MAURICE AND HANSON' ION FRICTIONAL HEATING 

ORBIT RND DRTE: 20223 ??238 

UNIVERSRL TIME (SEC) 

tt•1200 ttt1350 tt•1500 tt1650 tt•1800 till 950 t[?l O0 t[7250 tg?t[O 0 •;•%%0 I I 

tKM/$EC 

UT lt'[ 200 
MLT 2. g 

I LRT 52 

/ 

U•1350 B'1500 
S.2 
60 69 

! : 

ß : 

i : : :. 
: . 

q•65o q'18oo 4'•95o 4'2'1 oo 4'2250 4•oo •2s5o 
5.1 7.7 10.6 12.0 12.7 13.1 
7s 78 7s ss 57 • 



ST.-MAURICE AND HANSON' ION FRICTIONAL HEATING 7587 

2• 

2 t2 

•o 

EFFECTIVE T n CORRECTIONS 
o K 

J--J -150 to 0 

i[• 0 to 150 

J• 150 to 300 

J•J 300 to /+50 

Fig. 2c. Same as in Figure l c, but for the ion data presented in Figures 2a and 2b. 
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Fig. 3a. Same as in Figure la, but for AE-C orbit 13049, on May 29, 1976, in the northern hemisphere, around 1940 
UT. During that time Kp was 5+. 
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Fig. 3c. Same as in Figure lc, but for the ion data presented in Figures 3a and 3b. 

12 

1KM/SEC 

Fig. 4a. Same as in Figure la, but for AE-C orbit 20468, on September 11, 1977, in the northern hemisphere, around 
0400 universal time. During that time Kp was 4-. 
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Fig. 4c. Same as in Figure lc, but for the ion data presented in Figures 4a and 4b. 
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Fig. 5a. Same as in Figure la, but for AE-C orbit 20470, on September 11, 1977, in the northern hemisphere, around 
0710 universal time. During that time Kp was 4-. 
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Fig. 5c. Same as in Figure lc, but for the ion data presented in Figures 5a and 5b. 
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Fig. 5d. Same as in Figure 5c but with horizontal intervals of 1000 km instead of 500 km. 
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]KM/SEC 

12 

Fig. 6a. Same as in Figure la, but for AE-C orbit 22268, on January 4, 1978, in the northern hemisphere, around 0825 
UT. During that time, Kp was 6-. 

6b also reveals that on a given orbit similar ion drifts produce 
different temperature increases. Just as was the case with 
orbit 20193 in Figure lb, the actual value of the ion tempera- 
ture increase tends to change with the direction of the ion 
drift. Since this property is likely to be a neutral wind effect, 
we are quite naturally led in the next section to a more 
quantitative analysis of the data presented in Figures lb-6b. 

A NEUTRAL WIND (AND TEMPERATURE) 
DETERMINATION BASED ON ION 

FRICTIONAL HEATING DATA 

In this section we develop a technique that can be used in 
order to retrieve neutral wind and neutral temperature 
information from ion temperature and drift data. This meth- 
od could be useful, for example, when studying individual 
satellite orbits for which neutral dynamics data are not 
available [e.g., M. H. Rees et al., 1980; De La Beaujardiere 
et al., 1981]. If found in later studies to be accurate enough it 
could also be used for more general comparisons between 
Atmosphere Explorer and Dynamics Explorer data for a 
comparison of neutral dynamical properties between periods 
of very active (DE) and periods of generally more quiet solar 
activity (AE). Alternatively, the technique that we propose 
can easily be modified to extract neutral winds and tempera- 
tures from a tristatic radar system such as EISCAT [Banks, 
1980]. 

4.1. Basic Technique 

The principle behind our method is not complicated; when 
(2) applies and when all quantities except three in the 

equation are presumed to be known, the three exceptions 
being for Tn and the two horizontal components of Vn, then 
an average value of each of those three unknown terms in (2) 
can be determined with a series of only three 'independent' 
ion drift and temperature measurements. 

In practice, three successive measurements of the ion 
properties do not constitute a set of three 'independent' 
measurements. For one thing, large scale changes in the ion 
properties often tend to be seen on a horizontal scale larger 
than 100 km (see Figure lb for instance). For another, if (or 
when) major changes occur over the spatial scale covered 
between successive measurements, the assumptions leading 
to (2) could be violated. Thus in three successive ion 
property measurements, changes in Ti and Vi will be too 
small to produce measurements that can in practise be called 
'independent.' Put in another way, the experimental and 
theoretical uncertainties in (2) require 'large enough' 
changes in Ti and Vi if unique mean values of the set (T,, V,) 
are to be retrievable. This introduces a first complication, as 
is shown later; what constitutes a horizontal scale for a large 
enough change in one geophysical event is not necessarily 
the same in another. A further complication has to do with 
the quantitative accuracy of the retrieved T, and V, values; 
under favorable conditions our results are unambiguous, 
while in other cases large uncertainties persist. Furthermore, 
the question arises as to whether the average values of Tn 
and V, are physically meaningfull in regions where atmo- 
spheric properties are known to be highly structured. We 
address this question in the next subsections, while the 
question of what constitutes a 'large enough' change in Ti 
and Vi is implicitly addressed in the subsection where our 
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Same as in Figure l c, but for the ion data presented in Figures 6a and 6b. We divided the data by 800-km 
intervals rather than the 500 km of the other figures. 

least square fit procedure is described and in the analysis 
that follows. 

4.2. Uncertainties in the Interpretation of Derived Winds 
The great advantage of selecting relatively high-altitude 

regions is that in the F region between 350 and 400 km, the 
neutral wind is completely dominated by viscous processes 
[e.g., Rishbeth and Garriott, 1969]. The viscous scale length 
L is given in the horizontal by 

L = (p, V'v,i 2 + f2/•q)-l/2 

[e.g., St.-Maurice and Schunk, 1981], where Pn is the neutral 
mass density, vni is the neutral-ion collision frequency, f is 
the Coriolis parameter and r/is the coefficient of viscosity. 
The scale, L, is of the order of 500 km between 350 and 400 
km. Recently, St.-Maurice and Schunk [1981] have made a 
steady state study of the neutral momentum equation in the 
presence of discrete auroral structures of various sizes and 
types. They found that the horizontal viscous scale length is 
indeed or order L but can of course change with L as a 
function of auroral activity through changes in ion and 
neutral densities. 

The fact that the scale length for momentum change is, 
say, 500 km, does not mean that V, is constant over that 
length. Changes of substantial magnitudes may occur if large 
differences in momentum sources are seen over that dis- 
tance. For example a change in the momentum source 
produced by a reversal of dc electric field convection 

velocity from + 1 to -1 km/s could conceivably produce as 
much as an 800 m/s change in the neutral wind at 350-km 
altitude if there is a high enough electron density in the lower 
F region (we extrapolate St.-Maurice and Schunk's [1981] 
results here). The point is that the neutral wind change, 
although sometimes large, will nevertheless occur monoto- 
nously (or 'smoothly') over a 500-km scale. In that sense, 
500 km is the smallest 'half-wavelength' allowed by viscous 
forces alone for a large perturbation in the wind at 350 km. 
Therefore, an average value of the neutral wind taken every 
500 km remains representative of the mean wind conditions 
prevailing over that interval unless very large changes in 
momentum sources occur repeatedly from one 500-km inter- 
val to the next. 

4.3. Interpretation of Derived Neutral Temperatures 
Horizontal scales in the neutral temperature field above 

350 km are allowed by horizontal conduction alone to be as 
small as 200 km for a heating rate of 10 -7 ergs cm -3 s -• 
which seems relatively large for that height. The actual 
dependence on physical parameters can be estimated from 
dimensional analysis and is given approximately by 
OtTn/Q) 1/2, where X is the thermal conductivity, an Q is the 
heating rate. That 200 km is the minimum horizontal scale 
for the 'half-wavelength' of large scale fluctuations in the 
temperature field around 350-km altitude was confirmed by 
numerical calculations of the temperature field produced by 
heating the neutral atmosphere over narrrow structures of 
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various sizes and without allowing for heat removal by 
advection processes, which can also be very important (J.-P. 
St.-Maurice and R. W. Schunk, manuscript in preparation, 
1982). As with the wind field, the magnitude of the tempera- 
ture fluctuations can vary greatly with conditions, but the 
minimum scale for changes corresponds to what can be 
derived from dimensional analysis. 

Thus, for the neutral temperature as well as for the neutral 
wind, an average obtained over a few hundred kilometers 
should usually yield physically meaningful results above 350 
km since smooth, monotonic, variations are expected within 
that scale. We will use a 500 km scale, which may admittedly 
be too long at times with regard to temperature variations 
but is necessary in order to obtain reasonably large changes 
in Vi. In any event, as we now demonstrate, our method 
yields more uncertain results when our assumptions about 
the near-uniformity of Tn and Vn over a chosen interval 
appear to be violated. 

4.4. Least Squares Procedure for Neutral Parameters 
Determination 

Using measured values for the electron temperature and 
the neutral composition, we have used a statistical approach 
to determine the neutral wind and an effective neutral 

temperature correction for given subsets of successive ion 
measurements covering 500 km in the horizontal. In our 
approach to the statistical problem we have first rewritten (2) 
in the form 

3kref 
Vi 2 = V, 2 - 2 Vi' V, (4) 

mn 

where 

reft '- ri [ (•in 
+ 1+ • 

(m•ii) Pie te -- •bi'•q-n(r m + AT)- 1 + (5) 
•in l•in •in 

and where •T and • were treated as constants. Since this 
was only an approximation the information extracted repre- 
sented a normal average for •T (and hence T•), while for the 
neutral wind a •reater weight was •iven to large values of • 
owin• to the nonlinear character of its function in (4). 

Note that we have chosen to rewrite the neutral tempera- 
rare in (•) as the sum of two terms, T• and •T. The 
parameter T• was taken from the •SIS model [Hedin • •1., 
1•77] so as to provide a baseline from which to compare our 
results through the effective neutral temperature correction 
•T. We stress that •T is in principle more than just a neutral 
temperature term since imbedded in it are uncertainties 
produced by terms that were neglected from the ion energy 
equation, as well as other uncertainties associated with the 
Ti, ½in, •in, Pie, Pin and Te values. We surmise that since they 
are relatively small, these uncertainties are less than those 
associated with temperature variations within the interval. 

We have divided our analysis in two parts. In a first series 
of calculations we have assumed that the left-hand side of (4) 
was known and proceeded to extract V, from our least 
squares method. This step would have been the only one 
used if T, values had been available. Since we did not have 
this information, we changed •T in (5) from its initial value 

(-150øK) to a higher one, and repeated until the best fit was 
obtained. We now give more details about these procedures. 

In our first step we broke the ion and neutral wind vectors 
into day to night (DN) and dawn to dusk (DD) components. 
We next considered for what values of Vn DD and Vn DN the 
property T would be minimized for a given value of 
where 

I = • (gi -- fi) 2 (6) 
i 

where the summation is over all the ion measurements 
considered and where 

Tff 
gi = -- (viDN) 2 -- (viDD) 2 (7) 

mn 

j•-- (VnDN) 2 q- (VnDD) 2 -- 2 Vi DD Vn DD - 2Vi DN Vn DN (8) 

The procedure involved with the minimization of (6) 
amounts to a nonlinear least square fit in the two parameters, 
V, DN and V, DD for a given choice of AT. However, rather 
than solving the two coupled nonlinear equations in V, DN 
and V, DD that would result from the usual minimization 
procedures, we have chosen to simply evaluate (6) for 
various values of V, DD and Vn DN until a minimum in T was 
found. This procedure is fast if the difference s,.,qBared in (6) 
is expanded first so that all summations have to be•evaluated 
only once for a given data subset. 

In a second step the above procedure was repeaf'ed but for 
different values of AT, going up by fixed increments. A 
lowest value of I was then usually found for AT i• the range 
-50øK to +450øK. To test the quality of a given result, we 
then ran a linear regression on the function (ft' -- gi) (i.e., 
equation (2)) against Vi DD and Vi DN for a given retrieved set 
of (V,, AT). We did this instead of working with squares as in 
(6) in order to test if there was any systematic dependence of 
(d•i -- gi) on Vi left in the form of a significant coefficient of 
determination for either ion velocity component. 

On most occasions we found very little correlation be- 
tween •. - gi) and either ion velocity component when using 
values of Vn and T, such that 'I' was a minimum. On the few 
occasions where an apparent correlation was found the 
results were labeled as 'uncertain,' in the sense that no 
satisfactory solution to the problem could be found. The 
presence of a correlation, if real, probably indicated the 
presence of a large neutral wind shear or of a large neutral 
temperature gradient within the sample, which was contrary 
to the assumptions that we used. 

On several occasions we encountered a difficulty that was 
opposite to the one just described; rather than having no 
satisfactory solution, we found 'too many,' in the sense that 
a relatively wide range of V, or T, values could explain the 
data. We already alluded to this difficulty in our earlier 
discussion of orbit 20193. The problem arises when the ion 
velocity vector does not vary sufficiently in a 500-km hori- 
zontal interval. As a result real variations in • - gi) become 
buried inside the error bar of the measurement itself. When 

this effect produced an uncertainty greater than 150 m/s on 
any of the retrieved neutral wind components we therefore 
also labeled the results as 'unceratin.' 

In Figure 7 we illustrate graphically the three basic kinds 
of fits just discussed. In Figure 7a we show what we define 
as a 'good fit,' that is, one for which there is a relatively wide 
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variation in Vi, and yet where the function • - gi) shows no 
significant variation. In Figure 7b, we show a fit that is not 
satisfactory, because of an apparent correlation between (f,. 
- gi) and one of the ion velocity components, even after the 
sum of squares was minimized. Finally, in Figure 7c, we 
have an example of a fit for which the uncertainty on Vn and 
T,was relatively large owing to the fact that a larger 
variation in V• was required for a more accurate analysis. 

5. APPLICATION TO A FEW 'ACTIVE' ORBITS 

We have tested the method just outlined on the six 
different AE-C orbits already presented in Figures l a-6a. 
All orbits were nearly circular and in the altitude range 350- 
400 km. Horizontal scales of 500 km were considered. The 

results of our neutral wind and effective temperature deter- 
mination are shown in Figures lc-6c. In those figures the 
value of AT is usually shown in 150øK bins, while neutral 
wind vectors are presented with a (1) if the fit showed 
problems of the type shown in Figure 7b, and with a (2) if the 
uncertainty on one of the neutral wind components was 
larger than 150 m/s. The uncertainties were determined by 
exploring the range of (V,, T,) set for which 'I' was a 
minimum. In general the uncertainty in Tn was about -+75øK, 
unless very large values were retrieved. This determined our 
choice of the temperature bins in Figures lc-6c. 

5.1. Orbit 20193 

Our first example of derived neutral winds is for orbit 
20193 and is shown in Figure lc. As explained in section 3, 
the ion drift vectors on that orbit are such that it is often 

difficult to determine the dawn to dusk component of the 
neutral wind. Thus three out of the five neutral wind vectors 

derived using 500-km intervals show appreciable uncertain- 
ties. Nevertheless, the overall pattern of a day to night wind 
persists from vector to vector. 

With regard to the retrieval of AT our results indicate that 
the data were obtained in a region of broad heating, with 
temperatures of particularly high values when the ions and 
neutrals were antiparallel to each other and V• was large. 
This result is entirely consistent with Joule heating being 
largest where the relative ion-neutral drifts are largest. 

Finally, we note that on a smaller scale, there are indica- 
tions, in spite of the uncertainties, that the larger rotations 
and shears in the neutral wind are accompanied by structure 
in the observed neutral densities, as one would expect [e.g., 
Mayr and Harris, 1978]. 

5.2. Orbit 20223 

The wind vectors displayed in Figure 2c were obtained on 
orbit 20223, therefore during the same time of the year and in 
the same general area as for Figure 1. In the noon sector and 
for the midlatitude part of this orbit, we find that the error on 
the velocity vectors obtained below 72 ø invariant latitude on 
the dayside is such that the retrieved winds are educated 
guesses at best. This is because the ion drift is too small and 
too uniform in that region; a small uncertainty in the neutral 
temperature value then introduces a large uncertainty in the 
retrieved neutral wind. This stresses a limitation of the 

method; it is not reliable when the ion drift is too small. 
Going from 1000 MLT all the way to 0300 MLT, the 

retrieved neutral wind vectors on orbit 20223 have a much 

smaller uncertainty on them. As was the case on the 
previous orbit, we find a general correlation between rota- 

lo 

05 

oo! 
-05 t 
-10 

-15 

...a 05 

rw O0 

Z 
----- -05 

i -10 

-15 • 

20i 
I 

15• 
o 

00 •---•• •• 
o o0 8 

-05• o 

o 

-10J o o o 
o 

-•800-v+00-•000-600 -200 200 6ø0 •000 •00 •800 

m/s> 
Fig. 7. Scatter plot of (f,. - gi) as a function of one of the ion 

velocity components after the combination of V,and T,minimizing 
the sum of the squares had been found. In (a) we have an example of 
a 'good' fit, in the sense that the scatter around the mean is small 
and yet the coefficient of determination is also small. In (b) is an 
example of a 'problem' fit. In that case no combination of V,and T, could be found that gave a null correlation between • - g3 and V,, 

while at the same time minimizing the sum of the squares. In (c) is an 
example of a situation where a clearly unique fit is difficult to find for 
Vn. 

tions in the derived neutral wind and the structures observed 

in the O and N2 densities. These structures are also accom- 
panied by local maxima in the neutral temperature field. 

Finally, we observe that the directions and strength of the 
winds are quite consistent between 20193 and 20223. This 
may not be too surprising since both orbits deal with similar 
regions, similar times of the year, similar universal times, 
and similar K v and ion convection patterns. Even regions 
with maxima in AT seem to correspond, but with higher 
temperatures retrieved on the average in the case of orbit 
20193. 

5.3. Orbit 13049 

A third example of winds for a northern hemisphere 
summer pass is given in Figure 3c for orbit 13049. In this 
case, once again, when the ion velocity vector is too small 
and uniform the retrieved neutral wind is uncertain. For the 

rest of the orbit, there is a strong tendency for the retrieved 
neutral winds to follow the ion drift direction. This may 
physically be due to the momentum source produced by the 
ion drag mechanism in the lower F region, which should be 
large during summer day time near the cusp (an electron 
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density larger than 5 x 105 cm -3 is all that is required; e.g., 
St.-Maurice and Schunk [1981]. 

We note that the retrieved temperatures are appreciably 
(--•200øK) larger than the model values over most of this pass 
and that the largest increase corresponds to the location of 
maximum ion drift. This would be consistent with the Joule 

heating mechanism. 

5.4. Orbits 20468 and 20470 

In Figure 4c and particularly Figure 5c, we have some 
examples of more complicated events. There are several 
large reversals in the ion drift for orbit 20470 in particular 
(Figure $a). As a result, the neutral wind also appears to be 
structured and difficult to retrieve (Figure 5c). This behavior 
is seen in conjunction with many large oscillations in the 
neutral density, with N2 and O in phase for smaller scale 
structures in density and out of phase for larger density scale 
structures. Thus the erratic pattern seen in the retrieved 
wind may be real. However, since the majority of the wind 
vectors of Figure 5c could not be resolved with a reasonable 
degree of certainty, we doubled the interval from $00 to 1000 
km in that case so as to double the statistics at the expense 
getting a more 'average' wind field. We recall that our 
'average' wind in such a situation is probably weighted 
toward the larger values of Vn. At any rate, the result of 
using the larger scale is shown in Figure $d. In this particular 
case, using a larger scale seemed to work, in the sense that 
the ambiguity on most of our solutions disappeared while a 
more consistent wind pattern emerged, and which agreed 
with the results found in the same region for orbits 20193 and 
20223. It is clear, however, that the smaller scale structure in 
the wind was lost in the process of averaging. As for the 
retrieved neutral temperatures on the other hand, the lower 
resolution analysis yields a simple averaging of the higher 
resolution analysis. 

Finally, it is interesting to compare Figure 4c and 5d since 
we have there a comparison between two orbits separated by 
4 hours in universal time and 5 ø to 10 ø invariant latitude. 

While we find a strong tendency for the wind to rotate 
towards the nightside as the orbit moves poleward, both 
retrieved temperature fields are, on the other hand, quite 
similar, with a strong temperature maximum at about the 
same MLT value, around 0600 MLT. The temperatures 
there are much higher than the model values (600øK and 
perhaps even much more for 20470). We note that this large 
increase above a 'baseline' temperature (which is AT--• 50 ø 
in this orbit) has been seen on some of the preliminary 
results from Dynamics Explorer [Spencer et al., 1981]. We 
trace its origin in our analysis to the very large ion tempera- 
tures found around 0600 MLT on each orbit. Particularly for 
orbit 20470, there is no unusually strong drift accompanying 
the ion temperature increase. 

$.$. Orbit 22268 

Our final example deals with a nighttime winter result. 
Apart from being in a sector that differs from the other 
examples that we presented, its interest lies with the fact that 
it has recently been studied in conjunction with Chatanika 
radar data [De La Beaujardiere et al., 1981]. There was no 
neutral density and electron temperature data available for 
that orbit, however. Having no electron temperature in- 
creased the error bar on our analysis, as we had to use an 
arbitrary value of Te (2000øK) throughout the orbit. Since the 

ion density was at most 2 to 3 x 105 cm -3 over an arc in the 
lower F region [De La Beaujardiere et al., 1981] and since 
that is where the coupling between ions and neutrals origi- 
nates, we could assume that the horizontal scale length for 
the winds was of the order of 1000 km [St.-Maurice and 
Schunk, 1981], which improved our statistics (we used an 
800-km scale in fact). As for/XT, since Te was not available, 
an additional uncertainty was produced that affected both 
the wind and temperature field by eliminating information 
about smaller scale structures. 

In spite of the additional shortcomings, the trends that we 
found (Figure 6c) were in agreement with our current 
understanding of global thermospheric circulation; namely, 
we found a strong westward component in the flow, in 
general agreement with, for example, Hays et al's [1979] or 
Fuller-Rowell and Rees [1980, 1981] results. The local cou- 
pling with the ion drift structure also appeared to be minimal, 
in agreement with the fact that there were too few ions 
around to accelerate the neutrals substantially through ion 
drag on a local basis [St.-Maurice and Schunk, 1981]. 

In passing, we note that the results from our very limited 
set of orbits seem to be in general agreement with the global 
model results computed for disturbed conditions by Fuller- 
Rowell and Rees [1980, 1981] and D. Rees et al. [1980]. 
However, the comparison is limited by the fact that we deal 
with a different F region altitude and that these authors have 
used geographic coordinates, while we chose to present our 
results by using invariant coordinates. Along those lines, a 
universal time dependence produced by the offset of the 
geographic and geomagnetic poles is also embedded in our 
results. Finally, some smaller scale structure is necessarily 
part of the real world, while models must average'out such 
features. With all these limitations in mind we still note the 

following: (1) a basic day to night and dawn to dusk wind 
pattern in the early morning sector and poleward of 70 ø 
invariant latitude but with a rather unpredictable wind 
equatorward of 70 ø in our case; (2) a tendency for the wind to 
follow the convection pattern on the dayside; (3) a flow in 
the late evening sector that is at a rather fixed direction and 
with a strong westward component. 

6. CONCLUSION 

In the first part of this paper we have presented some of 
the evidence available from the Atmosphere Explorer C 
satellite showing that frictional heating often balances heat 
exchange with the neutral gas at high latitudes. This is the 
case when DC electric fields of the order of 20 mV/m or 

greater are present. This result is in agreement with current 
theoretical thinking. 

In the second part of this work we have attempted to 
extract neutral wind and temperature information from the 
available ion frictional heating data. We have found that this 
could be done relatively well only if the following conditions 
were met; (1) the characteristic value of the DC electric field 
must be large enough, 20 mV/m at the very least; (2) 
substantial shears and/or rotations in the ion drift must exist 

over the horizontal intervals considered; (3) the spatial 
intervals must be small enough so as to produce realistic 
averages of the neutral temperature and wind fields over that 
interval. 

The latter point in particular seems to be more controver- 
sial, in view of the comments that we received from one of 
the referees. Our contention in this work was that if we reach 
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a high enough altitude (350 km) the importance of the neutral 
wind structures will be reduced and that, based on some 
initial theoretical results, a 500 km horizontal interval should 
generally produce quantitatively useful results. In any event, 
more theoretical and data-oriented studies are currently 
underway and will help clarify this issue. 

We have tested our technique on six active high latitude 
passes covering various universal times, magnetic local 
times, invariant latitudes, and times of the year. The results 
were encouraging in that they showed a good agreement with 
our current understanding of thermospheric dynamics, 
namely, (1) they reveal mean neutral wind patterns similar to 
those obtained in recent calculations of the thermospheric 
circulation at high latitudes and (2) on smaller scales there is 
clearly a tendency for shears and rotations in the derived 
winds to be correlated with structures in the observed O and 

N2 densities as well as in the derived neutral temperature 
field. 

After being tested further (particularly on Dynamics Ex- 
plorer, so as to better define our error bars), the method 
developed here could be used to study Atmosphere Explorer 
data in more detail, or in a refined study of the ion energy 
balance, or it could be adapted, after some modifications, to 
obtain neutral wind and temperature information from a 
tristatic radar such as EISCAT. 

the collisional cross section is similar to that of a hard sphere 
interaction. Explicit expressions for 4•i,and 6i,for this 
interaction can be found in Banks and Kockarts [1973], or 
Schunk [1977]. Since •bi, and 6•, are then complicated 
functions of ¾• - ¾n and (T,- + T,) equation (2) takes an 
implicit character and is accordingly more complicated to 
solve. However, we find that a simple iteration scheme can 
be used to simplify the procedure. The method works as 
follows: for the calculation we first assume that •b• = •.= 1 
and solve (2) for (T,. - T.) for a given value of Vi - V. and Te 
and T.. We then compute the resulting value of the parame- 
ter Vi - Vn/(2KBTin/!a. in) 1/2 of which •bi.and 6i. are func- 
tions, where Ti. and tz•. are the reduced temperature and the 
reduced mass, respectively. New values for 4•. and 6•.are 
then computed, from which (T• - Tn) is recomputed. Since 
the method converges rapidly there is no need to carry the 
calculations to a higher degree of accuracy. A comparison of 
the behaviors of T,. as a function of Vi - V. for two values T. 
when •'e (( •'n in (2) is given in Figure 8 for 6•,, = •b•. = 1 
(polarization interaction) and for 6i. and •b•. having values 
corresponding to a hard sphere interaction. As can be seen 
from the comparison relative drifts of the order of 1.5 km/s 
are required in order to see a significant (100øK or more) 
temperature difference between the two types of interac- 
tions. 

APPENDIX A. THE FUNCTIONS •bin AND c•i n APPENDIX B. PERPENDICULAR ION TEMPERATURES 

At the altitude discussed in this work, the main ion is IN PARTIALLY IONIZED PLASMAS 
usually O* and it collides with its parent gas, atomic oxygen. In this appendix, we derive expressions for the relation 
In that case, we can assume that the velocity dependence of between the parallel, perpendicular, and average ion tern- 
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peratures of a magnetized plasma that is partially ionized 
(i.e., for which self collisions are about as frequent as with 
the neutral background gas). We assume that frictional 
heating occurs as a result of a relative ion-neutral drift taking 
place in the horizontal in a direction perpendicular to the 
magnetic field. The derivation is similar to one recently 
presented by Schunk and St.-Maurice [1981] for a nonmag- 
netized plasma, while the results parallel those obtained by 
Schunk et al. [1975]. 

The starting point for the derivation is given by (37) in 
Schunk [1977]. Assuming gradients to be unimportant in 
comparison with other phenomena, the stress tensor equa- 
tion becomes, in a quasi-steady state 

•i X 'l'i- 'l'i X • = (B1) 
•t 

where 

•it -- • •'i 1 + 3/4 n mi + mn mi Qin (1) 

-- nimn (Vin Vin - 1/3 Fin 2 I) 1 - 3/4 
- 6/5 Pii 'ri -- 2Pie % (B2) 

where •i is a vector equal in magnitude to the ion cyclotron 
frequency and whose direction is that of the magnetic field •'i 
is the ion stress tensor defined by 

% - Pi - Pi I (B3) 

Vin is the relative ion-neutral drift vector, I is the unit dyadic, 
and Qin © are transport cross sections whose definition can 
be found, for instance, in Schunk [1977]. Finally, in (B2), l•ii 
is the ion self collision frequency. 

For a magnetized plasma, %. << l•i. In that case it can 
easily be shown from (B 1) that in a right-handed coordinate 
system with el the unit vector in the !li direction rñ = 722 = 
r33 to order vi/11i, while r23 = r32 = rñO(v/11). Once this is 
established and for Vi, 'el - 0, the double dot product of 
(B 1) with elel yields the result 

= rli Vin 2 E •l'in Pin 1 - 3/4 Qin(2) 711 9Pi n Qin(1) (B4) 
where r• = r•, and where 

pi= vii+ 5/3 Pie + 5/3 • miPin [1 + 3/4 mn Qin(2) 1 n mi + mn mi Qin (1) 
(B5) 

and where I•in is the reduced ion-neutral mass, m•m,/(mi + 
mn) . 

By definition of r• in (B3), we must have r• + 2r•_ = 0, and 
therefore rñ is given by 

r•_ = - rll/2 (B6) 

This result can also be obtained by taking the double dot 
product of (B1) with (I - elel). 

The parallel and perpendicular ion temperatures are ob- 
tained next from their definitions, namely 

rligBTill = tlimi (CiCi)11 = Pill = Pi + 711 (B7) 

and with a similar expression for Ti•_. Therefore, we obtain 

Till = Ti + ?ii/rliKB (B8) 

Tiñ = Ti + rñ/niKB (B9) 

The relation between Ti and Ti•_ (which is what is measured) 
is obtained from (B9), (B6), (B4), and (BS). For the earth 
ionosphere in the upper F region, the main ion is O + and the 
main neutrals O and N2. In that case an explicit expression 
for Ti in terms of Tiñ is given by 

Ti = Tiñ - Vin 2 {1.94 x 10 -4 p(O + -O) 

+ 5.38 x 10 -5 v(O + - N2)}/ 

{Vii + 5/3 Vie + 1.07 v(O + - O) + 1.36 v(O + - N2)} (B10) 

where V•, is given in m/s and the temperature in øK. Explicit 
expressions for the various collision frequencies are given in 
Schunk and Nagy's [1980] review and will not be repeated 
here. Finally, (B10) was derived by using Qin(2)/Qin (1) = 0.38 
for O + - O collisions and Qin(2)/Qin (1) = 0.95 for O + - N2 
collisions, following the work by St.-MauriCe and Schunk 
[1977]. As an example of the kind of correction produced by 
(B10), consider a case where O is the most abundant 
constituent and the altitude and ion temperature are such 
that p(O + - O) = vii. For Vi• = 1 km/s, and ignoring the v•e 
term, we then find Ti to be 194øK less than Ti•_. This 
difference is large enough to affect some of our results. 
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