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An extensive series of spectral measurements has been made in the auroral E region with the Chat- 
anika incoherent scatter radar. Becasue of the small scale length for variations of electron density, tem- 
peratures, and ion-neutral collisions we used the operating mode with the best possible range resolu- 
tion-9 km. About 5% of the time the data exhibited an unusual spectral shape that was most 
pronounced at 105 and 110 kin. Instead of being almost Gaussian with only a small hint of two peaks, 
the spectra are much wider, with two well-developed peaks. After carefully considering the validity of the 
measurements and their interpretation, we conclude that the unusual spectra are due to greatly enhanced 
electron temperatures. At 110 km, the electron temperature may increase from 250 K to 800 K, while the 
ion temperature remains near 250 K. This enhancement of the electron temperature extends from 99 km 
to at least 116 km. We show that the temperature increase is too large to be accounted for by auroral 
particle precipitation, though it coincides in time with ion temperature enhancements at altitudes above 
125 km. Because these latter enhancements are believed to be due to joule heating, we deduce that elec- 
tric fields of 24-40 mV/m are present and that the electrons are moving through the ions and neutrals at 
speeds of 500-800 m/s. Despite these velocities, we find that joule heating of the electrons also cannot 
account for the elevated electron temperatures. Several consequences of the elevated electron temper- 
atures are discussed. One is that the rate constants for molecular recombination are reduced. Another is 

that during periods of significant joule heating, the deduced electron density profile, when fully corrected 
for temperatures, has a significantly lower peak altitude and greater density than that deduced under the 
usual assumption of equal electron and ion temperatures. Since conductivities, currents, ionization rates, 
and differential energy spectra are dependent upon the density profile, care must be taken to account 
properly for the temperature effects when deriving these quantities. 

INTRODUCTION 

The interpretation of a large portion of the data acquired 
with the Chatanika incoherent scatter radar has involved the 

use of the electron density that comes from the total power in 
the return signal and the ion velocity that comes from the 
Doppler shift of the return signal. In this paper we examine 
the details of the shape of the power spectrum of this returned 
signal. The spectral shape is the result of the combined effects 
of electron and ion temperatures, ion mass, and ion-neutral 
collisions [e.g., Evans, 1969]. Because the temperatures and 
the neutral densities are changing rapidly with altitude in the 
auroral E layer, the data have to be acquired with as good an 
altitude resolution as possible. A large body of such spectral 
data was acquired with the multipulse autocorrelator (MAC) 
[Rino et al., 1974] with a 9-kin altitude resolution during the 
joint American-French plasma line experiments in 1978 [Kof- 
man and Wickwar, 1980]. 

Here we report on an unusual feature of the incoherent 
scatter spectrum that we observed between 99 and 116 km in a 
small portion of the data. These unusual spectra are due to 
greatly increased electron temperatures. This finding was 
quite unexpected according to a large body of theoretical 
work [e.g., Rees and Walker, 1968; Walker and Rees, 1968; 
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Rees et al., 1971]. We, too, cannot account for these elevated 
electron temperatures by either particle precipitation or joule 
heating. Nonetheless, the electron temperature enhancements 
occur simultaneously with strong joule heating of the ions at 
higher altitudes. Because of the unexpected nature of these 
temperatures, we have made a considerable effort to ensure 
that the measurements are good and that the temperature in- 
terpretation is correct. 

In the next section, we describe the measurements. Then we 
present the analysis that leads us to believe that these observa- 
tions are of elevated electron temperatures. We further de- 
scribe the phenomenon and the conditions under which it oc- 
curs. In the final section we discuss these findings and their 
implications and give our conclusions. 

OBSERVATIONS 

The observations were made at Chatanika, Alaska, with the 
incoherent scatter radar [Leadabrand et al., 1972] pointing 
along the magnetic field line. E region spectral measurements 
were made simultaneously with F region spectral meaure- 
ments and plasma line measurements [Kofman and Wickwar, 
1980]. The E region measurements themselves were obtained 
with a variant of the multipulse technique described by Rino 
et al. [1974]. In this technique a single 60-/•s pulse is trans- 
mitted, followed one interpulse period later by a burst of three 
60-/•s pulses that begin at 0, 100, and 340/•s. Samples of the IF 
acquired at 10-/•s intervals from the first pulse and the multi- 
pulse burst enable a 320-/•s autocorrelation function (ACF) to 
be obtained containing alternate samples of the real and 
imaginary parts. 
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CHATANIKA 18 MARCH 1978 
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Fig. 1. E region spectra from March 18, 1978, obtained with the 
multipulse autocorrelator using a 60-/•s unipulse followed one inter- 
pulse period later by a burst of three 60-/•s pulses that started at 0, 
100, and 340/•s. The spectral window is 50 kHz wide. The two time 
periods were selected, in part, because of similar signal-to-noise ra- 
tios. (a) Typical spectra measured between 1326 and 1331 UT. (b) 
Unusual spectra measured between 1432 and 1438 UT. In particular, 
they are unusual at 105 and 110 kin, though at 116 lcm the spectrum is 
still considerably wider than that in the earlier time period. 

In presenting the observations, we can consider either the 
ACF or its equivalent Fourier transform, the power spectrum. 
As an aid to discussion, we present the spectra. In Figure la, 
we show typical spectra from a medium-sized auroral layer 
(i.e., peak density of 2 x 10 • cm -3) from 99 to 128 kin. They 
were obtained between 1326 and 1331 UT on March 18, 1978. 
(Note that 1130 UT is 0130 Alaska Standard Time and is ap- 
proximately magnetic midnight.) At the two lowest altitudes, 
the spectra are almost Gaussian. At the next three higher alti- 
tudes, they increasingly take on a two-humped shape charac- 
teristic of most incoherent scatter spectra. (The bumps in the 
wings are an artifact of the multipulse technique [Rino et al., 
1974].) 

In Figure lb we show a similar series of spectra obtained an 
hour later, between 1432 and 1438 UT on March 18, 1978. 
They are typical of the unusual spectra that we found. At the 
four lowest altitudes the spectra are considerably wider than 
those shown in Figure la. Much more dramatic, however, is 
the two-humped nature of the spectra at 105 and 110 km and 
the very pronounced valley in the center of the spectrum at 
110 kin. By 128 km the spectra in Figures la and lb are very 
similar. 

ANALYSIS AND INTERPRETATION 

The unknown ionospheric parameters of interest are deter- 
mined from the measured data by using the ACFIT program 
[Lejeune, 1978, 1979; de la Beaujardiere et al., 1980]. This pro- 
gram performs a nonlinear least squares fit of calculated 
ACF's to the observed ACF. The procedure is iterative, each 
calculated ACF being the Fourier transform of the incoherent 
scatter spectrum calculated for a set of fixed and a set of un- 

known ionospheric parameters. The unknown variables are 
incremented after each fit until a convergence criterion is 
achieved. This procedure produces the best estimate of the 
unknown ionospheric parameters and their uncertainties. The 
iterative procedure is a modified steepest descent method 
[Bevington, 1969; Hagfors, 1978]. 

Because some aspects of the analysis of the multipulse data 
in this mode are different from the analyses described in the 
literature, we show some of the pertinent steps in the appen- 
dix. 

The theory incorporated into the program for the calcu- 
lation of the incoherent scatter spectra includes most known 
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Fig. 2. FRtcd and measured normalized autocorrelation functions 
for ll0 km on March 18, 1978. The lines show the real part of the cal- 
culated best fit ^CF's, Rc PTH0'), from (^6). The solid circles show 
the rcaJ part of the observed ̂CF's fully corrected for the complex 
weighting function, Rc RoBs(t)e-i% from (^4) and (^5). The error 
bars arc calculated according to (^8a)-(^8c) and arc scaled by 
[$(05'(t)] -•. The po•ts at 160 •d 180 • have cxcccdinSly 
certainties because the maSnitudc of S(t) is nearly zero. Con- 
scqucntly, they have been omitted. (•) Obsc•cd and fitted ACF's for 
the typical period 1326-1331 UT. The v•ucs of •,, T,, T•, and •, arc 
2.0 ß 0.3 x 10 • cm -•, 270 • 30 K, 280 ß 70 K, •d 13• s -• and the 
fit par•ctcr • (A7) is 0.72. (b) Obsc•cd and fitted ACF's for •c 
unusu• spcct•m obsc•cd • the pc•od 1432-1438 UT. The values 
of •,, T, T•, •,, •d • arc 2.7 ß 0.3 x 10 • cm -•, 670 • 50 K, 280 
• 30 K, 13• s -•, •d 0.50, respectively. The major diScfence is •c 
elevated 
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Fig. 3. Sequence of E region temperature profiles for March 18, 1978. The dotted curve in each is the temperature pro- 
file from the ./acchia [1971] model for a 1000 K exospheric temperature. It is an indication of the neutral temperature, but 
above all it is a convenient reference. The points connected by solid line segments are the electron temperatures. The 
points connected by dashed line segments are the ion temperatures. 

plasma effects that would affect the shape of the spectrum. As 
a consequence, with ACFIT it is possible, in principle, to de- 
termine as many as ten parameters; however, the data are 
never precise enough to do so. Indeed, the challenge in apply- 
ing ACFIT is to reduce the number of unknown parameters 
enough so that the uncertainties in the results are small, while 
simultaneously retaining enough parameters to adequately 
describe the physical situation. The most important parame- 
ters in the auroral E region are the ion velocity, the electron 
density, the electron and ion temperatures, and the ion-neu- 
tral collision frequency. While the ion velocity has little im- 
pact on deriving the other parameters, the effects on the spec- 
trum of the last three parameters are strongly coupled. In 

order to find these parameters, we have had to perform a se- 
ries of fits so as to determine some of the parameters sequen- 
tially rather than simultaneously. 

Our procedure has taken advantage of the fact that the ion- 
neutral collision frequency v•, is the most stable variable. Its 
mean profile was found from seven. nights in March 1978 by 
selecting periods when we could assume that the electron and 
ion temperatures were equal between 93 and 116 km--i.e., pe- 
riods when there was no joule heatii•g and little precipitation. 
The resultant profile is similar to that obtained from the Jac- 
chia [1971] model of the neutral atmosphere, for a 10(X) K 
exospheric temperature, and with the collision frequencies for 
momentum transfer in the rest frame of the ions [$chunk and 
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Walker, 1973]. Given these t, in, we were then able to refit the 
data, this time allowing the electron temperatures Te to differ 
from the ion temperatures Ti. 

In Figure 2a we show the quality of the fit for the "typical" 
data corresponding to the spectrum in Figure la for 110 km. 
The solid circles and error bars are derived from the real part 
of the measured ACF, and the solid line represents the theo- 
retical ACF (see appendix). In Figure 2b we show the fit to 
the unusual data corresponding to the spectrum in Figure lb 
for 110 kin. The quality of the fit is just as good as it is for the 
"typical" data. However, to obtain the fit to the unusual spec- 
trum, a much higher Te is required: 675 K for Figure 2b versus 
260 K for Figure 2a. There is very little change in T•. 

Thus a straightforward fit to the data yields an elevated 
electron temperature. Because such incresaes are unexpected, 
an important question is whether this interpretation is unique. 
We have calculated many theoretical spectra and have experi- 
mented with the fits to examine this question. The initial val- 
ues of Te and T, used for the first iteration have no effect on 
the results for most of the fits. Also, at the altitude of the 

greatest temperature effect (110 kin), and because the radar 
frequency is high (1290 MHz), the ion-neutral collision fre- 
quency has very little effect on the deduced electron temper- 
ature. A 25% variation in v•n, which is large compared to what 
has been seen at lower latitudes, has less than a 3% effect on 
T•. If the ion and electron temperatures are forced to be more 
equal, v• is reduced by an unacceptable amount. Indeed, if 
they are kept equal, the ACFIT program attempts to make the 
vi, negative (which is how we found the phenomenon). If 
there were meteoric ions present, for example, Mg + and Fe +, 
the spectrum would be narrower and the ACF wider, with the 
effect that the deduced electron temperature, which assumes a 
30.5-amu ion, would be decreased instead of increased. An 
ion with considerably less mass would be required to deduce 
an elevated electron temperature, but then the ion temper- 
ature would be reduced to unacceptable values because the 
deduced temperature ratio is not a strong function of ion 
mass. Thus for the known dependence of the incoherent scat- 
ter spectrum upon the variables tested, we conclude that Te is 
much greater than T•. 

By examining the analyzed data we can learn more about 
the reasonableness of the deduced electron temperatures and 
the possible presence of spurious artifacts that would affect 
the analysis. In Figure 3 we present the electron and ion tem- 
perature profiles around and during an isolated electron heat- 
ing event on March 18, 1978, as well as the Jacchia [1971] 
temperature profile for a 1000 K exospheric temperature. In 
Figure 4 we present similar data from a selected period on 
November 19, 1978, encompassing another electron heating 
event. During this second period the temporal behavior is 
more complex. (We believe that the decrease in Te and T, in 
going from 93 to 99 km in November is due to our use of a v• 
profile optimized for March.) On both days we have periods 
of minimum Te (and T•): 1425, 1430, 1455, and 1500 UT in 
March and 1305, 1308, 1337, and 1342 UT in November. The 
other profiles show the phenomenon of interest, the elevated 
T, in the vicinity of 105 and 110 kin. There are particularly 
large enhancements at 1440 and 1450 UT in March and at 
1217, 1237, and 1327 UT in November. The ion temperatures, 
as mentioned previously, appear practicafly unchanged at 
these altitudes when the large Te are found. This behavior 
supports the idea that the fitting procedure has correctly iden- 
tified Te as the cause for the unusual spectra and ACF's. 

The largest T, increases are always at 110 km, although 
substantial increases often occur at 105 km. In most of the 

largest events listed above, there is an indication of elevated 
T• at both 99 and 116 km. Unfortunately, the measurements 
at 99 km are not individually precise enough to ensure that Te 
is elevated, but collectively they do suggest that there is an en- 
hancement. The situation at 116 km is complicated, because 
T, enhancements can occur at 116 km and higher due to the 
loss of energy from auroral primaries and secondaries IRees 
and Walker, 1968]. However, a comparison of the data at 1237 
and 1305 UT in November shows that another heat source in 

addition to energetic and secondary electrons is needed to ac- 
count for T, at 1237 UT. While there is more energetic elec- 
tron precipitation depositing energy at 116 km at 1305 UT 
than at 1237 UT, the electron temperature is higher at 1237 
UT. 

If we go low enough in altitude, to 93 km, we find very little 
variation in the electron temperature. This is particularly true 
for the data from March, which have a more appropriate vi, 
model and a better signal-to-noise ratio (SNR). The constancy 
of the spectra (and ACF's) at this altitude provides a good in- 
dication that the whole radar system is working properly 
throughout the observing period. While this is perhaps the 
best such measure, another one is that our goodness of fit pa- 
rameter, V• (see appendix), stays at its unusual value, close to 
1, on both sides and during the elevated T, events. 

ß When we go up in altitude, above the region of T• increase, 
we see other differences in the behavior of the temperature 
profiles during the period of the Te increase. The major effect 
is that the ion temperature increases greatly at 122 and 128 
km (to the point that it is greater than the arbitrary 900 K 
temperature maximum used in Figures 3 and 4). It may even 
incresae at 116 km. There also appears to be a reduction in the 
electron temperature. These effects can be better examined by 
reference to Figures 5 and 6 for March 18, 1978, and Novem- 
ber 19, 1978, respectively. The bottom curve in these figures 
shows the temporal variation of T, at 110 km. The middle 
curve shows the temporal variation of T• at 163 km. The top 
two curves show the variation of the electron density at 110 
km and at either 99 km or 105 kin. The most striking feature 
of these figures is the correlation between the Te at 110 and 
the T• at higher altitude. 

In a brief aside, we need to mention that the ion temper- 
atures at 163 km were found using another correlator and a 
single long pulse, 320/•s. The ion composition was assumed to 
be 29% O + and 71% of our fictitious molecular ion of mass 

30.5. This composition is reasonable under many conditions 
but most likely underestimates the proportion of molecular 
ions during joule heating events [Kelly and Wickwar, 1981]. 
Regardless of the exact ion co,reposition, there is a strong cor- 
relation between T, and T•. The choice of 163 km was some- 
what arbitrary. The temporal variation at 213 km is practi- 
cally identical. At higher altitudes the same structures remain, 
but there are other underlying trends in the data. 

From other work where temperatures could be determined 
simultaneously with ion velocities •erpendicular to the mag- 
netic field [ Wickwar, 1975; de la Beaujardiere et al., 1981; Kelly 
and Wickwar, 1981], we know that the elevated ion temper- 
atures are the result of joule heating. Therefore, this com- 
parison tells us that the elevated o!ectron temperatures near 
110 km occur during particular ionospheric conditions, 
namely, joule heating situations. 

We can estimate the ion velocity and the electric field from 
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Fig. 4. Sequence of'E region temperature profiles for November 19, 1978ß The dotted curve in each is the temperature 
profile from the Jacchia [1971] model for a 1000 K exospheric temperature. It is an indication of the neutral temperature, 
but above all it is a convenient reference. The points connected by solid line segments are the electron temperatures. The 
points connected by dashed line segments are the ion temperatures. 
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Fig. 5. Time variation of electron and ion temperatures and elec- 
tron density on March 18, 1978. The bottom two curves show the cov- 
ariation of Te at 110 km and Tl at higher altitudes. The electric field 
scale is based on joule heating of the ions with stationary neutrals. 
The top two curves show the electron density variation at 99 and 110 
km. 

the ion temperature increase. Under steady state conditions 
and when heating by electrons can be omitted (as it can at 163 
km), the difference between the ion and neutral temperatures 
for joule heating is given by [&'chunk, 1975] 

T• - T. -- c•(v - u) 2 (1) 

where v is the ion velocity, u is the neutral velocity, and ci for 
each ion depends on the relative distribution of neutral con- 
stituents. At 163 (for the data in Figures 5 and 6), c, is approx- 
imately $.5 X 10 -4 K s2/m 2 for O + and 9.3 x 10 -4 K s2/m 2 for 
NO + and 02 + . For our purposes we can neglect the differen- 
tial ion heating and use a value of 9 x 10 -4 K s2/m 2. We will 
further assume that the neutrals are stationary. Then 

T•- T. -• 9 x 10 -4 • (2) 

enables us to estimate the ion velocity. Furthermore, above 
about 150 km the ion equation of motion is 

v =-E x B (3) 

enabling us to estimate the electric field. Assuming that the 
field lines are equipotentials and noting that (3) is also the 
electron equation of motion above about 80 kin, then (2) ap- 
plied to ions near 165 km also gives a good estimate of the 
electron velocity above 85 kin. 

In Figures 5 and 6 we have drawn lines near the lowest ion 
temperatures to indicate the estimated T, We have then 
marked an electric field along the right axis according to (2) 
and (3). The velocities in meters per second are numerically 
20 times the electric field in millivolts per meter. There are 
clear cases of elevated electron temperatures for electric fields 
of 25-40 mV/m or electron velocities of 500-800 m/s. These 
are large electric fields and velocities. 

It would be practically impossible to find a problem in the 
radar system or in the analysis that could at the same time 
cause a Te increase in one altitude region and a T, increase in 
another. Thus the fact that we can correlate the occurrence of 

this low-altitude electron heating to another physical phenom- 
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Fig. 6. Time variation of electron and ion temperatures and elec- 
tron density on November 19, 1978. The bottom two curves show the 
covariation of T• at 110 km and T,. at higher altitudes. The electric 
field scale is based on joule heating of the ions with stationary neu- 
trals. The top two curves show the electron density variation at 105 
and 110 km. 
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enon, the occurrence of joule heating, should remove any 1in- 
135 

gering doubt about the reality of the Te measurements. 
The electron density curves, one at 110 km and one at a 

lower altitude where there is still substantial ionization, show 120 
no correlation with the elevated electron temperatures near 
110 kin. Between 1323 and 1425 UT in March there is practi- 105 
cally no variation in Te despite large variations in electron 
density that lead us to infer an approximate factor-of-six vari- 90 
ation in the energy input from energetic electrons [ Wickwar et 135 
al., 1975]. Indeed the elevated electron temperatures occur at 
a time when the electron density is nearly a minimum. In No- 120 
vember the situation is similar. The highest densities, at the 
two ends and in the middle of the time period, coincide with E 105 
some of the lowest electron temperatures. The high electron 
temperatures between 1237 and 1253 and between 1327 and I 

00 

1332 UT occur in periods of low, though not the lowest, elec- •2 135 
tron densities, while the high temperatures between 1217 and 
1222 occur during a period of decreasing electron density. 
This lack of correlation between electron density and elevated 
electron temperature is the principal evidence that the ele- 
vated temperatures are not due to particle precipitation. 

The electron densities, however, do suggest something 
about the situations under which joule heating occurs. Joule 00 
heating is not collocated with auroral arcs (where the densities 13õ 
approach 106 cm -3) but rather occurs in regions of reduced io- 
nization, often adjacent to an arc. 120 

DISCUSSION AND CONCLUSIONS 10õ 
Because of the unexpected magnitude of the elevated elec- 

tron temperatures, we have gone to considerable length in the 90 
previous section to establish the reality of the observations 
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Fig. 7. Raw and corrected electron density profiles for March 18, 
1978. The squares connected by dashed lines show the raw density 
measurements. The circles connected by solid lines show the fully cor- 
rected density measurements. (a) Profiles from the typical period, 
1326-1331 UT, are indistinguishable. (b) The fully corrected profile 
from the unusual period, 1432-1437 UT, has its peak density at a sig- 
nificantly lower altitude, and the value is twice as great. 

CHATANIKA 19 NOVEMBER 1978 

(a) 1214m1219 UT 

(b) 1220--1225 UT 

(d) 1334--1339 UT 

0 1.25 2.50 3.75 5.00 6.25 7.50 8.75 10.00 

ELECTRON DENSITY 105cm -3 

Fig. 8. Raw and corrected electron density profiles for November 
19, 1978. The squares connected by dashed lines show the raw density 
measurements. The circles connected by solid lines show the fully cor- 
rected density measurements. For the two later time periods, the two 
profiles are indistinguishable. For the two earlier time periods, there 
are large differences. Near 110 km, the much larger densities are due 
primarily to the elevated electron temperatures. Above 120 kin, the 
lower densities are due primari16, to the elevated ion temperatures. 

and to establish their interpretation as elevated electron tem- 
peratures. Such temperatures may have been seen previously 
with in situ rocket measurements [Ulwick et al., 1968]. They 
appear in the data presented by Schlegel et al. [1980] and are 
discussed in a parallel effort to this one by Schlegel and St.- 
Maurice [ 1981]. 

Given these temperatures, one of the immediate questions 
is that of the energy source. From the lack of correlation be- 
tween the electron densities and the electron temperatures as 
discussed in the previous section, it is apparent that the energy 
source is not the incident flux of primary electrons. Instead, 
the correlation with higher-altitude ion temperatures indicates 
a relationship with joule heating. Yet the works by Rees and 
Walker [1968] and Schunk and Walker [1971] show that joule 
heating of the electrons is negligibly small. Our calculations, 
which show energy loss rates due to the rotational excitation 
of N2 and 02 to be much greater than those due to electron 
joule heating, confirm these theoretical results for our particu- 
lar situation. Nonetheless, the electron heating and joule heat- 
ing are very closely related in that we see the heating when 
there are 25- to 40-mV/m electric fields or, equivalently, when 
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the electrons have a velocity relative to the ions and neutrals 
of 500-800 m/s. These large differential velocities might give 
rise to an instability [Farley, 1963]. This possibility is being ex- 
plored by Schlegel and St.-Maurice [1981] and St.-Maurice et 
al. [1981]. 

Recently, it has been proposed that there is a plasma insta- 
bility effective in producing pulsating auroras [Stenbaek-Niel- 
sen and Hallinan, 1979]. It would have to be a different insta- 
bility than the one required here. In the case of those auroras, 
the emitting layer was less than 2 km in extent. In our case, as 
previously discussed, our altitude resolution enables us to be 
sure that the electron heating extends over an altitude region 
of at least 15 km. Furthermore, pulsating auroras are not asso- 
ciated with joule heating events. 

Another important question to consider is the implication 
that elevated electron temperatures have for E region aero- 
nomy. The electron temperature affects the recombination 
rates of molecular ions and hence calculations of the energy 
input or ion production rate due to auroral primary and sec- 
ondary electrons [Wickwar et aL, 1975; Vondrak and Baron, 
1976; Oran et al., 1981]. The recombination rates drop by 
about 25% for an electron temperature increase from 250 to 
750 K [Oran et al., 1981]. 

There is an indirect way in which these temperatures can 
affect the interpretation of incoherent scatter auroral E region 
data. To date, most E region density data determined with the 
Chatanika radar have assumed that the electron-to-ion tem- 

perature ratio was unity. When the temperature ratio is not 
unity, there can be large corrections that affect both the mag- 
nitude of the E region peak density and the altitude of the 
maximum. In Figures 7 and 8, for March 18, 1978, and No- 
vember 19, 1978, respectively, we show examples of electron 
density profiles. In Figure 7 at 1325 UT there is good agree- 
ment between the raw and the fully corrected densities. Simi- 
larly, in Figure 8 at 1308 and 1337 UT there is good agree- 
ment. But at 1435 UT in Figure 7 and 1217 and 1222 UT in 
Figure 8 there is a very great difference between the raw and 
the fully corrected profiles. 

Thus during periods of joule heating there can be signifi- 
cant errors in the derivation of many ionospheric parameters 
unless the temperatures are measured and the appropriate 
corrections made. To emphasize this point we give several ex- 
amples. Since the conductivities are proportional to Ne, the 
conductivities near 110 km could double. Because of different 

conductivity altitude profiles, the ratio of integrated Hall to 
Pedersen conductivities would increase. Similarly, the de- 
duced currents near 110 km could double. Since the ion pro- 
duction rate is proportional to the electron density squared, 
the deduced production rate or energy input from energetic 
particles would increase near 110 km by a factor of 3. (It is 
not a factor of 4 because the recombination rate is reduced 

about 25%.) As a consequence, the total energy input would 
increase substantially, and the deduced spectrum of auroral 
primary electrons would be shifted considerably toward 
higher energies. 

In conclusion, we have on occasion measured unusual 
spectra near 110 km that are of ionospheric origin and that 
can be interpreted only as enhanced electron temperatures. 
These large temperatures below 116 km cannot be accounted 
for by either particle precipitation or joule heating; yet they 
occur simultaneously with large joule heating events. En- 
hanced electron temperatures will have effects on the E region 
aeronomy, such as causing reduced recombination rates. They 

must also be taken into account for the interpretation of the 
incoherent scatter data during periods of joule heating. 

APPENDIX: SIGNAL PROCESSING AND THE 

LEAST SQUARES FIT 

In performing the nonlinear least squares fit, we have to al- 
low for the fact that the ACF of the scattering medium px•(t) 
is distorted by the pulse sequence and the effective filter pass- 
band. Ignoring noise and assuming appropriate normal- 
ization, the observed ACF is 

Poas(t) -- f PTH(r) W(r)R•r(t- r) dr (A1) 
where W(t) is the ACF of the transmitted pulse pattern and 
Rn(0 is the ACF of the filter impulse response [Farley, 1969; 
Zamlutti and Farley, 1975; Rino, 1978]. 

For the low-altitude E region measurements, PTH(0 varies 
slowly compared to Rn(t). Therefore Rn(t) can be considered 
as a/• function compared to PxH(t), enabling us to approxi- 
mate (A 1) by 

poss(t) -- PxH(t) / W(r)Rn(t- r) dr (A2) 
Let us define a complex weighting function 

$(t) -- / W(r)RH(t- r) dr (A3) 
which includes the instrumental effects and can be determined 

to great precision. 
Instead of correcting the theoretical ACF of the scattering 

medium for S(t) on each iteration in the least squares fit, we 
scale the observed ACF by the modulus of S(t), 

RoBs(t ) ---- PoBs(t)/[S(t)S*(t)] l/: (A4) 

Since the theoretical ACF is initially calculated with the as- 
sumption of no Doppler shift, we do have to correct each term 
for the ion velocity. At that time, we also correct PTH(0 for the 
phase, 

q0 = tan-' I Im S(t) Re S(t) (A5) 
introduced by S(O. Thus, ignoring the ion velocity, we create 

RTH(0 = PTH(0e/•b' (A6) 

In the least squares fitting procedure we then vary the fit- 
ting parameters determining PT.(0, hence RTU(0, SO as to ob- 
tain the best match between RoBs(0 and Rlu(t). The fit mini- 
mizes the reduced chi square, 

,=o o:(O/[S(OS*(O] (32- N) (A7) 

where N is the number of parameters being fitted and o:(0 is 
the estimate of the variance of poss, which will be given be- 
low. Because of the direct IF sampling, only the real parts of 
Ross and R.H will be compared for i even and only the imagi- 
nary parts for i odd. So long as X• 2 is reduced by each itera- 
tion, the iterations continue until the calculated increment for 
every fitting parameter is less than 25% of the uncertainty of 
that parameter. A maximum of six good iterations is per- 
formed. 
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The variance for each lag 02(0 is estimated from the real 
part of the observed ACF. The real part is interpolated to ob- 
tain its value at the time when only the imaginary component 
is observed. The variance is given by 

02(0)=Npu• e l,+s--•--ff+ (SNR)2 (A8a) 
for the zero lag, 

ø2(0 = Npu,se Pøas2(0 + 1 + S--• + (SNR) 2 (A8b) 
for the other unipulse lags (1 _< i _< 5), and 

02(0 -- Npu• Pøas2(0 + 9 + S-•--ff + (SNR) 2 (A8c) 
for the remaining lags, where Npu• is the number of trans- 
mitted pulses and SNR is the signal-to-noise ratio. 

As we go above about 120 km trnder 'normal' E region con- 
ditions or when we have the elevated electron temperatures, 
we can no longer assume that PlH(t) varies more slowly than 
R•(0. The approximation enabling us to obtain (A2), then, 
breaks down. Instead, we use the Fourier transform of (A1): 

SoBs(f) = H(f) f w(f - f')STH(f ') dr' (A9) 
where H(f) is the filter spectrum and wLf) is the spectrum of 
the transmitted pulse. We now inverse-filter the observed 
spectrum, 

s'(f) = SoBs(f)/H(f) (A 10) 

and Fourier transform back to the time domain, 

/}t(0 = W(0/}TH(0 (al 1) 

For the least squares fit we define 

RoBs(0 = P'(t)/W(O (A12) 

Ignoring ion velocity, it is this RoBs that is compared to the 
theoretical ACF in the least squares fitting procedure as pre- 
viously described. 

This simpler procedure, based on (A9), is not applicable at 
the lower altitudes because the longer correlation time of the 
medium leads to nonzero values for the last lags. In the transi- 
tion zone above 120 km, where we pass from the applicability 
of the method involving the complex weighting function to 
the method involving inverse filtering, the difference between 
the answers is not great. The electron and ion temperatures 
near 110 km are about 10% greater with the complex weigh- 
ting function method. The electron density is virtually un- 
changed. All the data presented here were found using the 
complex weighting function method. However, for the large 
electron temperatures, the correlation time is decreased 
enough that the inverse filtering method would be more ap- 
propriate. At most, the electron temperatures are over- 
estimated due to this effect by about 5%. 
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