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Best Source on the FPI
• 1986: G. Hernandez, Fabry-Perot Interferometers, 

Cambridge Studies in Modern Optics 


• Proud to have been Gonzalo’s mentee


• This tome is the ultimate deep dive into the FPI


• He was “the perfectionist’s perfectionist”
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Selective History of Auroral FPI measurements
• 1955: Dave Wark used a FPI brought to College by C.T. Elvey to measure 

the width of the 15,867 cm-1 (630 nm) line in twilight and aurora


• He obtained a temperature of 710±50 K in twilight, 730±80 K in aurora.


• Wark concluded the emission layer height was ~210 km.


• First imaging work


• 1961: Nilson and Shepard obtained temperatures in auroral structures 
using the 17,924 cm-1 (557.7 nm)


• Gordon Shepard has made many innovative instruments during his 50+ year 
career, including the first “digital array” FPI for auroral measurements
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History
• 1972: Hays, Meriwether, and Roble bring a FPI to 

Ester Dome and measure winds using the red line.


•  


• (Hays, P. B., Meriwether, J. W., & Roble, R. G. Nighttime thermospheric winds 
at high latitudes. J. Geophys. Res., 84(A5), 1905-1913, doi:10.1029/
JA084iA05p01905) 
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Fig. 11. The calculated nighttime variation of effective exospheric 
temperature around the 65øN latitude circle (in degrees Kelvin): (a) 
temperature variation determined from least squares fit and (b) tem- 
perature variation determined from MSIS model. 

eastward until about 0300 LT, when they turn westward. The 
measured winds, on the other hand, are westward throughout 
the night. 

The results of a similar calculation but with the ion drift 
specified by the model of (1) included in the calculation are 
shown in Figure 7. The winds during the daytime are similar to 
those of the previous calculation; however, the nighttime 
winds are modified by the ion drift. The meridional winds in 
the early evening hours are directed poleward, and after mid- 
night the equatorward winds are greatly enhanced compared 
with the winds calculated with no ion drift. The zonal winds 
have been modified from the previous calculation by ion drag; 
however, they are still eastward until about 0430 LT, which is 
contrary to measured westward winds throughout the night. 
At 250 km the winds, shown in Figure 6, are modified by the 
ion drift; however, they are still greatly different from the 
measured values. 
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Fig. 13. Balance of forces in the meridional momentum equation at 
250 km during the night. 

Several different variations of ion drift were also used to 
determine whether the model ion drift values could be modi- 
fied to obtain agreement between the measured and the calcu- 
lated nighttime wind values. The time average model of Mozer 
and Lucht [ 1974], which is similar to the nighttime model given 
by (1), was also used in the calculations. The main differences 
between the Mozer and Lucht model and the model given by 
(1) are that the amplitude of the electric field is larger and the 
peak of the northward component occurs near 1800 LT in- 
stead of near 2000 LT. These differences, however, produced a 
greater disagreement between the calculated and the observed 
nighttime wind variations. The ion drift would have to be 
modified considerably from its normal convective drift pattern 
to obtain agreement between the calculated and the observed 
thermospheric winds. We therefore used the ion drift model 
which is based on the measurements as typical of the nighttime 
variation and modified the pressure gradients to obtain agree- 
ment between the calculated and the observed variations of the 
winds at 250 km. 

DATA ANALYSIS 

In the previous section the pressure forces that drive the 
thermospheric winds were derived from the latitudinal and 
longitudinal gradients of neutral gas temperature and compo- 
sition specified by the MSIS empirical model. The calculated 
nighttime winds determined from these pressure forces includ- 
ing ion drift did not agree with the measured wind com- 
ponents. Since the pressure forces and ion drag force are the 
main drive forces for thermospheric motions at the high lati- 
tudes and since the ion drift is based on measurements, the 
pressure forces must be modified to bring the calculated and 
observed winds into agreement. We derive the appropriate 
pressure forces by a least squares fitting procedure by forcing 
the model-calculated wind components to agree with the mea- 
sured wind components. The basic features of the least squares 
fit procedure have been outlined by Roble et al. [1974]. This 
technique was used to derive the desired mid-latitude thermos- 
pheric wind variations from incoherent scatter radar data. The 
modification of the mathematical technique of the least 
squares fit for this analysis, which uses only nighttime wind 
data, is described in the appendix. 

RESULTS 

Using the procedure described in the previous section and in 
the appendix, we calculated the Fourier coefficients that de- 



The Height Problem
• Passive remote sensing has poor vertical 

resolution


• Red line emission is broad and variable


• This was used to argue temperature 
wasn’t useful


• What about wind shear? (viscosity)


• Temperature is hard, not useless
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Hernandez and Roble (1976) presented temperature, 
wind, and intensity measurements of the 01 15867 K 
emission during geomagnetic storm periods at mid- 
latitudes. The temperature measurements reported by 
these authors for 6 July 1974, from Fritz Peak 
Observatory were significantly lower than those 
temperatures predicted by the OGO-6 semi-empirical 
neutral atmospheric model. Hernandez and Roble 
(1976) suggested that these lower temperatures 
reflected a lowering of the 15867 K emission profile due 
to electron precipitation. 

Sica (1984) compared ion temperatures determined 
by an incoherent scatter radar with neutral tempera- 
tures obtained from measurements of the 01 15867 K 
line profile in the aurora1 zone. However, uncertainties 
in the density ratio [O’]/{[NO+] +[O:]} during 
periods of particle precipitation prevented any 
conclusive statement about the height of the emitting 
region. 

In this study we show that, due to the decrease of the 
centroid of the emission-height profile of the 15867 K 
radiation to lower heights, the observed Doppler 
temperature of the neutral gas decreases during typical 
nighttime aurora. Measurements obtained on an 
individual night are used to illustrate this effect. 

2. MODEL RESULTS 

Model production rates for both nightglow and 
aurora1 conditions for the 15867 K emission are shown 
in Fig. 1. These production rates have been generated 

by a time-dependent, one-dimensional numerical 
model. The model and the detailed chemistry used in 
the derivation of the figure have been described by 
Roble and Rees (1977) and Rees and Roble (1979). The 
production of the 01 15867 K emission in aurorae is 
treated in detail in a recent work by Rees and Roble 
(1986). The model run used in this study was performed 
for 65” latitude at solar maximum during winter 
solstice. The mass spectrometer and incoherent scatter 
(MSIS) empirical atmosphere (Hedin et al., 1977a, b) 
wasadoptedwithanexospheric temperatureof 1 lOOK. 
The aurora1 case assumed a Maxwellian incident elec- 
tron spectrum peaked at 2 keV that precipitates into 
the atmosphere at local midnight. The volume emission 
rates are then integrated to give the column emission 
rate. For the nightglow profile, the emission rate of 01 
15867 K radiation is 93 Rayleighs (R). The aurora1 case 
has a column emission rate of 2514 R. 

The MSIS temperature profile is shown in Fig. 2. 
When weighted by the 15867 K nightglow emission 
profile of Fig. 1, the nightglow case yields a centroid for 
the emission at 203 km. The temperature correspond- 
ing to this height is 1026 K. The precipitating electrons 
in the aurora1 example lower the centroid of the 
emission to 161 km, where the corresponding 
temperature is 874 K. The purpose of these calculations 
is to quantitatively describe thedecrease in height ofthe 
emission layer centroid as the excitation process 
changes; hence, a ground-based spectrometer would 
measure a lower temperature in the aurora1 example. 
However, in the real atmosphere, changes in the 
incident particle spectrum as well as local ionospheric 
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FIG. 1. COMPARISON OF MODEL 15867 K EMISSION-HEIGHT 
PROFILES WITH AND WITHOUT AURORAL ELECTRON 

PRECIPITATION. 
Details of the model are given by Rees and Roble (1986). 
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FIG. 2. TEMPERATURE PROFTLE FROM THE MSIS EMPIRICAL 
ATMOSPHERE. 

The exospheric temperature is 1100 K. 
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and atmospheric perturbations can modify the 
structure of the assumed temperature protile, also 
affecting the height region sampled by the 
spectrometer. 

3. A COMPARISON WITH OBSERVATIONS 

Measurements of nighttime thermospheric wind and 
temperature using the 15867 K 01 emission line have 
been made at College, Alaska, since 198 1 (Sica, 1984). 
Sica et al. (1986a) have described the instrument used to 
obtain the measurements, the data acquisition system, 
and reduction techniques. Figure 3 shows the neutral 

‘temperature and emission rate obtained with the 
Fabry-Perot spectrometer in the geographic zenith on 
23 February 1982 U.T. (magnetic midnight is about 
11: 20 U.T.). The intensity measurements are accurate 
to about + 12%. The figure shows that temperatures 
measured after 09 : 00 U.T. are significantly lower than 
those measured prior to this time. This observed 
decrease in the measured temperature can then be 
interpreted to be due to a decrease in the emission 
centroid of the 15867 K emission. 

To investigate this hypothesis, data from the Poker 
Flat Meridian Scanning Photometer (MSP) were 
examined. Details of the Poker Flat MSP are given by 
Romick (1976). Figure 4 shows stack plots of the 

intensity of the aurora1 green line. In the figure the 
northern horizon is to the left and the College zenith is 
just to the South of the Poker geographic zenith. Aside 
from a small disturbance in the far North at about 
06: 30 U.T., there is no visible aurora1 activity until 
about 08: 30 U.T. After some arc brightenings, a 
breakup and subsequent poleward contraction of the 
oval occurs. This activity is followed by a larger 
breakup around 11: 30 U.T. (near local magnetic 
midnight) over College. The 17925 K intensity before 
09: 00 U.T. in the College zenith is relatively low 
(< 1 kR) but still above the nominal nightglow level 
measured from 05 : 45 to 06: 30 U.T. (250 R). This 
suggests that the change from nightglow to aurora1 
particle precipitation was not sudden. Intensity 
measurements of other aurora1 emissions are necessary 
to determine if a distinct change in the energy of the 
precipitating particles has occurred. 

Figure 5 displays the intensities of the 01 15867 K 
and 17925 K emissions, the Nz lN(0, 1) emission at 
23368 K (427.8 nm), and the hydrogen beta (H/I) 
emission (20566 K; 486.1 nm) in the College zenith as 
measured by the MSP. The data have been corrected 
for atmospheric scattering and continuum back- 
ground, then smoothed with a running triangle aver- 
age. The smoothing employs three points at 17925 K, 
five points at 23368 K and 15867 K, and nine points 
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FIG. 3. FABRY--PEROT SPECTROMETEX MEASUREMENTS OF TEMPERATURE AND INTENSITY IN THE GKXXWHK 
ZENITH. 

The bars through the points are plus and minus one standard deviation. The intensity uncertainty is the 
statistical error of the measurement. 

Sica, R. J., Rees, M. H., Roble, R. G., Hernandez, G., & Romick, G. J. (1986). The Altitude Region Sampled by Ground-Based 
Doppler Temperature-Measurements of the OI 15867 K Emission-Line in Aurorae. PLANETARY AND SPACE SCIENCE, 34(5), 483-488. 



Constant SNR scanning
• Auroral variability is fast


• We take for granted now videos which show 
the OI emissions lagging behind the 
precipitation.


• First colour cameras to show this were a big 
deal


• We compensated by using the time to achieve 
a constant SNR as opposed to a constant 
sampling interval.
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Fig. 1. Recorded times of measurement as a function of spectral bin
(630-nm auroral emission).
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Fig. 2. Reconstructed line profile from the measurement shown in
Fig. 1.
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term is the more severe limiting factor of the present
scanning method. The value of this term tends to be-
come very large for narrow sources since the various a
associated with these sources decrease very slowly in
value as a function of 1. In the limiting case of a Dirac
function, where the various a are equal to unity, the
summation is very large, and thus the variances also
become very large. The physical meaning of the above
is simply that measurements are being made where
there is no information about the profile we wish to
study, and the present method of measurement will
spend the least amount of time where the actual infor-
mation is available. Although at first sight this limi-
tation appears to be quite severe, in practice this is not
the case.

In high-resolution measurements, where the source
width is a sensible fraction of the etalon-free spectral
range, the various al very quickly decrease in value with

increasing and thus the value of N is also small (N <
7). Correspondingly, the value of

1=N
L a?

1=1
is not large compared with unity. The reader should
recall that, by definition, al < 1.0. This property of the
various al for wide profiles makes the other summation
terms also small and of value near unity. The slight
increase in the uncertainties caused by the present
scanning mode is indeed a small price to pay for the
convenience and freedom of operation it provides.

The compromises made in this equal signal operation
of a Fabry-Perot spectrometer show again how a spe-
cifically tailored mode of operation for a given instru-
ment can provide advantages that a general method
cannot produce.4 As has been discussed earlier, the
present method is applicable to those occcasions when
the spectrum under consideration is rich in structure
or broad in relation to the resolving limit of the instru-
ment.
IV. Experimental Confirmation

Measurements using this technique have been made
under auroral conditions to test this new mode of op-
eration. Figure 1 shows the experimental results,
namely, the recorded times as a function of spectral bin,
while Fig. 2 presents the reconstructed profile [compare
Eq. (6)]. The parameter NS of these figures was ex-
perimentally set to 70 X 256 18,000. The results of
this measurement expressed in terms of wind and
temperature, and their respective deviations, are as
follows:

v = 19.6 m/sec or, = 9.5 m/sec,
T = 1106 K o- = 36.8 K.

The results in the standard deviation above are in good
agreement with those calculated from Eq. (21), however,
converted to winds, and Eq. (24) for temperatures. The
calculated values obtained are a = 8.0, and a- =
38.0.

The values of the (theoretical) standard deviations
of the winds and temperatures are 35% larger than
those calculated for the classical mode of operation.
The above presumes that the same number of pulses per
free spectral range are measured for both methods.
V. Conclusions

The theory developed for the proposed equal signal
method of measurement is in good agreement with ex-
perimental measurements. The use of this new method
of measurement provides not only a simplified mode of
operation but a consistency in the uncertainty of de-
termination from measurement to measurement. This
has been found to be very useful in measurements made
in the auroral zone, where, because the large changes in
the emission rate of the source over the course of a
measurement, the classical method of measurement is
at best awkward. The necessity to increase the effective
time of measurement to obtain a fixed uncertainty of
determination is not as inefficient as it appears at first
sight. This is particularly true when one considers the
number of measurements that would otherwise be
thrown away because of insufficient SNR or when
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Hernandez, G., Sica, R. J., & Romick, G. J. (1984). Equal-noise spectroscopic measurement. Applied Optics, 23(6), 915-919.



Average Horizontal Winds

• 10 - Low, 25 - Moderate, 9 - High activity nights
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Fig. 7. Average wind components for high geomagnetic activity 
and in geomagnetic coordinates for (a) the meridional direction, (b) 
the zonal direction, and (c) the geographic zenith. 
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Fig. 8. The high geomagnetic activity zonal wind components in 
universal time and geomagnetic coordinates. 

Alternatively, the difference in evening zonal velocity in the 
two viewing directions in magnetic local time could be a uni- 
versal time effect (Figure 8). In universal time, the evening 
gradient in zonal wind velocities is no longer present. The 
eastward winds, however, lead the westward winds giving a 
local time variation. If the magnetospheric convection electric 
field increased rapidly in the evening, the increase of the ion 
drift velocities in the ionosphere would ultimately drive the 
neutrals with the ions. This sudden increase in the global mag- 
netospheric convection would affect a large area of the atmo- 
sphere simultaneously, in contrast to the local effects of an 
auroral substorm [Sojka et al., 1979]. Ultimately, the en- 
hanced convection (and increased power from solar wind- 
magnetospheric interactions) would then lead to local sub- 
storm activity. After 2100 MLT this local substorm activity 
becomes important (Figure 7b), and magnetic local time effects 
again become dominant causing the zonal wind to be more 
uniform in magnetic local time. Local substorm effects will be 
analyzed in detail in paper 2. 

The average zenith wind is largest in the high-activity data 
(Figure 7c). It is upward from 1715 to 2145 MLT, then turns 
downward briefly. This could be caused by the interaction of 
the sunward-directed auroral zone and antisunward-directed 

polar cap flow regions over the station, with the resulting 
Joule heating providing forcing for a vertical wind. 

A longitudinally independent model of substorm effects on 
the thermosphere has been studied by Richmond and Matsu- 
shita [1975]. For a power input of 10 t2 W at 70 ø latitude, a 
large meridional disturbance is produced that propagates 
poleward and equatorward. An upward vertical wind of 50 
m/s lasting about an hour is obtained in the region of the 
energy deposition. During high geomagnetic activity auroral 
breakups often occur earlier in magnetic local time than for 
quiet conditions. Thus the average high-activity vertical wind 
occurs earlier in magnetic local time than the low-activity 
average. As shown in Figure 7c, even averaging over many 
nights, the vertical wind is a consistent feature. Present global 
circulation models do not typically predict such large vertical 
winds. 

In a recent series of papers, Rees et al. [1984a, b] have 
attempted to simulate high-latitude vertical wind measure- 
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Sica, R. J., Rees, M. H., Romick, G. J., Hernandez, G., & Roble, R. G. (1986). Auroral-zone thermospheric dynamics 1. Averages. Journal of Geophysical Research-Space Physics, 91(A3), 3231-3244.
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Average Vertical Winds

• Note on systematics. We used a single frequency HeNe laser measured 
against the 18,857 cm-1 (530 nm) neon line; over many hours the “wind” was 
always less than 20 m/s.


• We lumped the systematic into the random for a total uncertainty in all plots.
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and in geomagnetic coordinates for (a) the meridional direction, (b) 
the zonal direction, and (c) the geographic zenith. 
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universal time and geomagnetic coordinates. 

Alternatively, the difference in evening zonal velocity in the 
two viewing directions in magnetic local time could be a uni- 
versal time effect (Figure 8). In universal time, the evening 
gradient in zonal wind velocities is no longer present. The 
eastward winds, however, lead the westward winds giving a 
local time variation. If the magnetospheric convection electric 
field increased rapidly in the evening, the increase of the ion 
drift velocities in the ionosphere would ultimately drive the 
neutrals with the ions. This sudden increase in the global mag- 
netospheric convection would affect a large area of the atmo- 
sphere simultaneously, in contrast to the local effects of an 
auroral substorm [Sojka et al., 1979]. Ultimately, the en- 
hanced convection (and increased power from solar wind- 
magnetospheric interactions) would then lead to local sub- 
storm activity. After 2100 MLT this local substorm activity 
becomes important (Figure 7b), and magnetic local time effects 
again become dominant causing the zonal wind to be more 
uniform in magnetic local time. Local substorm effects will be 
analyzed in detail in paper 2. 

The average zenith wind is largest in the high-activity data 
(Figure 7c). It is upward from 1715 to 2145 MLT, then turns 
downward briefly. This could be caused by the interaction of 
the sunward-directed auroral zone and antisunward-directed 

polar cap flow regions over the station, with the resulting 
Joule heating providing forcing for a vertical wind. 

A longitudinally independent model of substorm effects on 
the thermosphere has been studied by Richmond and Matsu- 
shita [1975]. For a power input of 10 t2 W at 70 ø latitude, a 
large meridional disturbance is produced that propagates 
poleward and equatorward. An upward vertical wind of 50 
m/s lasting about an hour is obtained in the region of the 
energy deposition. During high geomagnetic activity auroral 
breakups often occur earlier in magnetic local time than for 
quiet conditions. Thus the average high-activity vertical wind 
occurs earlier in magnetic local time than the low-activity 
average. As shown in Figure 7c, even averaging over many 
nights, the vertical wind is a consistent feature. Present global 
circulation models do not typically predict such large vertical 
winds. 

In a recent series of papers, Rees et al. [1984a, b] have 
attempted to simulate high-latitude vertical wind measure- 
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• Substorms define the steady state in the auroral zone, much like 
thunderstorms define the ITZ (intertropical convergence zone)

Normal Means Substorms
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Fig. 1. Wind measurements on December 20, 1982, UT, (a) meridional, (b) zonal, and (c) zenith. The coordinate system 
employed has northward, eastward, and upward positive. The zonal measurements are shifted in magnetic local time (MLT) to 
the time at the point of observation for an assumed 225 km emission layer. The solid line is the high geomagnetic activity wind 
average from paper 1. The uncertainty of the line is about +30 m/s. 

eastward electrojet region and away from the ionosphere in the 
morning westward electrojet [Iijima and Potemra, 1976]. An 
estimate of the horizontal current flow can be made from 
ground-based magnetometers [Akasofu, 1968]. In the midnight 
sector the horizontal component (H component) of the geo- 
magnetic field decreases during auroral substorms; in the even- 
ing it typically increases above a quiet-time zero [Akasofu, 

1968]. These negative and positive deviations are interpreted as 
westward and eastward flowing currents. Great effort has been 
devoted to the study of the high-latitude ionospheric current 
system from magnetometer data. Meridian and zonal chains of 
magnetometers allow mapping of the currents [Hughes and 
Rostoker, 1979; Akasofu et al., 1983]. 

The relationship between the ionospheric electric field and the 
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Fig. 2. Horizontal magnetic disturbance vectors for local IMS stations 
on December 20, 1982, UT. The distance between station zero lines 
corresponds to 1 •0 7. 

ionospheric current density is determined by the ionospheric 
conductivity tensor. The horizontal momentum force due to ion 
drag is a function of the Hall and Pedersen conductivity, as well 
as the difference between the ion and neutral velocities [Killeen 
and Roble, 1984]. The conductivity depends on the electron 
density and the electron and ion collision and gyrofrequencies 
[Bostrbm, 1973]. 

Since ion drag is frequently the dominant force acting on the 
high-latitude nighttime thermospheric wind system, the direc- 
tion of the ionospheric Hall current inferred from the magneto- 
meters should be related to the neutral zonal wind flow. During 
the recovery phase of an auroral substorm, when there is typi- 
cally a negative bay (westward electrojet), the ions and electrons 
will be flowing to the east. As a result of ion-neutral collisions, 
the ions slow down relative to the electrons, and the neutral gas 
tends to follow the direction of flow of the ions with a time lag 
governed by the collision frequency. This ion drag then leads to 
motion of the neutral gas. Hence the position of the auroral 
electrojets, inferred from the magnetometers, should show 
structure consistent with the neutral wind pattern. Further- 
more, it will be shown that the position of the auroral electrojets 
relative to the observatory is related to the wind patterns 
observed on individual nights. 

The latitudinal separation of the Alaska chain of Inter- 
national Magnetospheric Study (IMS) stations has been used to 
derive the spatial and temporal morphology of the auroral 
electrojets [Kamide et al., 1982]. Data from 12 of these IMS 
magnetometer stations were obtained for our study, and 15- 
minute average vectors of the horizontal disturbance field were 
computed for individual nights when coincident Fabry-Perot 
spectrometer measurements existed. The quietest magnetic day 
for each month, the Q1 day, was averaged to determine the 
station baseline, and then it was subtracted from the data. 

The horizontal disturbance vectors are related to the direction 
of ion flow. The disturbance vector, rotated clockwise by 90 ø , is, 
to a first approximation, the horizontal current direction over 
the station (hence a westward current for a negative disturbance 
vector). The direction of the ion flow is opposite to the direction 
of the current, since the magnetometers respond primarily to the 
Hall current carried by the electrons. The height of the maxi- 
mum current flow is near 130 km where the electrons move with 
essentially the E x B/B 2 drift, while the ion-neutral collision 
frequency is large enough that the ions are nearly stationary or 
blown with the neutrals [Bostrbm, 1973]. Since the ion drag 
momentum forcing depends on the ion density, as well as the 
ionospheric electric field and ion-neutral collision frequency, 
the response of the neutrals to the ion drag forcing is not 
instantaneous. Estimates of the time scale for the response of the 
neutrals to enhanced ion flow have been made by Fedder and 
Banks [ 1972]. The response time of the zonal neutral wind to an 
electric field of 20 mV/m was calculated to be about 1 hour in 
the F region, although larger electric fields could reduce this 
time lag. The present measurements show a variation in cross- 
over time of about 20 minutes to 2 hours, as would be expected, 
because of the variability of the conductivity, ion velocities, and 
atmospheric density. 

3. INDIVIDUAL NIGHTS 

3.1. Introduction 

Five individual nights were selected to illustrate the effects of 
auroral substorms on the typical behavior of the middle thermo- 
sphere. Measurements were obtained on three consecutive 
nights around winter solstice 1982 (December 20, 21, and 22, 
1982, UT). The F10.7-cm solar flux was moderately high during 
this period, with moderate Ap values, i.e., typical (but active) 
auroral conditions over College (see paper 1, Table 2). On two of 
these nights, measurements were obtained at both 45 ø and 20 ø 
elevation angles in the magnetic directions, allowing the obser- 
vation of small-scale structure in the wind and temperature 
fields due to auroral substorms and the associated ionospheric 
current systems. 

Another day discussed (February 6, 1983, UT) showed be- 
havior similar to the December nights. It is included, in part, to 
show the representative nature of the measurements, and also 
because of the interesting wavelike structure in the zenith winds. 
The remaining individual night, November 19, 1982, UT, 
represents an example of the thermospheric behavior during a 
period of low geomagnetic activity. 

3.2. December 20, 1982, UT 

Measurements of the thermospheric wind and temperature 
obtained on December 20, 1982, UT, are shown in Figures 1 and 
3, respectively. This day was geomagnetically active at moderate 
solar activity levels. The 10.7-cm solar flux and the Ap values for 
this and the following nights have been given in Table 2 of paper 
1. The measurements were acquired at 45 ø elevation angle in the 
magnetic north, south, east, and west. The evening meridional 
wind measurements (Figure la) suggest that the station was 
farther north, relative to the auroral oval, than it was in the 
active wind average case (see paper 1). After about 0000 MLT 
the meridional wind became equatorward, increasing to almost 
400 m/s by 0245 MLT. At 0250 MLT an auroral breakup (as 
indicated in the figure's abscissa) occurred, with the bulk motion 
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Fig. 1. Wind measurements on December 20, 1982, UT, (a) meridional, (b) zonal, and (c) zenith. The coordinate system 
employed has northward, eastward, and upward positive. The zonal measurements are shifted in magnetic local time (MLT) to 
the time at the point of observation for an assumed 225 km emission layer. The solid line is the high geomagnetic activity wind 
average from paper 1. The uncertainty of the line is about +30 m/s. 

eastward electrojet region and away from the ionosphere in the 
morning westward electrojet [Iijima and Potemra, 1976]. An 
estimate of the horizontal current flow can be made from 
ground-based magnetometers [Akasofu, 1968]. In the midnight 
sector the horizontal component (H component) of the geo- 
magnetic field decreases during auroral substorms; in the even- 
ing it typically increases above a quiet-time zero [Akasofu, 

1968]. These negative and positive deviations are interpreted as 
westward and eastward flowing currents. Great effort has been 
devoted to the study of the high-latitude ionospheric current 
system from magnetometer data. Meridian and zonal chains of 
magnetometers allow mapping of the currents [Hughes and 
Rostoker, 1979; Akasofu et al., 1983]. 

The relationship between the ionospheric electric field and the 
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Fig. 1. Wind measurements on December 20, 1982, UT, (a) meridional, (b) zonal, and (c) zenith. The coordinate system 
employed has northward, eastward, and upward positive. The zonal measurements are shifted in magnetic local time (MLT) to 
the time at the point of observation for an assumed 225 km emission layer. The solid line is the high geomagnetic activity wind 
average from paper 1. The uncertainty of the line is about +30 m/s. 

eastward electrojet region and away from the ionosphere in the 
morning westward electrojet [Iijima and Potemra, 1976]. An 
estimate of the horizontal current flow can be made from 
ground-based magnetometers [Akasofu, 1968]. In the midnight 
sector the horizontal component (H component) of the geo- 
magnetic field decreases during auroral substorms; in the even- 
ing it typically increases above a quiet-time zero [Akasofu, 

1968]. These negative and positive deviations are interpreted as 
westward and eastward flowing currents. Great effort has been 
devoted to the study of the high-latitude ionospheric current 
system from magnetometer data. Meridian and zonal chains of 
magnetometers allow mapping of the currents [Hughes and 
Rostoker, 1979; Akasofu et al., 1983]. 

The relationship between the ionospheric electric field and the 
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Fig. 3. Temperature measurements on December 20, 1982, UT, (a) meridional, (b) zonal, and (c) zenith. The solid line is the 
moderate solar flux, high geomagnetic activity temperature average from paper 1. The uncertainty of the line is about ñ40 ø K. 
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Fig. 4. The ratio of 15867 K to 23368 K emission rates in the College 
magnetic zenith calculated from intensity measurements obtained with 
a tilting-filter meridian-scanning photometer on December 20, 1982, 
UT. 

of the aurora moving to the east of the station. The meridional 
wind then quickly decreased to about 150 m! s equatorward. 

The zonal wind measurements were quite similar to the active 
average case that was discussed in paper 1, with slightly greater 
wind magnitude, particularly in the morning (Figure 1 b). Both 
components of the evening zonal wind were westward. An 
auroral breakup appeared to the southeast of the station moving 
to the northwest at 2015 MLT, creating a gradient in the west- 
ward flow, followed by an eastward moving breakup at 2130 
MLT. Figure 2 displays the magnetometer data from selected 
IMS observatories in the usual vector format [Akasofu et al., 
1983]. The College magnetometer data show that the westward 
electrojet arrived at 2200 MLT (Figure 2). The zonal wind 
crossover time was about 2250 MLT, while the meridional wind 
crossed from poleward to equatorward about an hour later. The 
horizontal magnetic disturbance vectors were quite large, about 
700 3/, and there was a correspondingly large eastward morning 
zonal velocity. 

In the morning the wind measured to the west in the direction 
of the pulsating aurora varied considerably. The magnetometer 
chain data, however, show the westward electrojet occurring 
over Fort Smith, Canada, after 0200 MLT, at the time when the 
eastward and westward velocities became unequal. The east- 
ward velocity measured east of the station remained enhanced 
while the current system was in the east. The wind measured to 
the west during the same time period decreased and turned 
westward at 0245 MLT, after an eastward traveling surge was 
observed to the west of College. The wind to the west flowed 
westward for the remainder of the night, except for two east- 
ward wind measurements at 0400 and 0530 MLT. The zonal 
wind to the west at these times was then strongly (>200 m! s) 
eastward. The zonal temperature in the west was 950 ø K, as 
opposed to about 1200 ø K during the period after the surge, 
when the zonal wind was westward (Figure 3b). 

The sharp changes in the direction of the zonal wind past 0200 
MLT could be due to vertical wind shear in the F region. If the 
difference in temperature was due to the centroid of the 15867 K 
emission originating from a lower altitude at the lower tempera- 
ture, the wind direction and magnitude could vary with height. 
The vertical wind observed during this period of pulsating 

aurora (Figure 1 c) was much larger than any measured at other 
times of the night. Perhaps a boundary between two different 
flow cells, sampled to the east and west of the station, occurred 
over the observatory. Boundaries between wind cells are usually 
associated with vertical winds [Holton, 1979]. Alternatively, the 
wind measured to the west may be responding to a turbulent 
convection pattern of different magnitude or shape than in the 
east. The region of diffuse aurora was over the station during 
this period. The magnetometer data suggest that the diffuse 
aurora may have also been to the west of the observatory, while 
to the east there may have been discrete aurora. The zonal wind 
flow could then vary between each region, because of different 
conductivities and ion drift velocities associated with different 
auroral forms. This hypothesis, however, is also speculative. 

The zenith wind (Figure l c) was larger than in the active 
average case (paper 1, Figure 7c). After the 2005 MLT breakup, 
the wind was downward for about 45 minutes, turning upward 
for a short period after the 2130 MLT breakup. Following 0400 
MLT, when pulsating aurora occurred and both the meridional 
and zonal wind components were highly variable, the zenith 
wind was less than 75 m! s. Note that the large downward wind 
was followed by an upward wind. 

The meridional and zonal temperature data (Figure 3) are 
consistent with the average results for moderate solar flux and 
high Ap. The temperature decrease in the evening is probably 
not an altitude effect, since the intensities of 15867 K, 23368 K, 
and 17925 K, as measured by a tilting-filter meridian-scanning 
photometer at Poker Flat, were at airglow emission levels (i.e., 
less than 200 R of green line). Although the general trend of the 
temperatures is similar to the average, there are large variations 
between individual measurements. 

The zenith temperature measurements oscillated between 
825 ø K and 1075 ø K after 1730 MLT, before the initial breakup 
at 2000 MLT (Figure 3c). After the 2130 MLT breakup, the 
temperature increased over 100 degrees. Another breakup 
occurred at 0250 MLT, and the temperature again rose, this 
time to about 1350 ø K. 

To investigate whether the zenith temperature variations were 
due to a change in the emission height profile or whether they 
were due to actual heating, the ratio of the 15867 K to 23368 K 
luminosity was examined (Figure 4). In the evening airglow, the 
ratio was largest, since 23368 K was nearly absent. As the 
auroral activity increased after 2000 MLT, the ratio decreased 
to between 0.4 and 1. Consequently, the emission height profile 
would have been broader and lower after 1930 MLT, resulting 
in a lower measured temperature than if the changes were 
caused by altitude variations alone. Since the ratio data suggest 
that the emission height profile did not vary substantially after 
1930 MLT, the elevated temperatures measured after the break- 
ups were then likely to be caused by atmospheric heating. 

3.3. December 21, 1982, UT 

Measurements were also made on the following night, 
December 21, 1982, UT, during moderate global geomagnetic 
activity. The wind measurements are shown in Figure 5, at both 
20 ø and 45 ø elevation angle along with the moderate geomag- 
netic activity average from paper 1. The meridional wind mea- 
surements at 45 ø resemble the active average; however, the 
evening poleward flow was quite large (• 200 m! s). The flow in 
the north turned from poleward to equatorward after the first 
breakup at 1910 MLT. In the south, the flow lagged that of the 
north but also decreased in poleward velocity after this breakup. 
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“Disturbed” Conditions
• Here disturbed means no substorm.


• “Wave” in vertical winds until…


• A substorm comes along and smooths out the 
flow.
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definition, small-scale structures. Consequently, though the 
agreement with the average data in this study is quite good, local 
effects are not predicted. To better model the individual nights, 
a varying convection pattern which can self-consistently alter 
the ionosphere is needed, along with a finer grid mesh. Efforts to 
couple global thermospheric and ionospheric models are now 
under way. An attempt to study global substorm effects has 
been made by Fuller-Rowell and Rees [1981], but the grid 
spacing employed was too large for comparison with data from 
a single station, such as the measurements presented here. 

Several recent studies have •onsidcrcd the small-scale struc- 
ture of the thcrmosphcrc. Fuller-Rowell [1984, 1985] has pre- 
sented results from a two-dimensional, nested-grid model of the 
thcrmosphcrc. The results from his zonally averaged model 

show largely eastward flow when large electric fields are applied. 
The meridional flow is at first divergent, segmented by a plane of 
upward flow. The poleward wind diminishes while the equator- 
ward wind remains constant. These results are qualitatively 
consistent with the observations discussed in this paper. How- 
ever, the observed steplike increases in the meridional flow, as 
well as the rapid fluctuations observed in the vertical wind, are 
not predicted by the model results. 

Walterscheid et al. [ 1985] have simulated perturbations in the 
wind system due to an auroral arc. Their model predicts counter- 
streaming neutral flow, eastward north of the arc and westward 
south of the arc. In addition they predict small meridional and 
vertical winds, features which do not appear in the individual 
night measurements from College. The crossover of zonal wind 
is related to the ion drag momentum source and particle precipi- 
tation in the arc. The Joule heating in the region of arcs is, in 
part, responsible for the association of the maximum meri- 
dional wind with the maximum auroral intensity in the oval (see 
paper 1). However, the Walterscheid et al. [1985] model does 
not include forcing due to a background electric field. Since the 
measurements are a combination of both the local and global 
forces, a comparison between measurements and the Walter- 
scheidet al. [1985] model may be at best inconclusive due to the 
incomplete description of the physical situation by the model. 

6. CONCLUSION 

Analysis of the individual night measurements from College 
illustrates the following five features of the thermospheric wind 
and temperature in the auroral zone, features which are not yet 
self-consistently incorporated in current model studies: 

1. The zonal winds are highly responsive to time variations 
in the motion of the ionospheric plasma. When spatially aver- 
aged over long time scales, the zonal wind is reasonably uni- 
form, as shown in paper 1. The response of the zonal wind to the 
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Interesting Variations with By
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Ion Energy Balance 
• The impetus behind CEDAR was GBOA


• Initially poor synergy between optical and radar 
techniques


• Fortunately that is in the distance past 
(scientifically)


• I believe there have been quite a few significantly 
better studies like this since. 
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One bias in this study is the relative error of the heating terms 
used to determine if balance is achieved. The CISR measurements 
must be corrected for the assumed composition, which also chang- 
es the error of the measurement, since the ion temperature increas- 
es. Hence the lower-altitude NO + calculations have a smaller error 
than the upper-altitude O + calculations, and hence the balance cri- 
terion becomes more stringent for NO +. A less restrictive balance 
criterion would have caused more calculations to yield balance but 
would not have altered the trend of the calculations discussed in 
the next section. 

6. RESULTS 

6.1. The Balance Calculations 

Balance calculations were performed for a complete set of rea- 
sonable scenarios. The ion was assumed to be either NO + at 
heights up to 317 km or O + at all heights. In regions of large elec- 
tric fields, NO + can be a large fraction of the total ion density in 
the F region because the reaction rate for 

O + + N 2 --> NO + + N (3) 
increases greatly at high ion temperatures. Sojka and Schunk 

[1984] show calculations of the densities of O +, NO +, and 02 + 
during a magnetic storm. During the storm's main phase, NO + can 
be haft the O + ion density at 260 km. 

The other extreme is O + as the dominant ion all the way down to 
the lower F region owing to increased ion production through 
electron precipitation and downward E x B drifts in the midnight 
and morning sectors. Sojka and Schunk [1984] calculate that the 
mean ion mass can drop to 18 at 200 km in the auroral oval. Since 
the Sojka and Schunk calculations were for average (albeit time- 
dependent) precipitation and convection patterns, larger variations 
can occur in the real ionosphere. 

6.2. A Comparison Between an NO + and an 0 + 
Balance Calculation 

Figure 8 shows an example of an individual calculation for NO + 
at 161 km. For this case the measured T/is greater than T e after 
1410 UT, when the relative speed increases. This increase in rela- 
tive speed occurs at the maximum of a small negative bay in the H 
trace of the magnetometer at College associated with an auroral 
intensification in the south and a poleward expansion of the au- 
roral activity as seen from the MSP measurements (Figure 3). At 
1420 UT, balance is achieved at low altitudes, assuming NO + at 
161 km. Otherwise the frictional heating becomes larger than the 
ion-neutral heat exchange term, and balance is not achieved. 

The same parameters as for Figure 8 are shown for the average 
O + case in Figure 9. Here the calculations use the average of the 
CISR drift, temperature, and density measurements from range 
gates at and above 300 kin. These calculations balance during the 
first increase in the relative speed at 1410 UT in the west but not 
during the second increase to the north at 1430 LIT, when there is 
insufficient ion-neutral heat exchange to balance frictional heat- 
ing. 

6.3. A Summary of the Calculations 
Table 1 shows the results of the balance calculations for pure 

NO + and O + ionospheres at each radar range gate. The table shows 
that no radar measurements were available above 212 km during 
the most disturbed period at 1440 UT. Figure 10 graphically pre- 
sents the results from the calculations. The heights at which bal- 
ance was obtained are displayed for each species at each 
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Fig. 8. Balance calculations for an NO + ionosphere, assuming the Fabry- 
Perot Red spectrometer measurements are sampling a 630.0-nm-emitting 
region whose centroid is at 161 km. (a) Neutral, ion and electron temper- 
ature measurements; (b) relative ion-neutral speed; (c) ion energy equa- 
tion balance. In Figure 8c, ION-NEUTRAL HEATING (> 0) means that 
points above the zero-line have an excess of ion-neutral heating relative 
to frictional heating; FRICTIONAL HEATING (< 0) means that points 
below the zero line show an excess of frictional heating relative to ion- 
neutral heating. Electron-ion heating was negligible during this period. 

measurement time. The average results for O + are indicated by the 
large vertical bar, which shows the extent of the average in height. 

The results show that about half of the coordinated measure- 

ments yielded balance for an O + ionosphere at and above 265 km. 
Balance was also obtained in about half the cases for NO + . Only at 
one time, 1450 UT, when F region measurements were not avail- 
able from the CISR, was balance not obtained. Figure 10 also 
shows that the assumption of pure O + below 250 km or pure NO + 
above 212 km never yielded a satisfactory local ion energy bal- 
ance. Table 1 shows an interesting trend on the last line, which 
gives the total number of balance agreements for each calculation. 
At the lower two heights, 161 and 212 km, NO + gives balance in 
roughly 25% of the cases, while O + never gives balance. Above 
300 km the agreement changes, with NO + never giving balance 
and O + giving balance for almost 50% of the calculations. At the 
transition height between the lower and upper F regions, 264 km, 
neither pure O + nor pure NO + species yield balance consistently. 

The above calculations used a neutral mass that reflected the se- 
lected ion in (1). While the lower thermosphere is predominantly 
molecular species and the upper thermosphere is predominantly 
atomic species, a transition region exists in the middle thermo- 
sphere around 200-300 kin. To evaluate the sensitivity of the 

Sica, R. J., St. Maurice, J. P., Hernandez, G., Romick, G. J., & Tsunoda, R. (1993). Computations of local ion energy-balance in 
the auroral-zone. Journal of Geophysical Research-Space Physics, 98(A9), 15667-15676.



OEM for profiles?
• Everything about the optimal estimation method in 15 s


• Data


• FPI intensity scan


• Red line intensity


• Forward model:


• Volume emission profile


• Instrument function


• Retrieve


• Volume emission profile


• Weighted temperature
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Summary
• Auroral substorms define the steady state for the auroral zone


• Relaxation from the steady state “stagnates” the flow


• Neutral atmosphere responds rapidly to the magnetosphere: so focus on 
the relation to morphology.


• Temperature measurements are useful, and their interpretation improved, 
possibly using inverse modelling.


• Don’t forget the green line.


• Use an alkali metal lidar in the upper mesosphere & lower thermosphere. 
With the green line could validate the inverse model.
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