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Abstract
Forty-four nights of thermospheric neutral wind and tempera
ture measurements were obtained from College, Alaska (65° invariant
latitude) during solar maximum using a ground-based Fabry-Perot in
terferometer.

When averaged by increasing geomagnetic activity, the

wind exhibits two main features.

First, the general flow pattern,

poleward and westward in the evening, changing to southward and
eastward in the morning, persists with increasing activity.

The

flow velocity increases and the change in direction occurs earlier
in magnetic local time as the geomagnetic activity increases.
Second, as the activity increases, the meridional wind pattern
shifts equatorward with the auroral oval.

Consequently, the low

geomagnetic activity average wind pattern in the north is similar
to the moderate activity average pattern in the south.

The average

thermospheric temperature is governed by the geomagnetic activity
and by the previous day's 10.7cm solar flux.

The increase in tem

perature with solar flux is about the same as with auroral activity
(= 225°K).

The dynamical behavior on individual nights highlights

the importance of local auroral substorms, which can cause large
deviations from both global models and the observed averages.
Coupling between the E and F regions is inferred by comparing the
bulk motion of the optical aurora and the observed wind.

Westward-

drifting auroral forms accompany the westward evening zonal wind.

i ii
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The arrival of the westward electrojet heralds the change from
westward to eastward zonal flow, with time delays from less than
fifteen minutes to over two hours.
results in higher zonal wind speeds.

Increasing electrojet strength
Around magnetic midnight, as

the aurora moves east, the equatorward meridional wind decreases in
velocity.

Vertical winds are commonly observed and can be quite

large and variable, particularly during pul sating, aurora.

Type-A

red aurorae are associated with large (>300°K) temperature increases,
consistent with atmospheric heating due to precipitating electrons.

iv
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NIGHT
You get up every morning at the
sound of the bell
You get to work late and the
boss man's giving you hell
'Til you're out on a midnight run
Losing your heart to a beautiful one
And it feels right
As you lock up the house
Turn out the lights
And step out into the night
And the world is busting at its seams
And you're just a prisoner of your dreams
Holding on for your life
'Cause you work all day
To blow 'em away in the night
The rat traps filled with soul crusaders
The circuits lined and jammed
with chromed invaders
And she's so pretty that you're lost in the stars
As you jockey your way through the cars
And sit at the light, as it changes to green
With your faith in your machine
Off you scream into the night
And you're in love with all the wonder it brings
And every muscle in your body sings
As the highway ignites
You work nine to five
And somehow you survive
'Til the night
Hell all day they're busting you up on the outside
But tonight you're gonna break on
through to the inside
And it'll be right, it'll be right
And it'll be tonight
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And you know she will be waiting there
And you'll find her somehow you swear
Somewhere tonight
You run sad and free
Until all you can see is the night

Bruce Springsteen
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let's begin our trip to the thermosphere with the words of Robert
Hunter:
"Let my inspiration flow
in token rhyme suggesting rhythm
that will not forsake me
'til my tale is told and done.
While the fire lights aglow,
strange shadows from the flames will grow
‘til things we've never seen, seem familiar."
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CHAPTER 1
A GENERAL REVIEW AND INTRODUCTION
Our current understanding of the upper atmosphere is best
appreciated by reviewing progress in the last few decades.

In 1950

Sydney Chapman proposed the name thermosphere to describe the
region of increasing temperature above the minimum near 80km
(Chapman, 1950).

However, even the temperature profile in this

region was not well understood at that time.
Prior to this period, no direct measurements of the temperature
height profile of this region existed.

Various indirect methods

suggested the thermosphere had a temperature of between 1000-4000°K
at altitudes as high as 1000km.
The mechanism for supporting such a large temperature was
proposed by Spitzer (1949).

The thermal conductivity (C) of the

atmosphere is independent of the gas density (Bates, 1951).

In the

steady-state of the thermosphere, the temperature is no longer
determined only by the gain and loss of thermal energy due to
absorption and emission, since
3/3z (A 9T/az) = -S + L
A = C/(hp)
where h is the specific heat and p is the density of the thermo
sphere.

The source term (S) contains the gain due to absorption of

1
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solar ultraviolet energy (UV).

The loss (L) is principally due to

emission from the fine structure levels of the 0(3p) ground state
and NO at 5.3ym.

The loss is sufficiently slow that the thermo

spheric temperature remains quite high throughout the night.

The

heat equation can then be solved for the temperature height profile,
dT/dz.

Bates was unable to reconcile the indirect evidence of an

atmosphere that was 800°K at 250km with an exospheric temperature
of over 1500°K at high altitude.

Dynamic considerations will be

shown to be necessary to resolve the problem.
Direct measurements of the thermospheric temperature using the
0(lD) line were first obtained with photographic Fabry-Perot inteferometers.

The first Fabry-Perot interferometric study in the

auroral zone was performed at College, Alaska.

Through the initia

tive of Professor C. T. Elvey, a Fabry-Perot interferometer was
brought to the Geophysical Institute.

The Doppler width of the

15867K (6300A) line was measured in the twilight and during an
auroral display by D. Q. Wark on April 28 and May 7, 1955 (Wark,
1956; Phillips, 1956; Wark, 1960).

The atmospheric temperature

during twilight was measured to be 710 ± 50°K, while during the
aurora it was 730 ± 80°K.

Wark concluded that this was consistent

with an emission layer height of about 210km.

Mid-latitude measure

ments in France at this time by Cabannes and Dufay (1956) yielded a
lower temperature, about 450°K.

A review of these and other tempe

rature studies that followed has been written by Hernandez (1980).
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The photoelectric version of the Fabry-Perot interferometer
was soon adapted to auroral studies.

The increased sensitivity

of this device enabled Nil son and Sheperd (1961) to obtain the first
measurements of temperature in the auroral zone using the 01 17924K
(5577A) emission line.

Twenty-six temperatures were obtained from

Saskatoon, Canada ranging from 220 to 770°K.

Approximately one-half

of the temperatures were between 400 to 500°K.
The late fifties heralded the era of satellite measurements of
the geosphere.

Jacchia (1959) suggested that the observed fluctua

tions in density appeared to correlate, with a two day time lag, to
the changes in ground-based 10.7cm solar flux measurements.

This

result was important for the subsequent development of model atmos
pheres.

The 10.7cm solar flux became a parameter in the empirical

formulation of model atmospheres.

Large values of the 10.7cm solar

flux are associated with higher thermospheric temperatures.

This

parameter has been used to infer the temperature height profile
at low and mid-latitudes during quiet geomagnetic conditions
(Hernandez, 1982b).
Pressure gradients associated with density variations were used
as evidence for the existence of winds at high altitude (King and
Kohl, 1965).

They estimated that a 35m/sec meridional wind could

exist at mid-latitudes.

A zonal wind of 240m/sec arising from

pressure gradients was theoretically determined by Lindzen (1966).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4
Measurements of the CK^D) profile with a Fabry-Perot interfe
rometer were obtained by Biondi and Fiebelman (1968) at mid-latitude.
On some nights the profile maximum shifted, and the line shape was
slightly asymmetric.
eastward wind.

The shift could be explained by a 400m/sec

This interpretation was supported by wind measure

ments with a Fabry-Perot interferometer performed at mid-latitude
by Armstrong (1966).

Using the O^ D ) line as an atmospheric tracer,

velocities of up to 180m/sec were obtained.

The meridional compo

nent was observed to be primarily equatorward.

The zonal flow was

eastward in the evening and westward in the morning, as expected
for a wind driven by solar UV heating.
Numerous studies of thermospheric dynamics using Fabry-Perot
interferometers have been performed since.
is given by Hernandez (1980).

A comprehensive review

This thesis concentrates on thermo

spheric dynamics in the auroral zone.
Chapter 2 outlines a theoretical description of the FabryPerot interferometer.

An appropriate model equation and an har

monic analysis are applied to determine the geophysical parameters
of interest:

wind, temperature and emission rate.

A detailed

description of the instrument used for obtaining the measurements
employed in this thesis is given.
The effects of atmospheric scattering on ground-based FabryPerot interferometer measurements have recently been examined
(Abreu et al., 1983).

A simulation for College is presented in
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Chapter 3 to evaluate the importance of scattering.
To facilitate interpretation of the measurements, the basic
equations of thermospheric dynamics are reviewed in Chapter 4.
The relationship between the auroral electrojet and the neutral
wind is considered, as is heating due to magnetospheric-ionospheric
sources.

The effect of auroral particles on the emission height

profile of the 6300A radiation is then discussed.
Averages of the wind and temperature ordered by geomagnetic
activity are presented in Chapter 5.

The position of the auroral

oval relative to College is shown to have a significant effect on
the flow pattern, while temperature averages exhibit the importance
of heating due to enhanced solar UY flux and geomagnetic activity.
Three-dimensional global thermospheric circulation model results
are compared to the measured averages.
Selected individual nights are discussed in Chapter 6.

These

display many of the features of the averages but allow a detailed
comparison to be made with individual auroral substorms.

Finally,

atmospheric heating effects measured during type-A red aurorae are
analyzed.

Both measurements and theory are consistent with heating

caused principally by precipitating electrons.
In Chapter 7 the important geophysical results of this work
are summarized.

Limitations of the present study and promises

for the future are also discussed.
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A brief comment on units employed in this thesis is appro
priate.
units.

Many scientists today favor International System (SI)
However, this thesis is primarily a study in aeronomy using

high resolution spectroscopy.

To be consistent with current usage

in aeronomy and allow other workers in the field to more easily
read this work, cgs units are often employed.
region optical wavelengths are expressed in

For example, visibleAngstroms (1A = 10-10 m),

magnetic induction in gammas (ly = 10-9T) and energy flux in erg
cm-2 sec-1 (1 erg cm-2 sec-1 = 1 mW m -2).
Furthermore, to most easily manipulate the analytic equations
of the Fabry-Perot interferometer, wavenumbers are used rather than
wavelength.

The commonly employed wavenumber unit of spectroscopy

is the Kaiser (IK = 1cm-1).

The standard abbreviation is a capital

K, the SI symbol for the thermodynamic temperature (Kelvin).

To

avoid confusion with wavenumber, degrees Kelvin will be employed
throughout this work, for example, the Doppler temperature derived
from the 01 line at 15867K is 1000°K.
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CHAPTER 2
THE DETERMINATION OF THERMOSPHERIC WIND, TEMPERATURE AND EMISSION
RATE WITH A HIGH RESOLUTION FABRY-PEROT INTERFEROMETER
I.

Introduction
A study of the atomic oxygen line profile of the 0(*D) ->■ 0(3P)

transition at 15867K (where K is the Kaiser, lK=lcm~l) requires a
high resolution spectrometer.

The Doppler shift of the 0(^-D)

emission line due to the bulk motion of the atmosphere is small.

A

wind of lOm/sec results in a shift of
Av = v-v0 » v0 v/c “ .6mK
where v0 is the unshifted wavenumber,

v

the shifted wavenumber,

v the bulk velocity and c the speed of light.

The line is also

Doppler broadened by neutral collisions in the gas.

The half width

at half intensity (HWHI) for the line profile at 1000°K kinetic gas
temperature is
HWHI = (8(ln2)kT/m)1/2 vQ/c - 50mK
(Chamberlain, 1961).

(2.1)

Here k is Boltzmann's constant, m the mass of

the emitter, and T the temperature.

The instrument function, the

profile of the measuring device when observing an infinitely thin
line source, must then be less than 50mK HWHI to derive a tempera
ture.

7
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The best choice of a spectrometer for this measurement must
have the highest product of resolving power times luminosity.
Assume that two equal intensity spectral components can be just
distinguished from one another if the half-intensity point of one
lies on the half-intensity point of the other (the Rayleigh cri
terion).

Then this separation of the components, divided into their

mean wavenumber, yields the resolving power of the instrument.

The

luminosity is the flux per unit monochromatic source of unit bright
ness through the instrument.

It can be shown that a Fabry-Perot

interferometer can achieve a larger value of this product than is
possible with grating or prism spectrometers (Jaquinot, 1954).

The

nighttime sky emissions are often weak and, in the auroral zone, the
intensity can exhibit rapid temporal variations.

It is desirable

to be able to collect light as rapidly as possible.

Thus, a Fabry-

Perot interferometer is the optimal instrument to study the 0(^-D)
emission line profile.
The basic theory of the Fabry-Perot interferometer is dis
cussed in many optics textbooks (see for instance Born and Wolf,
1980).

A particularly readable monograph on the physics of inter

ference and various types of interferometers, including the FabryPerot, has been written by Tolansky (1973).

A detailed volume on

Fabry-Perot interferometry has just been finished by Hernandez
(1984d) and is currently in press.
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II.

The Theoretical Description of the Fabry-Perot Interferometer
The Fabry-Perot interferometer consists of two pieces of

extremely flat quartz, coated for high reflectivity (usually greater
than seventy five percent) at the wavenumber of interest.

The

surfaces are typically flat to better than one-fiftieth of the
operating wavenumber.

The mirror quartz substrates (plates) are

held parallel by a spacer of thickness h.
called the etalon or optical gauge.

Together, these are

A Fabry-Perot interferometer

is the combination of an etalon and a lens as shown in Figure 2.1a.
The lens orders the light from the multiple reflections of the
incident beam.

The interference occurs in the lens, not the etalon,

as the etalon only has a maximum in transmission and reflection of
the incident light when the order of interference has integral
values, and a minimum at one-half integral values.

When monochro

matic light illuminates the interferometer, a series of concentric
rings is seen at the focal plane (Figure 2.1b).

The order of

interference at the focal point is given by
n =2phvcose = (2tt)-1

x

.

The order n is a function of the index of refraction of the medium,
y, the plate spacing h, and e, the angle of the incident light
measured from the normal to the plates.

The order equals the phase

difference x of reflection between adjacent waves normalized to
2

it.

To scan the ring pattern (change orders) for normally inci-
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Figure 2.1

A schematic of a Fabry-Perot interferometer (a). A
photograph of the ring pattern that would be seen on
the screen in (a) for a monochromatic line source is
shown in (b) (photograph courtesy of R. Smith).
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dent light (cose =1) , the spacing between the plates must be
changed or the index of refraction of the gas in the etalon ad
justed.

For light at normal incidence in air (p « 1) the distance

between adjacent maxima (or minima) of the order in wavenumbers is
given by
An = (2h)-l.
This quantity, fundamental to the description of the Fabry-Perot
interferometer, is the free spectral range.

The Fabry-Perot inter

ferometer is a periodic instrument; if continually scanned, an
infinite number of orders, each identical, will appear in turn at
the center of the ring pattern.

A scanning Fabry-Perot typically

uses an aperture centered on the optical axis to limit to the
central order the light received by a detector behind the aperture.
Shepherd et al. (1965) have described an alternate scanning technique.
If the etalon pressure and spacing are fixed, the aperture can
equivalently be scanned across the fixed ring pattern.
To generalize the description of the instrument, the above
mentioned periodicity can be used to normalize parameters to the
free spectral range:
= $*(An)-1
where $ is a system parameter (Hernandez, 1979).

Hence, in this
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chapter, a symbol with a star (*) as a superscript implies normali
zation to the free spectral range.

The periodicity of the Fabry-

Perot interferometer's output will be important in the derivation
of the model equation in section III of this chapter.
The flux through the instrument is
F(x) = Aefll
where I is irradiance, the flux emitted per unit area per unit
solid angle (q), e the system efficiency (optical and quantum), and
A the area of the plates (Steel, 1967).

The flux through the Fabry-

Perot can be rewritten
F(x) = Ae4irf*n-1 Y(x).

(2.2)

Here ft = 4irf*n-1 with f* the normalized

HWHI of the aperture.

The discussion of the line profile Y(x)

that follows is due to

Hernandez (1966).
The line profile is formed from the combination of several
effects.

The ideal lossless interferometer has an output whose

shape depends only on the reflectivity of the plates.

As the re

flectivity increases, the adjacent maxima of the scanned system
become sharper and the background becomes darker.

This is repre

sented for a unit area profile by the Airy function
A(x) = (2ir)-l (1-R2) (1-2R cosx + R2H
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where R is the reflectivity of the plates (Born and Wolf, 1980).
The ratio of the separation of the fringes (the free spectral
range) to the HWHI is the reflective finesse, N r , given approxi
mately by

Nr =

tt(/?T)(1-R )_1

for R near one, assuming the plates are plane and parallel.
The line profile to be studied in the thermosphere is Doppler
broadened due to collisions.

Thus the line shape is a Gaussian:

G(x) = g_1
with g = 2ndg*(ln2)-1/2 .

tt-1/2

exp -(xg-1)2

(2.3)

The quantity dg*, the normalized HWHI of

the Doppler profile, is related to the neutral kinetic temperature
by equation 2.1.
The light entering the system passes through a circular aper
ture centered on the optical axis.

The case of an aperture off

axis has also been studied, but only the on-axis case will be
discussed here (Hernandez, 1974b).

The aperture fixes the lumino

sity through the instrument by determining the solid angle (equa
tion 2.2).

This broadening effect is analytically expressed by
Hf(x) = (4nf*)-l n(x)

where the rectangular function,

n(x), is
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1 ; 2irf*>|x|
n(x) = 1/2; 2irf*=|x|
0 ; 2irf*<|x| .
The description of the spectrometer would be complete if the
plates were absolutely flat.

However, imperfections in manufacturing,

humidity introducing nonuniformities in the coatings, general mis
alignment errors, and microscopic imperfections due to the finite
size particles in the coatings cause departure from an ideal inter
ferometer.
These imperfections are called surface defects, and can be
classified into two types.

The ideal etalon has constant phase

difference of the incident light across the plates.

If the maximum

variation of phase from the center of the plates to the edge is d s ,
and one surface of the interferometer is spherical then
Ds(x) = (4irds*)_1 n(x)
(Steel, 1967).

This is the spherical defect function.

The imperfections due to finite-sized particles in the coatings
can be represented by a Gaussian distribution with HWHI dm*.

This

is given by equation 2.3 with g replaced by d and dg* replaced by
dm*.

The function Dp(x) represents the flatness defects.
The output profile of the Fabry-Perot interferometer is the

cross-correlation of the Airy function, the line profile, the
aperture function, and the surface defects.

Cross-correlation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

15
describes the interaction between inputs B(x) and C(x) that produce
an output D(x):
D(x) = B(x) ® C(x) = / B(u-x) C(u)du.
This is similar to the operation of convolution which determines
the relation between an input and the output
C(x) = D(x) 8 B(x) = / D(u) B(x-u)du

(Jenkins and Watts, 1968).
the integration.

Here the function B is reversed before

These operations of cross-correlation and

convolution are mathematically identical for real, even functions.
The unit area profile sought, g(x), is the cross-correlation
of the line shape and the instrument function, i(x),
g(x) = G(x) ® i(x)
where
i(x ) = A(x) ® 'i'(x) ® Ds(x) ® Dp(x).
Figure 2.2 shows the function g(x) for a Gaussian profile, a
Gaussian, Airy and flatness defects cross-correlated and the latter
cross-correlated with the aperture function.

The final profile is

significantly broadened in the wings of the line, and does not go
to zero between the peaks.

Fitting a Gaussian, parabola, or other

simple curves to the Fabry-Perot output to obtain the linewidth or
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Figure 2.2

The unit area line profile g(x) for A) a Gaussian
profile, B) the cross-correlation of a Gaussian, Airy
and flatness defects function and C) the cross-corre
lation of b with the aperture function (from Hernandez
(1966) with permission of the author).
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position would not fully or accurately utilize the information of
the line shape away from the peak.
III.

The Model Equation and the Expressions for Wind, Temperature,
and Emission Rate
The theoretical unit area function g(x) can be modelled by

harmonic analysis.

Including an area factor q (which multiplies the

unit area profile) and a continuum background term B, the output
profile can be written as:
Y(x) = xe(B + qg(x)) .
The etalon transparency, xe , is related to the reflectivity and
absorption, a, of the flats by
xe = [l-a(l-R)-1 ]2 ( l - R M l + R )-1 .

Since the output signal is harmonic a periodic representation of
the unit area profile of unit period can be used,

g(x) =

1 + 2 E a*,
A*1

i -

c o s (2hji(x -Xo ))

<US£.

The a^ are the resultant coefficients of the cross-correlation of
the instrument with the source.

Substituting the above expression

into equation 2.2 for the flux yields
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F(x-j) = Q{(1 + J) + 2

Z

a^ cos (2n£(x-x0))}

4=1

where Q = 4irAf*riQ^q and J = B/q.

F(x-j) =

b0

+ 2

Thus, in general,

Z

bjj, cos (2tt4(x -x 0 )) .

(2.4)

4=1
Equation 2.4 is the model flux equation for the output of the
Fabry-Perot interferometer (Hernandez, 1978).
The noise associated with the measured F(x-f) is described by a
Poisson distribution (Bevington, 1969).

The source generating

F(x-j) can be assumed to be partially coherent, i.e., the phase
histories of the incoming light waves vary slowly over many
oscillations of the wave.

The electromagnetic field of the wave

can then be imagined to modify the counter's statistics; in other
words, a higher intensity yields more counts.

The probability,

dp(t), that in a time interval dt a photon will interact with an
ideal detector for a given intensity J(t) is
dp(t) = J(t)dt.
If J (t) has no random variation, then the probability of counts in
each time interval sampled can be assumed statistically independent.
It can then be shown that the probability p(t) satisfied a Poisson
distribution (Klauder and Sudarshan, 1968).

This implies that the
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standard deviation of F ( ) is equal to the square root of F(x-j).
To simplify the equations for the variance of the coefficients, it
is further assumed that the possible individual Poisson distribu
tions around each measurement point follow a Gaussian distribution.
With the knowledge of the model equation, the b^
cients and the phases of the series can be found.

coeffi

These are related

to the line position, width, and area under a free spectral range,
and are obtained in practice by Fourier analysis.

To compute the

harmonic coefficients without aliasing, a critical number of points
must be obtained in a free spectral range.

If the instrumental

finesse is defined as the free spectral range divided by the equiva
lent HWHI of the aperture function, then the number of points
required is about two times the instrumental finesse.

The deriva

tion of this result, and the importance of satisfying the Nyquist
sampling theorem for retrieval of wind and temperature, is given by
Hernandez (1982d).
If the Fourier coefficients summed over one period are given by

*

1
= 2
F(xi)sin(2irUj)
i=0

*

1
= 2 E F(x-j )cos(2irJUi)
i=0

z

s

C

with variances
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a 2 = 4 z F(x,*)sin2{2ir£.xn-)
s£
i=0
1
1
a ? = 4 Z F(x.-)cos2(2tt£x1-)
c£
1=o
1
1

then the

coefficients and their respective variances are

», ■ <*2i +

°

b* ■ (s2J “In +c2£ 4

IIs21 tc2£r l -

The maximum of the £th harmonic is
xQ£ =(2 ttA)_1tan_1 (s £

c £_1),

with variance

°2xo£ = (2ir^ “2

lc2z

°s£ + s2£ ° c£ )(c2£ + s2£)_2-

The peak position of each harmonic, x0 , is then used to obtain the
£
profile maximum
N

N

X° = £-lX°£ Ox0£ k-iaxok^

Note that the sum is truncated at N terms.

*

In practice only a finite

number of coefficients is statistically significant, as can be deter
mined by, for instance, Student's t test (Parratt, 1961).

The vari

ance of the b^'s limits the precision of the determination of the
derived quantities (Hernandez, 1978).
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The temperature can be found from the deconvolution of the
instrument function from the source, leaving only the Gaussian
coefficients:
b£ = Qa& = Q d£ exp (-yT£2 )

yT

where

=ir2 (dg*)2 (ln2)"l.

U£

This can be rewritten
= In (b£/d£) = InQ -

yT*2

and the temperature T and Q (which is related to the area under the
curve, q) found by a weighted-linear least squares procedure (Bevington,
1969).

Since it is not known beforehand if the source profile is

Gaussian, the assumption of a linear relation of A2 to U should be
verified.

The arbitrary criterion is adopted that if the coeff

icients are scattered by more than 10% from the

yT

regression line

obtained, then the measurement is rejected (Hernandez, 1978).
IV.

The Effect of Two Different Scanning Methods on the Variance
of the Retrieved Wind and Temperature
The model equation and solutions are independent of the scan

ning method employed.

The variance of these quantities is not.

The most commonly employed technique is to integrate for a fixed
amount of time at a given sample.

For the ith sample in a scan

S-j=F (Xi )t0
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where Sj is the number of counts in the ith sample and t0 the fixed
integration time.

Since the recorded counts are Poisson distri

buted

°Si = si*
This result when coupled with the model equation (2.4) yields the
variance of the position and temperature:

?

N

aX0 =

£=1

9

°X 0 £ = (2Q)"1 (2ir£a£)“2 [(1+J) +

1

y '2

&2z

cos2 (4irJlxo ^

^2 *5 ^

_ r2n -2 2

V "

aT2 =

1

W

0

xo

N
N
N
CS £4 w £ (Z 2 w £) (E w^)"1]'1
£=1
£=1
£=1
£=1
£=1
£'

(2.6)

«* aU£2 = ab / bJl"2 + ad / d£_2
where v is the wind velocity (Hernandez, 1978).
The analysis of these variance expressions has enabled Hernandez
(1979, 1982c) to obtain contour plots of the ratio of the standard
deviation of position and temperature for a unit area etalon of
unit efficiency in the first order scanning a unit emission rate
profile.

For a given set of plates, knowledge of the reflectivity at
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a specified wavenumber and dg* of the source enables the experimenter
to choose the normalized aperture that minimizes the error of determi
nation for wind or temperature.

Though the optimum aperture choice

is slightly different for each quantity due to the higher signal to-noise level required for temperature measurements, the optimal
temperature aperture is commonly employed.

Once this has been

determined, the number of counts under a free spectral range to
achieve a given wind or temperature error can be computed.

If the

instrument scans coherently faster than the source brightness level
changes (or the spectrometer employs a non-scanning imaging system)
multiple scans can be co-added to a desired count level (for an
imager this is equivalent to a longer exposure time) (Hernandez and
Roble, 1976).
The instrument employed in this study was not sufficiently
stable for coherent scanning.

The College Fabry-Perot interfero

meter is modulated by changing the index of refraction in the etalon
chamber.

Index-of-refraction-modulated devices must start and stop

at exactly the same pressure and temperature to be coherent.

This

requires a complicated feedback system to guarantee equal pressure
stepping with high temperature stability.
not meet these requirements.

The present device could

Due to the long (> 2 minutes) scan

times necessary, the auroral luminosity could change by orders of
magnitude.

This would force an a priori guess of the integration

time necessary to yield a given number of counts under a free
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spectral range.

This is not practical for a semi-automated system.

Instead of the "classical" scanning method of equal time
integrations at a fixed number of points, a requirement of equal
signal-to-noise ratio (SNR) in each spectral bin was invoked
(Hernandez et al., 1984a).

The emission rate of the line can then

vary without affecting the signal-to-noise level of a scan.

For

the SNR method
S0=F (x-j )t-j.
The number of counts in the bin is fixed and the time necessary to
reach this signal-to-noise level recorded.

Figure 2.3 shows an

unprocessed SNR scan and its conversion to a classical equal time
fringe.

The variance of F(xi) is found from Parratt (1961) to be

«f2(x.)

-

So'1 -

The new velocity and temperature variances are

«

o

N

O

9

N

9

<j£0 = {8n^MS0 M a ^ ) 2 [(1 + J )Z - 2(1+J)a2£ + 2 2 «kz " (2 ‘ 7)
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~ \lx
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Figure 2.3

The recorded times of measurement as a function of
spectral bin (sample) for the auroral red line (a). The
reconstructed profile from the measurements (a) is
shown in (b).
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w4 = a/

{(1+J)2 + 2(1+J)a2jl +2 z ak2

24-1

N

+, z a2i-k ak + 2z,a24+k ak>" *
k=l
k=l
Here M is the number of spectral samples (equal to the free spectral
range in this case).

The quantity MS0 is the number of counts

under the fringe, which for a given M fixes S0 , the number of
counts to be accumulated per sample.

For the College system there are

approximately 70 points per free spectral range, with S0 = 128 for
observations after February 14, 1983.
tradeoffs involved with this technique.

Equations 2.5 and 2.6 show the
The factor (1+J)2 appears

in equations 2.7 and 2.8 instead of (1+J) as in the classical case
(equations 2.5 and 2.6).

Therefore, the measurement is more susceptible

to background contamination.

For the high emission rates typical

in the auroral zone this term is not important.
More critical is the term:

which becomes very large for narrow line sources.

In the limit of

a Dirac function source the sum would approach infinity, as would
the variance, and all the information in the spectrum would be at
one point.

In practice, the criteria discussed previously for the

optimum aperture size for a given line width would prevent this
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situation.

For high resolution measurements, the width of the line

is a significant part of the free spectral range, dispersing the
information in the profile to all points.
The theoretical standard deviations of wind and temperature
measurements using the SNR method are about 35% greater than
the classical case.

However, the data acquired are of a higher

quality with few scans rejected due to low signal-to-noise ratios.
V.

The College Fabry-Perot Interferometer, 1979-1983
The Fabry-Perot interferometer available for this study has

undergone considerable change from 1979 to the spring of 1983.

The

configuration of the original system and its operation have been
described previously (Roble, 1969; Cole, 1980).

Scanning in the

original unit was accomplished by changing the index of refraction
in the etalon by continuously filling and venting nitrogen gas.
Measuring the Doppler shift of the spectral line requires the
capability to refer the position of the profile peak to a common
reference point.

This is very difficult with an open pressure

system in which data are sampled at fixed time intervals instead of
fixed index-of-refraction steps, since the starting points of
successive scans are not coincident.

Interpolation of unequally

spaced measurements with an intrinsic noise spectrum would be re
quired in the analysis, a procedure that is a source of increased
uncertainty.

To minimize perturbations in the medium and maximize
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the thermodynamic stability of the system, the gas pressure was
changed very slowly, requiring about seven minutes for a single
scan.

The system lacked feedback to insure repeatability and

fiducial signals to communicate with the data recording device.
The positioning of the periscope, which determines the viewing
direction, had to be activated manually by an observer who also
wrote the appropriate data header on magnetic tape.

The old system

recorded data with a Data General NOVA 1220 minicomputer.

Without

fiducials, the fringes had to be located by comments from the
observer, stripped off the tape and then reformatted for input to
the Geophysical Institute's Digital Electronics VAX 11/780 computer
for subsequent analysis.
A closed pressure system became operational beginning in
February, 1982.

The interferometer is now scanned by changing the

volume of a large piston in discrete steps by a motor controlled
with a CAMAC standard device handler.

This is commanded by a

Digital Electronics LSI 11/23 microcomputer.

A shaft encoder

provides feedback to insure repeatability of the piston step posi
tion for each scan, thus providing an unambiguous scan beginning
and end.

Previously the pressure in the etalon was measured with a

MKS baratron pressure sensor, which was bulky and required a vacuum
reference signal.

A Teledyne Taber model 2215 absolute pressure

transducer greatly simplified the pressure monitoring.
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Gas leakage from the etalon chamber prevents an absolute
reference pressure from easily being maintained.

This problem was

solved by passing a reference source through the interferometer
together with the 6300A sky radiation, then detecting the reference
signal with an auxiliary photometer in back of the aperture.

The

wavelength scan window includes approximately two free spectral
ranges of the sky and reference signals, providing the capability
of making relative measurements between the two profiles and avoid
ing the necessity of maintaining an absolute scale.

The reference

scans are used to evaluate the instrument error in line width and
shift on a nightly basis.

A shift in the reference free spectral

range gives an indication of an instrumental perturbation.

The

reference line was obtained with a Tropel Model 200 frequency
stablized HeNe laser at 15797K (6328A), which also supplied a
measure of the instrumental coefficients.
The Fabry-Perot was optimized using the criteria developed by
Hernandez (1979, 1982c).

At 15867K, the reflectivity of the flats

is .85, N r = 19.3, and the free spectral range is 500mK.
temperature of 1100°K, dg* =.08.

the minimum error occurs at f* =.040.
employed.

For a

From Hernandez (1979), Figure 2,
Initially a f* of .025 was

Table 2.1 displays these and other relevant instrumental

parameters.
System sensitivity was substantially increased by replacing
the ITT FW130 phototube (4% quantum efficiency at 15867K) with an
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Instrument Parameters of the College Fabry-Perot Interferometer

Refl ectivity

.85 at 15867K

Plate Spacing

1.00 cm

Free spectral range

500 mK

Operating order

31,736

Focal length

121.9 cm

Effective area of flats

127 cm

Aperture size

3/81-3/82 12.6 mK HWHI
3/82-4/83 24.0 mK HWHI

Interference filter

3/81-4/81 Barr,
12.6K HWHI
2/82-4/83 Andover 3 cavity,
4.2K HWHI

Phototube

3/81-4/81 ITT FW130,
4% QE at 15867K
2/82-4/83 RCA C31034A,
18% QE at 15867K
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RCA C31034A tube with a gallium arsenide photocathode and a quantum
efficiency of 18% at 15867K.

A three cavity, 4.2K HWHI interference

filter replaced the wider prefilter of the old system.
ling of the data was also upgraded.

The hand

They are now written directly

to the VAX computer, where they can be routinely analyzed at the
end of a night's observing.
Automatic positioning of the periscope is now controlled by
the data acquisition software.

An observer-supplied sequence of

viewing directions can be preprogrammed.

The observing routine

most commonly employed consists of viewing the four cardinal points
at 45° elevation angle in magnetic coordinates, and the geographic
zenith (the magnetic declination of College is about 29° E).
Other observing schemes are occasionally used, such as scans at
both 45° and 20° elevation angle.
VI.

Practical Considerations in the Retrieval of Winds, Temperatures
and Emission Rates
The Fabry-Perot interferometer's output is periodic.

Fourier

analysis is employed to obtain three basic quantities:

line posi

tion, line width, and the area under the line profile.

The coeffi

cients and their associated variances are first computed.

With the

knowledge of the instrumental coefficients, the line position and
temperature (with variances as stated previously) are determined.
This reduction technique does not employ curve fitting to the
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observed profile but makes use instead of the noise inherent in
the measurement to compute the true statistical error of determina
tion.

The instrument function is measured with a single frequency

stabilized HeNe laser on each night of operation.

Analysis is

performed using two consecutive orders for both the sky and refer
ence signals.

If the relative intensity of the two sky peaks

differs by more than 5%, then they are normalized with an auxiliary
photometer pointing in the same field-of-view as the interferometer.
Scans are rejected if the background exceeds one-half the intensity
of the line.

If the line shape is not Gaussian, as can occur

during rapid emission rate changes or due to background contamina
tion, the measurement is not used.

For each observing night, the

system error for wind is derived from the variance of the ensemble
of laser free spectral ranges.

The variance of the line width of

the laser is the system temperature error.

This can be seen from

equation 2.1:
dg = CTl/2

where C =[(1n2)2k/m]1/2 v/c, for a Gaussian source.

The variance

of the laser HWHI is

4g

= <CoT>2 W ' ' 1 -

This variance must be added to the variance of the line width of
the sky.
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Peak positions are determined from the relative spacing be
tween pairs of reference and sky fringes.

In the absence of a

laboratory 15867K reference light the nightly mean of the zenith
fringe peaks, weighted by their individual variances, is assumed to
represent zero wind.

Winds are computed with respect to this zero

reference in meteorological coordinates (positive northward, east
ward and upwards).

The error of each quantity includes the system

error, the statistical error of the individual measurement of the
sky and reference, and, for wind, the drift of the laser relative
to an unshifted line.

Horizontal components of the wind and their

respective variances are corrected from the line-of-sight measure
ment to a horizontal component for a round earth.

For nominal

15867K emission rates (500R) the total error in a wind measurement
is about ± 30m/sec, while for temperature measurements it is about
± 50°K.

The errors can be less depending on the brightness since

the standard deviation of the temperature decreases as
cT (x) = (500R/X)1/2

aT

for x Rayleighs of signal.
The precision of the method is limited by the counting
statistics.

Synthetic spectra were analyzed to check the accuracy

of the analysis.

At typical auroral signal levels, the accuracy of

the wind determination is less than 1 m/sec, for temperature the
accuracy is about 1°K.

This is well below the statistical preci

sion of the measurement.
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VII.

Data Presentation in Component Format
Measurements of wind, temperature, and intensity from the Fabry-

Perot interferometer will often be displayed in a component format
(see, for instance, Figure 5.8).

The symbols N (north), S (south),

E (east), W (west), and Z (zenith) refer to the direction of obser
vation, at the stated elevation angle.

The vertical bar through

the letter is plus and minus the standard deviation of the measure
ment.

For wind, above the zero line is northward, eastward, and

upward, below the zero line is southward, westward, and downward.
All spatial directions are in magnetic coordinates, while time is
typically magnetic local time (MLT), though occasionally universal
time (UT) is employed.

In local time (solar and magnetic), zonal

observations are shifted ahead (back) to the east (west), from
the local station time i.e., to the point of observation, assuming
an emission layer at 225km.

For College at winter solstice 0:00MLT

« 11:30UT * 1:30LT, where solar local time (LT) for this data set
was Alaska Standard Time.
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CHAPTER 3
COMMENT ON THE IMPORTANCE OF ATMOSPHERIC SCATTERING TO THE
RETRIEVAL OF DOPPLER LINE POSITION AND WIDTH
I.

Introduction
The effect of molecular (Rayleigh) scattering on the interpre

tation of intensity measurements in the nightglow has been studied
by Roach and Meinel (1955), who were concerned with corrections to
absolute photometric intensity measurements of selected nightglow
emissions.

The first mention of atmospheric dust particles (aero

sols) and their possible contribution to scattered light was due to
Seaton (1956).

When the diameter of the particles is large com

pared to the wavelength of the incident radiation, this is called
Mie scattering.
Besides contributing to intensity measurements, scattered
light can affect the Doppler position and width of a spectral line.
This effect was studied for 15867K wind and temperature measure
ments by Abreu et al. (1983).

They concluded that for a unit flux

source in the north from 0° to 65° zenith angle, a significant
amount of light would scatter to the south and appear (for this
particular geometry) as a converging wind (Figure 3.1).

The tem

perature in the south is found to be approximately that of the
source.

In practice, to determine if scattered light is a signifi

cant part of a measurement, the temperature can be examined.

If

35
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Direct Light From the

Figure 3.1

ZENITH

Scattering from an emitting region in one part of the
meridian plane to a source free region. The effect on
the wind that would be measured in the scattered light
is also depicted, (adapted from Abreu et al. (1983)).
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the temperature away from the source is different from that of the
brighter source region of the sky, scattering is not important.

If

the temperature obtained is similar in both regions of the sky,
scattering could be a problem in the region away from the source.
A comparison with a scattering model, such as given by Abreu et al.
(1983), is then necessary.
The Abreu et al. (1983) work concentrated on simulating the
scattering effects from Calgary, Alberta.

The model parameters

used were for a populated, continental area.

To evaluate the impor

tance of scattering from College, model runs with a better choice of
input parameters for interior Alaska were performed.

Also a com

parison with some published measurements from Fritz Peak, Colorado
is included (Hernandez et al., 1982f).
II.

Theory
The method of directional averaging was used to calculate the

scattered light (Sobolev, 1975).

The atmosphere, considered to be

a plane layer of optical depth

is illuminated at an angle

to the normal.

t,

0

The intensity at the upper (x = 0) level reflected

by the layer and the transmitted intensity at the lower
boundary are sought.

(t = t 0 )

The law of diffuse reflection and transmission

for unit area illumination is:

1 ( 0 , - y , <(>) = p (y, y0 > ^ o
K x 0 , y, <(>) =

a

(y , y0 , <j>)y0
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where u0 = cos0o is the cosine of the angle of the emergent radi
ation from the bottom of the layer at an azimuthal angle <)>, p is
the reflection coefficient, and a, the transmission coefficient
(a is called the scattering coefficient by Abreu et al. (1983)).
The solutions, for a and p, including an arbitrary ground albedo,
are given by Sobolev (1963).

They can be azimuthally averaged

(the directional averaging), then integrated over the incident
angle to find the diffuse, reflected and transmitted light for a
given zenith angle.
The solutions employed are for conservative scattering (no
absorption).

This is the assumption adopted by Abreu et al. (1983),

but it is not explicitly stated.

A real atmosphere has absorption,

so calculations for conservative scattering will be upper limits,
since no energy will be lost.
The phase function employed for the directional averaging
calculation is
x(y) = 1 + xi cos y ,
where the scattering angle

y

> the angle between the incident and

scattered radiation, is given by
cos

y

= uu0 + (1-u2 )1^2 (l-u02)1'/2 cos(<|>-<j>0 ).

This phase function is an approximate representation of the higher
order scattering by the sum of the first two Legendre polynomials

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

39
with
xi = 3/2 | x(y) cosy sinY dY

(3.1)

(Sobolev, 1963).
The reflection and transmission coefficients can be rewritten:

p (p ,

The first

=

x

( t ) p i ( p > Po ) + a p ( p » Po^

a (p» Po> <f>) =

Po>

x

( t ) o i ( p > Po ) + A<* ( p » Po^•

order scattering is due to the phase function x(y)*

Multiple scattering from higher orders is assumed to be isotropic,
i.e., after the first scattering the radiation has no prefer
ential scattering direction.
isotropic

The values of xj range from zero for

scattering to about three for highly anisotropic phase

functions.
III.

The Choice of a Phase Function
Abreu et al. (1983) use an empirical phase function, an average

of ten day's measurements from Elabuge, U.S.S.R. in the summer of
1943 at an unspecified wavelength (Sobolev 1963).

The value of xi

obtained numerically from equation 3.1 is .529 (this corrects the
value in Sobolev (1963) of .63).

More recent studies have provided

Mie phase functions for a variety of aerosol distributions and inci
dent wavelengths.

A comprehensive set of these is presented by

Deirmendjian (1969).
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More importantly, Abreu et al. (1983) dismissed Rayleigh scat
tering as insignificant.

This statement is only true in a polluted

atmosphere where the optical depth of the aerosols is much greater
than the Rayleigh optical depth.

The Rayleigh optical depth (t R)

varies as X"4 while the Mie optical depth (xm ) varies as X"1,5.
Furthermore, for conservative single scattering through layer

x(y) = t0 _1 [trxr (y) + tm xm (y)]

xR(y) = 3/4.(1 + cos2

y

(3.2)

)

where x r(y) is the Rayleigh scattering phase function and xm(y)
the Mie scattering phase function (Deirmendjian, 1969).

Hence the

relative optical depths weight the phase function contributions at
each scattering angle.
Mie scattering phase functions are characterized by strong
scattering in the forward direction.

Differences between the peak

scattering at 0° (forward) and 180° (backwards) are about three
orders of magnitude.

A Rayleigh phase function has equal peaks in

the forward and backward direction, both a factor of two greater
than the value at 90°.
(1963) phase functions.

Figure 3.2 shows the Rayleigh and Sobolev
Abreu et al. (1983) call the Sobolev

(1963) phase function a pure Mie scattering phase function.

Though

Mie scattering dominates to about 40° scattering angle, from 40° to
180°, the scattering is close to pure Rayleigh.

Clearly, the Sobolev
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PHASE FUNCTION COMPARISON

-----------Rayleigh
---------- Sobolev (1963)

\
\
\

\

Figure 3.2

Rayleigh and Sobolev (1963) phase functions.
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(1963) phase function has a strongly weighted Rayleigh component.
The total optical depth used for comparison with the Abreu et
al. (1983) result is .27.

The optical depth for Rayleigh scat

tering at 15867K is .0542 at sea level (Frohlich and Shaw,
1980).

From equation

3.2, the contribution of the Rayleigh scatter

ing function is about 20%.A typical pure

Mie scattering phase

function for continental-sized aerosols is the Haze L model
(Deirmedjian, 1969).

Figure 3.3 is a plot of the Rayleigh phase

function, the Haze L phase function, and the composite function (as
defined in equation 3.2).

Note that the Haze L phase function

changes almost three orders of magnitude from 0° to 180° scattering
angle.

At large scattering angles, the Rayleigh component increases

the composite phase function by a factor of four.
IV.

Results
The directional averaging calculation of the measured source

brightness is shown in Figure 3.4 for this case.

The input flux is

that used by Abreu et al. (1983), a unit rectangular function
between 0° and 65° zenith angle.
snow-cover.

The ground albedo of .8 models

Figure 3.4 shows the measured intensity normalized to

the peak brightness for the source function plus scattering employing
the composite phase function, including the higher order terms (the
total scattering), the first order scattering normalized to the
total scattering, and pure Rayleigh scattering at this optical
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Figure 3.3

Rayleigh, Haze L and the composite phase function
for x =.27.
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RELATIVE

INTENSITY

MODEL OF OBSERVED INTENSITY
T = .27, GROUND ALBEDO = .8

source located between 0° and 65°, normalized to the
peak intensity at 65°, for t = .27 and a ground albedo
of .8. Results are shown for pure Rayleigh scatter
ing, first order scattering from the composite phase
function and first order plus higher order scattering
for the composite case.
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depth normalized to the total scattering.

The Rayleigh scattering

for small optical depth is computed from the Chandrasekhar X and Y
functions and their moments (Van de Hulst, 1948, Chandrasekhar,
1960).

The higher order isotropic scattering is significant,

accounting for over one-third of the total scattering.

The Rayleigh

scattering curve is included for comparison only, as at this opti
cal depth the scattering is certainly not pure Rayleigh for 15867K
radiation.
Abreu et al. (1983) present intensity data during a wind
convergence when an intensity gradient appears in the zenith.
During the convergence, the percentage of scattered light normal
ized to the source brightness in the north is 17% at -35°, decreas
ing to 12% for the measurement at -65°.

The Abreu et al. (1983)

model for this period predicts about 12% at -35° and 18% at -65°,
using an incident flux that falls monotonically from 1.5 at 50°
to .35 at -35°.

The Haze L plus Rayleigh composite phase function

results for a unit-height rectangular function incident flux, as
shown in Figure 3.4, are 15% at -35° and 25% at -65°.

The composite

phase function results are consistent with the Abreu et al. (1983)
model for a polluted atmosphere.

Since the model intensities are

upper limits, the composite phase function better fits the data
given by Abreu et al. (1983) at -35°.

However, the measurement at

-65° is not consistent with a conservative scattering model, as the
observed intensity does not increase at the southern horizon.

It
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is not clear that the intensity measured at -65° is due to scattered
1ight.
To further investigate the likelihood of scattering mimicking
an actual wind, the same source was modelled for the Fritz Peak
Observatory in Colorado, located at about 2.75km altitude.

Conver

gence in the wind at mid-latitude was presented for two nights,
February 21, 1979 and April 25, 1979UT by Hernandez et al. (1982f).
The February 21 event clearly does not suffer from scattering as
the neutral temperature measurements in the north and south show a
difference of over 200°K during the convergence.

However, near

5:00UT on April 25 the temperatures measured in the north and south
are equal to within their errors as the convergence begins.

The

emission rate measured at 70° is maximum, while the intensity in
the south is 30% of this (Figure 3.5).

Also note that the inten

sity in the south increased, then decreased coincident with changes
in the measured intensity in the north.
The directional averaging calculation was performed for a
ground albedo of .8, a Rayleigh optical depth of .039 at 725mb,
and an aerosol optical depth of .014 at 15867K (G. Shaw, private
communication).

The Haze H phase function for stratospheric dust

particles (smaller in radius than Haze L, with a distribution peak
at .1 ym) was used (Deirmendjian, 1969).
shown in Figure 3.6.

The phase functions are

Here Rayleigh scattering is 73% of the total

optical depth.
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Figure 3.5
Neutral wind, temperature and intensity measurements
from Fritz Peak, Colorado on April 25, 1979UT. The letter (N,S,E,W,)
corresponds to the direction of observation at 70° zenith angle,
north, south, east, or west. The bar through the letter is plus
and minus the standard deviation of the measurement. The coordinate
system is positive northward, eastward and upward. See section
2.VII for a complete description of how to read this data format,
which will be used for all component data presented henceforth
(though the elevation angle may vary). The measurements are reprinted
from Hernandez et al. (1982f).
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PHASE FUNCTIONS FOR T=.053

Figure 3.6

Rayleigh, Haze H and composite phase functions for
x =.053.
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The composite phase function is similar to the Sobolev (1963)
phase function, with x* equal to .591, stressing the importance of
the Rayleigh component.

The model of the measured intensity for

these parameters is shown in Figure 3.7.
Peak were made at 70° zenith angle.
scattering at -70° is about 6%.

The observations at Fritz

The composite phase function

This is consistent with the re

ported measurements of 3% near 5:00UT.

After less than fifteen

minutes, the southern intensity was 23% of the north, and by 6:45UT
the south was brighter.
and 11:00UT.

A wind convergence exists between 5:00

Though scattering is possible for a brief period near

5:00UT, the consistency and uniform changes in the four cardinal
directions, as supported by the February 21 event, suggest the
measurements are not seriously contaminated by scattered light.
At College, the optical depth of the aerosols has been measured
by Shaw (1982) over one year.
shown in Figure 3.8.

An example for April 13, 1978 is

At 15867K (6300A) the Rayleigh and Mie opti

cal depths are approximately equal.

The maximum total optical

depth for the winter observing period when Fabry-Perot interfero
meter data were obtained is about .11.

Shaw (1982) has also pre

sented the measured size distribution of aerosol particles and
found the Haze H phase function to best fit the data.
function for College is shown in Figure 3.9.

The phase

The composite is

peaked more sharply in the forward direction and has less of a
Rayleigh contribution than the Fritz Peak case, with xi increasing
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RELATIVE

INTENSITY

MODEL OF OBSERVED INTENSITY
T = .053, GROUND' ALBEDO = .8

ZENITH ANGLE (DEGREES)

Figure 3.7

Model result for
3.4.

t

= .053 in the same format as Figure
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W AVELEN GTH (A )

Figure 3.8

Observed aerosol optical depth as a function of wave
length from College on April 13, 1978 (courtesy of G.
Shaw). The broken line is the Rayleigh optical depth.
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PHASE FUNCTIONS FOR T = . 11

Figure 3.9

Rayleigh, Haze H and composite phase functions for
= .11.

T
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to 1.125.

The result of the scattering due to a rectangular func

tion incident flux with a ground albedo of .8 is shown in Figure
3.10.

The model predicts about 8% of the peak intensity would be

observed at -45°, 11% at -70°.
The data set obtained for this study does not contain any long
(i.e., greater than one-half hour) convergences or divergences in
both the meridional and zonal directions.

With few exceptions, any

convergences or divergences occur for a short time, during which
only a few measurements can be obtained.

In some cases one indivi

dual measurement may suggest a convergence in the meridional or
zonal direction, but higher time resolution observations are required
to confirm this.
On December 22, 1982 UT a divergence in the meridional (but
not the zonal) wind was observed for about two hours.
will be discussed in detail in Chapter 6.

This night

The scattering model

results for College were not consistent with the observed intensi
ties.

Possible scattering effects on a quiet night, November 19,

1982 UT, will also be treated in Chapter 6.

Again, scattered light

contamination will be shown to be minimal.
V.

Conclusions
Scattering models for clean atmospheres (low optical depth)

extend the work presented by Abreu et al. (1983).

The results

highlight the importance of Rayleigh scattering for a better
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RELATIVE

INTENSITY

MODEL OF OBSERVED INTENSITY
r = . 1 1 , GROUND ALBEDO = .8

ZENITH ANGLE tDEGREES)

Figure 3.10

Model result for r = .11 in the same format as Figure
3.4.
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weighting of the total phase function at large scattering angles.
Data obtained from College and at high elevation from Fritz Peak,
Colorado appear not to be affected by scattering.

In the auroral

zone, unless the activity is extremely low (Kp « 0), the equatorward
edge of the auroral oval is usually south of College (Deehr et al.,
1970).

When the auroral particle precipitation moves equatorward, it

generally blankets the whole sky (not uniformly, but the soft
precipitation covers a large area).

For moderate Kp, Deehr et al.

(1970) show that the equatorward edge of the oval is near 61°
invariant latitude, just to the magnetic north of the Calgary
zenith.

The intensity gradient between the auroral oval to the

north and airglow to the south would most frequently occur in the
sub-auroral region.

The effects of scattering on the retrieval of

the line profile's peak and width could be a persistent feature at
these latitudes.
At mid-latitudes, for a high elevation observatory, the scatter
ing is relatively weak.

Most of the aerosol layer lies below 3 km,

so the scattering is mostly molecular (Van de Hulst, 1962).
shown, the decreased Rayleigh optical depth causes small

As was

[3%)

scattering of the bright northern intensity to the south.
Though scattering is a potential problem at some locations,
other problems in the retrieval of winds and temperatures can be
more severe.

For instance, no 15867K lamp is readily available to

establish a true zero to use as a reference for Doppler shift
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measurements.

In the auroral zone, the changes in the emission

height profile of the 15867K radiation due to precipitating parti
cles can affect the interpretation of the measurements.
be discussed further in the following chapter.

This will

When low emission

rates (less than 50R) exist, as in the nightglow, contamination by
the OH (9-3) band can occur (Hernandez, 1974a).

A proper choice of

etalon spacer and a narrow prefilter can be used to reject contami
nated scans.
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CHAPTER 4
BASIC TOOLS FOR INTERPRETING THERMOSPHERIC NEUTRAL DYNAMICS
I.

Introduction
In the following chapters the Fabry-Perot interferometer data

will be presented both as averages and by individual nights.

The

basic physics contained in the thermospheric dynamic equations,
with special emphasis on auroral zone effects, will first be ex
amined.

The relationship between the auroral electrojet currents

and the neutral wind will be treated in some detail.

Heating due

to magnetospheric-ionospheric sources will also be covered.

The

term magnetospheric-ionospheric heating refers to Joule and parti
cle heating due to magnetospheric convection interacting with
ionospheric conductivity, auroral particles originally accelerated
outside the atmosphere arriving in the ionosphere, and other coup
led effects.

The altitude profile of the 6300A emission in the

auroral zone is considerably broader than in the nightglow.

The

implications of this on Fabry-Perot interferometer measurements are
discussed.
II.

A Physical Description of the Basic Dynamic Equations
The dynamics of the thermosphere can be described mathe

matically by the momentum, energy (thermodynamic), continuity, and
hydrostatic equations of fluid mechanics.

These equations are

stated in the Appendix, reprinted from Killeen and Roble (1983)

57
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by permission of the authors.

In this section a physical descrip

tion of the equations will be presented.
The momentum equation, in component form, is given in the
Appendix as equations A2 and A3.

The left hand side of equation

A2 is the total net force per unit mass in the zonal direction (A3
is similar, but in the meridional direction).

The coordinate

system has northward, eastward, and upward positive.

The first

term on the right hand side is the force per unit mass due to
vertical viscosity.

Simply stated, for an incompressible fluid

(density constant in the direction of motion), the viscosity force
transfers momentum between regions of differential flow through
random collisions between atoms and molecules.
The next term describes the Coriolis effect.

This accel

eration term arises because Newton's laws of motion are covariant
with respect to uniform translations of the coordinates, i.e., the
laws of motion are equally valid in coordinate systems moving with
constant relative velocity to one another.

A body in motion will

tend to deflect to the right of its trajectory in the Northern
hemisphere, providing the time scale of the motion is on the order
of the earth's rotation period.
Magnetospheric convection creates an electric field that maps
to the ionosphere.

This electric field causes a Lorentz force that

exerts a force on the ions.

Collisions of the ions with the neutral

atmosphere can be large enough to drive the wind in the direction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

59
of the ions.

The third term in A2 and A3, the ion drag, is then

proportional to the relative velocity of the ions and neutrals, the
collision frequency, and the ion density.

This will be discussed

in detail in the next section.
The fourth component of the total momentum is the nonlinear
advection force per unit mass.

It relates the time rate of change

of a quantity 3 at a fixed point in space to the local time rate
of change in 3 plus the spatial change of 3 in the direction of
the velocity:
d3/dt = 93/3t + W 3

.

(4.1)

The second term on the right hand side is the advection of 3,
positive if it increases 3 at a fixed point in space.

In the

momentum equation, velocity is the advected quantity.

The accele

ration at a point in space is then the acceleration that an
individual air parcel experiences plus the change in the velocity
field it sees in its direction of motion.
The final term is the horizontal pressure force.

It is ex

pressed in terms of the geopotential, the work required to raise a
unit mass from sea level to a given altitude.

The advantage of

using geopotential is the elimination of density explicitly in
the force term (Holton, 1979).
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The energy equation describes the time rate of change of
temperature in the thermosphere (equation Al).

The first term

on the right hand side is the downward heat conduction, which
was discussed in Chapter 1.

The next term represents linear radia

tive cooling (see Chapter 1).
The third term on the right hand side is the heat advection.
The temperature becomes the advected quantity in equation 4.1.
The change in temperature at a fixed point in space is the sum of
the temperature change felt by an individual air parcel plus the
spatial change of the temperature field in its direction of motion.
This acts to smooth out locally hot regions of the atmosphere.
The next term, static stability, relates to the adiabatic
motion of air parcels due to the change of temperature with height.
When this term is greater than zero the atmosphere is stably stra
tified, and a displaced parcel will return to its initial location.
If this term is zero, a parcel will not move vertically.

When it is

less than zero, a parcel oscillates around its mean position due to
buoyancy.
The last three terms represent the geophysical heat sources.
The first is the rate of solar heating per unit mass arising from
ultraviolet absorption.

The radiation is absorbed by photodissocia

tion in the Schumann-Runge continuum (\<1759A) of O 2 in the lower
thermosphere and through photoionization of N2 , N and 0 at about
150km.

The UV absorption of ozone is important in the stratosphere.
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On a global scale during quiet geomagnetic conditions, the incoming
solar radiation controls the dynamics of the thermosphere.
The next term, Joule heating, is the power dissipated by the
applied ionospheric electric field.

It maximizes at about 130km,

where the ionospheric current flow is largest.

The ionospheric

currents and their effect on the neutral atmosphere will be treated
in detail in the following two sections.
The final term, the particle heating per unit mass, is maximum
in the auroral zone.

The height of maximum energy deposition is a

function of the incident particle energy.
through the thermosphere, from 85 to 500km.

This height can vary
Particle effects will

be treated in greater detail in the following section.
Also necessary for a description of an atmosphere is the ex
pression for conservation of mass, the continuity equation (A4).
The increase of mass per unit volume, or the local density change,
must balance the mass entering the volume.

If the flow is hori

zontal, the atmosphere behaves like an incompressible fluid.

How

ever, vertical motion can change the height dependence of the
density and the mean molecular mass, causing this approximation to
no longer be valid.
The hydrostatic equation (A5) completes the set.

Without any

atmosphere motion, the force of gravity will balance the vertical
pressure gradient.

This approximation is valid for medium and large
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scale atmospheric structures.

With this set of equations, the dyna

mics of the thermosphere can be theoretically investigated.
III.

The Relationship of the Auroral Electrojets to the Neutral
Ci rculation
The ionospheric conductivity couples the ionospheric current

system to the neutral gas.

The horizontal momentum due to ion drag

is given by
P ID = *XX (UI-U) + XXy (vj-v) + Xyy (Vj-V) + Xyx (U ~ U j )

(4.2)

where the right hand side symbols are defined in the Appendix.

The

ion drag tensor depends on the conductivity (equations A6-8).
The ionospheric current can be related to the conductivity via
Ohm's law
J =

where

a

a

• E

is the conductivity tensor and E the ionospheric

electric field.

Since the neutral atmosphere is in motion,
E = Ex + v x B

where E is an invariant in the rest frame of the neutrals.
The electric field Ex is the applied ionospheric electric field,
v the neutral velocity and B the earth's magnetic field, all height
dependent.

The conductivity depends on the electron density and
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the electron and ion collision and gyrofrequencies (Bostrdm, 1973).
Below 100km the collision frequencies of both the ions and electrons
are much larger than their gyrofrequencies.

Above 100km the elec

trons tend to move with the ExB/B2 drift velocity because the gyrofrequency is larger than the collision frequency.

Ion motion,

however, is still dominated by collisions with the neutrals, and a
current develops.

The Hall component, perpendicular to the electric

field, is given by
JH = -o h (E x B)B_1

where in the F region

°H = »in2 (uin2 + “ cl2''1 ene B'1 •
Here v-jn is the ion-neutral collision frequency,

uCj the ion

gyrofrequency, e the electron charge and ne the electron
density (Bostrtfm, 1973).

Without ion-neutral collisions the

ions and electrons would both drift with ExB/B2 and there would
be no perpendicular current, as in the exosphere.
is in the opposite direction of the relative drift.

Note the current
The Pedersen

component parallel to the electric field is
J p = OpE
with conductivity

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The addition to the momentum equation 4.2 due to vertical ion
drag will be neglected.

The parallel conductivity, an, decreases

at lower altitudes due to collisions because
a„ = [(me v ^ ) " 1 + (mi v1n)-1] e2ne .
It then approaches the conductivity of a completely ionized gas at
higher altitudes, about six orders of magnitude higher than the
perpendicular conductivities (Bostr0m, 1973).

Therefore, the

parallel electric field is very small, and consequently little
ExB/B^ drift will occur in the vertical direction.

The electrojet currents appear schematically in Figure 4.1.
At 65° an eastward current exists in the evening, with a stronger
westward current displacing it after magnetic midnight.

The region

of current (or electric field) reversal near midnight is the Harang
discontinuity.

In this region the Pedersen current is dominant, as

the electric field vector swings from poleward to equatorward.
Increasing magnetic activity causes the pattern to expand equator
ward, increases the intensity of the current, and shifts the Harang
discontinuity to an earlier magnetic local time.

The field-aligned

currents are typically into the ionosphere in the evening eastward
electrojet region and away from the ionosphere in the morning
westward electrojet (Iijima and Potemra, 1976).
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MIDNIGHT

Figure 4.1

A schematic presentation of the eastward (evening) and
westward (midnight and morning) auroral electrojets in
geomagnetic coordinates (adapted from Hughes and
Rostoker (1979)). The thicker arrows indicate a stronger
current.
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From equations A2, A3, and A6-8 the force due to ion drag in
the zonal direction is proportional to the conductivity, neutral
wind and ion drift:
3u/3t a 0 p (uj-u) + an (vi~v)
for inclination angles near 90°.

(4.3)

The meridional force component is

also proportional to the conductivity and relative neutral ion
vel ocity:
3v/3t a

Op

(vi-v)

+ an

(U-Uj) -

(4.4)

Measurements of the ionospheric equivalent current system can help
determine whether sufficiently large conductivities exist to make
these terms important for the total force.
IV.

Measurement of the Equivalent Current System
The effect of ion drag on the wind through the ionospheric

conductivity has been described in the previous section.

An esti

mate of the horizontal current flow can be made from ground-based
magnetometers.
The horizontal component of the geomagnetic field (H component)
decreases during auroral substorms.
increases above a quiet time zero.

In the evening it typically
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
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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).
Data from twelve International Magnetospheric Study (IMS)
magnetometer stations were obtained.
Table 4.1.

The stations are listed in

Figure 4.2 shows the field-of-view of the College Fabry-

Perot interferometer at 45°, 30°, and 20° elevation angles for a
300km emission layer in magnetic coordinates.
tions are indicated.

Some of the IMS sta

Fifteen-minute average vectors of the

horizontal disturbance field are obtained from available stations
for individual nights with Fabry-Perot interferometer measurements.
The most quiet magnetic day for each month, the Q1 day, is averaged
for the station baseline and subtracted from the data.

The vectors

are plotted as a function of magnetic local time (Cole, 1963).
The horizontal disturbance vectors are related to the ion flow
direction.

The disturbance vector rotated by 90° to a first

approximation is the horizontal current over the station (hence a
westward current for a negative disturbance vector).

The ions flow

in the opposite direction of the current.
This is because the magnetometers measure primarily the Hall
current.

The maximum current flow is near 130km where the

electrons move with essentially the ExB/B^ drift, while the ionneutral collision frequency is large enough that the ions are
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TABLE 4.1
IMS Magnetometer Stations Used to Locate the Auroral Electrojets

Geographic,
(degrees)
Latitude
__________

East
Longitude

Corrected
geomagnetic,
(degrees)
Latitude
________

East
Longi tude
260.7

Anchorage

61.2

210.1

60.9

Talkeetna

63.3

209.9

61.9

259.8

College

64.7

211.9

64.9

259.7

Fort Yukon

66.6

214.7

67.0

260.1

Fort Smith

60.0

248.0

68.2

299.3

Arctic Village

68.1

214.4

68.4

258.3

Norman Wells

65.3

233.3

70.8

276.3

Inuvik

68.3

226.7

71.7

268.2

Cape Parry

70.2

235.3

74.6

273.5

Sachs Harbor

72.0

234.7

76.0

268.0

Johnson Point

72.5

241.7

78.0

275.7

Mould Bay

76.2

240.6

80.6

263.5
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I70°W 165°

Figure 4.2

160°

155° 150°

145° 140° I35°W

The field-of-view from College of an emission layer at
300km for 45°, 30° and 20° elevation angles, in geomag
netic coordinates.
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almost stationary.

Previously it was shown that the ion drag

momentum equations 4.3 and 4.4 are functions of the Hall and
Pedersen conductivities.

Thus, the magnetometers can give insight

into the direction of the ion flow but not the actual ion veloci
ties or ionospheric conductivity (without additional assumptions).
The response of the neutrals to the currents 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 a 20mV/m electric field
was calculated to be about one hour in the F region.

This time

varies from about one half hour to two hours depending on the
strength and temporal evolution of the applied electric field.
The latitudinal and longitudinal separation of the IMS stations
also shows the spatial and temporal morphology of the auroral elec
trojets.

In the study of individual nights this will be important

in the interpretation of the wind.
V.

The Emission Height Profile of the Auroral Red Line
The wind and temperature data are obtained by measurement of

the total light in the instrument's field-of-view from the ground
to the top of the atmosphere.

For nighttime measurements, the amount

of 6300A emitted below 125km and above 500km is negligible.
125km, 0 ( )

Below

does not radiate due to collisions of the oxygen atoms

with the surrounding gas (quenching).

The 0 (Id ) state is meta-
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stable, with a radiative lifetime of about 150sec.

Above 500km,

the density of 01 atoms is typically small and though the emission
is not quenched, the production of the 0(3-D) state is minimal.
There are three primary sources of 0(3-d ) in aurora.

Histori

cally, the first is electron impact of the atomic oxygen ground
state
e* + 0(3P) -* e + 0(lD)
where the star denotes a secondary electron.

More important is

dissociative recombination of 02+ ions
02+ + e > 0(3P) + O ^D).
The third is the chemical reaction
N(2D) + 02 -)• MO (X2tt, v < 8)+

0{h),

an important source of the auroral red line (Rusch et al., 1978).
The reaction yields nitric oxide in vibrational levels (v) less
than or equal to 8 (Kennealy et al., 1978).

The sum of the produc

tion rate of these, plus other minor contributions due to ion-atom
interchange, cascading from the 0(3-S) state and electron impact
dissociation of 02 , give the total production rate, n(01D).
Quenching of 0(1D), primarily by N2 , limits the emission of
the 6300A photons.

The emission rate of 6300A in the steady-state is

n(6300A) = n(0(^-D)) A ^

qq

[A1d + kn(N2)]-1 photons cm"3 sec"1 .
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The Einstein coefficients are A ^

= 5.15 x 10-3 sec"! and

qq

=

6.81 x 10-3 sec-1. The rate coefficient for the quenching reaction
O ^ D ) + M2 (X1Sg+ ) - 0(3P) +
is

^

(X1^ )

k = 2.3 x 10-11 cm3 sec-1 , where the t denotes a vibrationally

excited state (Link et al., 1981).

The amount of 6300A light

produced is thus a function of the N 2 density.
Model emission profiles for airglow and auroral conditions for
6300A light are shown in Figure 4.3.
for use in this study by M. Rees.

This result has been supplied

It is generated by a time-depen

dent, one-dimensional, numerical model.

The model and the detailed

chemistry included has been described by Roble and Rees (1977).
For this run at 65° latitude, the input particle spectrum is a
Maxwellian peaked at 2keV, and the exospheric temperature is
1100°K corresponding to solar maximum conditions at winter solstice.
The difference between the airglow and auroral emission pro
files is quite pronounced.

The maximum of the airglow profile is

two orders of magnitude smaller than in the aurora.

Furthermore,

the auroral emission profile is much broader in height.

The alti

tudes of one-half of the maximum emission are 180 and 275km in the
airglow, while in the aurora the height variation is between 125 to
290km.

Hence, the Fabry-Perot interferometer measurements are

typically made over a larger height range in aurora.

Also, the

auroral emission is larger at lower altitudes, where the tempera-
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SAMPLE MODEL 6 3 0 0 A EMISSION
PROFILES FOR COLLEGE, ALASKA
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Figure 4.3

Comparison of a model 6300A emission height profile
without and with auroral electron precipitation
(courtesy of M. Rees). Details of the model are given
in the text.
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ture height profile has a steep gradient and wind shear is observed
(Edwards et a l 1955).
Wind measurements from thirty-nine rocket chemical releases in
the auroral zone and polar cap have been presented by Heppner and
Miller (1982).

In the auroral zone, the meridional and zonal wind

are approximately constant above 160km.

However, Heppner and

Miller (1982) show in their Figure 10 an "anomalous" velocity
profile with the zonal wind crossing zero at 180km and then again
changing direction at 220km.

Thus, the wind has been observed to

vary with height in the thermosphere.
The neutral temperature derived from 6300A column emission
rates depends on the form of the emission height profile.

At low

and mid-latitude during quiet magnetic periods, the temperature
derived from the 0(^0) line is nearly the exospheric temperature
(the temperature at the top of the atmosphere).
have supported this conclusion.

Several studies

Roble et al. (1968) compared

monthly averages of the exospheric temperature, estimated from
radar electron densities and ion temperatures, with calculated
neutral temperature as would be observed by a Fabry-Perot inter
ferometer.

They found the calculated neutral temperature was 25 to

50°K lower than the radar derived exospheric temperature, but
showed similar variations.

The conclusion was drawn that the

Doppler temperature measurements with a Fabry-Perot interferometer
would be approximately the exospheric temperature.

Measurements of
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this type were later performed on an individual night and gave
reasonable agreement with the model (Hays et al., 1970).

Cogger et

al. (1970) performed this experiment at low-latitudes from Arecibo,
Puerto Rico.

During quiet times the electron, ion, and neutral

temperatures were found to be equal at about 250km.

Further low-

latitude comparisons were made using radar-derived electron tem
perature by Hernandez et al. (1975), who also concluded that the
Fabry-Perot interferometer measures a temperature close to that of
the exosphere.
Interpretation of the results from this type of experiment in
the auroral zone during moderate or active conditions is difficult.
The ion temperatures derived by an incoherent scatter radar require
an assumption of the ion composition.

For a given measurement, the

derived ion temperature increases as the mean ion mass increases.
Above 300km, the ions are almost completely 0+ at solar maximum
(Kelly and Wickwar, 1981).

However, in the 150 to 300km range,

where most of the 6300A radiation is emitted, large amounts of N0+
and o£ can be present due to a vertical wind.

The effect of the

vertical wind is an increase in mixing, which enhances the density
of neutral molecular species at high altitudes.

The 0+ can then

be converted into heavier ionic species, such as N0+ and 02+ , at
greater heights in the atmosphere.
The radar cannot typically obtain composition measurements,
which must then be assumed for the ion temperature analysis (de la
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Beaujardiere et al., 1980).

The composition model used for the

determination of the ion and electron temperatures in this investi
gation is shown in Figure 4.4.

For high signal-to-noise ratio

measurements, the analysis of the radar autocorrelation function
can be expanded to include the 0+/ne ratio in addition to the ion
and electron temperatures, the electron density and the ion drift.
This analysis has been performed in the auroral zone at the European
Incoherent Scatter Facility on May 9, 1982 by Lathuillere et al.
(1983).

The 0+/ne ratio was found to vary by as much as a factor

of five from a composition model as shown in Figure 4.4 at 200km
during auroral activity.
Simultaneous Fabry-Perot interferometer and Chatanika inco
herent scatter radar measurements were obtained on February 25,
1982UT.

Radar data have been provided in advance of publication

by R. Tsunoda and V. Wickwar of the Stanford Research Institute's
(SRI) Radio Physics Laboratory.

Ten minute integrations of radar

measurements were acquired in the same directions in which two
Fabry-Perot interferometers at College acquired optical measure
ments.

The electron density and the electron and ion temperatures

at 9:10UT are shown in Figure 4.5.

The neutral temperature obtained

at 9:10UT is 1277±82°K and is shown on Figure 4.5.

The neutral

temperature is equal to the ion temperature at 275±25km.
consistent with the low and mid-latitude results.

This is

However, during

this scan an auroral arc was in the zenith and particle precipita-
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ALTITUDE

(K M )

SRI 0 + C O M P O S ITIO N MODEL FOR CHATANIKA, ALASKA

Figure 4.4

Fractional 0+ concentration used for ion and electron
temperature determination, in the SRI analysis of the
measurements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

78

CHATANIKA RADAR
February 2 5 ,1 9 8 2 9:1 OUT
Zenith

• Tj,SRI 0+ Composition Model
Tj, Sharp et al., 1979
Composition Measurement

• Te, SRI 0 + Composition Mode!
ne
T, Neutral Temperature

a

ALTITUDE

(km)

a

104

Figure 4.5

10s

ELECTRON DENSITY (cm'3)

10s

Ten minute integration of Chatanika incoherent scatter
radar measurements in the geographic zenith on February
25, 1982 at 9:10UT. The ion temperature is shown for
two assumptions of the ion composition: the SRI model
(Figure 4.4) and the measured compositions of Sharp et
al. (1979) (Figure 4.6). The altitude level where
the ion temperature equals the neutral temperature is
indicated. Also shown is the electron temperature and
density. The radar data have been made available by
R. Tsunoda and V. Wickwar of SRI.
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tion was definitely present.
Ion composition measurements in an auroral arc have been ob
tained by a sounding-rocket-borne mass spectrometer (Sharp et al.,
1979).

The measured height profile of ion composition is reproduced

here in Figure 4.6.

At 210km, the SRI ion composition model (Figure

4.4) contains 95% 0+ .

The measurements of Sharp et al. (1979) show

only 54% 0+ at the same height.

Though this disagreement with the

SRI composition model is large, it is still consistent with the
results of Lathuillere et al. (1983).

The ionic composition varies

greatly in the auroral zone, confounding the ion temperature deter
mination during active conditions.
If the Sharp et al. (1979) ion composition is used instead
of the SRI model, the ion temperature profile marked with the
triangles in Figure 4.5 is obtained.
over 100°K in the middle thermosphere.

The temperatures increase by
More importantly, the

height where the ion and neutral temperatures become equal is now
200±20 km.

This is consistent with the auroral 6300A emission

profile in Figure 4.3.
Zenith scans at 13:30 and 14:20UT are shown in Figures 4.7
and 4.8.

Both composition models are applied to the ion tempera

tures.

There was no visible aurora in the zenith during these

scans,

but there were arcs to the south of

College.

The radar

scan at 13:30UT has an accompanying neutral temperature measure
ment of 1338±55°K, with Tn equal to T n- at 280±10km for both
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Figure 4.6

Ion composition measured with a rocket-borne mass
spectrometer in a discrete auroral arc (from Sharp et
al. (1979)).
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CHATANIKA RADAR
February 2 5 ,1 9 8 2 13 :30 UT
Zenith

• Tj,SRI 0+ Composition Model
Tj, Sharp et al., 1979
Composition Measurement

• Te, SRI 0 + Composition Model
n0
T, Neutral Temperature

a
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Figure 4.7
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Radar data acquired at 13:30UT.
4.5 is applicable.
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The caption to Figure
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CHATANIKA RADAR
February 2 5 ,1 9 8 2 14:20 UT
Zenith

• Tj, SRI 0 + Composition Model
Tj, Sharp et al., 1979

a

• Te, SRI 0 +Composition Model
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a
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Figure 4.8

Radar data acquired at 14:20UT.
4.5 is applicable.
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The caption to Figure
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assumed compositions.

This is similiar to the model airglow emis

sion profile.
The scan at 14:20UT suggests that auroral particle precipita
tion causes emission from lower altitudes.

Using the measured

neutral temperature of 1360±48°K, the SRI model yields equal ion and
neutral temperatures at 235±20km.

However, the ion temperature cal

culated from the Sharp et al. (1979) result equals the neutral
temperature at 155±5km.

Again, an ambiguity exists in the interpre

tation of the radar and optical data during auroral conditions.
The 6300A emission height profile is very broad relative to the
E region emissions.

During quiet geomagnetic periods, the tempera

ture of the 0 (!d ) line has been shown to be approximately the
exospheric temperature.

Since the change in temperature with

height above 250km is small, when the bulk of the emission is
from this region the Fabry-Perot interferometer measurement is made
over an essentially homogeneous region.

The emission in the auror

al zone is over a broader region with large composition, temperature
and occasionally wind gradients.

This is due in part to a con

stantly changing incident particle flux and energy spectrum, and
variations in the atmosphere and ionosphere due to local and global
dynamics.

The data presented suggest extremes; the truth is proba

bly somewhere in between.

The large vertical extent of the 6300A

profile in the auroral zone, combined with the uncertainties in the
ion composition, makes determination of the exospheric temperature
difficult even with combined radar and optical observations.
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CHAPTER 5
THE AVERAGE BEHAVIOR OF THE NIGHTTIME AURORAL ZONE
THERMOSPHERE AT SOLAR MAXIMUM
I.

Introduction
Forty-four nights of wind and temperature measurements using a

Fabry-Perot interferometer have been obtained at College between
March, 1981 and April, 1983.

In this chapter previous observations

of thermospheric wind in the auroral zone are first reviewed.

With

this background, the average wind system at College during a period
of solar maximum is examined with the aid of the theoretical tools
discussed in Chapter 4.

Large scale features of the wind are

displayed by vector plots.

The separation of wind into meridi

onal, zonal and zenith components facilitates the study of the
effect of geomagnetic activity on the average pattern.

The equili

brium state of thermospheric flow in the auroral zone is shown to
be governed by the presence of the auroral oval and its associated
current system.
The neutral kinetic gas temperature, largely ignored by experi
menters working at high latitudes in the last decade, is also
examined.

The average temperature is found to vary with both geo

magnetic activity and the previous day's solar flux.

The wind and

temperature averages are examined in the context of recent theore
tical work.

A comparison with two thermospheric global circulation

84
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models (TGCMs), the National Center for Atmospheric Research (NCAR)
TGCM and the University College, London (UCL) TGCM, highlights the
importance of the various terms in the governing equations discussed
in Chapter 4.
II.

Previous Observations of Thermospheric Wind and Temperature
in the Auroral Zone
Thermospheric neutral winds have been directly measured by two

ground-based techniques, observations of chemical tracers ejected
from rockets and Fabry-Perot inferferometers.

Chemical releases

give the wind as a function of height for brief observing periods.
Ground-based Fabry-Perot interferometers can provide nightly
measurements, but cannot directly obtain height information.
Recently, measurements made on board the Dynamics Explorer-2 space
craft have yielded wind and temperature data along the track of
this polar orbiting satellite.
Observations of ion and neutral barium clouds in the auroral
zone thermosphere at 180-230km from Kiruna, Sweden showed a rela
tionship between the ion and neutral wind (Stoffregen, 1972).

The

suggestion was made that the neutral wind speed depends on geomag
netic activity.

The deviations from mid-latitude behavior in the

wind were considered so large that in addition to ion drag, heating
due to auroral activity was necessary to further modify the com
puted dynamics.

A detailed study of fifteen chemical releases at
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magnetic latitudes above 65° in the northern hemisphere was used to
evaluate the importance of various momentum sources on the neutral
wind (Meriwether et al., 1973).

Ion drag was found to be the most

important momentum source at high latitudes.
Wind measurements acquired during solar minimum using simul
taneous incoherent scatter radar and Fabry-Perot interferometer
data have been presented by Nagy et al. (1974).

The neutral wind

in the evening sector was found to flow in the direction of the
ions.

However, the morning wind had a significant meridional

component, suggesting contributions from other momentum sources.
Further simultaneous observations from this period have been pre
sented by Hays et al. (1979).

Modelling studies of the observed

wind demonstrated that the equatorward flow in the morning can be
explained by pressure gradients.
The balance of forces has been studied by analysis of highlatitude winds using chemical releases (Heppner and Miller, 1982).
Observations of the meridional evening flow in the auroral zone
were found to be consistent with the Coriolis effect diverting the
air poleward due to the westward zonal drift.

The adjacent east

ward polar cap zonal wind creates an equatorward flow due to the
Coriolis effect.

This forms a pressure ridge where the poleward

and equatorward flow meet.

Heppner and Miller (1982) argue that

the poleward component is larger due to higher electric fields and
electron densities in the auroral zone.
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Heppner and Miller's study also noted the importance of ion
drag.

It has long been known that auroral phenomena are best de

scribed in geomagnetic coordinates (Stsrmer, 1955).

If ion drag

is indeed one of the major momentum sources, then magnetic coord
inates would be the natural coordinate system.

Heppner and Miller

(1982) present their data in magnetic coordinates superimposed on
the modified A and B convection patterns (Figure 5.1; Heppner,
1977).

These patterns correspond to ± By azimuthal components of

the interplanetary magnetic field.

When the coordinate system of

the F region wind observations is rotated backwards in time about
two hours, the measured average winds align reasonably well with
the convection patterns in the evening sector.
Neutral wind data were obtained in the meridian by a FabryPerot interferometer and in the zonal and vertical directions by
the Wind and Temperature Spectrometer on the Dynamics Explorer-2
spacecraft (Hays et al., 1981, Spencer et al., 1981).

The satel

lite gave large scale global coverage over its short lifespan.
Data from September, 1981 to January, 1982 were compared with the
NCAR and UCL TGCMs (Hays et al., 1983).

The models further support

the contention that ion drag is the dominant zonal force above 60°
latitude and that magnetic coordinates most clearly order the
measurements.
The role of geomagnetic activity in the auroral zone was the
subject of an extensive study by Wallis (1974).

Using both Fabry-
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By < 0

By >0

Figure 5.1

Average wind vectors from 39 high-1atitude barium
releases displayed in geomagnetic coordinates superim
posed on the Heppner (1977) model A (a and b) and model
B (c and d) convection patterns. The asymmetric
convection pattern shifts to the evening side for a
negative interplanetary magnetic field azimuthal
component (By < 0). The wind vectors measured in
magnetic local time are shown in a and c. The same
measurements shifted two hours earlier in magnetic
local time are shown in b and d (from Heppner and
Miller (1982)).
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Perot interferometer data obtained in Alaska by the University of
Michigan during the winter of 1972 and measurements obtained from
rocket-borne chemical releases, Wallis (1974) concluded that 1) the
meridional wind is primarily driven by solar heating, 2), deviations
from this pattern are due to Joule heating, 3), the zonal wind is
primarily driven by ion drag, and 4), the response time of the
zonal wind to the ion drift is on the order of that predicted by
Feder and Banks (1972).

He also concluded that as magnetic activi

ty (represented by the Kp index) increases (decreases), the meridio
nal wind increases (decreases).

The supporting statistical evidence

from this study is weak since only about one-half of the twenty or
so events analyzed displayed this behavior.
Vertical wind measurements in the auroral zone have been
obtained by chemical releases and from the Dynamics Explorer-2
satellite.

In addition to equatorial and mid-latitude results,

twenty-three auroral zone barium releases were analyzed by Rieger
(1974).

The wind was determined by triangulation of barium clouds

from two or more stations, using the region of cloud maximum densi
ty determined by eye.

The mass of the barium and strontium is

larger than the mean-molecular weight of the atmospheric gas, which
causes the cloud to settle due to gravity. A correction for this is
included in the analysis.

Wind measurements primarily in the

pre-midnight sector show vertical motions that range from 0 to
42 ± 20m/sec.

Internal gravity waves are suggested as a possible
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source mechanism.
Preliminary results from the wind and temperature spectrometer
on the Dynamics Explorer-2 satellite have been presented for three
orbits (Spencer et al., 1982).

The vertical wind is generally near

zero to within about ± 30 m/sec.

However, narrow regions of intense

flow (100-175 m/sec) were measured at high-1atitudes.

Observed

exospheric temperatures suggested enhancements in the polar regions
relative to low and mid-latitudes.
The most detailed high-1 atitude ground-based Fabry-Perot
interferometer temperature study was performed by Turgeon and
Shepherd (1962).

They obtained 179 measurements of the green line

temperature and 10 of the red line with a photoelectric spectro
meter.

The red line temperature was in the range of 1000-1900°K

with errors of ±135°K.

Their green line analysis could not defini

tively separate changes in temperature due to auroral heating from
height shifts of the emission layer.
III.

Analysis Procedure for the Wind Averages
The apparent importance of ion drag in the auroral zone suggests

that the wind averages may be best studied at various levels of
geomagnetic activity.

A commonly employed indicator of global

geomagnetic activity is the Ap index.

This is related to the sum

of the Kp index for the twenty-four hour universal day.

Unlike the

Kp index, the Ap scale is linear, and is also a better indicator of
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true global magnetic activity (Mayaud, 1980).

The distribution by

Ap of the forty-four nights included in this study is shown in
Figure 5.2, and the relevant geophysical parameters for each night
are listed in Table 5.1.

Low activity (quiet) is defined as

0 < Ap < 11, moderate 12 < Ap < 39, and high activity (active)
Ap >40.

Ten nights had low activity, twenty-five moderate and

nine high activity.
Weighted averages of wind measurements acquired during onehalf hour intervals were performed.

The weighting is the individu

al measurements' variance (Bevington, 1969).

The averages are

restricted to include only the times when 25% or more of the nights
in a subset are present.
by two methods.

The variance of the average is determined

The first is to compute the variance for a Gaussian

parent distribution

au2= (E wi)“1
where p is the mean, a2 the variance of an individual measure
ment and w.j = a2.

If the data in the bin are fluctuating near

the mean, this will properly represent the variance.
.

The root mean square error was also computed.

This is given

by

a

2 = (S x.j2 w.j) (l w i )"1 - p 2

i

i
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Figure 5.2

The number of nights at various Ap levels, for the
data in Table 5.1.
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TABLE 5.1
The Previous Day's 10.7 cm Solar Flux and the Ap Index on
Each Night Used in this Study

Universal Day
March 5, 1981
March 30, 1981
April 6, 1981
February 23, 1982
February 24, 1982
February 25, 1982
February 26, 1982
February 28, 1982
March 27, 1982
March 28, 1982
March 29, 1982
April 22, 1982
November 18, 1982
November 19, 1982
December 17, 1982
December 18, 1982
December 20, 1982
December 21, 1982
December 22, 1982
February 6, 1983
February 14, 1983
February 15, 1983
February 16, 1983
February 17, 1983
March 6, 1983
March 7, 1983
March 8, 1983
March 9, 1983
March 12, 1983
March 13, 1983
March 14, 1983
March 17, 1983
March 18, 1983
March 19, 1983
March 20, 1983
March 21, 1983
April 4, 1983

Previous Day's
Solar Flux
(x lO* J)
245.6
212.4
226.2
163.7
173.1
185.9
184.1
222.1
192.8
195.4
200.6
145.2
158.0
170.2
213.2
200.5
176.8
159.2
149.4
154.3
95.5
91.7
88.5
89.7
146.6
139.3
132.3
128.1
103.0
99.5
95.8
107.8
114.5
117.7
118.3
120.7
101.4

Ap
81
16
10
29
24
42
43
10
9
6
13
18
12
10
62
41
46
37
42
47
28
25
30
16
12
7
6
8
53
24
26
11
20
28
32
12
16
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TABLE 5.1 (cont.)
April
April
April
April
April
April
April

6, 1983
7, 1983
8, 1983
19, 1983
20, 1983
22, 1983
25, 1983

98.7
99.5
102.2
120.7
125.0
133.3
142.7

35
34
25
9
13
17
32
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where xi is the ith data value.

This is a better representation of

the variance when the measurements are not fluctuating about a
Gaussian mean, or when the sample amount is insufficient to be
Gaussian.

The variance of the average is taken as the larger of

the two calculated variances.

The averages are then smoothed using

a three point moving triangular window (Bloomfield, 1976).
IV.

The Gross Structure of the Wind Averages
The average results will first be discussed in a vector format,

which allows general patterns to be easily discerned.

It does not

explicitly show the uncertainties in measurements and smoothes
gradients in the observed flow.

The following section will present

the results in a component format.
With these caveats, the averages for quiet conditions are shown
in Figure 5.3a.

The vectors are displayed in geomagnetic coordinates

with midnight at the bottom of the dial.

The measurements begin

after 19:30MLT, when the wind is directed to the northwest at 50m/sec.
By 21:15MLT it has turned westward, increasing to 75m/sec.

The

vector slowly rotates to the south between 22:15 to 0:15MLT with a
magnitude of lOOm/sec.

A small eastward component is present in

the morning, as the flow remains at 125m/sec until 2:45MLT.
Figure 5.3b displays the vectors for moderate activity.

The

vector at 17:45MLT has a magnitude of 150m/sec and is directed
to the northwest.

The magnitude remains fairly constant, but the
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AVERAGE W IND VEC TO R S:
VARIATIO N W ITH M AGNETIC A C T IV ITY
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0 < Ap < 1 1
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j
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12 < A p < 3 9

'n\ \\
0 MLT
MNP

(c)

HIGH
Ap > 4 0

0 MLT
Figure 5.3

The average wind vectors at College for a: low, b:
moderate, and c: high geomagnetic activity. The
location of the magnetic north pole is identified as
MNP.
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direction changes to westward by 20:15MLT.

The wind then gradually

turns to the south, though now at about lOOm/sec.

By 23:15MLT the

southward flow increases to a magnitude of 150 m/sec.

An eastward

component develops after 0:45MLT as the morning wind increases to
180m/sec by 3:45MLT.
The active case has a strong westward component of 325m/sec at
19:15MLT, the beginning of the wind averages (Figure 5.3c).

The

magnitude of the vector decreases to 190m/sec in the following two
hours.

The wind turns to the south while decelerating to 85m/sec

at 22:15MLT.

The vector rotates to the southeast around 23:00MLT,

after which the flow is to the southeast until the averages end at
4:45MLT.

The magnitude increases to a maximum of 220m/sec at

2:45MLT, decreasing to 200m/sec by 4:45MLT.
The early evening flow to the northwest seen in the quiet and
moderate cases is due both to the Coriolis effect in the meridional
direction and to ion drag in the zonal direction.

This is similar

to the Heppner and Miller (1982) averages previously discussed.
The vector turns from the northwest to the south an hour earlier in
the moderate case.

This is not seen in the averages during active

periods, though it probably occurs at an earlier time, before
measurements exist.

This change in the wind pattern with magnetic

activity is similar to the behavior of the auroral oval.

As magne

tic activity increases, the oval expands and auroral phenomena
occur earlier in magnetic local time (Akasofu, 1968).
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The duration of equatorward flow is longest for the moderate
case, as Joule heating enhances the southward flow over the polar
cap (Roble et al., 1982).

During moderate conditions the auroral

oval which is the region of maximum Joule heating (Banks, 1977)
expands over College.

The flow becomes southward with a smaller

magnitude about 1 1/2 hours later during quiet conditions when the
Joule heating rate is smaller.
The wind for the active case shows enhanced zonal flow due to
increased ion drag.

The wind magnitude is larger but the amount of

Joule heating on the average may not be, since the auroral oval has
expanded equatorward of College.

Though Joule heating may be more

intense for a shorter period, the relative ion-neutral velocity
more quickly approaches zero.

It was shown earlier that Joule

heating is proportional to the square of the relative velocity (see
the Appendix).

The meridional component is about the same as in

the moderate case.

Increased activity is also associated with

stronger electrojets due to the higher electron density raising the
ionospheric conductivity and from enhanced magnetospheric convec
tion increasing the ionosphere electric fields.

These conditions

also result in large ion drift velocities, which increase the
momentum due to ion drag.
Finally, observational evidence suggests that even for quiet
conditions, ion drag is important in the auroral zone during solar
maximum.

Magnetospheric convection always exists to some extent.
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Auroral activity may occur to the north of the station beyond the
field-of-view in the evening, but usually during solar maximum,
College will lie within the auroral oval during some phase of the
diurnal cycle.

The invariant latitude of College can be thought to

vary with changing magnetic activity with the auroral oval held
fixed.

The auroral oval is not, of course, static, but a dynamic

feature of the polar atmosphere; this is merely a simple way to
visualize the difference.

Comparison between Fabry-Perot inter

ferometer observations from College and the NCAR TGCM supports this
result of the station sampling different regions of the convection
pattern with varying polar cap potential (Hernandez et al., 1984b).
In the NCAR model two convection models are used with a range of
cross-tail potentials, Sojka et al. (1979) (symmetric) and Heelis
et al. (1982) (asymmetric) (Figure 5.4).

The best fit of the

model zonal wind to the observed zonal wind for an individual night
is found by adjusting the station's latitude in the model; examples
are shown in Figure 5.5.

Data were obtained from two Fabry-Perot

interferometers at College in the period from 1981 to 1984.

The

"S" fits use the Sojka et al. (1979) convection pattern; the "H"
results employ the Heelis et al. (1982) model.

The details of the

NCAR TGCM will be discussed in a subsequent section.
of College varies from 52.5° to 77.5°.

The "latitude"

This result, which will be

shown to hold for the meridional wind, is important for correctly
interpreting the data.

The assumption in the NCAR TGCM of a steady-
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(a)

Figure 5.4

a: Equipotential contours for a symmetric Volland-Sojka
convection pattern (picture courtesy of R. Williams),
b: Plasma flow trajectories and equipotential contours
for an asymmetric convection pattern (from Heelis et
al., 1982).
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Figure 5.5

Wind measurements acquired at College and fitted with
the NCAR TGCM using two convection models, as described
in the text. The "S" fits use the Sojka et al. (1979)
convection pattern, the "H" results employ the Heelis
et al. (1982) model.
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Figure 5.5 (Cont.)
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state convection pattern is unrealistic, as the real cross-tail
potential exhibits significant dynamic behavior.
in more detail in Chapter 6.

This is discussed

Historically, the aurora has been

treated as a perturbation on mid-latitude models.

The data here

clearly show that during solar maximum, the presence of the auroral
oval defines the "steady-state" behavior of the thermosphere.

The

farther north or south of College the oval is displaced, the larger
the deviation from this steady-state.
V.

The Relationship of Wind Velocity to Geomagnetic Activity
A study of the wind in component form as a function of geo

magnetic activity will amplify some of the above arguments.

The

average meridional wind viewed to the north for quiet, moderate and
active conditions is shown in Figure 5.6a and the corresponding
observations to the south are shown in Figure 5.6b.

The magnitude

of the wind remains almost constant with increasing magnetic acti
vity, contrary to the result of Wallis (1974).

The measurements to

the north show that for quiet and active cases the wind is constant
and southward after 1:00MLT, while in the moderate case the magni
tude of the wind continues to increase.

The wind viewed to the

south for quiet and moderate cases is constant in magnitude after
1:00MLT, while for active conditions it continues to increase an
additional lOOm/sec.

Relative to the moderate case in the north,

the low activity meridional measurements in the north change from
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(a)

(b)

Figure 5.6

Diurnal variation of the average wind for different
degrees of geomagnetic activity in component form
viewed, a: in the north, b: in the south, c: in the
east, and d: in the west for the low (L), moderate
(M), and high (H) cases.
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AVERAGE WIND, COLLEGE, ALASKA (A=65°)
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Figure 5.6 (Cont.)
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poleward to equatorward about two hours later.
The apparent movement of the station relative to the auroral
oval can also be seen in this presentation.

The moderate wind

viewed to the north has the same shape and magnitude as the high
activity average viewed in the south.

Similarly, the low activity

average in the north is essentially the same as the moderate act
ivity wind viewed to the south.

As the geomagnetic activity in

creases, the wind component which was viewed to the north during
lower geomagnetic activity, is now observed to the south of the
station.
The zonal averages are displayed for measurements to the east
and west in Figure 5.6c and d.
netic activity is obvious.

The increase in magnitude with mag

The wind direction changes from west

ward to eastward about one and one half hours earlier in the active
average compared to the quiet average.

Ion drag is clearly the

dominant forcing term for the zonal wind during active conditions.
The evening westward wind is probably greater than the morning
eastward wind on the average, because of the enhanced electron
density to the west in the evening following the decay of the F
region, a daily feature.

Increases in density due to auroral

activity often occur, but are not distributed as regularly in
magnetic local time.
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VI.

The Fine Structure of the Wind Averages
The final level of analysis for the wind averages is the

behavior of the meridional and zonal components, when the viewing
directions are compared.

The low activity meridional, zonal and

zenith components are shown in Figure 5.7.

The evening meridional

flow is uniform, (i.e., no convergences, divergences or gradients).
The wind increases equatorward in the morning faster in the north
than in the south and is about 60m/sec larger in the north by
morning.

This is consistent with magnetospheric-ionospheric heat

ing in the north.
the evening.

The zonal wind is larger measured in the west in

The apparent deceleration over the station is probab

ly due to the Coriolis effect diverting the air poleward, since the
pressure bulge in the quiet case is to the north of College.

The

morning zonal wind is uniform in magnetic local time.
The apparent deceleration in the low activity averge zonal
wind may alternatively be explained by displaying the same average
in universal time (Figure 5.8).

Between 6:00 to 9:30UT, the west

ward increase in the wind is uniform, as is computed by global
models that employ a steady-state convection pattern (Roble et al.,
1982).

Since substorms occur on the average later in magnetic

local time during quiet geomagnetic periods, the assumption of
steady-state convection may be valid, without local effects.
For each activity level, the mean zenith wind for that average
and its variance were computed.

These are 1.10±10.7m/sec (low),
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Figure 5.7

Diurnal variation of the average wind components for
low geomagnetic activity in, a: the meridional direction,
b: the zonal direction, and c: the zenith.
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AVERAGE WIND, LOW GEOMAGNETIC ACTIV ITY

Figure 5.7 (Cont.)
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AVERAGE ZONAL WIND, LOW GEOMAGNETIC A C T IV ITY

Figure 5.8

the low geomagnetic activity zonal components of the
wind in universal time.
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I ll
.660±7.33m/sec (moderate) and -1.75±15.5m/sec (high).

As previous

ly stated, the weighted average of an individual night was adopted
as zero wind.

The means of the averages show that zero was well

within the stability of the instrument for winds (about lOm/sec).
Using these averages, individual one-half hour measurements were
compared to the mean value using Student's t test (Parratt, 1961).
This gives a quantitative measure of the difference from the mean
which is a more sensitive test than comparing the overlap of stan
dard deviations.
Figure 5.7c displays the zenith wind for the quiet case.

The

circled measurements are different from the mean to the 95% confi
dence level.

A small, upward, zenith wind exists from 23:15 to

0:15MLT, then becomes downward from 0:45MLT to 2:15MLT.

Conver

gence and divergence in the wind flow can cause a zenith wind, but
these are not observed in this case.

The Coriolis effect yields

a vertical component that is typically small compared to the verti
cal viscosity.

A model of the thermospheric response to an auroral

substorm has been presented by Richmond and Matsushita (1975).

The

measured vertical wind is consistent with their result, and will be
discussed in more detail at the end of this section.
The moderate geomagnetic activity average shows a small gradi
ent in the evening poleward flow, with the wind component viewed to
the south larger (Figure 5.9a).

The Coriolis effect more efficient

ly deflects the flow to the north, away from the polar cap boundary.
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AVERAGE WIND, MODERATE GEOMAGNETIC ACTIVITY

Figure 5.9

Average wind components for moderate geomagnetic
activity in a: the meridional direction, b: the zonal
direction, and c: the zenith.
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AVERAGE WIND, MODERATE GEOMAGNETIC ACTIV ITY
COLLEGE, ALASKA ( A = 6 5 ° )

(c> I

Figure 5.9 (Cont.)
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After 20:00MLT the wind becomes uniform until 2:00MLT.

Thereafter

the poleward component of the wind, viewed in the north, continues
to increase, while to the south the wind speed remains constant.
The zonal wind is uniform in the evening, but slightly larger
viewed to the east in the morning (Figure 5.9b).

Enhanced ion drag

may have initiated the morning eastward wind of 75m/sec in the
east.

The zenith wind is significantly different from the mean

though the speed is low, less than 18m/sec (Figure 5.9c).
The high geomagnetic activity average meridional wind, viewed
to the north at 19:00MLT, is consistent with a pressure bulge north
of the station, where the wind is zero (Figure 5.10a).

The meridi

onal wind becomes uniform and increases equatorward until 2:00MLT,
thereafter it decreases to zero.

The zonal wind is larger to the

east in the evening and morning (Figure 5.10b).

In the morning

this is probably due to acceleration of the neutral wind by ion
drag.

It is not immediately clear why the westward wind viewed to

the east should be larger than the wind viewed in the west in the
evening.

Since the meridional wind is small in the evening, the

same air parcel viewed to the west probably is seen again in the
east.

The air parcel may enter a region of higher ionospheric

conductivity and hence enhanced ion drag as it moves eastward.

The

westward traveling surge associated with an auroral substorm can
provide the increased conductivity.
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Figure 5.: .0

Average wind components for high geomagnetic activity
in a: the meridional direction, b: the zonal direction,
and c: the zenith.
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Figure 5.10 (Cont.)
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Alternatively, the difference in evening zonal velocity in the
two viewing directions may be a universal time effect (Figure 5.11).
The evening gradient is no longer present, though a gradient appears
in the region of the westward-to-eastward crossover.

The apparent

evening gradient in magnetic local time may be due to a universal
time effect of the convection pattern during high activity, when
the magnetospheric convection electric field can increase rapidly
(Sojka et al, 1979).

Suddenly increasing the global magnetospheric

convection in this manner would affect a large area of the atmo
sphere simultaneously, in contrast to an auroral substorm which is
a local effect.

The enhanced convection (and increased power from

the solar wind-magnetospheric dynamo) can then lead to local sub
storm activity which becomes important after 21:00MLT (Figure
5.10b).

The local substorm effect will be analyzed in detail in

Chapter 6.
The zenith wind is significantly more disturbed in the high
activity averages (Figure 5.10c).

It is upward from 17:15 to

21:45MLT, then turns downward briefly.

This could be caused by

the poleward auroral zone and equatorward polar cap flow regions
interacting over the station, providing forcing for a vertical
wi nd.
A longitudinally independent model of substorm effects on the
thermosphere has been studied by Richmond and Matsushita (1975).
For a power input of 1 0 ^ w at 70° latitude, a large meridional
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Figure 5.11

The high geomagnetic activity zonal wind components in
universal time.
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disturbance is produced that propagates poleward and equatorward.
An upward vertical wind of 50m/sec lasting about one hour is ob
tained.

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.

Even averaging

over many nights, the vertical wind is a consistent feature.
Current global circulation models do not predict such large verti
cal wind.
The moderate geomagnetic activity averages do not show as much
structure as the low and high activity cases.

The large number of

moderate activity nights include many auroral substorms with vary
ing onset times.

The low and high activity cases, however, show

more structure.

The dynamic behavior during individual substorms

will be discussed in Chapter 6.
VII.

The Average Temperature
Averages of the observed kinetic temperature of the neutral

gas were calculated, using the same statistical criteria as for the
wind averages.

Within the error of the measurements, average

temperatures in the individual viewing directions show little
variation when compared with one another.

Therefore, the measure

ments from all viewing directions were averaged to increase the
number of events in each sample.

The physical reason for this
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smoothness is that energy advection between "hot" spots of particle
and Joule heating tends to smooth out temperature variations around
the sky when many nights are averaged.

Since the profile of the

6300A emission height broadens during the periods of maximum parti
cle heating, the temperature may appear to remain constant.

After

the precipitation has stopped, advection can smooth out the regions
of enhanced temperature.
Chapter 6.

This process will be discussed further in

The small variations in the average temperatures with

viewing direction may also be due to vertical heat conduction.
This would require a large gradient in the temperature height pro
file.
The primary heat source in the thermosphere is the absorption
of solar UV radiation (Chapter 4).
tinely monitored.

The UV solar flux is not rou

However, the solar flux at 10.7cm is obtained

daily by the National Research Council in Ottawa, Canada.

During

solar maximum, the values of the 10.7cm flux correlate reasonably
well with satellite UV spectrometer measurements in the wavelength
region of the Schumann-Runge continuum of molecular oxygen (Torr et
al., 1980).

The 10.7cm solar flux (abbreviated by Sa) normally

varies from about 75 to 250 x 104 Jansky (1J = 10-26Wm-2 Hz-1).
Three averages were computed, low (Sa-1<130xl04 J), moderate
(130xl04 J<Sa-1<190xl04 J) and high (Sa-1 > 190xl04 J) 10.7cm solar
flux from the day previous to the measurements, where Sa-1 refers to
the previous day's solar flux.

These averages were performed to
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determine the importance of UV heating in the auroral zone thermo
sphere.

A one day time lag is used as a nominal period for solar

wind particles to interact with the earth's magnetosphere.

There

were nineteen low 10.7 cm solar flux days, sixteen moderate, and
nine high.
The resulting average in universal time is shown in Figure
5.12.

The solid horizontal line through each set of measurements

is the mean.

As with the zenith wind averages, the circled values

differ from the mean according to Student's t test at the 95% confi
dence level.

The averages are: for low Sa-!, 953±18°K, moderate

Sa-1, 1060 ± 40°K, and high Sa-1, 1176±30°K.

This temperature in

crease with the previous day's 10.7cm solar flux has been experi
mentally verified by long-term ground-based Fabry-Perot interfero
meter measurements at mid-latitude by Hernandez (1982b).
The individual low activity temperature average points are not
statistically different from their mean for the low solar activity
case.

For moderate solar flux conditions, the temperature decreases

in the early evening, reaches a minimum around 12:30UT, and then
recovers.

Higher particle energies have been measured in the

post-midnight auroral oval in the diffuse aurora by Wallis and
Budzinski (1981).

This temperature decrease could be due to the

emission region extending to lower altitudes when the diffuse
aurora is over College, causing an apparent decrease in temperature.
The high solar flux case has higher temperatures in the morning
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KELVIN

AVERAGE TEMPERATURE, COLLEGE, AK (A = 6 5 °)
Variation With 10.7 cm Solar Flux

Figure 5.12

Average temperature for low (Sa-* < 130X 104 J), moder
ate (130 x 104 < Sa-1 < 190 x 104 J), and high (Sa-1 >
190 x 104 J) previous day's 10.7 cm solar flux. The
data point at 6:15UT (with the thick error bar) repre
sents two data points, one for the moderate average
and the initial point for the active average. The
circled points are different from the mean at the 95%
confidence level as determined from Student's t test.
The two circled points after 12:00UT are associated
with the moderate case.
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than the evening.

These high solar flux conditions are typical of

magnetic storm periods.
type-A red aurora.

Two of the nights in this group featured

Large temperature enhancements accompany the

increase in soft particle flux associated with type-A red aurorae.
The effects of soft particle precipitation on the thermospheric
temperature during these events will be treated in detail in Chapter
6

.

To investigate the geomagnetic effects of atmospheric heating,
the moderate solar flux case was subdivided by the Ap index as for
the wind averages.

Neither the low nor high solar flux cases have

enough measurements to warrant additional subdivisions.

The results,

displayed in Figure 5.13, show that no individual average point is
significantly different from the group mean as calculated from
Student's t test.

The group averages are for quiet geomagnetic

conditions 925±23°K (three days), moderate 1002±28°K (eight days),
and active 1170±66°K (5 days).
The average for the quiet days shows an approximately constant
temperature with respect to the group mean.

As the magnetic acti

vity increases, the eight moderate geomagnetic activity nights
exhibit an apparent temperature decrease at 12:30UT as in the
moderate solar flux case, but in this average they are not statis
tically different from the mean.

The high activity case has a

large decrease in temperature in the evening, which may be a height
effect.

The height range of the emission profile increases with
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KELVIN

AVERAGE TEMPERATURE. COLLEGE. AK(A=65°)

Figure 5.13

Average temperature at low, moderate and high geomagnetic
activity levels for moderate previous day's 10.7cm
solar flux.
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the occurrence of auroral substorms at lower altitudes.

Thus the

measurements have a larger contribution from a cooler region of the
atmosphere.

However, overall, as geomagnetic activity increases,

the average temperature increases due to magnetospheric-ionospheric
heating.

The change in average temperature for the moderate Sa"!

case from low to high Ap (about 250°K) is on the same order as the
change between low and high Sa"! (about 225°K).

Clearly, geomagnetic

activity can cause a large change in the atmospheric temperature in
the auroral zone during solar maximum, as much as solar UV in the
winter, which in turn affects the neutral atmospheric composition
and the dynamics.
VIII.

Comparisons of the Observed Averages with Two Global Models
The measurements presented in the previous sections can be

used to test the predictions of thermospheric global circula
tion models (TGCMs), albeit with measurements from only one sta
tion.

Two of the most highly developed codes are the NCAR TGCM and

the UCL TGCM.

The models are similar in many aspects.

Both use

finite differencing on a pressure coordinate grid to solve the
coupled equations described in Chapter 4.

Empirical models for

electron density, magnetospheric convection, composition and parti
cle precipitation are assumed.

The codes are both three-dimensional

and time-dependent; however, they are typically run until repeatable
results for two consecutive model days occur ("steady-state").
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The NCAR TGCM is solved on twenty-four constant-pressure sur
faces between 97 and 500km on a 5° x 5° grid in latitude and longi
tude (Dickinson et al., 1981, Roble et al., 1982).

The assumed

convection pattern is typically that of Volland (1979), with re
finements by Sojka et al. (1979) or Heelis at al. (1982) as dis
cussed in section IV of this chapter.

The empirical ionospheric

model of Chiu (1975) provides the large scale electron density as a
function of annual, local, and solar-cycle parameters.

The iono

sphere is however fixed to the earth's rotation and cannot expli
citly contain effects of the auroral oval.

Particle precipitation

is introduced (in an ad hoc manner) by the energy flux model of
Whalen (1983), where a Gaussian profile of 1.6° half width at full
intensity describes the auroral oval.

This particle precipitation

profile depends on the maximum energy flux (.25 to 7 erg cnr^sec-l)
and the central latitude of the oval.
The Mass Spectrometer and Incoherent Scatter radar atmosphere
(MSIS) is used for composition and temperature structure (Hedin et
al., 1977a, b, Thuillier et al., 1977).

The composition is repre

sented by the mean molecular mass, which is computed from the dyna
mics equations.

If the atmospheric gas is in hydrostatic equi

librium, the vertical variation in geopotential is proportional to
the temperature divided by the average mean molecular mass, T/ m.
The wind system acts to eliminate horizontal pressure gradients,
and consequently limits gradients of geopotential height on a con
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stant pressure surface.

This virtual temperature effect acts to

decrease gradients in T/ in and causes large temperature variations
in regions of anomalies in m (Roble, 1983).
A run of the NCAR TGCM was performed for the geophysical con
ditions of December, 1981.

The wind components at the grid point

nearest College have been provided for use in this work in advance
of publication by T. Killeen and R. Roble.

Figure 5.14 shows the

meridional and zonal wind components as calculated by the NCAR TGCM
and the observed moderate geomagnetic activity averages.

The

general shape of the experimental and model results is similar,
but there are large differences in the zero crossing time, about
one hour in the meridional direction and over three hours in the
zonal direction.

The wind crossover time could be adjusted by

shifting the convection pattern and altering the size of the
polar cap potential, as was presented in section IV for the zonal
component.

The model slightly overestimates the morning meridional

and zonal wind velocities.
A diagnostic package has been developed to analyze the various
terms in the momentum equation described in Chapter 4 (Killeen and
Roble, 1983).

The output of the diagnostic processor for the

December, 1981, run has been made available by the authors in ad
vance of publication and is shown in Figure 5.15.

The nighttime

meridional momentum is dominated by the pressure term to the south,
while the Coriolis term acts northward in the midnight sector.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

128

WIND

(m /s e c )

COLLEGE, A L A S KA ;3 00 KM

MLT
Figure 5.14

The meridional and zonal wind prediction for College
by the NCAR TGCM for the geophysical conditions of
December, 1981. Also plotted is the moderate geomagnetic
activity average from College. The nominal error bar
for the College averages is shown in the lower left
corner. NCAR TGCM results have been made available by
T. Ki11en and R. Roble.
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COLLEGE, ALASKA; 300 KM
ZONAL MONENTUM EQUATION

Figure 5.15

MERIDIONAL MOMENTUM EQUATION

The force per unit mass from the various momentum
equation terms (see the Appendix) as a function of
time in the a: zonal and b: meridional direction ,for
the NCAR TGCM run in Figure 5.14 (courtesy of T.
Killeen and R. Roble).
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Advection of the wind becomes an important equatorward force after
midnight.

The total meridional momentum is southward throughout

the night.
Though the ion drag in the NCAR TGCM is the single largest
term in the zonal momentum equation, other opposing forces cause
partial effective cancellation, as seen in the bottom plot in
Figure 5.15.

As the zonal wind increases westward between 13:00

and 18:30MLT, the total force is eastward from 13:30 until 17:30MLT.
The westward motion during this period results from geostrophic
adjustment to meridional flow across surfaces of constant pressure
(Holton, 1979).

Larsen and Mikkelson (1983) find that in the

evening, a meridional pressure gradient develops to balance the
zonal flow, and that this adjustment process is Lagrangian.

This

means that air parcels will remain coupled to the westward drifting
ions.

Once the meridional flow is balanced, the neutrals begin to

drift with the ions and the westward wind develops.

In the morning

the zonal pressure force is eastward, as is the ion drag, and the
zonal flow becomes eastward.
The UCL TGCM solves the dynamics equations on eighteen constant
pressure surfaces between 80 and 500km with a grid 2° in latitude
by 18° in longitude (Fuller-Rowell and Rees, 1980).

The model has

been run in a time-dependent mode to analyze the global effect of
geomagnetic storms (Fuller-Rowell and Rees, 1981).
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An interesting model run for College has been provided in
advance of publication by D. Rees.

The run shows a result for

winter solstice conditions with moderate geomagnetic activity
(2<Kp<4).

The Chiu (1975) ionosphere is used, with cusp and polar

cap particles added.

The result is for the second model day.

The major difference between this and the NCAR TGCM is the
convection pattern employed.

The UCL TGCM uses the Heppner (1977)

asymmetric convection patterns.

These depend on the sign of the

azimuthal component of the magnetic field (By).

The A (By<0) and B

(By>0) convection equipotentials are shown in Figure 5.1.

Imposing

model A(B) in one hemisphere requires model B(A) to exist in the
opposite hemisphere.

The asymmetric shape of these contours dis

torts the flow pattern from that of the symmetric case.
Figure 5.16 displays the UCL TGCM wind vectors as a function
of universal time between 50° and 70° latitude.
10:00UT ion drag forces the wind westward.

From 7:00 to

Soon after, the equator

ward flow over the polar cap intrudes into the auroral zone, dis
placing the morning eastward wind which is typically seen in the
College averages.

However, preliminary results from ground-

based measurements in the auroral zone from Sweden indicate reason
able agreement with this model, which produces an eastward morning
flow in the European sector (D. Rees, private communication).
Data obtained from College on March 9, 1983UT are consistent
with this model result.

As will be discussed in Chapter 6, most
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Figure 5.16

The UCL. TGCM model wind from 50° to 70° using the
Heppner (1977) B convection pattern in the northern
hemisphere (see Figure 5.1) for moderate geomagnetic
activity (courtesy of D. Rees).
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nights with moderate or active geomagnetic activity have eastward
zonal winds.

However, this night was unusual, as seen from the

meridional and zonal wind components compared to the wind averages
(Figure 5.17; the time coordinate is UT).

Around 6:00UT an east

ward zonal wind is present, while a divergence could exist in the
meridional component.

After 8:30UT the wind is to the northwest,

with a gradient in the zonal flow.

The westward velocity component

is larger in the west than in the east.

The wind then becomes

southwestward with a decreasing velocity from 12:00 to 13:00UT.

It

then becomes primarily equatorward until observations end at 14:45UT.
The agreement with the model result is quite good (though as in the
previous case, the model speeds are higher).
In conclusion, the NCAR TGCM with the more symmetric convection
pattern represents the average data quite well, suggesting that the
important physical properties of the auroral zone thermosphere are
well represented.

In the next chapter, individual nights show that

the NCAR model, with its steady-state convection pattern and large
grid cell size, cannot explain deviations from the average behavior
due to local auroral substorms.
The UCL TGCM using the Heppner (1977) convection patterns
agrees well with an unusual individual night.

Further study is

needed, especially a comparison with observations on the same
universal day from College and Sweden.

On March 9, 1983UT there

was little visible aurora, although the zonal winds were quite
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MERIDIONAL WIND AT 4 5 ° ELEVATION ANGLE
COLLEGE, ALASKA, MARCH 9, 1 983 UT
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Figure 5. L7

Meridional and zonal wind measurements from College on
March
1983UT. The data are shown in universal
time.

9,
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large.

The IMS magnetic chain data showed no westward electrojet

over the station, which implies that there was little eastward ion
flow to drive the zonal wind.

Perhaps the assumption of steady-

state convection was valid for this event, with the Heppner (1977)
B convection pattern prevailing.
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CHAPTER 6
A DETAILED INVESTIGATION OF SELECTED INDIVIDUAL NIGHTS
I.

Introduction
Averages of the neutral wind and temperature were presented in

the last chapter.

The variations of the geophysical quantities as

a function of time were generally quite smooth and were consistent
with the results of global circulation models.

Individual nights,

however, show departures from the average pattern due to local
auroral activity.
The measured wind and temperature variations on an individual
night can be interpreted, in part, in terms of the morphology of
the aurora.

Breakup, the time of intense auroral motion and lumino

sity, can be determined from the observer's logbook, all sky tele
vision, and all-sky camera data. A description of auroral morphology
has been given by Akasofu (1964).

As was discussed in Chapter 4,

the International Magnetospheric Study's Alaska meridian magnetometer
chain data can be used to deduce to first order the ionospheric
current system.
In the following discussion, reference will be made to
crossover time, the time at which a wind measurement in a given
direction changes sign (i.e., direction).

Though the crossover

time is very helpful in understanding the effect of local auroral
substorms on the dynamics of the thermosphere, there are experimental

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

137
and geophysical uncertainties present.

Since an absolute zero-shift

reference does not exist for the wind measurement, there is an
uncertainty in establishing the zero wind on a given evening.
Furthermore, since measurements in a given viewing direction can be
separated by more than one-half hour, the changes between points
will not necessarily be smooth, an additional uncertainty in de
fining a crossover time.

Finally, on some nights, geophysical

variation in the wind can cause measurements in a given direction
to cross zero several times.
In an effort to separate changes in the emission height pro
file from actual heating or cooling of the neutral gas, ratios of
the 6300A/4287A emission for two nights were determined (see Chapter
4 for a discussion of the 6300A emission height profile).

Ratio

data were obtained from a five channel tilting-fiIter meridian
scanning photometer at Poker Flat, Alaska (Romick, 1976).

The

intensity, corrected for extinction, is averaged over four degrees
elevation angle at the College magnetic zenith for each wavelength
(6300A, 4278A, 5577A, and 4861A (He)) as a function of time.

The

data were smoothed using a running average (Bloomfield, 1976).

The

ratio is an indicator of the spectral hardness of the incident
electrons.

As the incident particle energy increases, the ratio

decreases.

Correspondingly, the emission height profile of 6300A

broadens, possibly yielding a lower temperature.
The final section of this chapter discusses heating during
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two type-A red aurorae.

A model of heating due to various auroral

sources is compared to actual measurements.

The ratio of 6300A/4278A,

along with the absolute intensity of 4278A, is used to estimate the
incident particle energy and flux (Rees and Luckey, 1974).

As the

ratio increases, energy is deposited higher in the thermosphere, and
the F region neutral heating increases.

This information on the

incident particle spectrum is used to test an F region heating
model.
II. Coupling of

the E and F Regions

The individual nights show someinteresting correlations
between the E region (the lower thermosphere) where the maximum
energy is deposited in typical (type-B, c, and f) aurora, and the F
region (the middle and upper thermosphere), the location of the
6300A radiation.
The flow chart in Figure 6.1 illustrates the physics of the
coupling between the two regions.

The energy delivered from the

solar wind enters the magnetosphere and ultimately regulates both
the magnetospheric convection and the auroral particle precipita
tion.

These, in turn, generate the ionospheric electric field and

enhanced electron density.

Joule heating and ion drag operate in

the E and F regions.
In additionto local forcing and heating,
also exist.

The

coupling forces

first branch is the viscosity force, which acts
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Auroral Processes in E Region and F Region Dynamics

Figure 6.1

A flowchart of auroral processes in the E and F regions.
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between the two regions as described in Chapter 4.

The next branch

is the vertical wind, which can exist simultaneously at both levels.
An example of this in the data acquired at College is displayed in
Figure 6.2.

Vertical wind in the E region was obtained from the

line profile of the 01 17924K (5577A) emission, observed with the
NOAA Fabry-Perot interferometer.

The E region data are provided in

advance of publication by G. Hernandez.

Initially, the E region

vertical wind is downward, while the F region wind is zero.

As the

E region wind goes to zero, an upward wind develops in the F region.
Between 11:30 and 13:30UT the zenith winds are zero, but after
14:00UT a downward wind develops in both the E and F regions.

The

F region vertical wind is generally larger than the E region wind.
The third branch shows coupling effects induced by gravity
waves and travelling ionospheric disturbances (TIDs).

A recent

review of theoretical and experimental work on TIDs in the auroral
zone has been written by Hunsucker (1982).
A changing magnetospheric electric field communicates to the
ionosphere by a parallel electric field carried by field-aligned
currents schematically indicated by the next branch.
has been reviewed by Kan and Lee (1981).

This process

In the final branch,

plasma waves propagate from the magnetosphere into the ionosphere
during auroral substorms (see for example Kan et al. (1982) and
references therein).
Effects of the coupling forces between the magnetosphere,
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ZENITH WIND, FEBRUARY 28, 1982 UT
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Vertical wind measurements in the E region from two
Fabry-Perot interferometers at College on February 28,
1982UT. E region data courtesy of G. Hernandez.
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ionosphere and the neutral atmosphere are illustrated by wind and
temperature data acquired during individual nights.

It was found

that the bulk motion of large scale auroral structures often corre
lates with the observed F region wind, exhibiting coupling between
the E and F regions.
III.

December 20, 1982UT
Measurements of the thermospheric wind and temperature were ob

tained on December 20, 1982UT.

This day was geomagnetically active

with moderate previous day's solar flux.
ments were at 45° elevation angle.

The cardinal point measure

The evening meridional wind in

dicates that the station was farther north relative to the auroral
oval than it was in the active wind average case (Figure 6.3a,
Figure 5.10).

The equatorward Coriolis deflection in the polar cap

is balanced by the poleward Coriolis effect in the auroral zone,
unlike the active average case which has stronger poleward flow in
the south.

After 0-00MLT the meridional flow became equatorward,

increasing to almost 400m/sec by 2:45MLT.
occurred, with bulk motion to the east.

At 2:50MLT a breakup
The meridional wind then

quickly decreased to about 150m/sec equatorward.
The zonal wind measurements were quite similar to the active
average case, with slightly greater evening and morning magnitude
(Figure 6.3b).

Both components of the evening wind were westward.

A breakup appeared in the station field-of-view from the southeast
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Wind measurements on December 20, 1982UT, a: meridional,
b: zonal and c: zenith.
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moving to the northwest at 20:15MLT, creating a gradient in the
westward flow, followed by an eastward-moving breakup at 21:30MLT.
The College magnetometer data show that the westward electrojet
arrived at 22:00MLT (Figure 6.4).
was about 22:50 MLT.

The zonal wind crossover time

The meridional wind crossed from poleward to

equatorward about an hour later.

The horizontal magnetic disturbance

vectors were quite large, about 700y, with correspondingly large
westward and eastward neutral velocities.
In the morning the wind measured to the west varied consider
ably in the diffuse pulsating aurora.

However, the magnetometer

chain data show the westward electrojet occurring over Fort Smith,
Canada after 2:00MLT, when the east and west velocities became
unequal (for the location of the IMS station, see Table 4.1).

The

eastward velocity measured east of the station remained enhanced
while the current system was in the east.

The wind measured

to the west decreased and turned westward at 2:45MLT, 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, ex
cept at 4:00 and 5:30MLT.

The zonal wind to the west was then

strongly (>200m/sec) eastward.

The zonal temperature was about

950°K, as opposed to about 1200°K during the period after the
surge, when the zonal wind was westward (Figure 6.5b).
This change in wind direction could be interpreted as the wind
to the west of College responding to a westward ion drag momentum
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HORIZONTAL DISTURBANCE VECTORS, 12/20/82U T
1 0 0 0 7 / Y DIVISION

Figure 6.4

Horizontal magnetic disturbance vectors for local IMS
stations on December 20, 1982UT. The distance between
station zero lines corresponds to lOOOy.
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Temperature measurements on December 20, 1982UT, a:
meridional, b: zonal and c: zenith.
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source, while in the east the wind is being driven by eastward ion
drag.

A change in the interplanetary magnetic field By component

from negative to positive (for negative Bz ) could shift the Harang
discontinuity from the dusk to dawn side of the auroral oval.

The

station would then pass through the discontinuity a second time.
However, this does not explain the change in neutral temperature
observed in the west.

The change in the direction of the wind may

have been due to wind shear in the F region.

If the difference in

temperature was due to the 6300A emission originating from a lower
altitude at the lower temperature, the wind profile would have
varied with height.

The vertical wind observed during this period

of pulsating aurora was much larger than any measured for other
times of the night, consistent with the occurrence of wind shear.
The zenith wind was larger than in the active average case
(Figure 6.3c).

After the 20:05MLT breakup, the wind was downward

for about forty-five minutes, turning upward for a short period
after the 21:30MLT breakup.

Following 4:00MLT, when pulsating

aurora occurred and both the meridional and zonal wind components
were highly variable, the zenith wind is less than about 75m/sec.
A large downward wind followed by an upward wind was then observed.
The meridional and zonal temperature data are consistent with
the average results for moderate solar flux and high Ap (Figure
6.5; Figure 5.13).

The temperature decreases in the early evening,

while the intensities of 6300A, 4278A, and 4861A, as measured by a
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tilting-filter meridian scanning photometer at Poker Flat, were at
airglow emission levels (i.e., less than 200R of green line).
The zenith temperature measurements oscillated between 825°K
and 1075°K after 17:30MLT, before the initial breakup at 20:00MLT
(Figure 6.5c).
creased.

After the 21:30 MLT breakup, the temperature in

Another breakup occurred at 2:50MLT, and the temperature

again rose, this time to about 1350°K.
To investigate if 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 6300A to 4278A luminosity was
examined (Figure 6.6).

In the evening airglow, the ratio was

largest, since 4278A was nearly absent.

As the auroral activity

increased after 20:00MLT, the ratio decreased to between .4 and 1.
Consequently, the emission height profile would have been broader
after 19:30MLT, resulting in a lower measured temperature.

Since

the ratio data suggest that the emission height profile did not
vary substantially after 19:30MLT, the elevated temperatures measured
after the breakups were likely due to atmospheric heating.
IV.

December 21, 1982UT
Measurements were made on the next night, December 21, 1982

UT, during moderate global geomagnetic activity.

The wind measure

ments are shown in Figure 6.7, at both 20° and 45° elevation angle.
The meridional measurements at 45° resemble the active average;
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Figure 6.6

The ratio of 6300A to 4278A emission rates in the
College magnetic zenith calculated from intensity
measurements obtained with a tilting-filter meridian
scanning photometer on December 20, 1982UT.
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Wind measurements on December 21, 1982UT, a: meridional,
b: zonal and c: zenith.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

151

ZENITH WIND, DECEMBER 21.1982UT

Figure 6.7 (Cont.)
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however, the evening poleward flow was quite large («200m/sec).
The flow in the north turned from poleward to equatorward after the
first breakup at 19:10MLT.

To the south, the flow lagged the north

in crossover time, but also decreased poleward after this breakup.
When the second breakup occurred at 21:45MLT, the meridional wind
viewed to the north at 45° decreased to near Om/sec, while the wind
seen in the south at 45° turned briefly poleward.

After the

0-.00MLT breakup, both north and south components at 45° decrease in
equatorward velocity, with the wind in the north becoming poleward
by morning.
The component in the south at 20° remained essentially zero
after the first breakup until 4:00MLT.

Apparently, there was a

flow boundary that blocked the equatorward wind from the dayside.
Neither the temperature in this region nor the intensities were
significantly different from the meridional measurements in the
north and south at 45°.
The zonal wind components were similar to the moderate average
in the evening, and to the active average in the morning (Figure
6.7b).

The horizontal disturbance vectors show that the westward

electrojet appeared at College by 22:15MLT, about an hour after
Fort Smith (Figure 6.8).

An auroral breakup passed over the station

moving to the northwest at 21:45MLT.

The west-viewed component at

20° crossed zero and became eastward at this time.

The wind component

viewed in the east did not turn eastward until 0:20MLT.

This
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crossover of wind in the east was preceded at 0:00MLT by a breakup
with eastward bulk motion.

Note that the northwest breakup at

21:55MLT affected the zonal components in the west at 20° but not
the east at 20°.
The zonal wind was more uniform at 45°.

Here both wind com

ponents crossed zero at 23:15MLT, about an hour after the westward
electrojet was observed at College.

The stronger morning eastward

flow in the zonal component was probably due to the enhanced electro
jet and morning auroral activity providing large conductivities
and electron densities.

This stronger eastward wind in the morning

was different from the averages and the NCAR TGCM result.

After

5:00MLT there were multiple, intense breakups quickly traveling
from the west to east horizons, consistent with the strong eastward
velocities.
In the evening there was a downward lOOm/sec wind around
18:00MLT.

After the 0:00MLT breakup, the zenith wind again

developed a downward component.

The zenith wind shifted upward

during the morning pulsating aurora, similar to the behavior on
December 20, 1982UT.
The temperature measurements are displayed in Figure 6.9.

The

temperature decreased from about 1000°K in the evening to about 850°K
by 2:00MLT.

These temperatures are lower than the average of about

1000°K for the moderate solar flux, moderate Ap case, suggesting that
not much auroral heating occurred.

The measurements in the north
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Temperature measurements for December 21, 1982UT, a:
meridional, b: zonal and c: zenith.
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(c)

ZENITH TEMPERATURE, DECEMBER 21.1982UT

Figure 6.9 (Cont.)
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at 20° elevation angle and the zonal measurements at 45° showed
morning temperatures to be slightly higher than the evening tempera
tures.

However, the pronounced heating as indicated on the previous

day was not repeated.
The zenith temperature from 19:00 to 22:00MLT varied similarly
to the zenith temperature oscillations on the previous day, December
20, 1982UT.

After 0:50MLT the zenith temperature remained between

750 and 800°K, lower than the cardinal point measurements.

The

temperature then increased to 1150°K at 3:00MLT, monotonically
decreasing to 950°K by 5:00MLT before the multiple eastward surges.
The final two measurements during the surge passage again show high
temperatures.
The ratio 6300A/4278A calculated from the Poker Flat meri
dian scanning photometer measurements varied between .2 and 2
(Figure 6.10).

The ratio is smaller through most of the night than

it was on December 20, 1982UT, implying a harder average particle
input spectrum.

The emission height profile should remain nearly

constant during the time of nearly constant 6300A/4278A.
there was no significant local heating evident.

However,

The variations in

temperature were similar to the NCAR TGCM results for a 60kV polar
cap potential (Roble et al., 1982).

This model result showed a

temperature decrease from the evening to midnight of about 75°K.
The temperature then increased to the evening level by dawn.
Though the wind at 45° elevation angle was similar to the wind on
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The ratio 6300A/4278A on December 21, 1982UT.
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December 20, 1982UT, global dynamics may be acting to transport
local heating away from College.

The temperature measurements in

the morning after the 5:00MLT surges show an increase in the tempe
rature.

As the measurements ended at dawn, aurora was still visible

overhead.
V.

December 22, 1982UT.
The meridional wind measured on December 22, 1982UT at 20° and

at 45° elevation angle in the south and at 45° elevation angle shows
the station in the poleward auroral zone evening flow (Figure
6.11a).

At 20° elevation angle, the meridional wind measured to

the north became strongly equatorward after an intense westward
traveling surge at 16:00MLT (which had visible type-A rays).

The

evening meridional wind was consistent with the polar cap-auroral
zone boundary located between 45° and 20° elevation angle to the
north of College.

A stable convergence persisted between 18:00 and

20:00MLT in the meridional wind.

The zonal component to the east

was larger than to the west, but the flow was westward.

Consistent

with the existence of a convergence is a downward vertical wind of
over 100 m/sec through much of the convergence period.

The zenith

decreased to near zero as the horizontal flow became more uniform
(Figure 6.11c).
The possibility that the convergence was caused by scattering
of auroral light from the north to the south is not expected, based
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ZENITH WIND, DECEMBER 22.1982UT

Figure 6.11 (Cont.)
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on the results of the scattering model presented in Chapter 3.
Intensity data from the Fabry-Perot interferometer are shown in
Figure 6.12.

Between 18:00 to 20:00MLT, the intensity to the south

was always at least 40% of the intensity in the north.

Most of the

light measured in the south was therefore locally emitted and the
convergence was probably the result of the polar cap and the auroral
zone meridional wind meeting to the north of the station.

The

existence of a downward vertical wind resulting in a convergence
may be inferred from the continuity equation (Appendix, equation
A4).
During a breakup and associated westward electrojet at
21:10MLT, the meridional wind vanished.

Measured to the north

the meridional wind then became equatorward while to the south it
remained near zero.

The equatorward flow decreased around the time

of the eastward-moving breakup.
The zonal wind was typical of the active average (Figure 6.11b).
The magnetic data indicated an extremely intense eastward electrojet
at College through 19:00MLT (Figure 6.13).

At the peak of this

electrojet at 16:00MLT, an intense westward traveling surge occurred,
with zonal wind westward velocities of over 500m/sec.
westward electrojet developed over College at 21:45MLT.

A small
The wind

measurements to the west then lead those to the east in crossing
over from westward to eastward.

The westward electrojet first

appeared at 21:15MLT at College, about the time the westward compo-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

163

(b)

(a)
MERIDIONAL INTENSITY.

MERIDIONAL INTENSITY, DECEMBER 22.1982UT
: 45° Elevation Angle

euil™SjET

..mw/A

.

j

SicTnoSrr

:

my/A

L

ELECTBOJET
(c)
ZENITH INTENSITY.

Figure 6.12

Intensity measurements on December 22, 1982UT, a:
meridional and b: zenith. All intensities
are normalized to the night's maximum of 13.2kR.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

164
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Figure 6.13

Horizontal magnetic disturbance vectors for December
22, 1982UT.
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nent of the wind decreased to zero.

The zonal components at 45°

crossed zero first at 23:10MLT; the east component at 20° crossed
about 50 minutes later.

In the morning the westward electrojet

arrived at Fort Smith about 4:45MLT, and about two hours later a
second negative bay commenced at

College.

After 1 :00MLT, a stable arc developed at about 45° in the south
and slowly drifted towards the zenith until about 2:15MLT.

During

this time, the wind measured in the west at 20 ° decreased to zero,
while the component to the east began to increase.

Just after

3:00MLT an eastward-traveling breakup occurred across the station
and the component to the west increased eastward.

The eastward

component in the east decreased to zero after 5:00MLT as the geo
magnetic activity subsided at College.
The zenith wind was downward through much of the evening meri
dional convergence (Figure 6.11).

After 21:15MLT, when the eastward

ion flow became established, the zenith wind remained constant and
downward.

As the stable morning arc moved towards the zenith after

1:00MLT, the wind changed from downward to upward with high (100m/
sec) velocities.

During the pulsating aurora following the 4:15MLT

breakup, it again became downward, decreasing to zero as the
activity ended in the morning.
The temperature was similar to the moderate geomagnetic acti
vity, moderate solar flux average, though the early evening tempera
ture was enhanced in the westward traveling surge (Figure 6.14).
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The temperature decreased as the night progressed, returning to
about the same level in the morning.

The temperature measured in

the south, a region of pulsating aurora through much of the morning,
was lower than in the north.

The lower temperature may be a conse

quence of the 6300A emission originating from a lower effective
altitude region caused by harder particle flux energies in the
pulsating aurora.
VI.

February 6 , 1983UT
One additional active night to be discussed is February 6 ,

1983UT.
angle.

Measurements on this night were made at 45° elevation
The meridional wind is shown in Figure 6.15a.

Several

breakups were observed prior to the start of measurements at
20:00MLT.

After observations began at 22:00MLT, two westward

surges passed over the station between 23:00 and 23:30MLT.

The

first eastward-surging breakup occurred at 2:00MLT, quickly followed
by several additional eastward surges within the next twenty minutes.
The equatorward meridional flow in the north then began to decrease.
The component to the south followed about two hours later.
The magnetic data in Figure 6.16 indicate the presence of the
westward electrojet over College at about 23:00MLT.

The zonal wind

component followed the electrojet eastward in the east by about
magnetic midnight (Figure 6.15b).

The wind, viewed to the west,

did not become fully eastward until 0:45MLT.

A series of breakups
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Figure 6.15

Wind measurements on February 6 , 1983UT, a: meridional,
b: zonal and c: zenith.
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with eastward motion occurred after 2:00MLT, coincident with the
negative bay at Fort Smith.

The zonal wind became small, then

increased quickly in the eastward direction looking to the east,
while the west remained near zero for another hour.

The local

substorm caused a large difference in the wind observed to the east
and west.
The zenith wind was downward at about 75m/sec during the west
ward breakups at 23:00 and 23:25MLT (Figure 6.15c).

It turned

upward during the pulsating aurora between 23:45 and 1:15MLT.

It

then decreased to zero for the remainder of the night.
The temperatures are consistent with the moderate solar flux,
moderate geomagnetic activity average (Figure 6.17).

The tempera

ture increased about 150°K in the zenith as an arc embedded in the
pulsating aurora moved westward at 1:00MLT.

About 45 minutes

later, the west and the north showed a similar rise in temperature
during an eastward-traveling breakup.

The temperature in all

directions exhibited an approximately 100°K increase, due at least
in part to magnetospheric-ionospheric heating.
VII.

November 19, 1982UT
This was a moderate solar flux case with quiet global geomag

netic conditions.

The meridional wind at 20° was similar to the

quiet condition average (Figure 6.18a).

The large poleward surge

in the south after 20:00MLT was coincident with observations of low

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

172

Figure 6.17

Temperature measurements on February 6 , 1983UT, a:
meridional, b: zonal and c: zenith.
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(a)

(b)
ZONAL WIND, NOVEMBER 19.1982UT

y .

Figure 6.18

i

...

Wind measurements on November 19, 1982UT, a: meridional,
b: zonal and c: zenith, d: zenith intensity normalized
to the night's maximum of l.llkR.
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ZENITH INTENSITY, NOVEMBER 19.1982UT

Figure 6.18 (Cont.)
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intensity pulsating aurora made by T. Hallinan with an intensified
image orthicon television camera operating at the Geophysical
Institute.

The pulsations were subvisual, and may have occurred

before 19:45MLT.

After an eastward auroral surge occurred on the

northern horizon at 0:30MLT, the meridional wind component to the
south at 20° oscillated between poleward and equatorward.

The

component to the north at 20 ° remained equatorward and was generally
less than lOOm/sec.
The meridional wind components at 45° appear more like the
moderate geomagnetic average, though there was little visible aurora
(Figure 6.18a).

Before and during the observed pulsations in the

aurora, the wind in the north and south was poleward, varying
between 0 and 250m/sec.

The change to the south appeared to precede

that in the north by about one hour.

After 23:00MLT, the wind

became strongly equatorward for about an hour, then the north
ern arcs surged eastward and the winds decreased in strength, as
was observed during eastward breakups on the active nights.

The

morning wind varied around zero.
The horizontal disturbance vectors showed little geomagnetic
activity (Figure 6.19).

An unusual zonal wind pattern was observed,

relative to the averages (Figure 6.18b).
20° was generally small.
College at 2:00MLT.

The zonal wind at

The westward electrojet appeared over

The component to the west was eastward at

this time, while the east-viewed wind was unchanged.

The zonal wind
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HORIZONTAL DISTURBANCE VECTORS, 11/19/82U T
3007 / Y DIVISION

Figure 6.19

Horizontal magnetic disturbance vectors for November
19, 1982UT. The distance between station zero lines
corresponds to 300y.
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at 45° showed considerable scatter about zero.

After the west

ward electrojet appeared at College at 2:00MLT, the flow in the west
became eastward and behaved as on an average night.

The local

presence of the electrojet orders the "steady-state" flow.

The lack

of structuring of the zonal wind in the east is due to the arrival
of the westward electrojet (i.e., eastward drifting ions) at a later
local time, since the magnetic disturbance to the east observed at
Fort Smith did not begin until after measurements had ceased at
College.
The zenith wind had extremely large oscillations («200m/sec)
before and during the observed pulsations (Figure 6.18c).

These

decreased near 23:45MLT as the intensity of 6300A increased in the
zenith (Figure 6.18d).

The zenith wind remained near zero until the

auroral activity increased after 1:45MLT.

Pulsations were again

encountered after 3:00MLT, but the zenith wind soon decreased to
zero.
Since the 6300A intensities were quite low in the south for
most of the night, a check for possible scattering effects was
made.

Meridional intensity data at 20° elevation angle are shown

in Figure 6.20.

Despite the large variations in intensity in the

north, the intensity in the south remained essentially unchanged
between 17:45 and 4:00MLT.

If the emission in the south was due to

light scattered from the north, the scattered intensity in the
south would increase in concert with emission from the north.

The

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

178

1.0

MERIDIONAL INTENSITY, NOVEMBER 19.1982UT
20° Elevation Angle
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Figure 6.20 Meridional intensity measurements on November 19,
1982UT, at 20° elevation angle. The intensities are
normalized to the night's maximum of l.llkR.
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intensity measurements do not support this contention.
This night is an example of the atmosphere deviating from the
steady-state.

Deviation is due to the absence of normal auroral

activity over the station.

The zonal measurements show large

scatter because the low electron densities and small electric
fields that probably existed could not order the wind.

The station

then appeared to shift farther south relative to the oval, to the
transition zone between high and mid-latitude flow.

The unusual

presence of the early evening pulsating aurora also seemed to
affect the dynamics by introducing large variations in the wind,
particularly in the zenith.
VIII.

General Characteristics of the Selected Individual Nights
A detailed examination of these nights reveals some consis

tent trends.

Deviations from the average wind and temperature

behavior described in Chapter 5 due to auroral substorms are
commonly observed.

While global thermospheric dynamic models

reasonably fit the average data, individual substorm behavior has
not been accurately represented, despite attempts to include parti
cle precipitation in the codes.

The local dynamic behavior is

highly responsive to auroral activity.
The meridional wind has an increasing equatorward flow in the
evening following westward breakups.

The meridional wind velocity
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increases equatorward until eastward auroral bulk motion begins
around magnetic midnight.

The meridional wind then decreases but

often remains equatorward.

Due to the spatial separation between

the north and south measurements, the flow to the north can become
equatorward earlier than in the south, with a time lag of one to
two hours.
The zonal wind shows the importance of ion drag as the major
momentum source.

However, the mesoscale variations of the zonal

wind are governed by local substorms and the position and intensity
of the electrojets.

The evening westward wind velocity is related

to the magnitude of the horizontal magnetic disturbance vectors.
The time period of westward neutral flow is coincident with bulk
motion of auroral forms to the west.

When the auroral motion

becomes eastward and the westward electrojet arrives over College,
the westward zonal wind becomes eastward, with time lags varying
from minutes to a few hours.

This change in direction must certain

ly be related to increased ion velocities due to an increasing
ionospheric electric field and electron density enhancements from
particle precipitation generating a large ion drag momentum source.
Whether the wind viewed to the west or east will change direction
first depends on the location of the substorm onset.

If the onset

is west (east) of College, the wind viewed to the west (east) will
usually respond first.

Examples presented at 20° and 45° elevation

angles clearly demonstrate this principle.

Measurements on November
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19, 1982UT, a night with little magnetic activity or aurora, sup
ports the contention that ion drag orders the zonal wind.
The zenith wind shows large deviations from zero during auroral
activity.

Fluctuations in the zenith wind between downward and up

ward occur frequently during pulsating aurora.

The zenith wind

could be the neutral atmospheric response to rapid changes in the
input of magnetospheric energy.

The discrete and diffuse aurora mark

the boundary between regions of plasmas originating from different
parts of the magnetosphere (Akasofu, 1977).

The response of the

ionosphere due to this transition could produce a boundary region
where vertical flow is generated from changes in the current system
and the energy and flux of the precipitating particles.

Thus, the

power transmitted from the magnetosphere to the ionosphere can gene
rate a distrubance which drives a zenith wind, as predicted by the
model of Richmond and Matsushita (1975) and described in Chapter 5.
Large zenith winds are not predicted by current three-dimensional
global models.

Additionally, large zenith winds imply the existence

of circulation cells in order to conserve mass in the thermosphere.
This of course presumes that the assumption of zero wind using the
weighted average of the zenith measurements is valid.
Another possible source of vertical wind is atmospheric gravity
waves generated by auroral disturbances.

Internal gravity waves

can support a large vertical phase component (Hines, 1960, 1964).
Without dissipation, vertical velocities on the order of typical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

182
horizontal velocities could occur.

However, important dissipative

effects such as molecular viscosity and thermal conduction remove
many of the possible wave propagation modes.

Gravity waves can

also transport energy from the E region to the F region.

For example,

at 220km, if the horizontal wind speed is 250m/sec, the vertical wind
speed 50m/sec and the density 1.5xl0"^^g/cm^, then an energy flux of
about .25ergs cm -2 sec"! could reach the F region (Hines, 1965).

This

energy flux is one to two orders of magnitude less than the energy
flux deposited by a typical auroral substorm, but at times it could
be significant.
Temperature measurements on individual nights from College
show variations that are often larger than can be explained by a
change in emission height profile caused by variations in the inci
dent particle energy.
storms.

Many nights show heating from auroral sub

This conclusion is supported by 6300A/4278A measurements

in the zenith.

The ratio measurements also show that the large

decreases in temperature during breakups are probably the result of
a broadening of the emission height profile to lower altitudes.
Temperature increases between the evening and morning are less
pronounced on certain nights.

This may occur when the large scale

thermospheric wind system alters the local temperature structure,
as predicted by global circulation models.
The ability of the current global models to successfully repre
sent individual nights from even a single station is limited by the
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input parameters.

The convection pattern, composition, ionosphere

and particle precipitation all use average results, which smooth
local effects.

The large grid cell size of the models also aver

ages out small scale structures.

Consequently, though the agree

ment with the average data in this study is quite good, local effects
are not predicted.

To better model the individual nights, a vary

ing convection pattern which can self-consistently alter the iono
sphere is needed, along with a finer grid mesh.

This is limited by

a lack of time-dependent convection models and computer resources.
Efforts to couple global thermospheric and ionospheric models are
now underway.

At this point, the large local variations observed

from College cannot be accurately represented on an individual
night by a three-dimensional time-dependent model.

Though an

attempt has been made to study global substorm effects, the grid
spacing employed is too large for comparison with data from a
single station

(Fuller-Rowell & Rees, 1981).

The problem of scattering causing misinterpretation of the
measured Doppler shifts has been treated in Chapter 3.

Comparisons

of the College model with a wind convergence on December 22, 1982UT,
and on a night with little auroral activity, (November 19, 1982UT),
suggest that typically, scattering is not an important source of
error in wind and temperature data acquired from College.
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IX.

Thermospheric Heating During Type-A Red Aurorae
In type-A red aurora radiation by 0( 1 D) is enhanced compared to

typical green (type-c) aurora.

The 6300A emission rate is above the

threshold of the eye, which sees the upper third of tall rays
colored blood red (Jones, 1974).

These spectacular events are

caused by a large flux of soft electrons, in contrast to the harder
electron precipitation in type-c aurorae (Degen, 1981).
The region of maximum energy deposition by auroral electrons is
typically the lower thermosphere.

During a type-A red aurora this

maximum occurs in the upper thermosphere.

The amount of neutral heating

caused by an energetic particle flux with a specified energy distribution
has been presented by Hays et al. (1973).

Maxwellian spectra of the

form:
N(E)dE = NQ E exp (-Ecf1 ),
where N is the particle flux per unit energy E, N0 the flux and
a the characteristic energy (the peak of the distribution) are
used.

This represents a typical auroral electron spectrum (Belon

et al., 1966).

The characteristic energy is typically above 2keV

in type-c and type-B red aurorae (red lower borders), while
during soft particle events it is less.

The higher altitude of

maximum energy deposition increases the local emission rate of
6300A light, since less 0(!d) is quenched.

However, at the same

time, the quenching at higher altitudes can increase due to
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increased mixing of the neutral atmosphere, producing a higher N2 /O
rati 0 .
The Hays et al. (1973) model allows the mean-molecular weight
of the atmosphere to change due to a vertical neutral wind.

Thirty

percent of the incident particle energy is assumed to go into
neutral heating.

A detailed study of the neutral heating efficien

cy has recently been presented by Rees et al. (1983).

They find

the neutral heating efficiency varies with the atmospheric density,
temperature and composition, but is essentially independent of the
characteristic energy above 200km.

For solar maximum at winter

solstice the heating efficiency at 250km is 40%, though
is 30%, as assumed in the Hays et al. (1973) model.

at 300km it

Using theMSIS

atmosphere, modified to agree with an evening pass of the Dynamics
Explorer 2 satellite in October at 65°N, the heating rate is 50% at
250km.

The model should be applicable over a shorter time span at a

higher efficiency than originally assumed.

The increase of the

temperature as a function of energy input at 300km is shown in
Figure 6.21.

As the characteristic energy increases, the lower

height of the maximum energy deposition yields a smaller increase
in temperature at 300km.
The model is one-dimensional,
lower boundary.

with complete

mixingat

the

At the upper boundary it is assumed that the

upward flux due to vertical motion is balanced by the downward
diffusive flux.

This implies that at high altitudes the composition
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IN P U T ENERGY (ERGS CM’ 2) x 104
Figure 6.21

The increase of the thermospheric temperature at 300km
as a function of total energy deposition by particle
heating (adapted from Hays et al. (1973)).
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approaches diffusive equilibrium.

Recently, the neutral atmospheric

response to a narrow (1 ° in latitude) electric field impulse has
been modelled in two dimensions (Fuller-Rowell, 1984).

The simu

lation is run for three model hours with the assumption of diffu
sive equilibrium.
for two reasons.

The model composition is found to vary with time
First, the atmosphere expands as a result of

heating, leaving pressure surfaces unchanged.

Second, the neutral

wind induces a vertical flux across a pressure surface.

This flux

must then be balanced by molecular diffusion.
The initial mean-molecular weight at 250km is 19.4amu.
three model hours it has decreased by 7% to 18amu.

After

The neutral

wind-induced vertical flux accounts for 90% of the observed compo
sitional change.

The Hays et al. (1973) upper boundary condition

assumption is consistent with the Fuller-Rowell (1984) two
dimensional result.
To compare the Hays et al. (1973) model with the observed
temperature, the total energy deposition and characteristic energy
need to be estimated.

This is done by using the ratio of the 6300A

radiation to that of the first negative band of molecular nitrogen
at 4278A (Rees and Luckey, 1974).

The temperature increase due to

particle heating during type-A red aurorae can then be estimated.
Neutral temperature measurements were obtained during a type-A
red aurora on December 17, 1982UT.

The Fabry-Perot interferometer

began operations after 6:24UT, although auroral breakups had been
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visually observed since 3:OOUT.

At 8:27UT, an extremely bright

type-B red aurora occurred in the zenith, with 5577A intensities on
the order of 100kR.

Riometer data show a large amount of absorption

due to hard particles.

Tall auroral rays appeared after 8:50UT,

with visible 6300A light to the north.
diffuse.

The aurora then became

After 11:15UT tall rays again appeared with 6300A light

visible in the south and southwest.

Activity diminished for a

period, then after 14:20UT extremely tall rays, some stretching
from the horizon to the magnetic zenith appeared, rich in the
auroral red line.

By 16:00UT only a diffuse glow remained.

The ratio of 6300A/4278A is shown in Figure 6.22a.

The thick

ness of this curve is plus and minus the standard deviation of the
ratio, assuming Poisson counting statistics (Bevington, 1969).
Failure to have a sufficient signal-to-noise ratio in the intensi
ties to be divided can lead to large uncertainties in the ratio
which obscure its meaning.

The ratio ranged from one to six

between 11:30 to 14:00UT with 4278A intensities between 400-6000R.
Figures 6.22b and c show the absolute intensities of the two
emissions.

From these data, the characteristic energy and flux

of an assumed Maxwellian incident spectrum was estimated.
The characteristic energy during the 8:30UT breakup is about
5keV using the Rees and Luckey (1974) model.

In the period between

11:30 to 14:00UT, the characteristic energy varied between .6 and
1.6keV.

The corresponding energy flux obtained was between 2 and
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Figure 6.22

Intensity ratio and absolute intensities obtained with
a tilting-filter meridian scanning photometer in the
College zenith on December 17, 1982UT, a: 6300A/4278A,
b: 6300A and c: 4278A.
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25ergs cm"2 sec-* over the three and one-half hour period.
Hays et al.

The

(1973) model result for a =. 6 keV predicts that a

temperature rise of over 200°K should occur (Figure 6.21).

Unfor

tunately no 4278A data exist after 14:00UT, when the Fabry-Perot
interferometer measured a large 6300A emission rate (» lOkR during
the tall ray event after 14:20UT).

This large 6300A emission rate

suggests that the enhanced soft particle flux continued until about
15:30UT.
The measured neutral temperature is shown in Figure 6.23.
The temperature was about 1300°K before 14:00UT, then increased to
a high of 1900°K in the east by 16:30UT, while the average in all
directions was about 1550°K.

These temperatures are consistent with

the temperature rise predicted by the model for auroral electrons.
As previously discussed, the neutral heating efficiency could be
greater than the 30% assumed in the Hays et al. (1973) work.
A second example of neutral heating during a type-A red aurora
occurred on March 5, 1981UT.

The neutral temperature measurements

were obtained with two College Fabry-Perot interferometers operat
ing at 6300A.

Observations made at 30° elevation angle by both

instruments are shown in Figure 6.24.

Data from the NOAA Fabry-

Perot interferometer at College were provided by 6 . Hernandez.

The

early evening temperature was about 1100°K, but rapidly increased
to 1500°K after a type-A red aurora occurred at 8:30UT.
vior was similar to the aurora of December 17.

This beha

It is interesting
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Temperature measurements on December 17, 1982UT shown
in universal time.
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TEMPERATURE
COLLEGE, ALASKA
MARCH S, 1981 UT

Figure 6.24

Temperature measurements from two Fabry-Perot inter
ferometers operating at 15867K from College at 30°
elevation angle on March 5, 1981UT. Data from the
NOAA Fabry-Perot interferometer have been provided by
G. Hernandez.
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to note that later in the morning, when the auroral oval had expan
ded past College during a second type-A red event at 10:35UT, the
temperature measured to the north in the polar cap had recovered to
the prestorm level.

This auroral event was brighter than the Decem

ber 17, 1981UT events.

The Dst index showed that a geomagnetic

storm occurred on March 5.

Observations of the 10:35UT type-A red

aurora were made in the lower 48 states and Canada (D. Slater,
private communication).
Another possible source of the observed heating on these two
nights besides precipitating particles is electric fields.

Elec

tric field heating was also modelled by Hays et al. (1973), and can
be large.

Ionospheric electric fields of 50mV/m and the auroral

electrojets are typical features observed at College on many nights
(Akasofu, 1968).

Furthermore, large electric fields would cause

high convection velocities.

Many active nights have zonal wind

similar in magnitude to March 5 or December 17, but without such
large temperature increases.

Large electric fields were not obser

ved locally on March 5 by the Chatanika incoherent scatter radar
(V. Wickwar, private communication).

Electric field contributions

to heating are probably more important in typical type-c aurorae.
Interpretation of the measurements obtained on December 17, 1982UT,
by the Hays et al. (1973) heating model leads to similar conclusions
regarding heating by energetic incident particles.

Thus, the in

crease in neutral temperature in type-A red aurorae is consistent
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with heating by auroral electron precipitation.
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CHAPTER 7
DYNAMICS IN THE AURORAL ZONE THERMOSPHERE ABOVE 150KM
DURING SOLAR MAXIMUM:
I.

CONCLUSIONS

Summary of Results
The importance of the position of the auroral oval relative

to the observatory for interpretation of wind and temperature
measurements from College has been established both by the average
variation of the wind with global geomagnetic activity and by
results obtained on individual nights.

The average wind patterns

for low, moderate and high geomagnetic activity are alike.

The

average wind is poleward and westward in the evening, then changes
to equatorward around magnetic midnight.

However, as the geomagne

tic activity increases, the wind speed increases and the equator
ward shift occurs at an earlier magnetic local time.

On individual

nights, the wind behaves similarly to the average wind for correspon
ding geomagnetic activity if the auroral oval is situated over the
station to order the wind flow.
The apparent latitudinal motion of the station relative to the
auroral oval is also important in interpreting the relation of the
wind components to the pattern predicted by global models, which
currently employ only steady-state convection and a fixed ionosphere.
A comparison between meridional averages at different geomagnetic
activity levels shows that the component viewed to the south during
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moderate and active conditions is similar to the wind component
viewed to the north at low and moderate geomagnetic activity.

The

measured zonal wind on individual nights agreed with the NCAR TGCM
when the latitude of the station was adjusted relative to an assumed
convection pattern.
The meridional and zonal wind components are each primarily
influenced by different forces.

The average meridional evening

wind direction is poleward in the auroral zone and equatorward in
the polar cap due to the Coriolis effect.

The regions of opposite

flow form a pressure ridge that is occasionally observed from
College during active conditions.

The predominant meridional

momentum source in the middle of the night is the anti-sunward
pressure gradient resulting from solar heating on the dayside.
The Joule and auroral particle heat sources contribute to a tempera
ture increase in the polar cap.

This heating also enhances the

anti-sunward pressure gradient.

The averages show no increase

of meridional wind velocities with increasing magnetic activity.
However, the zonal winds show large increases in velocity with
increased geomagnetic activity.

This is consistent with ion drag

being the most important momentum source for the zonal wind.

Ion

drag forcing is determined by the strength of the flow produced by
magnetospheric convection.

When displayed in magnetic coordinates,

the zonal wind average is uniform within the region sampled from
College around midnight and in the morning.

However, in the evening
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the zonal wind averages during low and high activity are uniform
in universal time.

This is probably due to large scale magneto

spheric convection dominating the ionospheric plasma drift.

The

average westward evening component of the zonal wind is larger than
the morning eastward component.

On the average, the coupling of

the ion motion to the neutrals by collisions is higher in the
afternoon and evening, due to a higher electron density in the post
sunset ionosphere.

The evening westward component is not always

larger on active individual nights when high electron densities and
electric fields can occur to drive a strong eastward morning flow.
An additional cause for a difference between the evening and morning
zonal velocities is the speed of the drifting ions.
convection patterns such as the Heelis et al.

Asymmetric

(1982) model can

have higher plasma drifts in either the dawn or the dusk cell.
Thus, the higher ion speeds can also cause larger neutral veloci
ties.

When local substorms occur, magnetic local time effects can

dominate the observed zonal wind and temperature pattern.

The

zonal wind on individual nights can be understood in terms of the
position and direction of the auroral electrojet and oval.
Vertical winds are a persistent feature observed at College,
and they are seen in the averages as well as the individual nights.
They are often large, occasionally greater than 200 m/sec.

The

vertical winds are often associated with disturbances generated by
substorm activity, as predicted by the model of Richmond and
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Matsushita (1975).

The low and high geomagnetic activity average

cases showed vertical winds consistent with this model, as did some
individual nights.

Often the largest and most rapidly changing

vertical wind is measured during pulsating aurora.
The presence of the auroral oval defines the steady-state of
the thermosphere over College during solar maximum.

On a night

with no aurora overhead at College, November 19, 1982UT, the absence
of the steady-state auroral zone forces caused large deviations
from the average wind behavior.

Based on the results of the forty-

four nights studied, when the auroral oval contracts well poleward
of College, the thermosphere begins to relax to a mid-latitude flow.
This relaxation ends when the auroral oval arrives over College,
accompanied by enhanced magnetospheric convection and increased
particle precipitation.
A detailed study of selected individual nights demonstrated
the coupling between the E and F regions.

This is manifested by

the relation between the bulk motion of auroral forms and the
direction of the thermospheric wind.

In the evening, westward

motion occurs in the optical aurora and in the zonal wind.

East

ward bulk motion of the aurora in the morning corresponds to de
creasing equatorward meridional wind and ultimately to an eastward
zonal wind.
The average temperature observed on a night increases with
increasing previous day's solar flux.

The average temperature
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for low activity was 953±18°K, moderate 1060±40°K and high 1176±30°K.
For moderate previous day's solar flux the average temperature is
925±23°K, 1002±28°K and 1170±66°K for low, moderate, and high
levels, respectively.

The change in temperature from low to high

geomagnetic activity at a constant solar flux is about the same
as the temperature change from low to high solar flux.

As observed

from College, the auroral effect on the thermospheric temperature is
as large as the heating due to solar UV radiation during solar
maximum.
Temperatures on individual nights usually decrease in the
early evening, before auroral activity begins.

On some nights,

rapid oscillations in the temperature are observed at this time.
As the auroral oval arrives overhead, the temperature often in
creases.

However, during some evenings, the temperature decreases

during periods of auroral particle precipitation.

This is probably

due to the 6300A emission height profile extending to lower alti
tudes.

Thus, the observed temperature may decrease or remain

unchanged while heating occurs.

With decreasing precipitation,

the emission height profile may move to higher altitudes, but
the global circulation can act to carry some of the local heating
away from the region of the auroral oval.

The overall wind pattern

of global thermospheric circulation has been investigated by the
NCAR and UCL TGCMs.

Comparison of the average winds with those

predicted by the NCAR TGCM showed good agreement, using a symmetric

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

200
convection pattern, constant over about five model days.

Due to

the average nature of the model input parameters and the large
latitudinal and longitudinal grids on which it is solved, local
substorm effects cannot be adequately represented.

Inadequacies

in the model include the constant polar cap potential maintained in
the assumed magnetospheric convection pattern and the non-rotating,
unperturbed ionosphere.

The UCL TGCM, using an asymmetric con

vection pattern, produced winds that agreed well with one unusual
night (relative to the averages).

The agreement with this model

run for typical results from ground-based Fabry-Perot interferometer
measurements in the auroral zone acquired in Sweden serves as a
reminder that individual stations, separated in longitude, can
sample different parts of a complex, dynamic region (in other
words, we the blind feel different parts of the elephant).
During type-A red aurorae, the peak of maximum energy deposi
tion rises from the lower to the upper thermosphere.

The observed

large flux of low energy electrons during such aurorae produces
large temperature enhancements.

Heating of the neutral atmosphere

by precipitating particles and electric fields has been modelled by
Hays et al. (1973).

A comparison of the observed temperature

increase in a type-A aurora on December 17, 1982UT with the Hays et
al. (1973) electron flux heating model yields good agreement.
Additional measurements on March 5, 1981UT during a large type-A
red aurora also show that precipitating electrons cause the bulk of
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the neutral atmospheric heating.
II.

Problems and Promises
The previous section summarized the results of this study.

The instrumental and geophysical problems inherent in the analysis
should similarly be reviewed.

The Fabry-Perot interferometer used

was not sufficiently efficient for adequate signal-to-noise ratio
scans to be obtained with high time resolution (< 1 minute).

It

was therefore not possible in this study to undertake comparisons
of the dynamics with rapidly varying auroral forms.

To compare the

morphology of the 6300A light with the wind and temperature measure
ments a 6300A imaging system would also be necessary.
Another significant instrumental problem was the lack of any
feedback in the Fabry-Perot etalon to allow self-stabilization.

A

self-aligning instrument sets itself to a known zero, allowing all
measurements, night after night, to be referenced to the same
point.

This is a necessary (but not sufficient) feature needed in

order to have a truly automatic instrument with a variable spacing.
An observer present during data acquisition should be optional, not
slaved to the equipment.

Instruments of this type have been opera

tional for over ten years at Fritz Peak, Colorado (Hernandez and
Mills, 1973).
Lack of a zero wind reference is disconcerting, since all
Doppler shift measurements depend on it.

All available evidence
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indicates that the average of the zenith measurements is an adequate
zero.

However, verification with a laboratory source would be most

desirable.

A 15867K light has been successfully tested but is not

easily adaptable to field work (Peterson et al., 1979).
The emission height profile and its relation to the measured
temperature was treated

in alimited fashion by the use of the

6300A/4278A ratio.

Auroral heating was clearly evident on some

individual nights.

Even with simultaneous incoherent scatter radar

measurements of ion temperature, the height of the region repre
sented by the neutral temperature was still ambiguous.
An experiment to yield an improved estimate of the emission
height profile and give further insight into the wind structure
would employ two Fabry-Perot interferometers at, for instance,
College and Fort Yukon.

TheCollege instrument would scan the Fort

Yukon zenith, while the

FortYukon instrument would remain fixed in

the zenith.

Defocussing the interferometers would insure over

lapping fields-of-view.

For a stable auroral situation, triangula

tion could then yield the height profile of the 6300A light.

Two

station wind and temperature measurements may provide the answer to
questions such as:

When there is a vertical wind at Fort Yukon

what does College measure for a 1ine-of-sight component?

Do the

temperatures agree?
Two station experiments would also be valuable for studying the
dynamics in the lower thermosphere using the (K^S) emission.

The
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broad emission-profile of 6300A light makes triangulation difficult.
The auroral 5577A emission originates mostly from the E region.
An altitude profile can be deduced more reliably by triangulation
on a narrow feature.

The emission rate of 5577 is large, allowing

higher time resolution data to be acquired.

The recent O(^-S) pro

duction mechanism proposed by Rees (1984) would allow detailed
modelling of the expected luminosity from optical measurements.
Theoretical and experimental emission height profiles could be
compared.

The acquisition of measurements in the lower thermo

sphere could yield, for example, estimates of the wind shear associ
ated with auroral forms and auroral particle heating in the E
regi on.
Current advances in interferometry promise a new level of
instrumental sophistication.

Solid state imaging detectors allow

static systems to be built which are more rugged and portable than
scanning devices.

The static systems may ultimately acquire data

faster than single etalon scanning systems due to their multiplex
ing advantage.

Hr. G. Hernandez of Fritz Peak Observatory, Colorado

has tested a Fabry-Perot interferometer with a theoretical gain in
luminosity greater than 100 over the pressure-scanned system
used in this study.

This new device is called the twin-etalon

scanning spectrometer (TESS, Hernandez, 1982a).

The gains in data

acquisition rates and the use of improved detectors with higher
near-infrared sensitivity will allow new regions of the atmosphere
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to be explored as different molecular and atomic atmospheric tracers
are employed.

Some examples of these new

studies include the Oil

7320A line for F region ion drift and temperature
band for mesospheric dynamics (Meriwether

and theOH(8-3)

et al., 1974, Smith et

al., 1982, Hernandez and Smith, 1984c).
In addition to exploring new atmospheric regions, measure
ments of wind, temperature and intensity over a solar cycle using
the red and green line should be obtained at equatorial and mid
latitudes, in the auroral zone, and in the polar cap in both hemi
spheres to supplement the existing measurements of Hernandez at
Fritz Peak.

Emphasis should be put on obtaining temperatures, even

at the expense of fewer wind measurements.

These long term studies

are necessary to acquire average data sets to which "interesting"
nights can be compared.

Additionally, coincident measurements of

the middle and upper atmosphere are needed to study their coupling.
This would extend the investigation of coupling between the lower
and upper thermosphere undertaken here.
The thermosphere stands in the middle of the solar-terrestrial
system.

It is coupled to the sun by the solar wind, yet is still a

part of the earth's atmosphere.

The extension of solar wind-magne-

tospheric processes to the dynamics of the stratosphere and tropo
sphere through the thermosphere is a new milepost for solar-terrestial
physicists.
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APPENDIX
Model Equations and Term Analysis
The three-dimensional time dependent model (TGCM) that is used
to examine the thermospheric structure and circulation is based on
the pressure-coordinate primitive equations of lower-atmospheric
dynamic meteorology.

The physical processes incorporated into the

model, however, are those appropriate to thermospheric heights.
The TGCM governing equations are written in terms of horizontal
spherical coordinates (X longitude, <|> latitude) and a log-pressure
vertical coordinate z.

They are described in detail by Dickinson

et al. (1981), and they are repeated here so that the definitions
of various term in the momentum equations can be described.

The

finite-difference grid is defined as uniform in this coordinate
system.
t

The independent variables of the model are:
time;

(j) latitude;
X

longitude; and

z

In (P0 /p);

where p is pressure, and PQ = 5 x 10"^ yb (50 yPa ), a reference
pressure.

The dependent variables are:

205
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u

eastward neutral velocity;

v

northward neutral velocity;

w

dz/dt ("vertical motion11);

T

temperature; and

$

geopotential.

Other model parameters include:
a

radiative damping coefficient;

Cp

specific heat per unit mass;

f = 2ft sinU)

Coriolis parameter;

n

earth's angular velocity;

g

acceleration of gravity;

H U , <j>, z) =

mean scale height;

( R y m g ) - 1)
K y U , <j>, z)

thermal conductivity coefficient;

U xx, xXy, ion drag tensor;
xyx> xyy)
mU,

<j>,z)

u ( X,

<j>,z)

r

coefficient of viscosity;
radial distance from center of earth;

R
u iU ,

mean molecular mass;

universal gas constant;
* z)

zonal ion drift velocity;

v jU, <|>, z)

meridional ion drift velocity;

T0 (z)

global mean temperature;
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S = 3T0 /3z + RT 0/mCp
Q 0 (z)

static stability

global mean net heating per unit mass

Qj

rate of Joule heating per unit mass

Qs

rate of solar heating per unit mass

Qp

rate of auroral particle precipitation heating

= U x x ^ - u ) 2 + Ay y (vr v)2]

per unit mass
V*v = u/(rcostj>) horizontal advective operator.
3/3A + (v/r) 3/3<j>

Primes denote departures from the global mean reference values
given by the subscript 0 (e.g., T0 ).
The

governing equations of the TGCMare

1)

The Thermodynamic Equation

asfollows:

3T'/3t = (gez/p 0 Cp) 3/3z (KT/H 3T'/3z) - aT'
- V-7T' - w(S + 3T'/3z + R T 7 ( C pm))

(Al)

+ Qs'/Cp + Qj'/Cp + Qp'/Cp
The terms in this equation, inunits
are calculated at each time step.

of degrees per second,

The terms, from left to right

and including the left-hand side refer to, respectively, the total
heating rate, downward heat conduction, radiative cooling, heat
advection, adiabatic heating and cooling due to expansion and
contraction of the gases in the thermosphere, solar EUV and UV
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heating, Joule heating and heating due to auroral particle precipi
tation.
2)

The Eastward Momentum Equation
3u/3t = gez/P0 3/3Z (p/H 3u/3z) + fv
+ U xx(ui-u) + xxy(vi-v)>
(A2)
+ {-V•Vu + (uv/r) tan<j>)
- (l/rcos<j>) 3$'/3X

3)

The Northward Momentum Equation
3v/3t = gez/p0 3/3Z (u/H 3v/3z) - fu

+ {Xyy(vi-v) + Xyx (u—u j )}

+ {-V•w

«
- u V r tan<j>)

(A3)

- 1/r 3$'/3(f)
where

denotes the perturbation geopotential.

The terms in the

momentum equations in units of meters per square second are calcu
lated at each time step.

The terms refer to (reading from left to

right and including the left-hand side) the total net force
per unit mass, force per unit mass due to vertical viscosity,
Coriolis force per unit mass, ion drag force per unit mass, non
linear momentum advection force per unit mass and the pressure
force per unit mass.
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4)

The Continuity Equation
(l/rcoscj>) a/a<j> (vcos(j>) + (l/rcos<t>) au/ax

(A4)

+ ez a/az (e~zw) = 0
5)

The Hydrostatic Equation
3$'/3z = R(T0+T')/m

(A5)

The components of the ion drag tensor are calculated to allow
for the ion-neutral collisions and are given by
(A6 )

Xxx = o p B2 /p

Xxy = Xyx = °H

q2

sinI/p

(A7)

and
(A8)

where B is the magnitude of the earth's geomagnetic field strength,
p is the neutral gas density, ap and an are the Pedersen and
Hall conductivities, respectively, calculated from expressions
given by Rees and Walker (1968) and I is the dip angle between
the geomagnetic field and the local horizonal.
This Appendix has been reprinted from Killeen and Roble (1983)
by permission of the authors.
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