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ABSTRACT
ROCKET-BASED VECTOR MAGNETIC MEASUREMENT OF AN
AURORAL BIRKELAND CURRENT CONFIGURATION
by
Raymond T. Casserly, Jr.
A rocket-borne experiment to study the currents associated
with an auroral arc was conducted at Poker Flat, Alaska at
2122 LT on 24 February 1972.

A vector magnetometer measured the

magnetic field as the payload passed over an auroral band
structure which had a visual intensity of > 40 kR.

Changes in

the magnitude and direction of the magnetic field along the
trajectory were used to infer the configuration of a system of
field-aligned (Birkeland) currents and auroral electrojets.
The model current system consists of a pair of oppositely
directed parallel sheet currents along the arc having current
2
densities of ~ 27 MA/m and a north-south extent of approximately
90 km.

Movement of the current sheets in range and azimuth

prior to apogee is interpreted as being due to the presence of
a large fold in the arc at that time.

Two eastward electrojets
3
each having a current magnitude of 3 to 4 x 10 amps are also
inferred.

One electrojet is located approximately in the center

of the downward current sheet while the other is located just
north of the upward current.
Data from the onboard particle detectors showed that the net
field-aligned current carried by precipitating electrons in the
energy range 0.5 - 20 kev was
sheet.

~5 MA/m^ in the northernmost

However, there were no measured particles in that

energy range that contributed to the downward sheet current
inferred from the magnetometer data.
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CHAPTER 1
INTRODUCTION
The purpose of this thesis is to present the results
of a Nike-Tomahawk sounding rocket experiment to investigate
the nature of the currents associated with an auroral arc.
The thesis is divided into four chapters.

This chapter

furnishes the reader with the necessary background material
and references regarding the aurora and Birkeland current systems
and attempts to explain the motivation for this research.
Chapter 2 describes the payload and includes a brief outline
of the methods used in reducing the magnetometer data.

These

methods are applied to the flight data in Chapter 3 and a
vector magnetic field profile for the entire flight is
determined.

The last chapter interprets these results in

terms of electrojets and Birkeland current sheets.

The

current system determined by the magnetometer is compared to
the results obtained from the particle detector experiment
carried aboard this same vehicle and is then discussed in
relation to other auroral research.

1.1 AURORAE AND BIRKELAND CURRENTS
The aurora is produced through excitation and ionization
of the atmospheric constituents by bombarding charged particles.
They occur most frequently at high latitudes near the geomagnetic
poles in a zone called the auroral oval (Feldstein, 1963;
Akasofu, 1968).

The visual aurorae can take on many different

forms and situations and the various descriptions and auroral
morphology have been described extensively in the literature
(e.g., Omholt, 1971).
Association of auroral activity to high-latitude dis¬
turbances has been studied for many years.

These disturbances

are generally known as polar magnetic substorms and appear as
a perturbation of the horizontal component of the geomagnetic
field having a magnitude of a few hundred gammas and a duration
of from one-half to two hours.

These events can be accounted

for by postulating ionospheric currents which flow at a
constant altitude (Cole, 1966; Chapman and Bartels, 1940).
Lack of a satisfactory atmospheric driving mechanism, however,
has led to consideration of three-dimensional current systems,
in which currents flow along the geomagnetic field lines and
couple the horizontal ionospheric currents to a magnetospheric
source.

Such field-aligned currents were first suggested by

Birkeland (1908), and they are therefore referred to as Birkeland
currents.
The possible source of such field-aligned current flow
has been the subject of much work in recent years.

A charge

separation mechanism originally proposed by Alfven (1939)

2.

has been extended by Schield, et al.(1969).

The basic feature

is the build up of a charge separation layer (Alfven layer)
near the earth caused by the different drift paths of ions and
electrons as plasma is convected earthward from the tail.

The

resulting electric field perpendicular to the magnetic field
is mapped into the ionosphere by the equipotential field lines.
The electric field in the Alfven layer is then reduced by fieldaligned currents which may occur in sheets and connect to an
ionospheric current system.

Kern (1962) and Fejer (1963)

have also postulated models in which the electric field produced
by some charge separation mechanism is transmitted along the
highly conducting magnetic field lines to the ionosphere where
it drives horizontal auroral zone currents.
Another possible source for field-aligned currents has
been suggested by Bostrôm (1968).

Plasma pressure gradients

produce a current perpendicular to the magnetic field in the
magnetosphere, and any divergence in the perpendicular current
must be balanced by a field-aligned current flowing into the
ionosphere.
A theoretical investigation of the three dimensional
current systems which could result when an external electric
field is applied in the region of an auroral arc has been
carried out by Bostrôm (1964).

Two extreme cases are considered:

one in which the current flow along the field lines is limited
by some process so that polarization charges which accumulate
on the edges of the arc cannot be readily neutralizedj and
one in which the magnetic field lines are assumed to be perfectly
conducting.

In the first case (Figure 1-la), oppositely directed

Birkeland line currents are located at the ends of the arc and
are connected by a Pederson current ( parallel to the applied
electric field) along the arc.

In the second case, anti-parallel

(a)

FIGURE 1-1
Two Model Current Systems Proposed by Bostrom(1964)
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Birkeland sheet currents flow to and from the edges of the arc,
connected by a northward Pederson current across the arc (Figure
1-lb).

The electrojet is an eastward Hall current.
Electric field experiments by several workers (e.g. Mozer

and Fahleson, 1970) and particle measurements which imply net
field-aligned fluxes (Choy, et al., 1971; Whalen and McDiarmid,
1972) provide indirect evidence for Birkeland currents, but
such measurements provide no information about the overall
structure of the current system.
More direct observations of Birkeland currents are also
available.

Measurements of transverse magnetic disturbances

by a satellite magnetometer at 1100 km altitude (Zmuda, et al.,
1966, 1970) have been interpreted as being caused by fieldaligned current flow (Cummings and Dessler, 1967).
Direct _in situ measurements of Birkeland currents have been
obtained in two separate experiments utilizing a vector mag¬
netometer system developed by Cloutier (1967).

In the first

case (Park, 1970? Park and Cloutier, 1971; Vondrak, et al.,
1971), a current system was inferred which consisted of two
anti-parallel Birkeland current sheets and an auroral electro¬
jet, similar to Bostrôm's second model.

The second experiment,

reported by Cloutier, et al. (1973) and Sandel (1972), showed
similar results.
This thesis deals with a third flight of the vector mag¬
netometer system developed by Cloutier.

The purpose of this

experiment was to improve our knowledge of Birkeland currents
associated with an auroral arc and energetic auroral particles.
Comparison with previous flights could also indicate which
features are specific to a particular arc and which might be
general characteristics.

4.
CHAPTER 2
EXPERIMENTAL TECHNIQUE
The technique utilized in this experiment has been
discussed in great detail in previous works (Park, 1970;
Sandel, 1971, 1972).

In this thesis, therefore, only the basic

equations and ideas necessary for continuity will be considered.
For a complete understanding and appreciation of all the details
and problems associated with an undertaking of this type, the
reader is encouraged to make use of the above references.
In order to meet the experimental objectives, two sets of
instrumentation were employed: the magnetometer system (including
a lunar aspect sensor) and a collection of charged particle
detectors.

Since the perturbation field of the Birkeland

currents is expected to be of the order of only a few hundred
gammas and would add perpendicular to the geomagnetic field, the
magnetometer émployéd must be a vector device, capable of
detecting field changes of the order of lY in magnitude and
.03° in angle.

A magnetometer with these characteristics has

been flown successfully on three previous occasions (Park and
Cloutier, 1971; Cloutier and Sandel, 1972; Cloutier, et al., 1973)
and an identical system was chosen for this flight.
To define reference direction and vehicle attitude, a lunar
aspect sensor was employed which was capable of defining the angle
between the spin axis and the moon with a relative accuracy of
'*'.1°.

Design and calibration of this instrument is discussed

in detail in Sandel, 1972.
Energetic charged particle detectors were needed to identify
the carriers of the current and to determine the relationship
between the Birkeland current and precipitating electrons.

A

brief description of the particle detectors and other payload

5.

instrumentation follows.

The remainder of this chapter then

deals with the analysis of the magnetometer signal itself.

2.1 PAYLOAD INSTRUMENTATION

2.1.1 Particle Detectors
Fluxes of electrons and protons in the energy range .5 to
20 kev were measured by channeltron electron multipliers behind
curved plate analyzers.

The payload carried 14 detector units;

7 units looking at 45° to the rocket's spin axis and 7 units at
135° to the spin axis.

Each group of 7 units covers the energy

range .5-20 kev for electrons and protons in seven intervals.
Complete pitch angle coverage (0°-180°) by vehicle roll motion
was anticipated since the angle between the magnetic field and
the rocket spin axis was expected to be 45°.
are discussed in detail in

These detectors

Pazich, 1972.

Two thin window Geiger-Müller tubes, mounted at 45° and
135° to the rocket's spin axis measured electrons with energies
greater than 40 kev and protons with energies greater than 500
kev.

Two neutral hydrogen detectors were also carried aboard

the payload and had the same orientation as the other detectors.
A fourth type of detector, called the high time resolution
(HTR) particle detector, was flown to investigate the frequency
spectrum of auroral electrons between 50 kHz to 10

MHz.

The

experiment is capable of detecting modulation down to 3% of the
total flux for typical auroral fluxes of 5 x 10
2

cm -ster-kev.

electrons/ sec-

The single energy passband sampled was 5-7 kev.

A complete description of this instrument and its results is given
in Loewenstein, 1973.
2.1.2 Support Systems
A schematic diagram of the payload is shown in Figure 2-1.

magnetometer

power distribution unit

The magnetometer system was located in a ceramic nosecone as
far away from the rest of the payload as practicable in order
to minimize the influence of stray fields.

Two doors protecting

the particle detectors from air blast while the payload traversed
the atmosphere were released by explosive bolts at 58.6 seconds
after launch.

The high voltage power supplies for the particle

detectors were turned on at 119.4 seconds after launch.
Data was transmitted in real time to the tracking station
via a 10 watt FM-FM transmitter operating at 240.2 MHz.

The

magnetometer signal (155-220 kHz) was used to modulate the carrier
directly in the upper part of the carrier frequency band.

The

high time resolution detector occupied a center frequency of
93 kHz and data from all the other payload instruments was
encoded in pulse code modulated form for telemetry to the
ground.
Since information concerning arc intensity, stability,
and position are vital to a successful launch, a ground station
approximately under the apogee point was manned at Ft. Yukon
(geomagnetic latitude 66.7°N, L'>’6.5).

All-sky 35mm camera

coverage and real time photometric data from meridian scanning
photometers oriented in the magnetic N-S direction was provided
at Ft. Yukon and Ester Dome (^-37 km southwest of the launch
site at Poker Flat).

Radar located at the launch site tracked

the rocket between 312 and 360 seconds after the launch.
2.1.3 The Magnetometer System
The magnetometer system utilized in this experiment was
an optically-pumped single-cell cesium vapor scalar sensor
with fixed bias coil (Cloutier, 1967; Ness, 1970).

The sensor
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produces a signal frequency which is very nearly linearly
proportional to the magnitude of the total magnetic field.
An extremely stable regulated current source provided a
constant bias field of approximately 10,000 y inclined at 81°
to the vehicle spin axis.

Rotation of the bias field by vehicle

roll motion produces periodic modulation of the ambient mag¬
netic field at the spin rate, and it is in this modulation that
the total vector field information is contained.
Consider a rocket spinning with angular velocity uug at
an angle 0 to an externally applied magnetic field Bg.

Let

the bias field be denoted by BQ, fixed at an inclination T from
the rocket's equatorial plane (see Figure 2-2).

Then the total

magnetic field magnitude B(t) varies with time according to
the equation
|B

where
and

(t ) | = /3T( l-k2sin2

(2-1)

x = Bg2 + B02 + 2BQBgsin (0+T)
fc2_

4BQBgSin6cosT
-

(2-2)
(2-3)

Equation 2-1 has the form of an elliptic integral of the second
kind.

The magnetometer output frequency is given by
f(t) = Lcs B(t)

(2-4)

where LCs is the first order Larmor frequency constant for
cesium taken to be 3.49854 Hz/y.
Recovery of the unknown parameters Bg and 0 is achieved in
the following manner. The magnetometer frequency f(t) is
converted to a voltage by a discriminator and compared to a

Figure

2-2
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constant voltage level.

The frequency is then counted-over

each time interval between successive crossings of the reference
level, while a stable high frequency clock is gated at the cross¬
ings to provide absolute time for each counting interval (see
Figure 2-3).

Two successive counter outputs Cl and C2

measured in clock intervals t2 - t^ and t^ - t2 respectively
are:
Cl = J

t,

C2 = J*

f (t )dt

(2-5a)

f(t)dt

(2-5b)

3

fc

2

Rl and R2 are then defined as the number of cycles of the
reference oscillator in the counting periods corresponding to
Cl and C2 respectively.
Using equations 2-1 through 2-5 and also making use of
the symmetry property of elliptic functions with respect to
extrema, we can write
Cl =

and

4

uus

Cl + C2 =

(2-6)

L

Cs
UUg

-^Cs '/xr’E(k#2')

(2-7)

where $ = (ly"
)^ and E(k,f) and E(k,^) are respectively
Rlal'R2 2
2
incomplete and complete Jacobian elliptic integrals of the
second kind.

Since $ is determined by an independent clock

reference, we may divide Cl by the sum Cl + C2 to obtain a
single equation containing only the variable k

FIGURE
CM

(ZH>0 A0N3n03Hd

.
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Cl E(k,g)
Cl + C2
E (k, TT/2 )

(2-8)

It is, therefore, possible to determine k by assuming a value
and adjusting it while holding $ constant until equation
2-8 holds.

The correct value of k may then be substituted

into equation 2-7 to solve for the normalization factor x.
Once k and x are known, they may be used in equations 2-2 and
2-3 to solve for B

y

and 0.

The final parameter needed to specify the geomagnetic
field vector in the vehicle coordinate system is the azimuthal
angle 0 (see Figure 2-4).

If u)gt is measured once during each

revolution at corresponding values of the phase of f(t), and
2TT

per spin period is subtracted, then the resultant quantity

should be zero if B

is fixed. If, however, the field vector
y
moves in azimuth about the vehicle roll axis from BgQ to Bg,
then the change in 0 is reflected in the measured value of
U)_t.

For example, if T_ denotes the time interval between

a given maximum in f(t) and a previous maximum n spin periods
earlier then

0 = uugTn - 2nn

(2-9)

In fact, the vehicle also executes a coning motion about
its center of angular momentum vector so that the magnetometer
signal is modulated due to the variation in 0.

In this case,

f(t) may be written in the form
f(t) = LCs/x(l-k2sin2 Æy

Y

))^

(2-10)

VERTICAL

FIGURE 2-4

.
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where x, k and the extra parameter y are all functions of
time which depend on the coning angular velocity 0C, the
coning half-angle p , and the angle 8

between the total

angular momentum vector and the magnetic field vector (see
Figure 2-4). However, for small perturbation fields, the
variations in x, k, and y are roughly cyclic, producing a
modulation envelope to the spin-cycle variations of f(t).
If the coning rate is much less than the spin rate, then
f(t) still varies elliptically over a spin period to an
adequate approximation, and Bg and 0 may be found in the
manner previously described.
The equations describing the behavior of the azimuthal
angle 0, however, must be altered to include an additional
parameter which describes the modulation of the apparent spin
rate by the coning motion.

Once this is accomplished, the

angular measurements must be transformed from the revolving
vehicle coordinate system to the center of coning system which
is fixed in space.

This procedure and the approximations

involved are discussed in detail in the references mentioned
above and will not be repeated here.

The essential equations,

however, are reviewed in the next chapter where the experimental
data are presented.
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CHAPTER 3
EXPERIMENTAL RESULTS
3.1 FLIGHT CONDITIONS AND PAYLOAD PERFORMANCE
On the evening 25 February 1972, the forward observing station
at Ft. Yukon recorded the first auroral activity at 0600 UT
when the meridian scanning photometers detected a broad region
of luminosity beginning at

20° north elevation.

The region

began moving southward at 0650 and the arc became visible to the
observers at Ft. Yukon at 0700.

At this time, the photometers
O

measured a peak luminosity of 15 kR in 5577A at 35° elevation.
The arc brightened and moved farther south, finally splitting
into two bands at 0707 with peak intensities at 50° and 70°north
elevation.

The southernmost arc became brighter and more active,

sometimes reaching 60 kR between 0710 and 0719.

At 0720, the

decision to launch was made, and launch occurred at 0722.
During the flight, the measureable luminosities extended
from 30° to 105° north elevation and the peak intensity remained
above 40 kR.

The first of two large folds was seen travelling

westward at about 110 seconds flight time.

By T + 160, the fold

had crossed the meridian and at this time measureable particle
fluxes were detected.

A second fold began to develop just west

of Ft. Yukon at T + 210 and continued until T + 250.

Particle

measurements (see Pazich 72)indicate that the rocket was in or
near the fold at T + 230.
The launch azimuth was 29° so that the trajectory followed
a magnetic meridian, and a launch elevation of 71° resulted in
an angle of about 43° between the rocket's center of coning and
the ambient magnetic field.

Radar tracked the payload between

312 and 360 seconds flight time and the magnetometer data analysis
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(see section 3.2) indicated an apogee altitude of 179 km at
T + 217.9 seconds.
The particle detectors operated nominally during the
flight and significant particle fluxes were measured from T + 160
to T + 340.

The high time resolution detector also operated

normally during the flight except that approximately 1/3 of the
HTR data was lost due to interference from the low frequency
end of the magnetometer signal.
The magnetometer itself began operating intermittently
a few seconds after launch, the signal improving until atmospheric
exit at approximately 80 seconds.

At this time, stable coning

motion was achieved and the magnetometer returned a strong
signal until the payload began atmospheric re-entry at ~340
seconds flight time.
Unfortunately, the lunar aspect sensor did not match the
excellent performance of the magnetometer.

While still in the

launcher and on external power, the lunar sensor began counting
behind closed doors.

During this time, the payload was on external

heater and the existing temperature (~23°) could have triggered
the counting.
stopped.

The temperature was reduced by 6°C and the counting

When the doors were released in flight, however,

essentially nothing was received from the lunar sensor.

The

engineering data provided no clues as to the reasons behind
the failure of the instrument.

.
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3.2

MAGNETOMETER

DATA

ANALYSIS

The purpose of this section is to describe the
processing of recorded magnetometer output frequency and
reference clock oscillator counts to yield the three
parameters necessary to completely specify the ambient
magnetic field.
The magnetometer signal recorded on the flight tape
was played back through the data reduction electronics
(see Sandel '12, Sesiano '12) to obtain values of Cl, C2,
Rl, R2, for each spin period.

Errors which may arise from

wow and flutter or speed inaccuracies in either the recording
or playback tape units are eliminated since the 240 kHz
reference frequency oscillator is recorded on a parallel
Ghannel on the same tape.

Since the parallel shiftout

time in the electronics is about one microsecond, errors
in the time intervals due to loss of oscillator counts could
be reduced by doubling the reference frequency to 480 kHz.
This, of course, does not affect the magnetometer output
frequency itself.
Before these counts are transformed to Bg and 0
using the elliptic integral technique, it is desirable to
reduce the two types of noise which appear in the data.
The first type is random noise in the recorded magnetometer
signal due either to anomalies in the output frequency of
the magnetometer or to telemetry and recording noise.
Since this noise is present in the primary record, it is not
easily eliminated.

The second kind of noise is introduced

by the data processing electronics and the following
technique has been developed to substantially reduce this

14.
component of random noise.

If truly random noise is

introduced into the C's and R's by the electronic processing,
then processing the entire flight several times in
succession and averaging corresponding spins in each run
should yield results very close to the "true" values.
This simple averaging of the corresponding spins would
result in a marked reduction in noise but more improvement
can be obtained by developing an algorithmic technique to
reject those values of C and R most affected by random
noise.
The set of numbers Cl, C2, Rl, R2 are not independent
quantities but are interrelated in a very complex manner
in the equations which determine the field magnitude and
its angular components.

As a result, many different sets

of Cl, C2, Rl, R2 may yield the same values of Bg and 8 .
Thus, noise can change the C's and R's in such a way that
even though the Cl, C2, Rl, R2 for a particular spin may not
agree well with the "average" value for that spin, the B
and

0

y

derived using those counts are the same as that derived

using the "average" value of Cl, C2, Rl, R2 for that spin
period.

For this reason, The technique of merely comparing

the individual C's and R's to their respective average
value and rejecting those differing from this average by a
fixed number of standard deviations cannot be used.
It was determined that the major cause of the noise in
the counts for the C's and R's was due to the shifting of the
reference level during the data reduction procedure.

Using

this information, the parameter Q was derived in the following
manner.

Let us consider one particular spin in the flight

.
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and see how the values of the C's and R's are affected if
the reference level changes from one run to the next (Figure
3-1.).

In run number 2

(the primed system) the reference

level has drifted upwards and the number of counts in the

R2

Rl - 2 At

(3-1)

= R2 + 2 At

(3-2)

II

H1

two systems are related by the equations:

1

Cl' = Cl - 2 At f
C2

1

= C2 + 2 At f

(3-3)

avg

(3-4)

avg

^avg = Cl + C2
Rl + R2

(3-5)

where faVg is the average magnetometer frequency for the
spin.

If we now define the quantity Q (Sandel '12) such

that
Q =

Rl
RI + R2

Cl
Cl + C2

(3-6)

and calculate Q for both cases we find that for the second
run:
Q' =
Rl'
1
Rl + R21
Substituting equations
Q'

=

_
Cl1
Cl' + C2'

(3-3), ( 3-4) into

Rl — 2.At
(Rl - 2 At) + (R2 + 2 At)

— Rl — 2 At
Rl + R2

_

Cl — 2 At favy
Cl + C2

(3-7)

(3-7):

Cl — 2 At(favg)
(Cl - 2 At favg) + (C2 + 2 At fav<
(3-8)

ÏÏHLil

f avg.

RUN #2

FIGURE 3-1
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and substituting (3-5) into (3-8) for faVgJ

Q' = R1 - 2 At _
RI + R2

Cl +C2
Cl - 2 At
Rl + R2
Cl + C2

=
Rl
_
Cl
+ ■ -2 At +/ 2 At \ /Cl + C2\
Rl + R2 Cl + C2 Rl + R2 \C1 + C2 / \ Rl + R2/
=

Rl
_
Cl
Rl + R2 Cl + C2

Q' = Q
Thus, the quantity Q is found to be a useful parameter for
comparison, in that spins with the same Q value will yield
the same values of Bg and

6 .

This quantity was calculated

for all sets of C's and R's from a single spin period, and
the average value

Q was determined.

The Q's from each

set were then compared to Q, and if a single Q differed
from Q by more than 1.5 standard deviations, the corres¬
ponding sets of C's and R's were réjectéd. Under this
criterion, one set of counts was usually eliminated from a
spin period (except for a stretch point in the flight
tape where two spins were lost completely).

The re¬

maining counts for that spin period were averaged to
obtain the final values of Cl, C2, Rl, R2 which were then
reduced using the elliptic integral technique.

This

procedure resulted in a noise level of about 2 Y in Bg,
which is compatible with the aims of the experiment.

.
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3.2.1

Scalar Magnitude

In figure 3-2, the measured field magnitude is plotted
as a function of flight time.

The most prominent feature

of this graph is the large altitude variation of the
field which obscures the smaller variations that would be
expected to result from auroral currents.

In theory, this

gross change in the measured field due to rocket motion can
be removed by subtracting out the earth's field as given
by a spherical harmonic expansion at points along the
rocket trajectory.

If we define Bg as the earth's geo¬

magnetic field as given by the expansion, and

BT

as the

total field measured by the magnetometer, then we can
calculate a quantity
AB = BT

AB

which is defined by equation (3-9).

“ Bg

(3-9)

The earth's field as given by the spherical harmonic
expansion does not represent the actual field at the
time of the flight due to secular field variations and
inaccuracies in the expansion coefficients.
even in the absence of auroral currents,
zero.

As a result,

AB will not be

Instead, there will be a constant offset from

zero since these errors are expected to remain nearly
constant over the limited range of altitude and horizontal
position encompassed by this flight.

However, auroral

current configurations are inferred only from relative
changes in

AB

and do not depend on its absolute value;

these changes will be unaffected by a constant or slowly
varying offset in the field expansion.
in

Any abrupt changes

AB, or reversals in the direction of change, may
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therefore, be interpreted as the effects of either local
currents or temporal variations.
The foregoing analysis is based on the assumption
that the position of the vehicle is well known from the
radar data.

In practice, this is rarely the case, and for

the flight discussed in this thesis, the vehicle was
tracked by the radar during only a small fraction of the
flight.

It was necessary, then, to develop techniques

which could minimize the limitations of such a situation
so that current magnitudes and directions could be inferred
from the

AB profile with a fair degree of certainty.

The following sections consider the problem of incomplete
trajectory information and combine knowledge of the
characteristics of the field expansion and the AB curve
with the few radar points to construct an entire,
believable trajectory.

It should be noted here, that in

the trajectory analysis and initial

AB

analysis, both

the Jensen and Cain (1962) and the International Geo¬
magnetic Reference Field ( International Association
of Geomagnetism and Aeronomy, 1969) were used with
similar results.

The final

AB

profile was generated

using the latter field expansion since it was more
recent, included time derivatives of the coefficients,
and yielded strengths closer to those measured during
the flight.
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3.2.1 a

Trajectory Problems

Above about 100 km altitude, the rocket should be
free from atmospheric effects and hence act as a body in
free fall (Sesiano 1972).

Therefore, a parabolic fit

to the radar data points should yield continuous trajectory
information for the entire flight.

However, since the

rocket was acquired by the radar for only a small fraction
of the downleg portion of the flight, it is impossible
to derive a correct trajectory based on radar data alone.
In fact, a second degree least squares fit to the radar
points, which lack the apogee data and upleg information
required to "turn over" the altitude versus time profile,
yields a trajectory which does not return to earth on the
Upleg portion of the flight.

It is possible, however,

to build a trajectory which we can reasonably assume to
be correct if we use the radar points, the total field
measured by the magnetometer, and a knowledge of how
incorrect trajectory parameters affect the

AB profile.

In order to do this let us assume a "correct" trajectory
and then build a second trajectory which has an apogee
height, apogee time, or curvature which is different from
the correct trajectory, and observe the effect on the
AB

profile.

It is most convient to consider an equation

of the form
ALT(T) = HA - ax (T - TA)2- a2 (T-TA)4

(3-10)

where ALT is altitude of the vehicle at time T, HA is
the apogee height, TA is the apogee time, and a-^ and a2
are constants which determine the curvature of the trajectory.
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In Figure 3-3a, the solid line is the "correct"
trajectory with an apogee altitude of 179 km, and the
dashed line is the guessed trajectory which has the same apogee
time and curvature (i.e., same TA, a^, a^) but has an apogee
altitude of 192 km. Figure 3-3b shows the ,AB profile which
results when the magnetic field at various times during the
flight are computed along each trajectory and used in an
equation analogous to equation (3-9) to find
AB = B

ct

B

AB,

i.e.,

gt

where the subscripts B^ and B

refer to the magnetic field

derived from the expansion of the earth's field using the correct
trajectory and guessed trajectory respectively.

As shown by the

figure, the incorrect apogee height results in a

AB profile

which has an offset at apogee time of about 315y

and increases

slightly when one moves away in time from apogee.

The

curvature of the profile results from the fact that the vertical
gradient in B is not exactly a constant.

That is, if, for example,

the vertical gradient in B were a constant 24 y/km, then the
AB profile would be a straight line with

AB

equal to the

difference in apogee heights multiplied by the vertical
gradient, i.e.,
OFFSET = (HA

- HAct)

VZB

(3-11)

Thus the constant offset would be (192-179) x 24, or about
312 y .

In this ideal example, the spherical expansion gives the

exact field value at the time of the "flight".

In a real

situation, equation 3-11 is not true because the offset will
then include any secular changes in the field, errors in the
expansion coefficients, and perturbation fields from auroral

ALTITUDE (km)
180

160

140

120
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currents.

If, however, there is one radar point where we can

make the assumption that there are no perturbation fields,
we can calculate the earth's ambient field from the spherical
harmonic expansion and compare it to the value of Bip measured
by the magnetometer at the same time.

If our assumption of

no perturbation fields is correct, then the difference
ABQFF =

B

T

~

b

R

(3-12)

(where BR represents the earth's field at the radar point)
should be the offset that will be observed throughout the entire
flight due only to the inaccuracy of the expansion field
since the rocket's position is exactly defined by the radar.
Once we have calculated this constant offset, we can then
use equation 3-11 at the apogee time.

BT is now the field

(again assumed unperturbed by local currents) measured by the
magnetometer at apogee time and B

is the field above the latitude
X\

and longitude coordinates of apogee which, when subtracted
from Bt, will yield an offset consistent with the offset found at
the time of the chosen radar point.

Using the spherical

harmonic expansion then, an altitude can be associated with
this

BR

and this altitude is our first approximation of the

apogee height.
Let us now attempt to describe the effects of an incorrect
apogee time on the

AB

profile.

Assume that the correct trajectory

has an apogee time of 217.72 seconds and the guessed trajectory,
while having the same apogee altitude and curvature, has an
apogee time of 205 seconds.

These trajectories are plotted in

Figure 3-4a, and the resulting AB profile is shown in Figure 3-4b.
It is obvious from the figure that the error in apogee time has

FIGURE 3-4b

ALTITUDE (km)

.
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caused AB to be a linearly decreasing function of time.
This can be seen by examination of equation 3-10 where an
error ATA is assumed in the apogee time.
ALT (T ) = HA - a (T - (TA +ATA) )2- a2 (T - (TA + ATA) )4
(3-12) ,
It is straightforward to show that, neglecting the correction
terms multiplied by a2 (which is generally orders of magnitude
less than a^), the error in altitude at the guessed apogee
time TA is
AALT(TA) = a1ATA2
or, substituting
AALT = AB/24 and solving for ATA,
ATA
a1 x 24'

(3-13)

In the example of Figure 3-4, a^ = .00442 and AB(TA) = 17.28
so that ATA = 12.76 sec.

Then our first approximation to

the correct apogee time is (205 + 12.76) sec. or 217.76 which
is very close to the "true" value.
Finally, let us change the coefficients a^ and a2 of
equation 3-10 to observe the effects of an incorrect curvature
on the AB profile (see Figure 3-5a and 3-5b).
errors of Aa

and Aa
JL

If we assume

in 3-10, then we can write

M

AALT (T) = Aa (T - TA)2+ Aa2 (T - TA)4

(3-14)

or, again assuming v B = 24y/km
z

24

= Aa (T - TA)2+ Aa2(T - TA)4

(3-15)
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If equation 3-15 is applied at two different times in the
flight, then the system of two equations and two unknowns can
be solved to yield Aa^, and Aa^.

These values can then be

added to the guessed values of a^ and a^ to arrive at better
coefficients.

This method yields very good results for a^,

and although for the particular case shown, the method results
in an order of magnitude improvement in a^» this coefficient
may still be off by as much as a factor of 4 or 5.

This

inaccuracy results because we have assumed v^B to be a constant
In fact, v B varies slightly with altitude causing an error
z
in the approximation of AALT which is of the same order as
the error in AALT due to a slightly incorrect a^.

With only

a few iterations, however, it is possible to zero in on the
correct coefficients and define them with reasonable accuracy.
3.2.1 b

REAL DATA PROBLEMS

In this section, actual flight data from 18.112 is
discussed.

Logically, the first trajectory tried is the one

which is supplied by NASA personnel at Wallops Island.

This

trajectory has been derived using the existing radar points
plus their knowledge of the ballistics and flight performance
of a "nominal" Nike-Tomahawk payload with our launch parameters
The AB profile resulting from this trajectory is examined and
corrections to the trajectory parameters are made using
slightly different methods than those discussed in the last
section.

The "fine tuning" of the trajectory parameters is

then performed using equation 3-10 and the methods already
described.
The AB profile arrived at by using the NASA calculated
trajectory is shown in Figure 3-6.

There is obviously a

linear decrease in AB of about 800y over the flight, indicating
an error in apogee time (compare Figures 3-6 and 3-4). However,
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equation 3-13 cannot be applied since there could also be
an error in the apogee height or trajectory curvature or
both.

To begin with, then, let us see what the magnetometer

itself can tell us about the apogee parameters.
Since the earth's field is decreasing by about 24y/km
as the rocket increases in altitude, at first glance, one
would think that the time of the minimum of the plot of Bm
T
as measured by the magnetometer versus time (Figure 3-2)
would be the time of greatest vehicle altitude and hence
yield the apogee time.

Unfortunately, the situation is

more complicated than that because the horizontal component
of the field is increasing as the rocket travels northward
in the direction of the geomagnetic pole.

Thus the plot of

B^ versus time is slightly tilted and the true apogee time
occurs later than the time of the minimum in Figure 3-2.
However, the value of the horizontal gradient in B, V^B,
can be approximated using the spherical harmonic expansion
of the earth's field.

This can then be used to "straighten

out" the B^ versus time profile by subtracting out the effects
of the horizontal gradient.

This was done using an equation

of the form

V

=

B

T "

V

BAX

H

(3_16)

where B ' is the "corrected" value of B and AX is the
T
T
horizontal range from some reference point at X = 0. The
results of this procedure are shown in Figure 3-7 where the
dashed line is Figure 3-2 reproduced and the solid line is
B^p' versus time which should have its minimum value at apogee.
This minimum value is estimated to occur at approximately

55000
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216 seconds which is appreciably later than the apogee time
of 204.6 seconds predicted by the NASA curve.
This procedure provides us with a logical reason,
independent of the shape of the AB curve, to begin to doubt
the validity of the NASA "nominal" trajectory.

The AB

profile itself, however, also contains the information required
to correct the apogee time even if the apogee altitude and
curvature are also incorrect.

If the equation of motion of

the trajectory is written as H = g, where H is the altitude
of the vehicle and g is the gravitational acceleration,
then it may be integrated immediately to find

2
H = fgT

- gT(TA) + C

(3-17)

where TA is the time of apogee and C is a constant that is
nonzero because of rocket thrusting and atmospheric effects
in the early portions of the flight.

An error in TA or C

(by amounts ATA and AC respectively) will then result in an
error in the altitude AH given by
AH = gT(ATA) - AC

(3-18)

Then, assuming a constant vertical gradient in the field,
3-18 can be written in terms of AB as
AB(T)/24 = gT(ATA) - AC

(3-19)

Applying 3-19 at two different times, T^ and T^ during the
flight, allows one to eliminate AC and solve the system of
equations for ATA.
A3 (*p \ — An (*v )

(3-20)

.
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Applying equation 3-20 to the AB data derived using the
NASA trajectory yields ATA ~12.62 seconds.

This gives a

corrected apogee time of 217.2 seconds which is in fair
agreement with the approximate value of TA = 216 seconds
arrived at by finding the minimum of the plot of
(corrected for horizontal gradient) versus time.
Next, we attempt to find the apogee height by using
equation 3-12.

Figure 3-8 is a plot of AB versus time

derived using the radar points only in an attempt to find the
offset in the AB curve to be expected from inaccuracies in
the expansion.

That is, the field as given by the expansion

at each radar point (B ) is subtracted from the field as
R

measured by the magnetometer (B^) at corresponding times
to yield a AB„ which should be constant over the entire
OFFSET
flight. This, of course, assumes that no perturbation fields
are included in B„, so that AB is constant. Examination of
T
Figure 3-8 indicates that this is not the case and that local
currents are indeed flowing at the same time that the radar
points are taken.

One can, however, visually estimate an

"average" offset of about -300y from Figure 3-8 and one
would expect that the rest of the AB profile should be
offset from zero by approximately that same amount.
Applying 3-12 at our corrected apogee time TA then
BR(TA)

Now

BT

- BT(TA) - ABOFFSET

(3-21)

at 217 seconds from Figure 3-2 is 52600y so that

B (TA) = 52900y.

By using the latitude and longitude of

the vehicle at 217 seconds, a vertical profile of magnetic
field magnitude versus altitude can be calculated using the
spherical harmonic expansion of the earth's field.

Doing

-270

o
00

CM
I

CT*
CM
I

O

O
O

CO
I

<3

PQ

O
«H

CO
I

CM
CO
I

O

315

320

330

(sec)

335
FIGURE 3-8

FLIGHT TIME

325

340

345

350

27.

this, one finds that the earth's field has a magnitude of
about 52900y at 179.2 km

altitude.

Therefore, the apogee

altitude implied by BR is about 13 kilometers lower than.
the apogee altitude of 192.2 kilometers used in the NASA
calculated trajectory.
Now that we have determined approximate values of apogee
height and apogee time, these values can be used in equation
3-10 and the coefficients a^ and a^ can be calculated using
the radar points.

The methods of this section can then be

used to vary the different trajectory parameters until a
trajectory is arrived at which will yield good agreement
with the radar data.

More than 30 different AB profiles

were derived using different trajectories and the final
values of the trajectory parameters are: HA = 179 km,
-9
TA = 217.9 sec., a^ = .0045, a^ = 5.0 x 10 . These data
were also fit to least squares second and fourth degree
equations and the AB profile essentially remained unchanged.
In order to further reduce the effects of random
noise, values of AB were calculated for each spin period
and then averaged over every 10 spins (about 2^ seconds).
If any value of AB differed by more than 1.8 standard
deviations from the average AB for that averaging interval,
that value was rejected and the remaining points averaged to
obtain a final value.

The attrition rate due to this

process was about 1% and the resulting average standard
deviation of the groups was 1.6y.

The final result is the

AB profile shown in Figure 3-9.
The prominent features of Figure 3-9 were insensitive
to apogee altitude and apogee time although, as expected,
changing apogee altitude would cause a shift in the offset
and changing apogee time would cause the slope of the curve
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to be nonzero.

Due to lack of trajectory information on

the upleg, however, it was possible to alter the coefficients
a^ and a^ in. such a way that the fit to the radar points
on the downleg did not suffer, while the feature at 112
seconds was completely removed.

In any discussion of model

current systems, therefore, the features to be considered are
the ones present at 190 and 320 seconds since these remained
for any reasonable trajectory chosen.

These features were

also essentially unchanged when a Jensen and Cain (1962)
spherical harmonic expansion was used in the calculation of
AB.
3.2.2

THE POLAR ANGLE 6

c
In order to detect changes in the polar angle caused

by passage through an auroral current system, the large
coning modulation of that parameter
be eliminated.

(see Figure 3-10) must

This can be accomplished most readily if one

assumes initially that 0c(tn) = 0, so that motion of the
field is either directly toward or away from the coning
center.

The procedure is then to find approximate values of

the coning half-angle,

p, the time of maximum in 8, tQ, and

the coning rate i«c, by examination of the plot of 0 versus
time, and to use these parameters with the known 0 , t ,
n
n
n=l, 2 ,..., to obtain the angle n from the following
n
equation (see Figure 3-11):

(3-22)
n
Another spherical trigonometric identity then allows one to
calculate 0 .
c
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0 = 2tan
c

-1

-tan

2
ti) (t - tQ) + n
c n
2

cos

)
(3-23)

The coning parameters are then varied (using the methods
described in Sandel '72, and Park '70) until the coning
modulation in 0

c

is removed. The results were

p = 5.14°+ .01°
U)

= .10578 + .00001 radians/sec.
c
—

As in the case of the AB profile it was desirable to
reduce the random noise in the data by averaging over 10 spins
and rejecting individual points differing by more than two
standard deviations from the group mean.

Two such sweeps

were made through the data resulting in a rejection rate of
5.7% and an average standard deviation of the groups of
about .03 degrees.

The results are shown in Figure 3-12.

The general appearance of the

profile is as

expected, with 0

decreasing during the flight due to rocket
c
translation northward into regions of larger dip angle.

Since it is difficult to determine small changes in 0^ due
to this large overall decrease, the variation in b^ due to
translation northward was subtracted from the measured 0
profile to obtain Figure 3-13.
major signal in 0

Here it is apparent that the

is between 170 and 260 seconds.

Once 0 (t) is known, its dependence can easily be
c
inserted into the above equations with the substitution
(3-24)
where uu

c

is the true coning rate.

Therefore, 0

was
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calculated using the above coning parameters

(see

section 3.2.3) and the component of 0c not varying linearly
with time was used to recalculate 0

.
The result was
c
essentially the same as before in that no changes in the
coning parameters were necessary to achieve a 0^ profile
free of coning modulation.

3.2.3

THE AZIMUTHAL ANGLE 0
'
c
In general, two methods can be used to calculate the

azimuthal angle in the center of coning coordinate system.
The first method requires information from the lunar aspect
sensor, which, when used with the magnetometer data,

can

yield an absolute measurement of the azimuthal angle 0

flight,

cM
Since the LAS failed completely on this

'12).

(see Sandel

this method was not considered and an alternative

procedure, which employs only the magnetometer signal as
input, was used.

This method can measure only a relative

change in 0^, but changes in this coordinate,
its absolute value,

rather than

are the important elements in the

determination of auroral current system configurations.
As mentioned in section 2.1.3,

changes in 0 are

reflected in the measured value of oust so that very accurate
information on the spin rate is required.

Since the spin

rate may vary slightly with time during the flight it is
necessary to calculate a true spin rate for each spin
period using

U)

(see Figure 3-14)

2TT

s

t

AY

n

n

(3-25)
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which includes the explicit assumption that A0
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The data points are then fit to a second degree polynomial
using a least squares technique.

The result is an excellent

approximation to the true spin rate as a function of flight
time.
For the calculation of 0

see Figure 3-14 where it
c
is assumed that the field has moved from B
to position B
g^

after n spin periods.

g

The reference vector ? lay in the

plane defined by c and B , and moves so that its distance
g
A
°
from c is always 0^.
Small changes 0
from each spin
period are then summed to calculate 0

which can then be
P

used to find the angle 0c>
During a single spin period the azimuthal motion of
the field 0

Pn

may be written

0 = At (ID
- U)' )
pn
n sn
sn
where uu

sn

ID1

sn

is the true spin rate mentioned above and
=

2rr - Ay
JEÜ

At

n

where
Y

pn

. -1 r
in

= sin

si
sin0

I"

en

sinuu (t - t
)
c n
max
sinX.
pn

]

and
\

= cos H cos0 cosp - sin0 sinpcoscu (t - t
)1
pn
L
en
en
c n
max J

Here t

is the time of a maxima in 0.
max
after N spin periods is then given by
N

0^ = £ 0 pn
n=l

The angle
0
3

p
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The problem is now reduced to transforming this angle
to the center of coning coordinate system. Again referring
to Figure 3-14, the polar angle 0 is given by
0 = cos ^

v

cos0 cosp + sin0 sinpcosTuu
(t - t
) - 0'11
L
c
c
c max cJ)

where 0^ is the value of 0^ at the previous spin.

Then

Q = cos H cosX cos0 + sinX sin0cos0 1
P
P
PJ

L

so that
0 = cos
c

-1

cosfi - cos 0
(

sin 2n0
•

In the calculation of the 0

profile, an averaging
c
interval of ten spin periods was again used.
It was noticed,
however, that by changing the tolerances involved in the
numerical filtering techniques

(see Sandel '72 for a complete

discussion) the depth of the signal in 0

could be changed,
c
particularly in the vicinity of 166 seconds.
It was suspected
that the azimuthal coordinate was changing fairly rapidly
during the flight due to the fact that the arc motion was
very complicated, including the movement of two large
folds

(see Figures 4-4 and 4-6).

Smaller averaging intervals

were used, therefore, these being intervals of 1, 2, 4, 6,
and 8 spin periods.

All of these had the same general

structure as did the previous profile which used a 10 spin
interval, except that the former remained consistent when
different tolerances were used in the point rejecting sweeps
in the calculation of 0.

Shown in Figure 3-15 is the most

characteristic 0^ profile and in this case the averaging

FLIGHT TIME (sec)
FIGURE 3-15
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interval was 4 spin periods.

Also, in order to insure that

the averaging process have a minimal effect on the true
signal, very high tolerances were used (a three standard
deviations from the mean test was used as the, point
rejection criteria instead of the usual two standard dev¬
iations).

The result is that this profile possesses the

"average" of the overall characteristics and had a point
rejection of only 2%.

Because almost all points were used,

the random noise in this coordinate is still higher than in
the other field parameters and the uncertainty in the
measurement is estimated to be ~.3°.

It is unfortunate that

the lunar aspect sensor failed since this would have
yielded an independent measurement of the rocket's spin rate
and aided in the rejection of spurious points.
In the absence of any currents, one would expect 0

c
to depend on the direction of the rocket's path with respect
to the magnetic meridian.
flight

(N/T-3)

Since the trajectory of this

took the rocket almost along the magnetic

meridian, there was only a small change in 0^ ovèr the
entire flight.

This change was approximately linear
“6
2
(second degree term ~10
degreés/sec ) and covered a range

of from 0 -* 2 degrees.

This "no current" change in 0^

has been subtracted out of the data shown in Figure 3-15
so that any deviation from zero may be taken to be a real
change in 0

due to auroral currents.
c
The major features of Figure 3-15 are the large excursion

below the baseline at ~.2° between 148 and 260 seconds flight
time and the "wiggle" in the profile between 174 and 210
seconds.

These aspects were considered in the model fitting

process with some interesting results discussed in the next
chapter.

.
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CHAPTER 4
INTERPRETATION OP THE DATA
In the previous chapter, a vector profile of the
ambient geomagnetic field during the time of flight of
rocket N/T-3 was presented.

Changes in each field

coordinate due to changes in vehicle altitude, range,
and attitude during the flight were subtracted out at
each point along the trajectory by using a spherical
harmonic expansion of the earth's field.

The remaining

features of these profiles, then, must be attributed to
spatial and temporal variations in a perturbation mag¬
netic field induced by some ionospheric current system.
Some preliminary conclusions concerning the general
characteristics of the possible current system can be drawn
from a quick examination of the three profiles.

Since AB

is the magnitude of the difference between the geomagnetic
field (which is almost vertical at these latitudes) and the
vector sum of the geomagnetic field and the perturbation
fields due to the auroral current system, it is most sensitive
to a vertical perturbation field.

The polar angle, 0 , is
c
most sensitive to north-south perturbation fields since the
center of coning lies close to the plane of the magnetic
meridian.

On the other hand, 0

c

is most sensitive to

east-west perturbation fields.
At first glance, therefore, it appears that the major
signal in the

AB

profile near 320 seconds flight time could

be caused by an eastward electrojet which the rocket passes
over just prior to that time.

This would result in a

perturbation field which pointed back up the field lines,
thus subtracting from the ambient field and making AB more
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negative (as is indicated by the data).

The perturbation

field from such a current, however, is completely incapable
of reproducing the signals in
in the middle of the flight.

9^ and

0c which are evident

In fact, as will be demonstrated

later, in order to fit the angular data, one must assume that
Birkeland currents are flowing in the region bounded by the
major signals in

9^ and

0c>

The fields produced by such

currents are perpendicular to the geomagnetic field (i.e.
have horizontal north-south and east-west components) and
therefore have only a slight effect on the total field
magnitude, unless the sheet currents are very intense.

Thus

a completely field-aligned current system, while it may
account for some features of theAB profile, could not account
for the structure at 320 seconds.

Some combination of elec¬

trojets and Birkeland currents will therefore comprise the
final model.
The first step taken in the modeling procedure was to
determine a model electrojet which could account for the
observed features of the AB profile.

Any features of the

angular data that could not be explained by such an electrojet
were assumed to be due to Birkeland current flow.

The locations

of the currents are specified by a flight time at which the
vehicle either penetrates a sheet current or passes over a
horizontal line current.

For a given flight time, vehicle

position and relative location of all model currents are
determined and the perturbation fields induced at the position
of the payload are summed (the methods for calculating the
magnetic field induced by various current configurations
may be found in Appendices A-D of Park 1970, and Appendices
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C and D of Sandel '12).

The perturbation and ambient

geomagnetic field at that position are then transformed to
a standard fixed coordinate system for comparison with the
data.

The geographic coordinate system chosen was defined by

the position of the payload at 90 seconds.

The rocket

attitude at this reference time was determined by assuming
that no auroral currents were flowing in the early portion
of the flight so that the geomagnetic field itself could be
used as a reference vector in determining the zenith angle
and the azimuth of the center of coning,

a

and 0c

respectively (details of this calculation are in

Sesiano '12).

It is regrettable that the lunar aspect sensor did not give
an independent measurement of these parameters so that the
assumption of no auroral current flow would not have had to
be made.

The vector field profile, however, does support

the assumption that very little is happening prior to 148
seconds, and the values of

ac and 0Q arrived at with this

method do yield a consistent

0c profile when used in the

calculation of the changes in that parameter due to poleward
motion of the rocket.
4.1

THE ELECTROJET
As mentioned in the last chapter, resolution in measuring

the auroral electrojet is limited by the lack of accurate
knowledge of vehicle altitude.

In particular, any component

of AB varying as a linear function of time over the flight
would have been lost in the search for a complete trajectory
(see section 3.2.1).

Thus, when the AB profile for a model

electrojet has been computed, any such linear change must be
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subtracted out before a valid comparison to the data can
be made.
The electrojet was assumed to be a horizontal current
flowing in the vicinity of the auroral arc.

Adjustable par¬

ameters were the position, magnitude, direction, altitude,
and horizontal and vertical extent of the current.
It was first decided to try to reproduce the

AB

signal at 320 seconds since this had the largest amplitude
and would probably

be the easiest to model.

Single line

currents at 120 km altitude (arc altitude inferred from
all-sky camera pictures) which the rocket passed over at
~280 seconds were used as an initial approximation.

The

magnitude of this current could be chosen to produce a
modulation in AB of approximately the correct amplitude
but the slope of the curve both toward and away from the
extremum was too gradual.

It was found that by giving the

electrojet horizontal extent, this situation could be
improved.

A more

rapid return to the baseline (line of

zero slope AB) could be achieved if this electrojet were
allowed to move southward toward the end of the flight.
The electrojet parameters which gave a best fit to the AB
data (see Figure 4-1) are shown in Table 4.1.
Many attempts using electrojet systems were made to
reproduce the other features of the
the 8 Y signal at

~190 seconds.

AB

profile, in particular

Systems of two and three

electrojets were tried with various current magnitudes and
directions but none were capable of matching the data.

The

main problem was that the electrojets were assumed to have
altitudes between 110 - 130 km where the peak in the
conductivity of the ionosphere occurs.

Their major influence
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TABLE 4.1
ELECTROJET PARAMETERS
(PRELIMINARY)

Flight Time Rocket
Passes Over Current

285 sec

Current Magnitude

3
2.1 x 10 amps

North Azimuth of Current

97°

Altitude of Current

120 km

Horizontal Extent

10 km

Movement

for 320 < T < 350 sec
.76 km/sec southward

.
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on the AB profile, then, is also at these altitudes since
that is where the perturbation field is nearly parallel to
the geomagnetic field.

The vector sum of the two fields is

then a simple addition so that

AB

can have a signal

amplitude as large as the magnitude of the perturbation field
at the point where the rocket crosses the electrojet's
assumed altitude.

At 190 seconds flight time, however, the

rocket is at an altitude of
system at

~167 km so that any electrojet

~120 km will have only a more gradual, longer term

effect than the signal present in the AB profile at this time.
This feature, therefore, cannot be accounted for by a
horizontal current system and, as will be shown in the next
section, it is necessary to invoke vertical currents for a
satisfactory fit to the scalar field profile.
The north azimuth of the electrojet described in Table
4.1 was determined by its effect on the

8'c profile.

There

is only a very small signal in this parameter so that
the electrojet chosen must not cause a large change in the
polar angle.

The effect of this electrojet system on the

angular data is shown by the dashed line in Figures 4-2 and
4-3.

As is evident from these figures, the horizontal

current has an almost negligible effect on both
0

©c and

and it is therefore necessary to invoke some other

auroral currents to explain the experimental results.

In

the next section, it will be demonstrated that a model current
system consisting of electrojets and Birkeland currents
is capable of accounting for the complete vector profile of
the magnetic field measured during the flight.
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4.2

BIRKELAND CURRENTS
The purpose of this section is to show the viability

of a field-aligned current system as an explanation of the
0

and 0

profiles.

A simple stationary two sheet current

model is proposed as a first approximation and is then given
additional characteristics to provide a best fit to the data.
The effect of the sheet currents on the

AB

profile is then

examined and additions and corrections to the electrojet
system are made until all three parameters of the measured
field are satisfactorily matched by the model.
In the modeling procedure, Birkeland currents were
taken to flow either parallel or antiparallel to the ambient
geomagnetic field along field lines lying in a plane.
horizontal

The

position of the plane was specified by the time

at which the plane was penetrated by the rocket; the
orientation of the plane was determined by the north azimuth
of its intersection with the local horizontal, and the re¬
quirement that it contain the local geomagnetic field.

Pairs

of oppositely-directed current sheets which extended upward
to infinity were used.

A horizontal closing current joined

the two sheets to maintain V*j = 0.
Adjustable parameters were the position, thickness,
separation, direction, and magnitude of the sheet currents.
The equivalent sheet current k(amps/meter) is defined as the
integral of the current density j(amp/m ) through the
thickness of the sheet.

Therefore jkj represents the current

per unit length measured in the plane of the current and
perpendicular to k.
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The overall structure of the Birkeland current system
can be inferred by a qualitative examination of the angular
data.

As mentioned earlier,

south perturbation fields.

0

is most sensitive to northc
A northward field would tilt the

total field vector away from the center of coning vector,
increasing
occur.

0 , so that a positive deflection in

A0c would

The opposite is true, of course, for a southward

perturbation field.

Figure 3-13, then, suggests a perturbation

field which is northward from

~170 - 210 seconds and then

southward from 210 - 260 seconds.
azimuthal angle,

On the other hand, the

0C, will experience a positive deflection

if the perturbation field is pointed toward the west and a
negative deflection if an eastward perturbation field is
present.

Figure 3-15, then, generally indicates an eastward

perturbation field between 148 - 210 seconds and a westward
field between 210 - 260 seconds.

The fact that the time of

the reversal of the signals of both profiles is at 210 seconds
indicates that two oppositely directed Birkeland sheet
currents are present on either side of that time, and in
particular, the current is downward in the southern sheet
(prior to 210 seconds) and upward in the northern sheet.
Another common feature of the

and 0 profiles
c
c
is that each returns to its respective baseline at ~260
seconds.

A 0

This indicates that the rocket exited the northern

edge of the upward current sheet at that time.

The position

of the southern edge of the current system is less certain.
If the current system were a stationary one, then one would
expect that the signals in

A 0c and

0c would coincide.
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That is, one would expect that the perturbation field from
a stationary current system would normally have both northsouth and east-west components so that its effects would be
evident in both of the angular profiles at the same times.
The

0^ data begins a negative excursion at about 148 seconds

flight time while the

A 9^ data is very noisy there and the

scatter of points makes it very difficult to see an identifiable
signal at that time.
angle at

The positive deflection in the polar

~170 seconds, however, is consistent with the

simple two sheet current model mentioned above if the north
azimuth of the sheets is allowed to change slightly.
The necessity of a moving model current system in order
to match the experimental data should really have been antici¬
pated since there was a great deal of arc motion during the
flight.

Figure 4-4 shows three all-sky camera photographs

of the first major fold and Figure 4-5 shows the rocket
track over this auroral feature.

Figures 4-6 and 4-7 serve

the same purpose for the second fold which appeared at about
210 seconds flight time.

As the curl moves along the arc,

the relative position of the arc to the rocket changes with
time so that it is conceivable, and even probable, that
movement of the model current system with respect to the
rocket will be needed in order to provide an adequate
reproduction of the measured magnetic vector field profile.
The first simple model considered then, consisted of
two antiparallel Birkeland sheet currents with an equivalent
sheet current k * 1.2 amp/meter.

The magnitude of the current

is determined by the depth of the signal in

0C. The downward
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sheet current is penetrated by the rocket at 148 seconds
flight time and is exited at 210 seconds, giving it a
horizontal extent of ~53 km (the vehicle's horizontal
velocity was ~.85 km/sec.).

The upward current extends

from 210-256 seconds which makes it ~36 km thick. The
-5 2
approximate current densities are j(|«2.3 x 10 amp/m
-5 2
for the downward sheet current and j(1 «3.3 x 10 amp/m
for the upward current.

The separation of the sheets

appears to be quite small (~1 km) since the extrema in
the angular data are rather sharply peaked.

The north

azimuth, 8 , of the current sheets is determined by the
s
A0c signal. Since there exists a perturbation field from
the model sheet currents between 148 and 256 seconds, and
the A9c

signal does not begin until ~174 seconds, the

orientation of the sheets before 174 must be such that they
have no north-south field component.

It was determined that

this would be the case if the north azimuth of the shoot
currents prior to 180 seconds was about 97°.

If the

azimuth were then linearly changed from 97° to 93.5° in the
time interval 180 - 205 seconds, the overall structure of
the A0

profile could be reproduced. The fit of this model,
c
consisting of two antiparallel sheet currents with one
azimuth change and also including the electrojet discûssed
in the last section, to each of the field parameters is
shown by the dashed lines in Figure 4-8.

As is evident

from the figure, only the gross features of the angular
data are satisfied and the fit to the scalar data is
considerably worsened by the addition of the sheet currents.
Other attempts were made and it became clear that while
this model gave the best fit for any stationary sheet
current system chosen, the fine structure in the data could
be reproduced only if the system were allowed to move.
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Inspection of Figure 4-4 and 4-5 indicates that
between 150 and 190 seconds the first fold moves across the
path of the rocket's trajectory.

At this time, the vehicle

is embedded in the downward current sheet so that motion of
the sheet current with respect to the rocket should be evident
in the

0

data.

This is the case because the magnitude of

the current is related to the depth of the signal in

0^.

For a stationary pair of oppositely directed sheet currents,
the magnitude of the perturbation field is zero outside
(since the sheets are assumed infinite), linearly increases
to a maximum between the sheets, then decreases in the second
sheet so that it is again zero at the boundary.

The

0Q

data should reflect this behavior directly, as it does in
the first model considered in Figure 4-8. .A deviation from
this linear decrease in

0 could result, however, from motion
c
of the sheet currents with respect to the rocket since the
strength of the perturbation field would apparently be larger
(or smaller) due to sheet current motion toward (or away from)
the rocket.
It was determined that a better fit to the

0 data
c
between 148 - 174 seconds could be obtained if the sheet
current system discussed above moved toward the rocket in
this time interval.

A trial and error procedure was used

until a satisfactory fit to the
that region.

0^ data was attained in

The result was that the current sheets had

to move southward a total distance of
imate speed of .6 km/second.

~16 km at an approx¬

Similarly, it was determined

that if the system were allowed to move northward a distance
of 32 km from that point during the time interval 174 - 188

.
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seconds and then return to its original position (i.e.,
move 16 km southward again) between 188 and 210 seconds,
a remarkably good fit to the

0c profile could be obtained.

This is shown by the dashed line in Figure 4-9 where the
effect of this motion in the other field parameters is
also shown.
Figure 4-9 demonstrates that movement in the sheet
currents is the key to a successful model to the data for
two main reasons.
the

First of all, a very satisfactory fit to

0c data is obtained.

Secondly, and perhaps more

importantly, the model indicates that significant structure
should be present in
included.

AB

at

~188 seconds if movement is

This is exactly what the actual data shows.

This indicates that the present sheet current model, with
some changes in the electrojet system, may be able to
satisfactorily reproduce the structure in the

AB

profile at

~188 seconds which could not be accounted for earlier when
only horizontal currents were employed.
The only remaining problem then would be the structure
between 210 - 235 seconds in the

A 0V profile.

Here again,

the aye motion is complicated by a fold (see Figures 4-6
and 4-7)•

The

<t>Q data, however, shows no related structure

in that time period which would indicate movement qf the
sheet currents in horizontal range, and since it was known
that a change in the north azimuth of the sheet currents
could alter £ 6, put leave
to the model was obvious,

unchanged, the next addition
It was found that increasing

the north azimuth of the sheet currents fc>y 3,8° in the
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time period 215 to 225 seconds and then decreasing it by
2.9° between 225 and 232 seconds would reproduce the
structure in the AQ^ profile fairly well at this time.
Figure 4-10 shows this result.
With the angular data now more or less accounted for
with the moving sheet currents, the existing electrojet
system (described by Table 4.1) was altered and additions
were made in order to provide a best fit to the

AB

data.

Systems of two and three electrojets with various directions
and magnitudes were tried and it was determined that a
reasonable fit to the data could be obtained if an eastward
electrojet at *~178 seconds was included in addition to the
electrojet at 285 seconds.

Due to the presence of this

second electrojet, however, the characteristics of the electro¬
jet at 285 seconds had to be altered.

The final parameters

for both electrojets are summarized in Table 4.2.

Figure

4-11 shows the fit of the complete current system, including
the moving Birkeland sheet currents and the two electrojets,
to the actual flight data.
The model has two obvious defects.
although the structure in

AB

First of all,

at 190 seconds is now accounted

for, the model put forth here predicts that there should also
be a shallow depression in the profile between 215 » 245
seconds.

There is no such structure in the actual data

which deviates from the model by a maximum of ~57
time interval.

in this

This situation could not be improved upon

by changing current positions and intensities without seriously
affecting the fit to the angular data,

considering the very

O
CM
CO

O

ü

CN

0)

<U

H

g
Ü
H
Kl

O
O
CvJ

O
vD
rH

O
CN

O

rH

O

O

O

iH

PM

FIGURE 4-10

O
00
OJ

TABLE 4.2
ELECTROJET PARAMETERS
(FINAL)
First Electrojet
Flight Time Rocket
Passes Over Current
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Current Magnitude

3.0 x lO^amps

North Azimuth of Current

97°

Altitude of Current

130 km

Second Electrojet
Flight Time Rocket
Passes Over Current

277 seconds

Current Magnitude

3
4.0 x 10 amps

North Azimuth of Current

97°

Altitude of Current

120 km

Horizontal Extent

10 km

Movement

for 320< T < 350 sec
,81 km/sec southward
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complicated arc motion, however, this is only a minor defect
which could not be removed.
The second defect is in A0

in the time interval prior
c
to 170 seconds. As mentioned earlier, however, the A0 data
c
is unusually noisy at that time and it is difficult to clearly
determine a structure there.

Any changes to the current

system in an effort to match the A@c data in this region would
therefore remain ambiguous so that no attempts to improve the
A9

c

fit were made,
Figure 4-12 is a diagram of the model current system

discussed above.

The sheet currents are drawn in the station¬

ary positions which they are assumed to hold for the major
portion of the flight (flight times less than 148 and greater
than 210 seconds).

The boundaries of the sheet currents are

uncertain to within ±7 km and the sheet current densities of
-52
-52
2.3 x 10 amp/m and 3.3 x 10 amp/m have an uncertainty of
~50%.

The north azimuth of the intersection of the plane

of the sheets with the horizontal is determined by the 0

c

signal which in turn depends on the accuracy of the center
of coning position parameters

and 0^.

Failure of the lunar

aspect sensor meant that no independent check on these
parameters was available.

Thus the north azimuth of 97°

quoted in the model is probably uncertain by ±10°.

4.3

Ground Based Information Related to Model Current System
Auroral activity on the evening of the launch (25 Feb¬

ruary UT) has been described in Section 3.1 of this work.
The K

index for the three hour period containing the launch

P

^

was 3- and the

was 24. February 24, however, the
P
evening before the launch, was the most disturbed of the month
and had

>-« K

equal to 33.
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The Port Yukon magnetogram for the three hour period
containing the flight is shown in Figure 4-13.

The activity

begins at ~0630 with a slight increase in the H component of
the field.

The negative excursion in the Z component (positive

downward) combined with the increase in the horizontal component
of the field indicated that, at the time of flight, an east¬
ward electrojet was flowing to the south of Fort Yukon.
Poker Flat magnetogram is reproduced in Figure 4-14.

The

It

shows positive perturbations in the H and Z components during
the flight indicating an eastward current flowing to the north
of that station.
Data from the Canadian chain of magnetometer stations
was also available and the H components of the field at these
stations are shown in Figure 4-15.

Latitude profiles of the

disturbance field during the time of this experiment are
shown in Figure 4-16.

It is interesting to try to reproduce

the observed deflections in H and Z at these stations by
using a system of simple horizontal currents.

Examination of

these two figures indicates that the simplest model which could
account for most of the observed deflections is one consisting
of a westward electrojet approximately over ft. Smith and an
eastward electrojet located between Meanook and Ft. McMurray.
Assuming that the altitudes of both electro jets were J.20 km,
a rough calculation determined that a westward electrojet of
5
~10 amps at 68.5° invariant latitude (in the zenith at Ft.
4
Smith) combined with an eastward electrojet of ^5 x 10 amps
located at 63° latitude (about 55 km north of Meanook) was
capable of reproducing the observed deflections in Z for the
entire chain to within a factor of 2.

The calculated H

components at Cambridge Bay, Ft. McMurray, and Meanook, however,
were, respectively, a factor of 7 too low, a factQr of 18 too
low, and a factor of 4 too high when compared to the observations
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at those stations.

The H components for the other 3 stations

in the Chain agreed with the calculated values, again, to
within a factor of 2.
If one now makes the assumption that this system of two
oppositely directed electrojets extends westward along the
auroral oval so that it crosses the magnetic meridian of the
path of the experimental vehicle, then the eastward electrojet
would be located between Poker Flat and Ft. Yukon while the
westward current would be to the north of both of those stations.
As mentioned earlier, however, the magnetograms from these
stations indicate only an eastward electrojet located somewhere
between the two.

In fact, it was determined that an eastward
4
current of ~8.6 x 10 amps at 120 km altitude located about
28 km south of Ft. Yukon could cause the deflections in the

Z and H components of the field at that station and would
produce a field at Poker Flat whose Z component is 1.7 times
higher than the observed values and whose H component is a
factor of 2 lower than observed.

Therefore, although the

simple line current model has obvious difficulties in repro¬
ducing the data, a feature consistently indicated is an east4
ward electrojet with a current magnitude of 5 - 9 x 10 amps
which flows near the southern edge of the auroral oval.

This

is consistent with the direction of current flow expected in
the evening sector, and is also consistent with the position
and direction of electrojet flow determined from the rocketborne magnetometer (Figure 4-12), although the model current
is art order of magnitude lower.
The possibility of a westward electrojet flowing to the
north of Ft. Yukon was considered and then ruled out for the
following reasons.

First of all# although a westward electro¬

jet located to the north of the rocket's trajectory was

49.

capable of matching the depth of the extremum of the signal
in AB, it could not match the time of the minimum unless the
current were allowed to flow at an altitude in excess of 140 km.
This was considered an unrealistic height since the conductivity
profile should peak well below this level.

Also, the westward

electrojet caused a very small negative signal in A0
~320 seconds.

c

at

The flight data, however, indicates a small

positive signal in that parameter at that time and this is
satisfactorily matched by.the eastward electrojet flowing to
the north of Ft. Yukon.

Secondly, the H component of the field

at Ft. Yukon is consistent only with eastward current flow.
All-sky camera information from the Canadian chain was
unavailable because the systems at Ft. Smith and Meanook
were not operating and the stations at Baker Lake and Ft.
Churchill malfunctioned.

The auroral forms active in the

oval around these stations is therefore unknown and the
currents uncertain.

Existing data, however, would lead one

to conclude that the westward current which flows above the
Canadian meridian chain of magnetometers could possibly have
joined to the eastward current by a southward closing current
somewhere between the chain and Ft. Yukon.

Such a current

would be consistent with the observed D perturbation at the
meridian chain and could account for the fact that only the
eastward current was detected during the flight of the rocketborne magnetometer,

4,4

Correlation of the Model Current System to the Detection
pf Energetic Particles.
The energetic particle detector experiment was briefly

discussed in Section 2.1.1 of this work and has been discussed

.
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in great detail in Pazich, 1972.

The results of this

experiment are outlined below and compared to the results
obtained from the vector magnetometer.
In his interpretation of the particle data, Pazich
found it convenient to divide the flight up into four regions
distinguished by the energy spectrum and pitch angle
4

distribution of the electrons.

These regions are delineated

in Figure 4-18 and a brief description of each one follows.
The first region extends from T + 160 to T + 178 seconds.
The particle data began at 160 seconds flight time with low
energy fluxes being detected.

The region is characterized

by peak fluxes in the 2-4 kev energy range and an angular
distribution

very peaked at low pitch angles. Region 2

begins abruptly at T + 178 with the rapid decrease of fluxes
with energy E < 2-4 kev and a corresponding increase in fluxes
for E > 4 kev.

The energy spectrum is peaked in the 8-10 kev

range and backscattered fluxes are high for all energies in
this region, especially for E < 1-2 kev.

Region 3 extends

from T + 210 tô T + 270 and corresponds to the brightest
portion of the auroral band.

This region contains the highest

energy flux since large fluxes with E > 10 kev were measured.
Electron angular distributions, generally, were peaked at
low pitch angles for all energies.

The last region entends

from T + 270 to T + 338 and is characterized by electrons
with E < 4-6 kev and angular distributions slightly peaked
at lower pitch angles.
Although the boundaries given above for the different
regions are somewhat arbitrary, they definitely correspond
to abrupt changes in particle fluxes and/or mean energy of
the precipitated particles, and are convenient for ready
comparison to the results from the magnetometer, pazich

Region

Region

Region

variations in flaxes of 0.5- 1 kev and 8- 10 kev electrons versus flight time.
location and exrent of the four regions is indicated.

Region

The
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deduced that the fluxes measured in Region 1 were due to
temporal variations resulting from the motion of the fold
between .150-^78 seconds.

This time period corresponds

roughly to the time of the assumed motion of the sheet
currents toward the rocket (148-174 seconds) deduced from
the 0

and AB data supplied by the magnetometer.
Regions 1 and 2 are located inside the downward Birke-

land current sheet and, in fact, the northern boundary of
Region 2 at 210 seconds exactly coincides with the boundary
between the sheet currents.

The particle detectors measured

a small net upward current ( Jlt ~1 x 10
regions.

—

6

2

amp/m ) in these

That is, the downward sheet current has no contribu¬

tion from electrons in the 0.5 - 20 kev energy range.

Since

no significant fluxes of protons were measured at this (or
any) time of the flight, it is suspected that the current
carriers are most likely electrons with E < 0.5 kev.
Region 3 (T + 210-270) is readily compared to the pos¬
ition of the visual aurora and to the location of the upward
sheet current (T + 210-256).

The high fluxes of energetic

particles are apparently responsible for the very bright
aurora but seem to carry only a small fraction of the net
upward current as determined by the magnetometer.

Figure

4-19 indicates that the net upward current measured by the
particle detectors in this region was ~5.5 x 10

-6

. 2

amps/m

or only about 17% of the current deduced from the magnetometer
data.
An interesting relationship between the particle data
and the two electrojets deduced from the magnetometer data
can be seen from inspection of Figures 4-14 and 4-12.

In the

model current system discussed in this chapter, the vehicle
was assumed to pass over eastward electrojets at T + 178 and

24i/diueg^0T

x

W

j?
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T + 277.

This would place the southernmost current right

at the boundary between Regions 1 and 2, and the northernmost
current approximately at the boundary between Regions 3 and
4 (recall that the electrojet at T + 277 has a 10 km horizontal
extent centered at that time).

In each case, the electrojet

flows in a region characterized by a soft flux of electrons
adjacent to a region characterized by the precipitation of
more energetic particles.

4.5

Relationship to Other Auroral Research
The experiment discussed in this work is the fourth

in a series of Rice University auroral sounding rocket
launches, all of which utilized essentially identical vector
magnetometer systems.

They are designated, chronologically,

as SQ-4, NT-1, NT-2, and NT-3 (this experiment).

The data

from.the launch of NT-2 (2 February 1972) are still in the
process of being reduced and no definite results are yet
available.

(That flight will be reported on in detail by Mr.

Jean Sesiano of Rice University in the near future.) Therefore#
only the results of the SQ-4 (reported by Park, 1970; Park and
Cloutier, 1971) and the NT-1 (reported by Sandel, 1972;
Cloutier et a}., 1973) flights will be discussed here in
relation to the results obtained from the NT-3 experiment.
The SQ-4 experiment reported by Park consisted of a
Nike-Apache sounding rocket carrying a vector magnetometer
and particle detectors (2 kev s E s 18 kev) which was launched
on 26 February 1969 at 2005 LT from Ft. Churchill, Canada
over an IBC II aurora.

The results from this flight are

summarized in Figure 4-20 which represents a view in a plane
perpendicular to fche arç.

NT-1 was launched from Poker

Flatf Alaska at 223-7 LT on 13 February 1971 over an arc
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with a visual intensity of ~8kR.

The results of this flight,

reported by Sandel, are shown in Figure 4-21.

The model

current system discussed in this chapter for NT-3 is shown
in a similar format in Figure 4-22.

In each case, the net

current (J ) determined by the particle detectors is shown
e
in relation to the model currents determined from the
magnetometer systems (J^).
The obvious common features of these three models are
the single pair of oppositely directed Birkeland current
sheets with the downward current to the south of the upward
current.

Another common characteristic is that, in each

case, the energetic electron precipitation measured by the
onboard particle detectors coincided with the visual aurora.
This feature is consistent with the results deduced from
recent rocket electron measurements in the evening sector
by Reme and Bosqued (1973).

These authors found a direct

correlation between the region of auroral luminosity and the
high energy electron precipitation (E > 5 kev).
This region of energetic particle precipitation was
located beneath the upward current sheet for SQ-4 and NT-3,
but was positioned under the downward current for NT-1.
The particle data from SQ-4 indicate that no fluxes of
electrons with 2 s E s 18 kev were seen in the downward
sheet (see Vondrak, 1970).

For NT-1 and NT-3, however,

the particle detectors measured a net upward current of
electrons with 0.5 s E s 20 kev in the region of the downward
current inferred from the magnetometer data.

This result

indicates that the current carriers in the downward sheet
are electrons with energies less than 0.5 kev.
Gurnett and Frank (1972) report a similar geometry
based on VLF hiss and low energy electron observations from

FIGURE 4-20
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the Injun 5 satellite.

In their model, downgoing VLF

auroral hiss is generated at an altitude above the satellite
700 km) by downgoing magnetosheath electrons that have been
accelerated to form an inverted V electron precipitation event.
This would correspond to the upward Birkeland current sheet
determined from the three Rice experiments.

At a lower

latitude, there is an upgoing ionospheric electron flux with
energies of about 100 ev which constitutes the return (down¬
ward) current.
Based on the limited data, it is difficult to determine
the role of the energetic particles as current carriers. The
three Rice experiments were performed under different auroral
conditions and three different situations were found. The
SQ-4 particle detector data indicates that approximately onehalf of the total upward Birkeland current was carried by
the incoming energetic electrons.

The case of NT-3 was

similar, but less than 20% of the upward current could be
attributed to the precipitating energetic particles.

And

for NT-1, the incoming energetic electrons were detected in
a region of net downward current as determined by the
magnetometer.

Lack of particle flux measurements (due to

instrument failure) in the region in which the NT-1 magnetometer
data indicates net upward current precludes a definitive
identification of the current carriers in that region.

The

presence of only a faint luminosity there, however, suggests
that the current carried by energetic electrons in the region
of upward current was probably considerably less than that
measured by the magnetometer.
in the measurements,

Even considering the uncertainties

(allowing a factor of 2 in the current

magnitude inferred from the magnetometer due to uncertainties
in the modeling procedure, ~15% for the current calculation
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from the NT-3 particle detectors and a factor of 3 for the
SQ-4 particle detector results), then, low energy electrons
(E < 0.5 kev) again seem to be a logical candidate for the
major current carriers.
The current intensities and sheet widths determined by
the three Rice experiments fall into the range of values
found by other investigators.

For example, the width of the

sheet currents for the NT-1 and NT-3 models are consistent
with results obtained from the Injun 5 satellite data reported
by Frank and Gurnett, 1971.

These authors found that as the

satellite passed over a region of precipitation, the average
electron energy typically increases from
kev and returns to

g

&

100 ev to a few

100 ev over a distance of 50-150 km;

the pitch angle distribution is peaked along the field.
Whalen and McDiarmid (1972) reported a precipitation
event near the northern boundary of a series of auroral
arcs.

The flight took place in the early evening during a

50y positive bay.

Their payload passed over two arcs and

apparently also traversed a fold in the northernmost one.
The most intense fluxes were found near the northern boundary
of the fold where precipitating electrons were claimed to
-4 2
carry an upward current of 2 x 10 amps/m . This current
estimate was based on the assumption that the measured flux
and pitch angle distribution of .55 kev electrons was
characteristic of all electrons of energy less than 1 kev.
No measurement of the upward flux of charged particles was
carried out, however, so it is not known whether the net
current is determined in part by upward moving particles.
In any case, the peak current density estimated by Whalen
and McDiarmid is only about one order of magnitude greater
-5 2
than the typical current density of ~2.7 x 10 amps/m
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found in the case of NT-3.

Also, the equivalent sheet

current density of ~2 amps/meter determined by these authors
is comparable to the 1.2 amps/meter reported in the NT-3
model discussed earlier in this chapter.
Other rocket-borne charged particle detector experiments
have been reported by Choy et al (1971), and Arnoldy and Choy
(1973).

In the former reference, the authors report the

detection of a region of field-aligned electron precipitation.
They deduced that most of the net upward current of ~.5.

2.5|oA/m

2

0.5 kev.

was carried by the electrons of energy less than
These current densities are about an order of mag2

nitude smaller than the current density of 27|oA/m
from the NT-3 magnetometer.

inferred

Arnoldy and Choy (1973) report

similar results, measuring large fluxes of low energy electrons
ascending the field lines.

These investigators also find

many cases where the reflection coefficient for these soft
fluxes is greater than one, and propose that resonance
heating via wave particle interactions and low level fieldaligned dc electric fields might be invoked as acceleration
mechanisms.

In any case, the direct measurement of large

fluxes of upward moving electrons at low energies is
encouraging, since such electrons were postulated to carry
the downward current observed by the SQ-4, NT-1 and NT-3
magnetometers.
Examination of Figures 4-20, 4-21, and 4-22 indicates
that although the three Rice experiments yielded similar fieldaligned current geometries, the electrojet systems for each
case are very different.

All three flights took place in the

pre-midnight sector where the theoretical models (for example
see Heppner, 1954) predict and eastward electrojet with the
downward current sheet to the south of the upward current

.
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sheet.

Therefore, although the NT-1 and NT-3 models agree

with these theoretical results, the SQ-4 experiment, which
detected a westward electrojet, must be an exception to the
general behavior of the ionospheric current system.
The relative positions of the electrojet and auroral
arc were determined fairly accurately in the three Rice
experiments.

It is interesting to note that in the NT-3

model, a two electrojet system was deduced in which an
electrojet was located on either side of the region of
maximum current as determined from the particle detectors
(see Figure 4-22).

Although only one electrojet was

detected during the SQ-4 and NT-1 flights, each was positioned
just to the north of the region of maximum particle precipi¬
tation measured by the electron detectors.

In each instance,

then, the electrojet is closely associated with the energetic
particle precipitation and the visual aurora.

This conclusion

has been substantiated by both ground-based observations
(e.g., Heppner, 1954; Davis, 1962) and rocket experiments
(e.g., Cahill, 1959; Rotter, 1970).
The location of the horizontal current flow with respect
to the net field-aligned current flow appears to be more
complicated than the theoretical models predict.

The

results of this experiment (and the two previous Rice flights)
appear to be most similar to the field-aligned current
configuration described in Bostrom's (1964) second case
(see Figure 1-1).

However, in Bostrom's model, the sheet

currents are very thin (1 km), entering and leaving the
edges of the arc while the electrojet fiows along the arc
in the region between the sheets.

In the NT-3 model, the

sheet currents are several kilometers thick and two electro-
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jets flow, one under the downward current and one just
north of the upward current sheet.

The height integrated

currents in Bostrom's model are of the same order of magnitude
as observed in this experiment, but Bostrom's model electrojet
4
is assumed to carry a current of 3 x 10 amps which is an order
of magnitude larger than the electrojet modeled from the NT-3
data.

The NT-1 electrojet was located beneath the downward

sheet current while the SQ-4 electrojet was positioned under
the upward current sheet and was directed westward.

It

seems, thereforè, that while Bostrom's model is similar to
the overall structure of the current configurations investi¬
gated in these experiments, it does not properly represent
the observed spatial relationship of the vertical and horizon¬
tal currents or the large north-south extent of the current
sheets.
As was mentioned in Section 4.3, the Canadian chain
of magnetometers indicated that a horizontal westward
current was flowing to the north of an eastward current at
the time of flight of NT-3.

Since the ground-based magneto¬

grams at Poker Flat and Ft. Yukon and the rocket-borne mag¬
netometer detected only eastward current flow, it was con¬
cluded that the westward current joined to the eastward one
by a southward closing current somewhere between the Canadian
chain and Ft. Yukon.

This would agree with the results

obtained by Kisabeth and Rostoker (1973) from ground-based
magnetic observations of current flow in distroted auroral
forms.

These authors have studied the perturbation patterns

of loops and surges which quasi-periodically distort the
northern border of the electrojet, and find that they have
associated with them regions of current flow from north to
south.

The perturbation pattern found by these authors is

.

59

consistent with the latitude profile of the perturbation
field at the time of flight of NT-3 shown in Figure 4-16,
except that the +D perturbation is smaller in the latter
case.

4.6

Summary and Conclusions
A rocket-borne experiment to study the currents

associated with an auroral arc was conducted at Poker Flat,
Alaska at 2122 LT on 24 February 1972.

The payload consisted

of a vector magnetometer and an array of charged particle
detectors covering the energy range 0.5 kev £ E £ 20 kev.
The model current system which best reproduces the
flight data consists of a pair of oppositely directed
parallel sheet currents along the arc having current
densities of ~27pA/m^ and a north-south extent of approx¬
imately 90 km.

Movement of the current sheets in range

and azimuth is interpreted as being due to the presence of
fold motion in the aurora during the time of flight.
The electrojet system consists of two eastward
horizontal currents, one located beneath the downward sheet
3
current, having a magnitude of 3 x 10 amps and the second
3
carrying 4 x 10 amps positioned just north of the upward
sheet current.
Data from the onboard particle detectors indicates
that the energetic particle precipitation is coincident
with the visual aurora and the upward Birkeland sheet current.
Comparison to the magnetometer data, however, indicates that
less than 20% of the net field-aligned current is carried by
precipitating electrons in the energy range 0.5 - 20 kev.
Also, there were no measured particles in that energy range
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that contributed to the downward sheet current inferred
from the magnetometer data.

It is therefore believed that

both the upward and downward Birkeland currents were
carried primarily by electrons with energy less than 0.5 kev.
The addition of electron detectors with energy
passbands below 0.5 kev would be a significant improvement
to this type of experiment.

In fact, this addition has

been made to a fifth Rice University sounding rocket payload
which is scheduled to be launched in February, 1974.

It is

hoped that such future flights, including rockets with
larger first-stage boosters for measurements at higher,
altitudes and over longer ranges, will determine the pri¬
mary current carriers in the aurora and supply investigators
with the information needed to solve the problem of the
auroral acceleration mechanism.
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