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I. INTRODUCTION

The overall goal of this investigation has been to study the feasibi-
1ity of modeling the magnetic fields produced by certain electrical
currents flowing in the earth's ionosphere-magnetosphere system. Vector
magnetic field measurements from the near-polar orbiting Magsat satellite
contain, in addition to the main geomagnetic field and crustal anomaly
fields, contributions that arise from these external currents. In
fulfilling the ultimate goals of the Magsat project, it is desirable that
the external current effects be identified in the observations and sub-
sequently separated from the internal field. The objective of this
investigative effort has been to determine the capability of a modeling
procedure to facilitate the separation of these external and internal com-
ponents. |

The approach of this feasibility study was to develop forward modeling
procedures through which the magnetic effects of model currents may be
derived. It is intended to enable the modeling of, separately, the
equatorial electrojet, Sq currents, and the effects due to auroral zone
and polar cap currents including the high latitude ionosphere-magnetosphere
coupling currents. Candidate current systems were devised and resulting
"typical' magnetic field signatures calculated for comparison with Magsat
observations.

The effort has successfully demonstrated that an efficient, com-
putationally economical, yet accurate, model of the magnetic effects of

distributed space currents could be developed.



IT. PROJECT EVOLUTION

A. Historical Perspectives

Prior to the Magnei.ic Fields Satellite (MAGSAT), previous satellite
measurements of near-earth vector magnetic fields had been severely
lTimited, both in number and in quality. The Navy TRIAL satellite carried a
tri-axial nagnetometer into a near earth-polar orbit at 800 km. A number
of investigators have used the TRIAD data in studying the signatures of
high latitude field-aligned currents (Armctrong and Zmuda, 1970, 1973;
Imuda and Armstrong, 1974; Iijima and Potemra, 1976a,b, 1978; Sugiura and
Potemra, 1976). Due to a relatively poor knowledge of the spacecraft atti-
tude, however, TRIAD data has not been of significance for detailed
modeling of the earth's main magnetic field.

At the time of Magsat, magnetic field observations made from the
ISIS-2 satellite were also being successfully employed to study high 1at1i
tude perturbations associated with the Birkeland currents (Klumpar et al,
1976; Burrows et al., 1976; McDiarmid et al., 1977, 1978). Deviations on
the order o 1000 nT in the component transverse to the main field are not
uncommon in the Birkeland current regions. The ISIS data is unique by vir-
tue of the fact that direct comparisons of magnetic perturbations with
charged particle and plasma observations are being made simultaneously from
a single sctellite (Klumpar et al., 1976). Results of these comparisons
illustrate that the magnetic signatures attributed to Birkeland currents
are not always unique to locations where auroral particle precipitation is
present (Klumpar, 1976, 1979).

The first near-earth satellite measurements of the earth's global

magnetic field usable for providing large scale field models were those of
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the Polar Orbiting Geophysical Observatory (POGO) series. These satellites
measured only the scalar magnetic field primarly during the last half of
the 1960's over an altitude range from 400 km to 1510 km. Several magnetic
field models based upon the POGO data had been published. Langel (1974a,b,
1975a,b) carried out a detailed analysis of the POGO scalar magnetic field
data at high latitudes. His analysis shows that there are extended regions
over which the field is enhanced or depressed with respect to the model
magnetic field. These variations can only partially be interpreted in
terms of horizonta! ifonospheric currents. Magnetospheric current systems
undoubtedly produce an important contribution to these field variations,
and would be no less important in the MAGSAT data.

The MAGSAT mission would represent tne first time U.S. scientists
would have access to detailed, accurate vector magnetic fields from a near-

earth orbiting satellite.

B. Proposed Investigation

Ir response to NASA's Announcement of Opportunity from the O0ffice of
Space and Terrestrial Applications (A.0. No. OSTA 78-1) dated September 1,
1978 for "Data Use Investigations for the Magnetic Fields Satellite
(MAGSAT) Mission" a proposal was submitted from the University of Texas at
Dallas in January, 1979, The proposed study, entitled "Investigation of
the Effects of External Current Systems on the MAGSAT Data Utilizing Grid
Cell Modeling Technigues" under the direction of Or. David M. Klumpar, of
UT-Dallas as Principal Investigator, and DOrs. Jerry L. Xisabeth (Univ, of
Alberta) and walter J. Heikkila (UT-Dallas) as co-investigators, was to be

performed during the period from 1 September, 1979 through 31 August, 1981,

This original proposal had the following broad objective:

3
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To apply a modeling procedure to the vector MAGSAT data in order to
separate the terrestrial component from that due to extraterrestrial
sources. The proposed study would contribute to the MAGSAT program
objectives in two ways:

i) Provide removal of those contributions to the measured field
that are undesirable for studies of the main core field and
localized crustal variations.

ii) Provide detailed accurate vector measurements of the field due
to ionospheric and magnetospheric currents for the purpose of
studying these current systems.

The proposed study was an ambitious one, involving 3.6 scientific man-
years of effort at a proposed cost of $196,000 in January, 1979 dollars.
As originally proposed this effort had two major parts. The first part of
this proposed investigation was to model the effects of the various exter-
nal current systems (including induced currents in the earth) at obser-
vation positions relevant to the MAGSAT satellite orbit in order to
ascertain whether or not the fields due to external sources may be removed
from the MAGSAT data with any degree of accuracy. The second part of that
proposed investigation was the application of the resulting modeling tech-
niques to the MAGSAT data by taking into account the state (temporal and
spatial variations) of the external current systems at the time the data
was recorded. The investigation would be a natural extension of magnetic
field modeling techniques under development for a number of years at the
University of Alberta, Edmonton, Canada, and the Texas A. and M. University
at College Station, Texas (see Kisabeth, 1975, Kisabeth and Rostoker,
1977). Those modeling techniques have been successfully used in the
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modeling of magnetic field measurements from many sources including ground-
based magnetometer arrays in northern Canada and in Scandinavia (Oldenburg,
1976; Kisabeth and Rostoker, 1977; Hughes and Rostoker, 1979; Bannister and
Gough, 1978), high latitude total field variations (aB) from the 0GO 2, 4,
and 6 satellites, and vector field component measurements from polar
orbiting satellites ISIS-2 and TRIAD.

In its original form, the concept of the investigation included
extensive detailed modeling as well as direct application to the reduction
of MAGSAT data.

The first part of the proposed research would deal primarily with
the development of modeling programs necessary to predict magnetic field
perturbations at MAGSAT orbital altitudes due to external current systems
(and induced currentz in the earth). These external current systems may be
subdivided into the following categories for study:

i. Sq current system and the equatorial electrojet.

ii. Auroral zone and polar cap current systems along
with ionospheric-magnetospheric coupling currents
(e.g., Region 1 and 2 fiel« 3ligned currents,
polar electrojets, currents associated with magne-
tospheric convection).
iii. Ring current (asymmetries in the ring current could
also be included in category (ii)).
iv. Bow shock, magnetosheath, magnetopause and magne-
totail currents.
The effects of induction in the conducting earth due to time

variations of the external systems could be treated by assuming the earth
5



to be infinitely conducting below a given depth. This mo<.i has worked
especially well for substorm current systems (see Kisabeth, 1975). A more
realistic conductivity structure would be extremely difficult to include
with sources as complex as the current systems given above (Mareschal and
Kisabeth, 1977).

After suitable computer programs had been developed for current
systems in each of the categories above, a detailed study was proposed to
determine the magnetic signatures of each current system along the MAGSAT
orbit for varying degrees of magnetic activity.

The second part of this proposed research was the application of the
results of the modeling study to MAGSAT data reduction, the main goal being
to see if contributions from the various external current systems can be
systematically identified and thus removed from the magnetometer data. The
degree to which this can be done would provide valuable information con-
cerning the accuracy of the reduced data set which is to be used to study
the main field and crustal anomalies.

The UT-Dallas proposal was provisionally accepted on July 5, 1979, for
negotiation as one of the investigations to be performed using data from

the MAGSAT mission.

C. The Descoping Phase

During the seven months following provisional acceptance, the
UT-Dallas proposal proceeded through the so-called negotiation stage,
during which a draft statement of work was prepared and circulated. Also,
during this 1-year period following proposal submission one of the proposed
co-investigators (J. L. Kisabeth) assumed a position with industry outside
of the space science research stream. This necessitated his withdrawal

6



from the project as a direct active participant in its development.

Because of his acknowledged expertise in the field and the recognized value
of his advice we sought and received from his new employer consent to uti-
1ize his expertise as an informal consultant if only on a very limited
basis.

Shortly thereafter UT-Dallas was informed that there had been severe
cutbacks in investigatory funding and that the UT-Dallas proposed effort
was being reduced to that of a "feasibility study". By the end of January,
1980, a new statement of work had been drafted by NASA and accepted by the
P.I. It represented only a small fraction of the level of effort that was
deemed necessary for a full treatment ov the important problem of external
curvent effects on low-altitude magnetic measurements. Still the delays
continued. Active negotiation of the contract was held in 1imbo between
February and August of 1980. Ouring these seven very frustrating months
conflicting reports were received that only some or even none of the Magsat
investigations might receive funding. Finally in September of 1980; two
years after the initial Magsat Investigaticns Announcement of Cpportunity;
eleven months after the MAGSAT launch; and 3 months after satellite reentry
the UT-Dallas contract was funded. The final contract called for 0.7
scientific man-years of effort in comparison to the proposed 3.6 man-years
and was funded at $64,000, a reduction by more than two-thirds of that ini-

tially proposed.

0. Final Statement of Work

The Statement of Work consists of *he objective to be satisfied by the
effort, the anproach to be used in satisfying the objective, and the
tasks required to satisfy it. For Magsat investigation M-013, the
Statement cf Work is as follows:

-



(bjective:

The objective of this effort is to perform a feasibility study of a
modeling procedure to Magsat data to separate the terrestrial com-
ponent from that due to extraterrestrial sources.

Aggroach:

The investigaior shall perform a feasibility study of modeling
programs necessary to predict magnetic field perturbations at Magsat
orbital altitudes due to external current systems and induced currents
in the Earth. These external current systems will te subdivided into
the following categories for study:

a. Sq current systems and the equatorial electrojet

b. Auroral zone and polar cap current systems along with
iorospheric-magnetospheric coupling curents (e.g., Region 1 and 2
field-aligned currents, polar electrojects, currents associated with
magnetospheric convection)

C. Ring current (asymmetries in the ring current will alsu be
included in category b.

¢. Bow shock, magnetoshr.ath, magnetopause and magnetotail currents.
The effects of inductior in the conducting Earth due to time
variations of the external systems shall be treated by assuming the
Earth to be infiritely conducting below a given depth.

Because the software developed under this contract may be important to
the ability of other Magsat investigators in separating external
fields from anomaly fields, all results, including software and docu-
mentation, are to be made available (pre-publication) to otner
investigators via the Magsat Project Scientist. This insure that the
cooperative scientific effort described in Task d (below) will be
fulfilled.

Tasks:

The following casks shall be performed by the investigator in
fulfillment of the above objectives:



a. Obtain and render operable, existing software developed by Dr.
Kisabeth.

b. Extend the capability of software, as required, to enable
modeling of:

(1) The Sq current system and equatorial electrojet, and
(2) Auroral zone and polar cap current systems along with
ionospheric-magnetospheric coupling currents.

c. Utilize the software to derive "typical" magnetic signatures of
these current systems for local times pertinent to the Magsat orbit.

d. Compare these signatures to signatures derived from Magsat data.
This should be carried out cooperatively with other Magsat investi-
jators (e.g., the U.S. Geological Survey, Dr. Pocemra, Dr. Burrows).

e. Prepare and submit to NASA periodic progress reports and a
detailed final report documenting the results of this investigation.



III. ACCOMPLISHMENTS (RESULTS)

The overall accomplishment of this investigation has been the develop-
ment of a new modeling technique that accurately determines the vector
magnetic fieid that would arise from electrical currents distributed
throughout the near-earth space environment. The modeiing procedure has
been applied specifically to the terrestrial hign latitude ionospheric
currents and to the ionosphere-magnetosphere coupiing currents to ascertain
their contributions to the magnetic fields measured by high latitude
ground-based magnetometer arrays and to the field perturbations observed
from low aititude polar orbiting satellites. The principles of the
modeling techniqua are general and may readily be applied to other distri-
buted current systams found in the ionosphere and in the magnetosphere.

The mod~" was used to derive typical magnetic sign::ures of these high
latitude currents and was applied specifically to Majsat orbits for “irect
comparison with empirically determined magnetic perturbations derived from
the Magsat data. To support these comparisons considerable effort was also
expended under this contract to develop software for the reduction of
Magsat data co produce the empirical magnetic perturbations. The fnllowing
paragraphs describe, in detail, the accomplishments urder the two c.te-

gories of Magsat data reduction and Field Modeling.

A. Magsat Data Reduction

Although the primary goal of this contract was to develop field
modeling techniques for the near-earth magnetic field arising from exterral
currents, such development cannot successfully be carried out without con-
comitant study and analysis of the actual Magsat Data. The following

10



paragraphs describe the Magsat data reduction efforts carried out at
UT-Dallas under this contract.

The initial Magsat data reduction program was developed to read the
Magsat Chronicle format data tapes on a U.T.D. PDP 11/45 computer. The
capability to read the Chronicle tapes and printout either the orbital data
alone or both orbital and magnetic field-values from both scalar and vector
magnetometers for any specified time period contained on the source tape
was the first step to accessing the Magsat data. The program computes
geodetic longitude and latitude, and altitude of the spacecraft and outputs
this information along with inertial and magnetic coordinate positions.

The magnetic field observations during each second are scanned with maxi-
mum, minimum, and average values for each scalar head and each vector com-
ponent being printed at one second intervals. This software package formed
the basis of additicnal data reduction software that stores selected por-
tions of Magsat data on magnetic disk. Additional data reduction software
was then developed to access the stored data, subtract a spherical harmonic
model field, and plot each of the three resultant magnetic component
deviations and the scalar field difference on a high resolution interactive
vector graphics terminal.

The graphics capability fur visualizing the Magsat ouservations as
deviations with respect to a spherical harmonic main field model is
illustrated in the accompanying figures. Figure 1 shows from top to bottom
tne deviations in the North, East, Vertical components, and the scalar
magnitude deviation with respect to the MGST(6/80) spherical harmonic field
model = » the Magsat orbit over the northern hemisphere from 10:51 - 11:21

UT on November 3. 1979, The polar dial on the right hand side of the
11
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figure depicts the location of the satellite in an Invariant
Latitude/Magnetic Local Time coordinate system for reference to the data
plot. Perturbations in all three vector components, but particularly in
the E-W component, are evident as the satellite passes thorough the
Birkeland current system near the dusk and dawn locations of the auroral
oval centered near 60° invariant latitude. This plot shows the large-scale
features over a 30-minute portion of the orbit with a plotted resolution of
two-seconds along the satellite orbit. In order to examine details and
finer scale perturbations, the graphics routine developed at UTD has the
capability to "home in" on a selected time interval and plot the obser-
vations at higher resolution. This capability is illustrated in figure 2
where now only a five-minute portion of the data of figure 1 are presented
over that segment of the orbit that crosses the dawn sector of the
Birkeland curent system. In this plot the resolution has been increased by
a factor of two to one-second along the orbit. A number of small-scale
features are now visible on this plot that were unresolved in Figure 1.

It is sometimes useful to view the magnetic perturbations as they would
appear in an alternate coordinate system. Figure 3 illustrates the effect
of a coordinate transformation to a system in which the field vector is
resolved into components along (S) and perpendicular (D) to the earth-sun
1ine. 1In this coordinate system the polar cap top hat in the sunward-
antisunward component of the magnetic field, often attributed to magne-
tospheric convection, stands out quite clearly as a positive perturbation
in the S component at invariant latitudes above 69° . Note in this figure
that the D component perturbation at these high latitudes ‘< essentially

zero, in sharp contrast to figure 1 in which the polar top hat contributed
15



about equally to the N and E components.

The desire to visualize, with respect to the auroral oval, the Magsat
derived magnetic perturbations along the orbit path has prompted us to
develop as a first step, an orbit plotting program. Ultimately this
program will be able to display horizontal magnetic perturbation vectors at
regular intervals along the satellite orbit. The entire sequence of Magsat
orbits in magnetic local time, invariant latitude coordinates over northern
latitudes (}50°) is shown in Figure 4 for November 4, 1979. Note that as
universal time advances through the day beginning in the upper left plot
the orbital path of the satellite progresses across the polar ionosphere
from the dayside of the polar cap to the nightside. Those orbits occurring
during the first few hours of the day pass through or close to the so-
called magnetospheric cusp where there are unique currents. At later uni-
versal times (near 1300 UT) the satellite cuts lie along or near the
0600-1800 magnetic meridian where the high latitude current pattern diffe;s
from that near the cusp. Later the orbit plane passes on the nightside of
the 0600-1800 meridian and then returns to the dayside before midnight.
Thus due to the Tocation of the Magsat orbit and to the offset of the
Magnetic pole relative to the geographic pole there is a systematic and
repeatable 24-hour periodicity in the location of the satellite orbit with
respect to the auroral and polar currents.

It follows that there will also be a systematic and repeatable 24-hour
pattern in the magnetic perturbation signatures derived from the Magsat
data. To demonstrate this repeatability we have selected a sequence of six

orbits over the northern high latitudes on each of three different days.
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Figure 5 illustrates the remarkable similarity between the Magsat orbital
paths for similar universal times on each of the three days. The sunward
components of the relative magnetic perturbations for each of the 18 passes
(two missing) are shown in Figure 6 with the same relative positions as in
the previous figure. The day to day similarity of the perturbations on
each of the three days during identical universal time periods is apparent
as is the consistent change in the character of the perturbation signature
with increasing universal time during each day.

During the early hours of the day (02-08 UT) the sunward component pertur-
bations appear to be highly structured with a tendency for a positive per-
turbation over the center of the polar cap. At later times as the
satellite orbit approaches the dawn-dusk magnetic meridian a nearly
constant positive top hat develops with steep negative perturbations on
either side of the polar cap. The dawn-dusk component of the magnetic
field is shown for the same orbits in Figure 7. Again there is a systema-
tic variation with universal time. Near the 0600-1800 meridian the pertur-
bation signature is negative on the afternoon side of the oolar cap and
positive on the morning side. At later times both sides of the polar oval
display negative D-component perturbations.

In addition to addressing the repeatability and overall constancy of
the polar external current systems, the significance of these periodic and
repeatable patterns lies in their potential effect on crustal anomaly stu-
dies. An example will illustrate the problem. Consider a particular
region of the earth's surface centered at some intermediate geograph
latitude, say at 60° N. The magnetic field attributed to crustal anomalies

within this region is determined from magnetic perturbations deduced from

3
.
18



ORIGINAL p- 3
OF PCOR QUALITY

0120-0220 UT

0430-0530 UT

0740-0840 UT

1I050-1150 UT

1220-1320 UT

1830-18630 UT

b
bl LIRS
stomeGne ' 1C
Joomoivares

Figure 5



or4

NOV 4,1979 NOV 16,1979 NOV 20,1979

————a - e

osuT '*WPA‘A\/?A‘:” : \/

s -

1HuT é—»—wvfﬁ:~4——m~ B

is 5

16 UT -%— — /f/'”_ : ““\\v/,,___é % \&:/;,v

9 34nbL4



NOV 20,1979

NOV 16,1979

=T \J//—'"*k“”‘ : ﬁ’—//) I

L 34nDLJ

ALYnD ¥ood 10
S1 29vd JVNIDINO



Magsat observations taken when the satellite passes over the surface loca-
tion in question. A1l Magsat passes over the location in question will
occur at one or the other of two particular universal times, namely when
the earth rotates through the orbital plane of the satellite. Thus each
point on the ground has magnetic values associated with it that are taken
at only two specific and unique universal times. Since at each particular
universal time there is a consistent and unique magnetic perturbation asso-
ciated with the external currents, the magnetic signature att‘ibuted to
each surface location will have a consistent component due %0 the external
high latitude currents as well as to any crustal anomaly that might be pre-
sent. Thus great caution must be exercised when inferring magnetic anoma-
1ies at middle and high latitudes. Simply removing temporal variations or
picking magnetically quiet days will not remove the consistent and

repeatable external current effects discussed here.

B. Field Modeling

It was originally envisioned that this research project to model the
magnetic fields of certain distributed currents in space would utilize the
techniques developed by J. L. Kisabeth and would extend the capabilities of
that method as required. During the ~arly stages of the project that tech-
nique was evaluated as to its applicability to the problem at hand with due
consideration of the available resources. It was found that, although the
technique is a sound one, it nevertheless carried with it a number of
constraints which limited its scope and made it less desirable than it
first appeared. One severe limitation contained in that modeling technique
was the existence of artificial upper and lower latitude cutoffs for the
input current system. Currents existing high in the polar cap could not be
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conveniently handled by the Kisabeth model. As it was our desire to model
the fields due to distributed currents with little or no artificial
constraints on their geometrical distribution, this limitation was cecn-
sidered to be undesirable. Correcting this situation would have required
considerable modification to the existing software. A second limitation
lay in the resolution within which currents could be specified. The
Kisabeth grid cell model existing in 1980 could handle currents specified
in a grid cell having the dimensions of only 20 of latitude by 15° of
longitude. It was concidered desirable to work with higher resolution than
this since real fonospheric current variations on a smaller spatial scale
than 20 by 15° were expected. This limitation was not considered to be
insurmountable. It would have been possible to expand the number of grid
cells to gain higher resolution, however the price would have entailed an
inordinate increase in the required computational resources. Already tie
existing programs required a large computer and a relatively large com-
puting budget. A computer run costing several hundred dollars would have
been necessary each time a set of kernals was needed to be generated.
Because of the exploratory nature of the proposed investigation our limited
computer budget would have been quickly depleted.

In order to bypass the limitations discussed above we began to consider
alternative techniques. We were driven by the desire to develop an effi-
cient but accurate technique that would not seriously restrict the form or
magnicude of the input current distribution. Furthermore, any new method
developed would have to be capable of operating on a small computer such
our PDP 11/45 computer, for which no time-base operating charges are

assessed. As various alternatives were reviewed, it became clear that a
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relatively straight forward approach utilizing the most basic laws of
magnetism and vector mathematics might be best suited to the available
rescurces.

The magnetic field computation technique thus developed *s based upon
the additive properties of vector fields. In yeneral, the field rector at
a point in space is the vector sum of the vector components arising from
all of the elemental field scurces in the universe. In the present c2. . .
the magnetic field at a point is computed by summing the contributions of
all of tne assumed currents that exist everywhere in space. The assumed
current distribution is modeled by decomposing the actual current distribu-
tion into an arbitrary number of finite length current elements. The tech-
nique itself relies upon the use of an analytical expression for the
magnetic field of a straight current carrying filament having an extended
and smoothly varying cruss-sectional cur-ent density. The cross-sectional
current density profile looks somewhat 1ike a square wave pulse with
rounded corners. The use of such a platykurtic distribution ha: heen found
to eliminate discontinuities that exist in a sjuare wave representation and
allows for easv calculation of the vector magnetic field at any point in
the world space.

The total current distribution to be calculated is represented by an
arbitrary number of these finite length current elements. Typically
several hundred such current elements are used to reprasent tne horizontal
and field-aligned current Aistribution over the high latitude ionosphere.
By a suitable summation of the field at each point due to the contributions
from all current elements, the magnetic field may be calculated anywhere,
cuch as on the 2arth's surface or along a satellite orbit. The resultant
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magnetic perturbations for each vector-field component are displayed on a
high resolution vector graphics terminal by means of a computer program
designed to allow the operator to interactively modify the model parame-
ters. The initial development of this model was restricted to a hypotheti-
cal satellite orbit at 900 inclination in the dawn dusk meridian plane and
the initial computations included only the sunward component of the pertur-
bation field at various constant altitudes. A sample plot of the output
from this initial model is shown in figure 8. The main plot on this figure
shows the sunward directed component of the magnetic field calculated at 94
separate observation points as a function of latitude along a hypothetical
orbit at a constant altitude of 500 km. The input current system is a
"classical" large-scale Birkeland sheet current model with downward
directed currents in the high latitude postmidnight and the Tow latitude
pre-midnight portions and upward directed currents in the high latitude
pre-midnight and Tow latitude postmidnight sectors. This current system is
represented computationally in this example by 324 linear current elements
as described above. The field-aligned currents are closed by N-S currents
in the ionosphere at 110 km altitude. No E-W ionospheric currents have
been included. The center of the current sheets are located in the figure
by the vertical lines at 70.5° and 77.5° latitude. The latitudinal
distribution of current intensity is plotted along the top of the main
panel. The clock dial in the lower right-hand quadrant depicts the
satellite orbit.

Following this initial development the capabilities of the model were
extended considerably to allow the computation of all three vector com-

ponents of the magnetic field arising from an assumed current system. The
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restriction on possible satellite orbits was also almost entirely elimi-
nated allowing the magnetic field components to be computed for virtually
any satellite orbit over a range of inclinations and altitudes and having
an arbitrary angle between the orbital plane and the earth-sun line.
Figures 9 through 12 show sample plots of the model magnetic field output
for a satellite at 500 km altitude with various orbital inclination angles.
The main plots on these figures show three orthogonal components of the
magnetic field each calculated at 94 separate observation points as a func-
tion of latitude. The solid curve is the sunward component, the dot-dash
curve is the dawn-dusk component and the dashed curve the vertical com-
ponent. The input current system is a "classical" large-scale Birkeland
sheet current model with downward directed currents in the high latitude
pdstmidnight and the Tow latitude pre-midnight portionsAand upward directed
currents in the high latitude pre-midnight and lTow latitude postmidnight
sectors. This current system is represented computationally in this
example by 324 linear current elements as described above. The field-
aligned currents are closed by .i-S currents in the ionosphere at 110 km
altitude. No E-W ionospheric currents have been included. The centers of
the current sheets are located in the figures by the vertical lines at 61°
and 70° invariant latitude. The latitudinal distribution of current inten-
sity is plotted along the top of the main panel. The clock dial in the
lower right-hand quadrant again depicts the satellite orbit.

Two additional extensions of the magnetic field modeling software were
then made that siqgnificantly extended the ability of the model to handle
realistic current systems and display the results more realistically. The

capability for ionospheric current closure in the east-west direction was
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built into the model. Furthermore, the resulting magnetic field pertur-

bations could additionally be computed and plotted in an N,E, V coordinate

system.

Figure 13 is a schematic representaticn 1n_the magnetic local time-
magnetic latitude coordinate system of the linear current elements used to
model, to zeroth order, the naturally occurring field-aligned currents
above the high latitude ionosphere. Each circle with its appropriate
cross-hatching represents the location, current intensity, and current flow
direction for a linear current elemert. The superposition of all these
current elements approximates a “classical” large-scale Birkeland sheet
current model with downward directed currents in the high latitude postmid-
night and the low latitude pre-midnight portions and upward directed
currents in the high latitude pre-midnight and lTow latitude post-midnight
sectors. For this particular instance low-level distributed inward field-
aligned currents exist between 0800 and 1600 hours on the dayside and simi-
lar outward directed currents appear on the nightside. These distributed
currents are necessary to maintain continuity of the horizontal ionospheric
closure currents shown in Figure 14. In this figure the arrows represent
the direction and relative magnitude of the Hall and Pedersen jonospheric
closure currents. For the current system illustrated here the majority of
the Birkeland current closure occurs in the N-S direction with the eastward
and westward closure currents becoming proportionally stronger near the
dusk and dawn sectors respectively and decreasing to zero near noon and
midnight.

Figures 15 and 16 depict the magnetic perturbations that would be
observed by magnetometers on a satellite along two hypothetical orbits that
pass through the modeled current system at an altitude of 450 km. In each
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figure the upper panel shows the latitudinal profile of the three vector
components of B i1n an X,Y,Z coordinate system while the center panel
depicts the field components in the more conventional N,E,V coordinate
systen. Showr in the bo:tom panel of Figures 15 and 16 are the field-
aligned current densities encountered at each point along the satellite
orbit. The clock dial in the upper right quadrant depicts the satellite
orbit in a Magnetic Local-Time and Invariant Latitude coordinate system.
In Figure 15 the satellite has an orbital inclination of 90° and its orbi-
tal plane is contained in the dawn-dusk meridian. As expected the major
perturbation in the magnetic field appears in the east-west comprnent a-d
has its greatest gradient co-located with the local field-aligned current.
In Figure 16 a slightly different orbit has been chosen with an orbital
inclination of 96°. Now the satellite passes sligntly to the dayside of
the dawn-dusk meridian. Comparison with Figure 15 reveals that the east-
west magnetic component is virtually unchanged whereas a substantial N-S
component has now developed in the magnetic field. This kind of comparison
illustrates the strong effect that relatively small displacements in the
location of the measuring point can have upon the vector magneti. iield.
At this stage the model had reached a level of development whereby
extensive testing of its predictive capabilities could begin. Pursuant to
that end, we took the initial steps to conduct comparative modeling of an
agreed-upon input ionospheric and field-aligned current system in cocpera-
tiun with the National Research Council of Canada group. A 3econd test o7
one portion of our new modeling package was carried out using a horizontal
ionospheric current system publis.ed by Akasofu et al (1981). These
researchers have deduced a model of the total ijonospheric current distribu-
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tion basced upon five minute averages of the magnetic fie'd measured on the
ground with the Alaska Meridian Chain of Magnetometers. Using a likeness
of their ionospheric current distribution from Figure 4 of the referenced
paper, we have calculated the three-dimensicnal field-aligned current
distribution around the polar ionosphere that would be requirea to maintain
continuity of the total current system. OQur results are shown in Figure
17. This figure is a color-coded representation of the direction and
magnitu'e of the resulting field-aligned current densities over the polar
region. The coler hues of the red-orange-yellow portion of spectrum repre-
sent varying intensities of downward directed currents and those of green
and blue represent various intensities of upward directed currents as shown
in the bar scale~ in the lower right hand corner. The gross features of
this plot closely resemble those deduced by Akasofu et al. and shown in
their Figure 5. This pattern is alsc generally consistent with the overall
empirical aistribution of Region 1 and Reqion 2 field-aligned currents
deduced from satellite data. Our model has also been used to produce the
magnetic field perturbatifons that would be observed from a sectellite
passing through this current system, as well as those that would e
observed on the ground below. Those latter distributions should compare
with the input magnetic Field measurements used by Akasofu.

A further test of our modeling capability is, at the time of this
writing, being undertaken. It serves as an example of our ability to mocel
complex input current distributions. This test utilizes as input to the
model a complex ionospheric current distribution deduced by Y. Kamide of
Kyoto Sangyo University in Kyoto, Japan from an extensive set of ground-

based magnetic field observations. The ionospnheric current distribution
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used as input to the model is shown in Figure 18. This figure illustrates
the degree of complexity with which our model is capable of operating.
With these highly spatial varying horizontal currents and the requirement
that the currents be continuous, the field-aligned current distribution
required for closure is shown in Figure 19. Combining these jonospheric
and field-aligned currents together we model the magnetic perturbations
that would be observed at a satellite crossing over the current system as
shown in Figure 20. The satellite orbit is shown i. the polar dial at the
right side of the figure.

One further capability of our modeling procecdure is illustrated in
Figure 21. Owing to the high computational efficiency and the com-
putational organization of the modeling technique we are not limited to
calculating the magnetic perturbations at just a few points or just along a
particular satellite orbit. The model easily calculates the vector com-
ponent perturbations everywhere. This figure shows in a three-dimensional
perspective drawing the relative amplitude of one component of the magnetic
perturbations at equally spaced grid points everywhere on the surface of a
spherical cap at 500 km altitude over the north polar regions down to 50°

latitude.

C. Comparisons of Model with Magsat Perturbation Signatures

Our modeling capability now allows us to make direct comparisons bet-
ween model predictions and actual Magsat perturbations by additional soft-
ware that allows us to calculate along an an actual Magsat orbit the
magnetic perturbations that would be seen at the satellite for an assumed
current distribution. This gives us the capability for direct comparison

between measured and predicted perturbation fields. By successive iteration
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of the input current system the current distribution that yields the best
fit between the measured and predicted magnetic perturbations can be deter-
mined.

An illustration of th2 effec: of large-scale ionospheric and field-
aligned (Birkeland) Currents on tne Magsat data is shown in Figure 22. The
left side of the figure represents model magnetic perturbations calculated
from a relatively simple distribution of north-south and east-west
ionospheric currents that are fed by classical Region 1 and Region 2
Birkeland currents. The right hand side shows the actual data from Magsat
as it passed over the northern polar regions between 10:45 and 11:06 UT on
December 4, 1979. The large scale features in all three compoents (North,
East, and Vertical) measured at Magsat are reproduced in the model calcula-
tions. Note that the relative current strengths have not been optimized in

the model so that the scales cannot be directly compared.
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A.

IV. SOFTWARE DESCRIPTIONS

MAGSAT Chronicle Tape Manipulation Programs

Software described in this section was developed for or modified for

use in reducing the Magsat data at the University of Texas at Dallas and

graphically displaying the reduced data for further analysis.

1.

Tape Reading Programs

MSMDI - Magsat Monitor to Disk

Intended by the original author Ron Cook as a monitor to enable
several user selected modes of operation within the data analysis
subroutines, and now serves only to tell the user the present date and
time and then to call MSDI. This routine was written by Ron Cook and
modified by Dale Greer, both of UT-Dallas.

MSDI - Magsat Data to Disk

This program is of major importance to Magsat data reduction. It
reformats Magsat data and stores it in a disk file for subsequent
plotting.

In addition to selecting a time window, the user must select either
the "AL" or the "OR" mode. In the "“AL" mode, the disk file is called
MAGSAT.DAT and will contain all orbital observations within tre time
window followed by all the vector observations within the time window.
In the "OR" mode, the disk file will be calied SATORB.DAT and will
contain orbital observations only.

Finally, in the "AL" mode, the user must select either regular den-
sity, whereby each disk file vector record will contain tre average of
16 vector observations, or hexadecuple density whereby each vector
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observation is written to disk.

Each record contains five four byte words. Integers written to
disk are double precision.

Development of this program was made more difficult than necessary
by frreqularities in the tape format and by incomplete documentation
of same. The following is a 1list of surprises and irritations.

(1) There is a four minute overlap at both ends of each orbital
record, but there is no mention of this in the CSC manual.

(2) Orbital records begin on odd numbered hours plus 56 minutes. This
makes day boundaries somewhat difficult to cross, especially when
the manual says nothing about it.

(3) Some vector records begin at negative times, no documentation, of
course.

(4) Some vector records are types 5, 6, 7 while others are types
8,9,10. The manual mentions 5,6,7 only.

(5) Some expected vector records are missing. This is mentioned in
the manual but it would be better to fill in missing data with
dummy data indicating that these data are missing. Orbital inter-
polation goes haywire when the observation time increment jumps
from a small value to up to one complete revolution.

(6) Some scalar records are missing independently of the presence of
vector records. This is also mentioned in the manual but it is
bothersome to work around.

This software was authored by Ron Cook and was extensively modified by

Dale Greer, doth of UT-Dallas.

RACTW - Request and Convert Time Window

a8
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Called by MSDI this program requests the time window in year-month-
day, hour-minute-second and converts it to modified Julian day and

millisecond of day.

Author-Ron Cook

MTSTAT - Magsat Tape Status

Called by MSDI to report and act upon errors encountered while reading
Magsat tapes.

Author-Ron Cook

SBFIBM-Swap Bytes from IBM

Called by MSDI to convert from IBM to DEC. single precision integer

format.

Author-Ron Cook

CVTIBM-Convert IBM

Called by MSDI to convert from IBM to Dec. singie precision floating
point format. No source file for this one.

Author-Lou Wadel

2. Data Plotting Programs

ORBPLT-Orbit Plot

From the data in SATORB, DAT, ORBPLT plots the orbita? section
within 50 to 90 degrees north or south latitude, depending on user

selection, in geomagnetic coordinates for each orbit in the file.
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This program is used to find the start and stop times to be entered
into MSPLT so that each vector data plot will cover the same area.

Author-Dale Greer

MSPLT-Magsat Plot

From the data in Magsat, MSPLT plots delta-B, the difference between
the field measured and the field model (currently MGST680), the scalar dif-
ference is derived from the vectors.

MSPLT also plots the orbital section in geomagnetic coordinates for
the time during which the measurements were taken. The orbit plot indica-
tes northern or southern hemisphere through the drawing a solid or a dotted
curve for each respectively.

Since it takes about a half second to process each vector record and
to find the values of the four points to be plotted therefrom, the user is
told how many points may be plotted from the chosen interval, and asked how
many of these puints are actually to be plotted. Points not plotted are
simply skipped over and no averaging takes place since this is cone to save
time.

Author-Dale Greer

+1ELDG-Field Generator

This program generates the field components from a model for sub-
sequent subtraction from the measured values.
Author-unknown

Modified by Dale Greer

TOD-Time of Day

Called by MSPLT to get hour-minute-second of day from millisecond
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of day.

Author-Ron Cook

2.1 Subroutines Called by the Plotting Programs Only
POSIT - Position

This subroutine is the main part in a package of three interdepen-
dent subroutines obtained from some U.S. Government source.
POSIT was initially written to get the five orbital data points
necessary for interpolation, send these to STIROB to accomplish
such interpolation, then send these results to SATPOS to get the
interpolated coordinates into latitude, longitude, and radius.
Now, POSIT not only does *hat but also conditions coordinat-~s .ur
geomagnetic coordinate interpolation, flags northern or sou.nern
hemisphere, and crosses day boundaries.

Author-Unknown

Extensively Modified by Dale Greer

STIROB - ?
This program does the actual interpolation.

Author-Unknown

SATP0S-Satellite Position

SATPOS takes X, Y, Z coordinates from POSIT and converts to lati-
tude, longitude, and radius. It can accomodate a rotating or a
stationary coordinat2 system,

Author-Unknown

Modified by Dale Greer
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TIME
Converts hcur-minute-second to millisecond of day.

Author-Dale Greer
2.2 Subroutines Called by both the Tape Reading and Data Plotting Programs

YMDDOC-Year-month-day: day of century

Converts year-month-day to day of century.
Author-Ron Cook

DOCYMD-Day of Century: year-month-day

Converts day of century to year-month-day.

Author-Ron Cook

B. Modeling and Model Plotting Programs

The software described in this section was developed at the University
of Texas at Dallas to model the magnetic fie'ds that arise rrom distributed
electrical currents flowing thorugh the near earth space environment. Care
was taken to permit the calculation to be carried out with the fewest
number of restrictions placed on the distribution of the input current
system. All programs in this section were authored by Dale Greer of the
University of Texas at Dallas.

CURDIS-Current Distribution

This program defines the model current distribution.

The model comprises a large numbder of current filaments assemblzc
to simulate the Birkeland sheet currents. The filaments are 172
current carrying wires in that they have thickness, but unlike wires
they have a smoothly varying cross-sectional current density, i.e.,

the density varies as the hyperbolic secant of the square of the
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distance from the center. Such a distribution shall be referred to as
Kurtic (from the Greek "Kurtos"-bulging or swelling.

The basic element of the model is the filament. The filaments are
combined into loops and the loops are combined into cells. The base
of the cell is in the ionosphere and comprises one north-south fila-
ment and one east-west filament. These filamerts are sourced and
sinked by the field-aligned filaments which are tangent to the magne-
tic field lines at the ionosnhere. These filaments are straight and
are three earth radii in length.

A more complex model, in which the field aligned filaments curved
with the field lTines all the way to the equatorial plane was tested.
The increased complexity made a barely discernible difference in the
final result and so was scrapped in favor of the former, simpler, and
hence faster, model.

The current in each filament is defined at the base of the cell.
The north-south and east-west components in the ionosphere give the
current for the entire corresponding loop. The thickness of each fila-
ment is defined separately. These parameters are changed by modifica-
tion of the source program.

The spatial parameters are defined interactively by the user. The
user must give:

(1) The number of cell rings, i.e., the number of cells one would
encounter on a trip from the pele to the equator.

(2) The number of cells per 360 degrees longitude.

(3) The latitudinal range in which the cells are distributed.

(4) The maximum radius of the filaments, in meters.
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(5) The extent to which latitudinal compression takes place.
Finally, CURDIS puts the thickness of each filament, the current in
each filament, the endpoints of the filaments, and the angles through
which the filaments must be rotated in a disk file called DIS.DAT.
The endpoints and angles are not given for each filament, rather
advantage is taken of the symmetry of the model to decrease the size

of the data file and speed up processing.

AMPLT-Ampere Plot

AMPLT shows the current flowing through the surface of a sphere
just above the ionospheric currents for the Birkeland current model
defined by CURDIS.

Each circle represents a field-aligned filament and encloses about
90 per cent of the kurtically distributed current.

Each line in one of these circles represents 10 K amp (current

equals number of lines plus or minus 5 K amp).

CURPLT-Current Plot

CURPLT shows the current vectors in the ionosphere for the

Birkeland current model defined by CURDIS.

BRKALC-Birkeland Calculate

BRKALC calls MAGMOD to find the current density and field com-
ponents of the Birkeland current model defined by CURDIS at points on
a circular orbit.

User must select the orbital altitude, the orbital inclination with
the magnetic pole, the orbital angle with the dawn to dusk line, and

the number of measurement points in this orbit.



The user must then elect to calculate the field of all the
currents, the field of any one component bank of currents, all of the
north-south currents, for example, are in one component bank or the
field of all the currents, less any one component bank.

Finally, user must select either a polar pass, whereby the orbit
will go from 50 degrees latitude western hemisphere to the same lati-
tude eastern hemisphere, or an equatorial pass from 50 degress lati-

tude north to 360 degress south in the eastern or western hemisphere.

MAGMOD-Magnetic Modeling

Called by BRKALC and 3DBRKC to evaluate the current density and
field components of the Birkeland current model defined by CURDIS.

MAGMOD takes the end points of a filament as found by CURDIS, rota-
tes it to its proper place, and calculates the field components and

current density at point X,Y,Z given by the calling program.

BRKPLT-Birkeland Plot

BRKPLT plots the vaues found the BRKALC in XYZ, NEV, or SDV coor-

dinates and shows the orbit.

30BRKC- 3-D Birkeland Calculate

3DBRKC has the same function as BRKALC except that it creates a
data set for a three dimensional plot with measurement points being on
a sphere of radius "ALT" greater than that of the earth's and there is

no provision for an equatorial data set.

30PLT-3-D Plot

This program was not written by, but was modified by Dale Greer.
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In its original form 3DPLT simply plotted a 3-D picture of an
array. The form used here does the same but with perspective, zooming,

and some interactive data conditioning included.

JBRKC- J Birkeland Calculate

JBRKC is like 3DBRKC except that it calls JBRKFN to find only the

current density.

JBRKFN - J Birkeland Function

Is Tike MAGMOD except that it only calculates the current density.

JBRKP - J Birkeland Plot

JBRKP plots the findings of JBRKC as an eleven color field. It
does this by sending direct commands to a Tektronix 4027. Eleven
colors are derived from the eight available through the use of pat-

terns.

BUFUN-Buffer Function

From JBRKP the PDP 11/45 sends commands to the 4027 so fast that
the 4027 would crash and have to be turned off it is weren't for
BUFUN. BUFUN just does a few calculations and has no effect on the

program but to slow it down.
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V.  RECOMMENDATIONS FOR FURTHER WORK

This contract has demonstrated that a much more thorough analysis of the
Magsat vector magnetic field observations when combined together with a
versatile modeling technique of the various contributions to the Magsat
measurements holds the promise of yielding valuable new insights on the
subtle influences of space currents on main field and crustal anomaly stu-
dies. Further analysis of the Magsat data will also contribute ‘undamental
new knowledge to our understanding of the electrodynamic coupling between
the ionosphere and the magnetosphere. The low level of scientific effort
allotted to the present study and its restriction to the demonstration of
feasibility has not permitted the type of in depth analysis required to
address the above problems. This contract has permitted the initial deve-
lopment of an inexpensive, versatile new tool whose ultimate application is
still ahead.

A number of specific recommendations can be made for further studies:

1) Recognizing the universal time effect described in this report,

analyze the space current perturbations during the specific
quiet days that have been selected out of the Magsat data for
anomaly and core field models. Apply the modeling procedure to
remove the average quiet time space current contribution.

2) Perform an in-depth analysis of how the separate parts of the
ionospheric and magnetospheric current systems show up in the
vector Magsat measurements.

3) Use the modeling procedure to analyze the external and
jonospheric current contributions at locations and altitudes

relevant to proposed new magnetic field missions such as the

~-
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4)

5)

6)

7)

Geopotential Research Mission (GRM), low altitude tether
satellite, and other free flying shuttle launched satellites.
There has been no consideration given to the altitude distribu-
tion of the ionospheric currents. Al1 modeling and data reduc-
tion techniques developed to date have assumed that the
horizontal ionospheric currents flow in a highly localized
shell around 110 km altitude. Yet it is well known that there
is an altitude distribution of the ionospheric conductivity and
furthermore that the various terms of the conductivity tensor
have different altitude profiles. These effects will beome
much more important in low altitude magnetic field measuring
satellite missions.

The problem of induction has not been treated in our model to
any order. To the extent that currents induced in the earth by
currents flowing overhead influence the magnetic field at
Magsat, then we have not handled them. There are modifications
that can be made to the model that will make correction for the
effects of earth-induced currents.

Inversion: With respect to modeling the ionospheric and magne-
tospheric currents, one would like to be able to solve the
inverse problem. That is, from the measurement of magnetic
field, compute the responsible currents. This may not be
possible from a single point satellite measurements, but see
[tem 7 below.

Ground level observations: Observations from a single

satellite operating alone do not provide sufficient information
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to solve for a unique system of currents. With some clever
techniques to combine selected sets of single point Magsat
measurements and by additionally incorporating ground based
observations taken simultaneously over a large portion of the
earth's surface we might just be able to overcome the non-
uniqueness problems associated with single satellite measure-
ments and find a true representation of the distributed

external currents.
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VI. SUMMARY AND CONCLUSIONS

This contract has demonstrated the feasibility of modeling the magnetic
fields that arise from distributed currents in the near-earth geospace
environment. The modeling procedure has been applied to the high Tatitude
Magsat observations to show that substantial perturbations arise in the
Magsat vector field, after subtraction of a spherical harmonic model of the
earth's main field, that are due to currents flowing in the earth's
ionosphere magnetosphere system. The contract has also involved data
reduction and analysis of the Magsat data with respect to the potential
effects of ionosphere-magnetosphere currents on the application of Magsat

data to studies of magnetic crustal anomalies.

SPECIFIC RESULTS

1) Developed interactive data analysis software to permit graphical out-
put of three-component magnetic field perturbations relative to a model
geomagnetic field in different cocrdinate systems with interactive control
of time base resolution.

2) Displayed and plotted Magsat vector measurements as perturbations
relative to the Magsat spherical harmonic model magnetic field at latitudes
above 50° geomagnetic latitude for ‘all orbits during the first two months
of the mission.

3) Developed a new forward modeling software procedure that determines
the vector magnetic field due to distributed space currents.

4) Demonstrated that 3) could be accomplished efficiently, accurately,
and with computational economy on a small (PDP 11/45) computer system.

5) Used the modelling procedure to determine the separate effects at
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Magsat orbit due to the currents flowing:
a) 1in the ionosphere along the auroral oval in the E-W direction
b) in the ionsophere across the auroral oval in the N-S direction
c) along the magnetic field direction between the ionosphere and the
magnetosphere.

6) Pointed out that periodicities of the Magsat orbit with respect to
the auroral and ionospheric current systems can lead to contamination of
anomaly and core field models by space current effects.

7) Recommended that dawn and dusk orbits be treated separately to

evaluate the effects of 6)
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Distributed Turrents, presented at American Geophysical Union,
Spring Meeting, BaTtimore, MD, May 25-29, 1981.
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FieTd-ATigned Current Systems, presented at Fourth Scientific
Assembly of IAGA, Edinburg, Scotiand, August 3-15, 1981,

. Modeling the High-Latitude Magnetic Field Produced by Distributed

Tonospheric and Magnetospheric Currents, presented at the Theory
CTonference in Solar-Terrestrial Physics, Chestnut, Hill, MA,
August 23-26, 1982.

Model Magnetic Field Perturbations at Magsat due to External

Turrent Systems, presented at American Geophysical Union Spring
Meeting, Ealtimore, MD, May 30-June 3, 1983, Abstract: EO0S, 64,
212 (1983). -

Scientific Publications:
A Technique for Modeling the Magnetic Perturbations Produced by

Field-Aligned Current Systems, D.M. Klumpar and D.M. Greer,
Geophysical Research Letters, 9, 361, 1982.
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APPENDIX A

A TECHNIQUE FOR MODELING THE MAGNETIC PERTJRBATIONS PRODUCED
BY FIELD-ALIGNED CURRENT SYSTEMS

D.M. Klumpar and D. M. Greer (Center for Space Sciences, University
of Texas at Dallas, Richardson, Texas, 75080, U.S.A.)

This paper presents results of a computational procedure that utilizes
various assumed distributions of ionospheric and field-aligned currents to
model magnetic perturbations observed at high latitudes from the polar
orbiting MAGSAT satellite. The highly sensitive vector magnetometers on
MAGSAT repeatedly observed magnetic field perturbations on essentially
every transit of the high latitude ionosphere. These perturbations, with
field components lying predominantly in the magnetic East-West direction,
are customarily viewed as the signatures of oppositely directed paired
sheets of elactrical current flowing parallel to the geomagnetic field.
These paired current sheets .re typically regarded as being highly
restricted in latitudinal extent and elongated in magnetic longitude. The
model developed under this research utilizes a computationally fast and
mathematically simple technique that allows the magnetic field of a distri-
buted current system to be calculated oy representing such a system by an
arbitrary number of hypotheticy: linear current elements. The facility of
the technique derives from the i'<e of an analytic expression for the magne-
tic field of a linear current element having an extended and smoothly
varying cross sectiona’ current density; thus eliminating unwanted discon-
tinuities. Magnetic perturbations typical of those encountered at auroral
latitudes by MAGSAT are produced by the model when realistic current con-
figurations are chosen. Direct comparisons between the model field pertur-
bations and those measured by the MAGSAT magnetometers permit more refined
models of the Birkeland currents to be developed.

1. University of Texas at Dallas
Richardson, Texas 75080

2. ER

3. N. Fukushima, S. Matsushita

4. - (a) Oral presentation

Submitted to Fourth Scientific Assembly of IAGA, Edinburgh, August 3-15, 1981
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APPENDIX A

ABSTRACT

A METHOD OF CALCULATING MAGNETIC FIELDS
DUE TO SYSTEMS OF DISTRIBUTED CURRENTS

D.M. Greer

D.M. KTumpar, (both at: Center for Space Scien-
ces, University of Texas at Dallas, Box 688
Richardson, Texas, 75080)

Electrical currents in the ionosphere and in
the magnetosphere produce large amplitude magne-
tic field perturbations that are c2tected by the
highly sensitive magnetometers on the polar
orbiting MAGSAT satellite. THis paper describes
a computationally fast and mathematically simple
method that has been developed and applied to
modeling the magnetic field produced by the
Birkeland current system. The technique allows
the magnetic field of a distributed curr.nt
system to be calculated by representing such a
system with an arbitrary number of hypothetical
lirear current elements. The facility of this
method derives from the use of an analytical
expression for the magnetic field of a straight
current filamenty having an extended and
smoothly varying current density. The cross
sectional current density profile of such a
filament looks somewhat like a swuare wave
pulse, of arbitrary width, with rounded corners.
Thus the system is free from unwanted discon-
tinuities and the field component in any direc-
tion and at any point in the model space is
easily calculated. Magnetic perturbations typi-
cal of those encountered at auroral latitudes by
MAGSAT are produced by the model when realistic
current configurations are chosen.
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APPENDIX A

MODELING THE HIGH-LATITUDE MAGNETIC FIELD
PRODUCED BY DISTRIBUTED IONOSPHERIC AND
MAGNETOSPHERIC CURRENTS

D. M. KLUMPAR, (Center for Space Sciences, The

University of Texas at Dallas, Box 688,
Richardson, Texas, 75080)

D.M. GREER

The magnetic field disturbances resulting from
distributed currents in the high latitude
ionosphere and from the Birkeland currents,
which extend outward into the magnetosphere, are
computed using a highly efficient computational
technique that has recently been developed.
Using this technique the magnetic effects of the
large-scale distributed Birkeland, Hall, or
Pedersen currents can be computed independently
to ascerrtain their separate contributions to
the magnetic perturbations typically measured by
magnetic observatory arrays on the ground or by
satellite borne magnetometers. Use of this
technique illustrates the complexity of the many
contributions from various currents that combine
to produce the net magnetic disturbance that is
measured. Such modelng analysis provides the
basis for improved interpretation of ground and
satelite magnetic observations in terms of the
responsible currents. Such improvements will
subsequently lead to more realistic represen-
tations of the true horizontal and field-aligned
current systems than is available from the
customary "equivalent current representation”
and hence to a better understanding of magne-
tospheric dynamics. We prasent a set of model
calculations of the magnetic vector components
arising from an assumed ionospheric and
Birkeland curent system and compare the pre-
dicted magnetic signature to that typically
measured from low altitude pclar orbiting
satellites and from high latitude magnetometer
chains.
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APPENDIX A

Model Magnetic Field Perturbations at Magsat
due to External Current Systems

D. M. GREER ana D. M. KLUMPAR (Center for
Space Sciences, The University of Texas at
Dallas, Richardson, Texas 75080)

Significant magnetic field perturbations
due to currents in the ionosp*ere-
magnetosphere system are observed on virtually
every Magsat orbit over the hign latitude
ionosphere. We utilize a model J.f distributed
currents consisting of the horizontal
ionospheric currents and field-aligned
(Birkeland) currents to compute the
perturbation magnetic fields along Magsat
orbits. The computer coce models the
distributed currents by cecomposition into a
large number of linear, finite cross section
current elements for which cthe magnetic field
can readily be computed. The perturbation
field at each point ‘n space due to the entire
distributed current system i3 then the vector
addition of the appropriate contributions from
each current element in the system. We compare
the model derived magnetic perturbations with
those deduczd from actual Magsat measurements
to iteratively determine the distribution of
ionospheric and Birkeland currents for
particular Magsat orbits.
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APPENDIX A

A TECHNIQUE FOR MODELING THE MAGNETIC PERTURBATIONS
PRODUCED BY FIELD-ALIGNED CURRENT SYSTEMS

D.M. Klumpar and D.M. Greer .

Center {for Space Sciances, The University of Texas at Dallas, Richardson, Texas 75080

Abstract. A computational procedure is introduged for caleulating
the magnetic fields produced by virtually any distributed system of
elertrical eurrents. This procedure is being applied to the modeling of
magnetic fields produced near the earth and on its surface by horizon-
tal currents flowing in the {onosphere and by the so-called Birkeland
currents flowing along the geomagnetic field at high magnetic lati-
tudes. This report describes briefly the principles that underlie the
technique and illustrates the results obtained when the model isapplied
to the interpretation of perturbation fields being messured by the
polar-orbiting magnetic fields sateilite (MAGSAT). Even for a very
simple assumed current distribution we ealoulate magnetic field resid-
uals whose large-scale festures are similar to those deduced from
MAGSAT measuremants. A predominately sunward magnetic pertur-
bation is obtained over the region poleward of the Region 1 current
system as a natural consequence of balanced Region 1 and Region 2
currents. The model predicts the existence of low-latitude magnetic
effects of aurcral currents that represent potential scurces of error for
spherical harmonic representations of the geomagnetic field.

[ntroduction

The magnetic field measured from near-earth orbit, although domi-
natad by the earth’s main magnetie field, contains significant com-
ponients that arise from electrical currents flowing in the ionosphere-
magnetosphere system. In particular, at high latitudes near the auroral
oval, currents flowing parallel to the geomagnetic field may cause per-
turbations in the locally messured magnetic field in excess of 1500 nT
directed primarily transverse to the main geomagnetic field, Such
field-aligned current signatures were first measured from satellite
1963-38C and reported by Zmuda et al. (1966, 1967]. Since that time
magnetometers on a number of low-aititude satellites (TRIAD, ISIS,
AE-C, 93-2) have been used to infer the nature of the magneiic pertur-
bations arising from field-aligned currents (e.g.. lijima and Potemra,
1976a.b; Klumpar et al., 1976; McDiarmid et al., 1978a.b: Klumpar.
1979 Bythrow et al.. 1980, 1981: Doyle et al., 1981; and others]. In 1979
a dedicated magnetic flelds sateilite was launched to make the firut
global vector survey of the geomagnetic field.

The magnetie fields satellite, MAGSAT, was placed in a near-earth
sun-synchranous orbit with the ebjectives of making precise magnetic
field measurements to aceurately deseribe the earth’s main magnetic
field and to map. on a giobal basis, ite fields caused by sources in the
earth's crust {Langel, 1979] It was recognized early in the program
that the sensitive magnetometers would also measure the magnetic
field produced by currents flowing in the ionosphere-magnetosphere
system external to earth and that at some locations and times these
external effects would even mask the crustal anomaly fields,

Analyses of these externally caused magnetic perturbationsin terms
of the responsible currents have generally assumed a highly idealized,
loeal system of paired. infinitely long, pianar, parallel current sheets
oriented perpendicular to the satellite trajectory. Kisabeth (1979] took
a major step towards eliminating these restrictive geometrical as-
sumptions by devising a computational technique to determine the
magnetic perturbations that would arise from more general distribu-
tions of currents. The present work represents a new effort to model the
magnetic perturbations resulting from distributed electrical currents
flowing in apace around the earth. Tathat end a method has been devel-
oped for calculating the magnetic field at any point in space due toan
assumed spatial distribution of electric currents, This paper briefly

Copyright 1982 by the American Geophysical Union.
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describes the computation technique and discusses several important
aspects of the magnetic perturbations that result from a simple large-
scale Birkeland and ionosgheric current system resembling that pre-
viously deduced from the large body of flear-earth magnetic field
measurements. We conclude by comparing signatures derived from
MAGSAT measurements with those predicted by the computational
technique.

Several aspects of the field perturbations derived from the modeled
large-scale current system raise questjons about commonly aceepted
interpretations of satellite-borne magnetic observations, They are:

1. Forabalanced Birkeland currentsystem in whichall of the field-
aligned current closes in the N-8 direction between the Region 1
and Region 2 feld-aligned current sheets. there still exists asun-
ward-directed magnetic perturbation in the region poleward of
the Region 1 currents. Thus. contrary to some suggestions, a
polar “top-hat” field distribution does not necessarily imply a
net field-aligned current in the Region 1 current system.

2. Significant magnetic field perturbations due to high latitude
currents extend to Iatitudes well below those normaily associated
with the auroral zone,

3, The existence of a positive perturbation in the sunward com-
ponent of the magnetic field over the polar cap does not require
a cross polar cap current, but rather arises as a natural conse-
quence of a balanced classical Region 1 and Region 2 Birkeland
current system,

The Field Modeling Technique

The magnetic field computation technique is based upon the additive
properties of vector fields. In general, the field vector at a point in space
is the vector sum of the vector components arising from all of the ele-
mentai field sourees in the universe. In the present case, the magnetic
tield at a point is computed by summing the contributions of ali of the
assumed currents that exist everywhere in space. The assumed current
distribution is modeled by decomposing the actyal eurrent distribution
into an arbitrary number of finite [ength current elements. The tech-
nique itseif relies upon the use of an analyticai expression for the mag-
netic field of a straight current carrying filament having an extended
and smoothly varving cross-sectional current density. The cross-
sectional current density profile looks somewhat like n square wave
pulse with rounded corners. The use of 3uch a platykurtic diatribution
has been found to eliminate discontinuities that exist in a square wave
representation and allows for easy calculation of the veetor magnetic
field at any point in the world space.

The total current distribution to be calculated is represented by an
arbitrary number of these finite iength current elements. Typically
several hundred such current elements are used to represent the hori-
zontal and field-aligned current distribution over the high fatitude
ionosphere. By a suitable summation of the {ield at each point due to
the contributions from all current elements, the magnetic field may
be calculated anywhere, such on the earth’s surface or along a zatellite
arbit.

As an illustration of the technique. we show in Figure 1 a simple,
hypothetical, ionespheric current distribution that is characterized by
dominant north-zsuth currents. A large-scale eastward electrojet
current flows from noon across the dusk hemisphere toward midnight
while a westward electrojet current is directed through the dawn hemi-
sphere from noon to midnight. AH currents are confined to a shell
running between 60° and T6° latitude. This horizontal current svstem
requites, for continuity. that there be accompanving field-aligned
currents, which are shown in Figure 2. The circles represent the inca.
tions of possible field-aligned current elements and the cross hatching
represents the direction and relative magnitude of the {ield-aligned
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DISTRIBUTION OF [ONOSPHERIC CURRENTS

Figure . High latitude distribution of horizontai ionospheric currents piotted
on a latitude versus local time coordinate grid. All horizontal currents are con-
strained to flow inside a channel between 60° and 76° latitude.

currents. Vertical hatching depicts the presence of an inward current.
which is >een to exist at low latitudes in the post-noon to midnight
sector and at high I2*itudes in the morning hemisphere. Horizontal
hatching indicates the outward current at high latitudes on theevening
hemisphere and at low latitudes in the morning hemisphere. These
high and low latitude field-aligned currents represent the Region 1
and Region 2 currents deduced by lijima and Potemra [1976a.b| from
a study of the TRIAD data.

In addition to the sheet-like currents discussed above. the chosen
horizontal current distribution requires tnat there be an additional
downward current near noon and an upward current near midnight.
These currents partiaily feed into the eastward and westward electro-
jets that flow across the dawn and dusk hemispheres in Figure 1.

The primary question we seek to answer is, what are the magnetic
fields produced by such a current system? Figure 3dispiays the results
of the computation in the upper three panels as latitude profilesof three
components of the magnetic field that would be measured at a sateilite
at 450 km aititude moving along the dusk to dawn meridian. The cart-
wheel plot at the upper right depicts the path along which the field
1s computed. The bottom panel displays the field-aligned current den-
sity profile as a function of latitude along the satellite orbit. which. as
anticipated from the previous [igure. passes through only the classical
Region 2 and Region 1 Birkeland currents. As expected. the major per-
turbation appears in the East-West component with the steepest gradi-
ents oceurring at the location of the local field-aligned currents.

Smaller. but still significant. magnetic field contributions are found
in the region equatorward of the low latitude termination of current
flow. The magnetic field strength at 50° latitude, a full 107 of latitude
equatorward of the auroral currents, are of the order of 10 to 20 nT
and decay only slowiy with decreasing latitude. The presence of such
mid-latitude magnetic effects in satellite measurements may. If not
properly attributed to the external currentsystem, contribute toerrors
in a proper spherical harmonic representation of the main magnetic
field. Concentrating now on latitudes poleward of the high latitude
currents. it is apparent that there is again a significant magnetic per-
turbation due to the modeled currents. This so-called “polar top-hat”
field perturbation is directed primarily sunward. This model shows
that it arises as a natural consequence of a balanced current system in
which the upward and downward currents along a meridian are equal.

70

41

L2 SLICNED CURRENTS
Figure 2. The distribution of field-aligned currents required to maintain
current continuity with the hor:zontal currents shown in Figure 1.

Such level shifts observed in satellite data have in the past been inter-
preted as evidence for a net field-aligned current in the Region 1 system
[Sugiura and Potemra. 1976]. or as a result of cross polar cap currents
[Fuyii et al.. 1981). Finally. we note that the modeled currents also pro-
duce a notable perturbation in the vertical component of B. Such an
effect has been detected in the MAGSAT data.
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In Figure 4 are shown, for the same current distribution, the mag-
netic field profiles along a somewhat different orbit where the sateilite
passes on the dayside of the pole. The main features of the magnetic
profiles observed in the dusk-dawn meridian are preserved with the
primary difference being a reduction in amplitude of the N-S com-
ponent and a widening of the E-W profile. as the satellite makes a more
oblique pass through the current system.

Although only profiles at satellite altitude have been shown, the
modeling procedure described here also allows the field components
to be calculated on the surface of the earth. Such a model will permit
further understanding of the external sources of the magnetic fieids
measured on the ground and in space and. in particular. of the complex
magnetospheric-ionosphere electrical circuit.

Comparison with MAGSAT Data

From the vector magnetic measurements made by MAGSAT it s
possible to derive a difference field by subtracting a model represen-
tation of the earth’s main magnetic field from the measured field. This
difference field is presumably the resultant perturbation that arises
from the combined effects of externally produced fields due tocurrents
in space and induced in the earth, crustal anomalies. and inaccuracies
in the spherical harmonic model representation of the core field. I[f in
the first approximation we choose to ignore the latter two contribu-
tions to the difference field because they are small. and assume a steady
state external current system. the difference field will represent only
the effects of external currents. Figure 5 shows such a difference field
for a dusk to dawn MAGSAT pass over the northern latitudes on
November 13. 1979. In producing this difference field a thirteenth
degree and order spherical harmonic representation of the main mag-
netic field referred to as the MGST (6,%0) model [Langel et al.. 1950
was used. For this orbit the satellite passes just to the dayside of the
dusk to dawn meridian. The largest deviations from the model. up to
950 nT in the East-West component, occur as the satellite passes over
the dusk auroral oval between 10:56 and 10:39 UT. A deviation of
approximately one-third of the E-W component is aiso present in the
N-S component. Furthermore the N-S component has a 130 nT resid-
ual deviation extending down below 41° geographic latitude. The
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Figure3. Measured difference fields alonga MAGSAT urbiton Novemoer 13.

1979, All three components are plotted relative to the MGST (6 30) fieid model
of Langel et al. [ 1950

absence of such a low-latitude residual in the E-W component is some-
what at variance with the predictions of the model discussed in the
previous section. Two possible explanations may account for this vari-
ance. The first is that the auroral current model discussed in the pre-
vious section may not accurately portray the real currents auring this
pass, and that the real current system is producing no E-W field com-
ponent at low latitude. A second possibility 1s that the 13th order
spherical harmonic expanison has been contaminated by the low lati-
tude fields due to polar currents and as a result has these effects built-
in as a part of the main geomagnetic field. The actual resolution of the
discrepancy may rest in some combination of these two possibilities
and will be one of the objectives of further modeling efforts.
Further comparisons of this MAGSAT difference piot with the per-
turbations calculated from the simple model and shown in Figure 4
reveal gross similarities in the large-scale features and substantial
differences in details. The latter arise from smail-scaie variations in
the actual current sytem that were present during the MAGSAT pass
shown in Figure 5 for «which no attempt to mode! has been made in the
current distribution discussed here. This cornparison serves to illus-
trate the complexities that exist in the real Birkeland current system.

Conciusion

A general calculational procedure has been developed to compute
the magnetic field perturbations arising from distributed ionospheric
and ionosphere-magnetosphere coupling currents. A simplified cur-
rent distribution has been chosen to illustrate the technigue and the
resulting magnetic perturbations have been compared to actual mag-
netic perturbations measured from MAGSAT. The balanced Birkeland
current system produces non-negligible low-latitude magnetic field
perturbations. A sunward magnetic perturbation is also produced at
latitudes poleward of the high latitude current sheet.
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