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THE POLAR BEAR MAGNETIC FIELD EXPERIMENT 

A primary route for the transfer of solar wind energy to the earth's ionosphere is via large-scale cur
rents that flow along geomagnetic field lines. The currents, called "Birkeland" or "field aligned," are 
associated with complex plasma processes that produce ionospheric scintillations, joule heating, and auroral 
emissions. The Polar BEAR magnetic field experiment, in conjunction with auroral imaging and radio 
beacon experiments, provides a way to evaluate the role of Birkeland currents in the generation of auroral 
phenomena. 

INTRODUCTION 

Less than 10 years after the launch of the fIrst artifIcial 
earth satellites, magnetic field experiments on polar orbit
ing spacecraft detected large-scale magnetic disturbances 
transverse to the geomagnetic field. I Transverse mag
netic disturbances ranging from - 1 0 to 1 03 nT (l 
nanotesla = 10 - 5 gauss) have been associated with 
electric currents that flow along the geomagnetic field 
into and away from the earth's polar regions. 2 These 
currents were named after the Norwegian scientist Kris
tian Birkeland who, in the first decade of the twentieth 
century, suggested their existence and their association 
with the aurora. Birkeland currents are now known to be 
a primary vehicle for coupling energy from the solar 
wind to the auroral ionosphere. 

Auroral ovals are annular regions of auroral emission 
that encircle the earth's polar regions. Roughly 3 to 7 0 

latitude in width, they are offset - 50 toward midnight 
from the geomagnetic poles. As shown in Fig. 1, the 
large-scale Birkeland currents generally flow in a stable 
pattern that is roughly coincident with the auroral oval. 3 

On the morning side of the auroral oval, Birkeland cur
rents flow into the ionosphere at higher latitudes and 
away from the ionosphere at lower latitudes. The flow 
pattern is reversed on the afternoon side. The system of 
Birkeland currents in the auroral zone has been referred 
to as "Region 1" in higher latitudes and "Region 2" 
in the lower latitudes. The total integrated current car
ried by the Region 1 and 2 Birkeland current system is on 
the order of 1 06 A. Considering an average auroral 
zone conductivity of 10 S (l S = 1 mho), this amounts to 
- 10 I I W of power being dissipated via joule heating 
(i.e., P = E . J in the auroral ionosphere). 

Over the past four years, the instrument complement 
on board the HILA T satellite (built at APL for the De
fense Nuclear Agency) has yielded extensive information 
concerning the interrelationship of auroral phenome
na. 4 During its limited lifetime, the Auroral Ionospher
ic Mapper experiment on HILA T generated data that 
were combined with magnetic field information to show 
that intense UV emissions are generally associated with 
upward-directed Birkeland currents. The brightest emis-
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Figure 1-A statistical pattern of large-scale Birkeland cur
rents plotted on a magnetic local time versus magnetic lati
tude dial (see Ref. 3) . The pattern roughly outlines the region 
of auroral emission. The orbit footprints of two Polar BEAR 
passes from Fig. 5 are superimposed on the pattern, with the . 
direction of Birkeland current flow indicated. 

sions are often associated with the more intense, small
scale currents, some of which can be generated by plas
ma instabilities in the distant geomagnetic tail. 5,6 

The objective of the Polar BEAR Program is to ex
tend and improve on the HILAT mission. To this end, 
the Auroral Ionospheric Mapper was replaced by the 
Auroral Imaging and Remote Sensing (AIRS) experi
ment. AIRS measures auroral UV emissions simulta
neously at four wavelengths (see the article by Meng and 
Huffman in this issue). The Polar BEAR magnetic fIeld 
experiment was fitted with an improved, integrated sen-
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sor unit for the three orthogonal axes. The sensor unit 
also was located at the end of the + y solar panel to min
imize interference from spacecraft-generated magnetic 
fields. 

The Polar BEAR magnetic field experiment is de
scribed below, and some preliminary results from simul
taneous measurements of Birkeland currents and UV 
auroral emissions are presented. 

INSTRUMENTATION 
Although the Oscar satellite that constitutes the body 

of Polar BEAR is over 25 years old and was recovered 
from the Smithsonian Air and Space Museum, the scien
tific instrumentation is of recent design. The magnetic 
field experiment, which consists of three components 
(sensor, analog electronics, and digital electronics), was 
assembled at APL. The integrated sensor head and ana
log electronics units comprise a model SAM-63C-24 vec
tor-flux-gate magnetometer acquired from the Schon
stedt Instrument Co. A block diagram of the sensor, 
analog electronics, and digital electronics components is 
shown in Fig. 2. The integrated sensor head is a single 
unit containing sensor windings for each of the three or
thogonal axes. After extensive laboratory testing that in
corporated the Polar BEAR solar panel array, it was de
termined that the optimum location for mounting the 
sensor head was at the end of the + y solar panel (see 

Integrated sensor 

~~cp 
+ i 

Ref. 7 and the article by Peterson and Grant in this is
sue). At that location, magnetic interference from space
craft operations and from the AIRS scan mirror was 
minimized to less than about ± 15 nT. The sensor axes 
were oriented parallel to the spacecraft coordinates. 
Nominally, this is the same as orbit normal coordinates 
with + x in the direction of the velocity vector, + y per
pendicular to the orbit plane, and + z radially outward. 
In that orientation, z is nearly along the geomagnetic 
field in polar regions. Thus the x and y components are 
most sensitive to transverse magnetic field perturbations 
that result from Birkeland currents. 

The digital electronics package, which is essentially 
identical to that flown on HILA T, was designed and fab
ricated at APL. A signal processor, modeled after the 
RCA 1802 microprocessor, digitizes the analog outputs 
of the three orthogonal axes of the flux-gate magnetom
eter to a 13-bit resolution, giving a magnetic field range 
of ±63,OOO nT and a resolution of 15.2 nT. With a data
compression-differencing scheme, the Polar BEAR mag
netometer processor yields 20 vector-magnetic-field sam
ples per second, with a telemetry data rate of only 348 
bits/ so (Without the processor, the required data rate 
would be 780 bits/ s.) This is accomplished by computing 
"difference values" between successive samples in a giv
en sensor and retaining the four least significant bits (plus 
sign) of the differences . The format of the telemetered 
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M 
Figure 2-A block dia· 
gram of the Polar BEAR 
magnetic field experi· 
ment. The x, y, and z sen· 
sors are housed in the in
tegrated sensor head . 
Sensor output is transmit
ted to the analog circuitry. 
Analog voltages are trans
mitted to the analog te
lemetry and to the mag
netometer digital proces
sor. The digital data are 
routed to the science data 
formatter and to the mag
netometer test fixture . 
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data is a full 13-bit sample followed by nine 5-bit dif
ference values. Therefore, 10 samples are transmitted for 
each sensor in a 0.5-s period, producing the 20 vector 
samples per second. The full-resolution magnetic field 
values are recovered by data processing techniques on the 
ground. The characteristics of the magnetic field experi
ment are summarized in Table 1. 

Table 1-Polar BEAR magnetic-field experiment parameters. 

Range 
Resolution 
Sampling rate 
Antialiasing filter 
Data rate 

±63,OOO nT 
15.2 nT (13 bits) 
20 vector samples/ s 
10Hz, low pass 
348 bits/ s (using an RCA 1802-

based on-board data 
processor) 

PRELIMINARY RESULTS 

Before Polar BEAR was turned over to the Navy As
tronautics Group for routine monitoring, it underwent a 
post-launch phase in which command and tracking oper
ations were carried out from the APL Satellite Track
ing Facility. Science data were transmitted to APL on 
the 400-MHz transmitter during the period. Science and 
housekeeping telemetry data were recorded in analog 
form and were simultaneously processed into the digi
tal science format through the Polar BEAR ground-sup
port equipment. Each 0.5-s science telemetry frame, 
which contained magnetic field, AIRS, digital solar at
titude, and instrument housekeeping data, was then 
stored on disk for immediate analysis at the completion 
of each Polar BEAR pass. Figure 3 shows typical mag
netic field data acquired during post-launch operations. 
Here, data are plotted at two samples per second (1 I 10 
full resolution). The vertical scale, tilly , is the magnetic 
field component measured perpendicular to the orbit 
plane with a baseline field removed. tilly is, therefore, 
a transverse perturbation of the geomagnetic field that 
can be ascribed to a field-aligned Birkeland current. 

The magnetic disturbances associated with Birkeland 
currents occur predominantly in the geomagnetic east
west direction (By) so that from the time-independent 
Maxwell's equation for curl B (i.e., J = 1/JLo " x B), 
one derives 

a 
i ll = l z = By , 

JLo ax 
(1) 

where B is the vector perturbation magnetic field deter
mined by removing the baseline geomagnetic field from 
the measured field. The orientation of the components is 
such that x is directed toward the north, y is directed 
toward the east, and z is positive downward and parallel 
to the main geomagnetic field. The Birkeland current, 
1 11 ' is uniform in the east-west (y) direction (i.e., the 
Birkeland current sheets are aligned in the east-west di
rection and are "infinite"). 
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Figure 3-Preliminary data from the y axis of the Polar BEAR 
magnetic field experiment. For clarity, the data sampling rate 
shown is 2 samples per second. (The full sampling rate is 
20 per second.) A baseline field has been removed from the 
raw data, and the resultant large-scale perturbations are trans
verse to the geomagnetic field. Transverse magnetic field per
turbations are attributed to Birkeland currents flowing parallel 
to the geomagnetic field . The digitization level is -15 nT, 
corresponding to the least significant bit in the 13-bit AID 
converters. 

Since JLo 47r X 10 - 7 Hi m, 

aB 
8 x 10 - 4 - y A / m 2 

ax 
where By is in nanoteslas and x is in meters. 

(2) 

Since the speed of the Polar BEAR spacecraft is ap
proximately 8 kml s, 

1 (ax)- laBy aBy 2 
i ll = - - - = 0.1 - JLA/ m , (3) 

JLo at at at 
where aByl at is in nanoteslas per second. 

With the above background, analysis of the data 
shown in Fig. 3 can be accomplished, and gradients in 
the transverse field can be interpreted as the signature 
of Birkeland currents. The large-scale negative gradient 
in By from 2042:23 to 2042:50 is -11 nTi s. From Eq. 
3, this represents a Birkeland current with a density of 1.1 
JLA/ m 2 directed out of the ionosphere. That current is 
the post-noon Region 1 current system located at about 
1600 MLT (magnetic local time) and 70° MLAT (mag
netic latitude). The positive gradients in till from 
- 2042:50 to 2044:45 UT are equal to an average 
aBylat of - 2 nTi s or 0.2 JLA/ m 2 directed earthward. 
The earthward-directed current corresponds to the af
ternoon Region 2 current system. 

BIRKELAND CURRENTS 
AND UV EMISSIONS 

Polar BEAR can simultaneously monitor magnetic 
field perturbations and image the aurora at four different 
wavelengths in the UV. Thus, a unique way is available 
to examine auroral ionospheric processes and to deduce 
how they couple to the magnetosphere by studying rela
tionships between Birkeland currents and UV emissions 
from various points on the UV spectrum. One region of 
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the auroral zone of special interest to investigators is the 
local time sector between 1300 and 1500 ML T at about 
75° MLAT. Previous satellite observations have shown 
that intense outward-directed Region 1 Birkeland cur
rents flow in that sector and reach peak intensity at about 
1400 MLT. Precipitating charged particles in the auroral 
zone also show a peak in flux there. 

Figures 4a and 4b show plots of magnetic field data 
collected from Sondre Stromfjord, Greenland, at about 
1400 UT on January 2 and 20, 1987. The MLT in Fig. 4a 
is from 1550 to 1420 and the MLT in Fig. 4b is from 
1425 to 1252. The plots show the residual magnetic field 
components from each sensor axis in nominal spacecraft 
coordinates. The x component is positive in the direc
tion of the velocity vector (north). The y component is 
perpendicular to the orbit track and positive to the left 
(west), and the z component is radially away from the 
earth. The transverse magnetic perturbations measured 
on both days are qualitatively similar, but the amplitude 
of the perturbation on January 20 is about a factor of 
2 greater than that observed on January 2. There is a 
westward perturbation at the highest latitude followed 
by an eastward perturbation and then again by a west
ward return to baseline values. The transverse variations 
correspond to a triplet of Birkeland currents. In each 
case, an intense current (indicated by the positive gra
dient in By) flows out of the ionosphere. The intense 
outward-flowing current is flanked at higher and lower 
latitudes by less dense currents flowing into the iono
sphere. On January 2, the outward-directed current is 
interrupted in latitude by two narrow, embedded, earth
ward-directed currents. On January 20, embedded cur
rents are not as clearly observable. The orbit tracks for 
each pass are overlaid on the statistical Birkeland cur
rent pattern shown in Fig. 1. 

In the afternoon auroral zone, the charge carriers of 
the large-scale, outward-flowing Birkeland currents are 
predominantly precipitating electrons in the 10- to 105_ 

e V range. The precipitation of energetic electrons in that 
energy range into the auroral ionosphere is expected to 
produce UV emissions observable with the AIRS experi
ment. UV images of the aurora acquired from AIRS on 
January 2 and 20, 1987, which correspond to the mag
netic field traces in Figs. 4a and 4b, are shown in Figs. 
5a and 5b. Geographic latitude, longitude, and land mass 
features are superimposed on the image. The orbit track 
is shown superimposed on the center of each image to aid 
in comparing in-situ measurements of the magnetic field 
with the UV image. 

Magnetic field data are in-situ measurements made at 
an altitude of - 1 ()()() km; the UV images from AIRS 
are from emissions that peak in intensity between - 100 
to 200 km. In Figs. 5a and 5b, we have plotted the re
gions of outward- and earthward-directed Birkeland cur
rents along the orbit track as determined from the mag
netic field data. After correcting for the difference in 
altitude between Polar BEAR and the emission region, 
we found the region of outward-directed current flow to 
be coincident with the brightest UV emissions. This leads 
to the conclusion that the energetic electrons responsi-
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Figure 4-Three-axis magnetic field perturbations from Po
lar BEAR on (a) January 2 and (b) January 20,1987. Three large
scale gradients in the y component of the field are interpret
ed as three current sheets. Current flow is directed out of 
the ionosphere in the center and into the ionosphere at higher 
and lower latitudes. 

ble for generating UV emissions also carry the outward
flowing Birkeland current in the afternoon sector. 

SUMMARY 

Low-altitude auroral phenomena are intimately related 
to plasma processes in the distant magnetosphere and 
to energy transfer to the magnetosphere/ionosphere sys
tem from the solar wind. It is now well-established that 
a significant fraction of the energy transfer to the iono
sphere from the solar wind takes place via the medium 
of large-scale Birkeland currents. The ultimate disposi
tion of the transferred energy in generating auroral pro
cesses (e.g., plasma instabilities and auroral emissions) 
is not yet fully understood. An improved understanding 
of this process is one goal of the Polar BEAR mission. 
We have shown above that the magnetic field experiment 
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Figure 5-UV images of the post-noon auroral zone from the 
AIRS instrument . The orbit track is overlaid on the image. The 
positions along the orbit of earthward- and outward-flowing 
Birkeland currents are marked . The locations were correct
ed for the dipole field-line tilt between the emission altitude 
and the altitude of Polar BEAR. (Images were provided by C.-I. 
Meng of JHU/APL and R. E. Huffman of the Air Force Geo
physics Laboratory .) 

used in conjunction with the AIRS instrument is a pow
erful tool for furthering these studies. 

REFERENCES 

1 A. J. Zmuda, J. H. Martin, and F. T. Heuring, "Transverse Magnetic Dis
turbance at 11 00 kilometers in the Auroral Regions," J. Geophys. Res. 71, 
5033-5045 (1966). 

2 J. C. Armstrong and A. J. Zmuda, " Triaxial Measurements of Field
Aligned Currents at 800 km in the Auroral Region: Initial Results," J. Geo
phys. Res. 78, 6802 (1973). 

3T. A. Potemra, "Magnetospheric Currents," Johns Hopkins A PL Tech. 
Dig. 4, 276-284 (1983). 

4The HILAT satellite issue, Johns Hopkins A PL Tech. Dig. 5,96-158 (1984). 
5p . F. By th row, T. A. Potemra, W. B. Hanson, L. J . Zanetti , c.-I. Meng, 

R. A. Hu ffman, F. J. Rich, and D. A. Hardy, " Earthward Directed High 

322 

Density Bi rkeland Currents Observed by HILAT, " 1. Geophys. Res. 89, 
9114-9118 (1984). 

6p . F. By throw, M. A. Doyle, T. A. Potemra, L. J . Zanetti , R. E. Huff
man, c.- I. Meng, D. A. Hardy, F. J . Rich, and R. A. Heelis, "Multiple 
Auroral Arcs and Birkeland Currents: Evidence for Plasma Sheet Bound
ary Waves," Geophys. Res. Lett. 13, 805-808 (1986). 

7 JHU/ APL S4A-3-SZ6 Memo: "The Locat ion of the Polar BEAR Mag
netic Field Sensor" (Sep 1984). 

ACKNOWLEDGME TS-We are grateful to the Defense uclear Agency 
for supporting the Polar BEAR magnetic field experiment. We thank the APL 
Space Department for its outstanding support of this project. We are thankful 
to L. A. Wittwer of the Defense uclear Agency, D. G. Grant and M. R. Peter
son of APL, and all other members of the Polar BEAR design team, whose ef
forts and cooperation made the project possible. We also appreciate the efforts 
of J. Hook and D. Holland in providing the software for the magnetic field ex
periment. 

THE AUTHORS 

PETER F. BYTHROW was born 
in Quincy, Mass., in 1949. He re
ceived his B.S. in physics from 
Lowell Technical Institute in 1970. 
After serving as a USAF pilot from 
1970 to 1975, he received his M .S. 
and Ph.D. in space physics from the 
University of Texas at Dallas. 

Since joining APL in 1981, Dr. 
Bythrow has been involved in ion
ospheric and magnetospheric studies 
using data from the Atmosphere 
Explorer, Triad, and MAGSA T 
Programs. In addition, he is co-in
vestigator on the HILA T magneto
meter experiment and has done 
research on data from the Voyager 

Saturn encounter. Dr. Bythrow is program manager for the DMSP
F7 magnetic field analysis program and co-investigator for the Polar 
BEAR and Upper Atmosphere Research Satellite magnetic field ex
periments. 

THOMAS A. POTEMRA was 
born in Cleveland in 1938 and re
ceived his Ph.D. degree from Stan
ford University in 1966. After being 
a member of the technical staff of 
Bell Telephone Laboratories during 
1960-62, he joined APL in 1965. 
During 1985-86, he worked on spe
cial assignment as a senior policy 
analyst in the Office of Science and 
Technology Policy, Executive Office 
of the President. He is supervisor 
of the Space Physics Group and 
conducts research on magnetospher
ic current systems. Dr. Potemra is 
the principal investigator for numer
ous satellite magnetic field experi

ments and has served on several committees of the National Academy 
of Sciences and the American Geophysical Union. He is a member of 
the faculty of The Johns Hopkins University G.W.C. Whiting School 
of Engineering and has been a guest lecturer at the U.S. Naval Academy. 

fohns Hopkins APL Technical Digest, Volume 8, Number 3 (1987) 



LAWRENCE J . ZANETTI was 
born in Huntington, N.Y., in 1949. 
He received a Ph.D. in physics from 
the University of New Hampshire. 
Since joining APL in 1978, he has 
conducted near -space research using 
the satellite data resources within the 
Space Physics Group. His most re
cent magnetospheric research has in
cluded the development of analysis 
methods for inferring the three
dimensional global Birkeland and 
ionospheric current systems, as well 
as the analysis of wave spectral 
characteristics of magnetic vector 
measurements from AMPTE and 
Viking. Dr. Zanetti is principal in

vestigator in the Birkeland current and Viking programs and is involved 
in magnetometer analyses and requirements for the HILAT, Polar 
BEAR, Defense Meteorological Satellite Program, and Upper At
mosphere Research Satellite projects. 

FREDERICK F. MOBLEY is a 
member of the APL Principal Pro
fessional Staff and is a graduate of 

~ the University of Illinois and of the 
Massachusetts Institute of Technol
ogy in aeronautical engineering. He 
joined APL in 1955 and has worked 
principally in the design of satellite 
attitude-control systems. He was 
APL project scientist for the Small 
Astronomy Satellite series and the 
MAGSAT satellite. Mr. Mobley's 
engineering interests include the de
velopment of satellites for precise 
measurement of the earth's magnet
ic field; he is presently working on 
a joint venture with Goddard Space 

Flight Center and French scientists in that area. 

Johns Hopkins APL Technical Digest, Volume 8, Number 3 (1987) 

By throw et al. - The Polar BEAR Magnetic Field Experiment 

LEONARD L. SCHEER was born 
in Washington, D.C., in 1923 and 
joined APL in 1945 to work with 
the VT Proximity Fuze and the 
MK-61 Radar Gun Director Pro
grams. Beginning in 1947, he par
ticipated in the early development 
of the FMIFM telemetry system for 
the guided missile development pro
gram, where he was responsible for 
the design and operation of the first 
complete telemetry data processing 
facility at APL. During 1960-71, 
Mr. Scheer developed various test 
instruments for medical research 
programs. In 1963, he was lead en
gineer in the artificial intelligence 

and automated behavior studies, which produced the APL "Mobile 
Automaton." Since 1971, Mr. Scheer has been in the Space Depart
ment's Attitude Control Group, where he has been responsible for sat
ellite magnetic control subsystems. During this period, he also par
ticipated in shipboard subsurface electromagnetic propagation tests with 
the Submarine Technology Department. His most recent involvement 
has been in the design of magnetometer experiments for the Polar BEAR 
and Upper Atmosphere Research satellites. 

WADE E. RADFORD graduated 
from North Carolina State Univer
sity in 1961 with a degree in electri
cal engineering; he took graduate 
courses in electrical engineering dur
ing 1962-68 at The George Wash
ington University in Washington, 
D.C. 

Mr. Radford has had experience 
in satellite power system design, sci
entific instruments for spacecraft, 
and post-launch operation of scien
tific satellites. Since 1969, he has 
been program manager for the de
velopment of several implantable 
medical devices at APL and is pro
gram manager for the Programma

ble Implantable Medication System. Mr. Radford is also section su
pervisor of the Spacecraft Attitude Control and Detection Section. 

323 


