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A Case Study of S3-2 Observations
in the Late Evening Aurora l Oval

1. INTRODUCTION

There has been an enormous effort  ove r the past f i f teen years t~ understand
the electrodynamics of auroral phenomena. Physical information has been gar-
nered using ground based as well as balloon, rocket and satellitt’ t~~ ’ t n t ~ instrumen-

tation. The measurements have been of electromagnetic radiation , e’tiergetic par-

tid e fluxes, current systems and electric fields associated with aurorae. The

scope and limitations of the various measurements and kinds of measurements are

well-recognized. The chief limitations relate either to the number of simultane-
ously measured quantities or to the spatial extent and resolution of the measure-
ments. Limitations of the first kind affect the inputs available for solving the

coupled Boltzmann and Maxwell equat ions. The second kind of limitat ion concerns
the relative capabilities of rocket and satellite experiments. It is common wisdom

that fine resolution measurements can be made over short distances using rockets ,
and only structures spread over great distances may be observed by means of
satellites.

The scientific package aboard the U. S. Ai r  Force satellite S3-2 (Figure 1) was
designed to mitigate both of these limitations by providing high-time resolution ,
simultaneous measurements of energetic electron fluxes , thermal plasma charac-
teristics, field-aligned currents and electric fields. It should be recognized that

• (Received for publication 5 January 1979)5
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Figure 1. Artist ’s Conception of 83-2. As viewed in this picture the satellite
is spinning in a clockwise sense. The locations of the various Instruments are
indicated.

the total tun e derivative of a physical quantity A measured by means of satellite
instrumentation is of the form

dA aA~~ - Adt 8t

where is the velocity of the satellite. The first term is due to temporal changes
in the quantity, whereas the second term is due to the spatial variations of the
quantity along the satellite t rajectory. Without nearby simultaneous measurements ,
It is not possible to distinguish between spatial and temporal variations , For the
sake of simplicity, we assume that the physical quantities measured by S3-2 vary
spatially; that Is , variations occur on time scales that are long in comparison with
the time required by the satellite to cross an auroral feature.

The purpose of this paper is to provide, in a single place, a relatively com-
plete description of the satellite’s instrumentation and to tllustrate by means of a
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detaIled example the physical quantitie, der ivable from measurements of the in- ‘1
atrum ents. The paper is meant as a primer for would-be users of the satellite ’s
measurements. It Is not meant to be a scientific treat ise on the au rora. Physical
quant ities such as electron fluxes , parallel currents and electric fields are known
to be associated with aurorae. We seek only to show what 83-2 instruments can
(and cannot) measure. For this reason, many of the references to the work of
other Investigators are omitted. What references are cited serve to support the
reasonability of our claims about some measured quantity. No attempt is made
to relate the measurements to the current state of physical understanding of
au roral processes.

The paper has two main sections: The first contains a description of each of
the instruments and the means by which physIcally significant quantities are de-
rlved from raw measurements; the second section presents a detailed example of
S3-2 orbIt 517 measurements taken In the late evening sector of the northern
auroral oval. This particular S3-2 pass was chosen for presentation because of
the availability of nearly simultaneous measurements by a Defense Meteorological
Satellite Program (DMSP) optical tmager. A brief overview of the observatIons
show that in this case, the auroral oval may be divided phenomenologically into
three distinct regions of (1) the dIffuse aurora , (2) the strong return current of
a visible arc, and (3) the dIscrete arc (or arcs). Observations from the three
regions are then treated In detail.

2. SCIENTIFIC EXPERIMENTS

Th~’ Air Force scientifi c satellite S3-2 was Launched into polar orbit in
December 1975, with an Initial apogee, perIgee and Inclination of 1557 km, 240 km 

• 

r
and 96. 3°, respectively. It I. spin-stabilized with a nom inal spin period of 20 sec,
and a spin axis that is nearly perpendicular to the orbital plane In a cartwheel
sense. The scientific package carrIed by S3-2 includes: (1) a dc electric field

j . experiment, (2) a triaxial ftuxgate magnetometer, (3) an energetic electron
spectrometer, (4) ~~rt Ion drift meter, and (5) a thermal electron probe . In this
section, we describe the Instruments and the methods by which their measure-
ments are reduced to give geophysicafly significant quantities .

2.1 FiectrIc Field

The electric field experiment on S3-2 was designed to consist of three orthog-
onal dipoles: two in the spin plane and one along the spin axis. UnforPunately .
one of the dipoles in the spin plane failed to deploy. The dipole In the spin plane
consists of two carbon coated spheres of 3. 81-cm radius placed at the ends 

of7



13. 72-rn insulated cable booms. The spin :~~ is aligned dipole also consists of two
spheres held at the ends of 11-rn t ip  to t ip  rigid booms. The experiment operates
in a repetitive 512-see eye), that begins wi th  a 10-sec calibrate sequence. The
probes at the ends of the booms are shor ted to sateL lite ground for one-sec inter-
vals beginning at 128. 256, and 384 see into the cycle. During the operating por-
tions of the cycle, th . potential differences between the ends of the two dipoles ar e
measured 64 times a see and Interpreted us ing techniques given by ~~orey 1 and
I’ahl.son . 2 

~ has been found that the spin axis aligned dipole is subj ect to t ime
varyi ng contact pot entials. For th is reason the ‘neasurements are usually limited
to those of a single .sp inntng dipole which i~~ not disturbed b~ such effects. Two
scientifI c papers report mg preliminary results f rom this instrument have been
published.

The method used t~ calculate the projection of the ambient electric field into
the spin plane iii the sat e ll it e ~s Illus t rated in Figure 2. h ere we have plotted the
measured potential betweet. the ends ~ f the spinning dinole (panel a) , the potential
du. to the ‘ ross-magnetic field motion of the sate llite 4.~ (panel b). the potential
due to the ambient electric field e (panel ct , and the function to wh%e h ta fitted

and its residues 4 - ~~~ (panel dl as functions of universal t ime in seconds
of’ day and invar iant lat ttude , .~ . The data were taken during S3- .~ orb it :~17 as the
satellite was moving poleward over the hate evening sector (~ ~2~ 0 UT) of the
northern aurorsi :one. The measured potentia l across the dipole is of the form

s ‘de • •v •e i l l

where is the contribution due to different contact potent ials of the two sph~ i’es~
‘de is easily rej ected by considering the amplitude s of the sine waves and not their
de Level; i~ determined using the Internati onal Geom agnetic Reference Field
(IGRF , 1975) model updated to the epoch of’ n~easurctnents and precisely determined
(< 0. ~0 error ) spacecraft att itude informat ion . To oht~ ln 4 .~,. the potential due to
the ambient electric field , •~, is then subtracted fro m In regions where the

~~. ~~orey. L.R .O.  ( 1963) The des ign of an electric dipole antenn a for VUF
recept ion with in  the ionosphere , Tech. Rep . No 308 T(’, Centre National

• d’Etudes des Telecornrnunicat ion,~ P~rls.
2 . Fah1esun~ U . V. (1967) Theo~~ of electr ic field measurements conducted in

the magnetosphere with electric probes, ~paee Sec. Rev. 7~238.
3. s’mlddy, M. , Kelley, M. C. • Burke, W .,  Rich, F. , Sagalyn , fl , Shuman , B. •Hays, ft. , and Lal, 5. ( 1977) Intense poleward directed electric fields near

the ionospheric projection of’ the plasmapause, Geophys. Res. Lett. 4 :543.
4. Burke, W.J . ,  Kelley, M. C., SagaLyn , f t c . ,  ~ niddy, M. , and L,at, S. (1979)

Polar cap electric Field structures with  a northward interplanetary magnetic tfield, Qeophys . Re s. Lett . t : 21 - 2 4 .
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ORBIT NO.517 DATE (111176
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UT 60560 60600 60620 60640 60660 60660 60100 60720
ALT 346 339 1330 1320 1311 1301 292 1262[T 22:43 22:41 22:39 22:3? 22:34 22:31 22~ 6 2~~ 4

I LAT 568 59J 606 6L5 62.3 632 64~I 650

FIgure 2. ReductIon of Data from the Spinning Dipole.
(a) Measured potential difference between the ends of
the dipole. (b) Potential due to the V )( B motion of the
satellite. (c) The difference between the measured and
the V X B motion . (d) The function to which ~~ has been
fit and its residues . ‘rhe data were taken during 53-2 H
orbit 517 and plotted as functions of unIversal tim e
(seconds of the day) , altitude , invariant latitude, mag-
netic local time, geographic latitude and longitude

electric field varies slowly ove r a satellite spin period (fo r example, prior to
60630 UT, FIgure 2) 20 seconds of data are fIt to a function of the form

•ftt • cos ((z5t - *) (2)

9 -
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where is the satell i te ’s ang ular speed and ‘1’ is a phase angle determined in
the f i t t ing procedure. In regions of rapidly va ry ing  elect n Y  fie lds  ( f o r example ,
after 60630 UT . Figure 2) , only S seconds of data are t .~~ed to the  funct ion given
in Eq. 2). This is discussed more c c np l e t e l y in the fol lowing paragraphs . Once
the electric field components in the spin plane ~ f the sa te l l i te  have been dett~rn ii ne’d ,
their  values in any desired geophvsieallv sign i ficant coordinate systems may be
com puted by means of appropriate t rans formations .

The validi ty of our electric field calculat ions in regions of r ap id ly  c a r v i n g

fields depends on additional physical as-.umpti on s.  The bash assumpt i~n: w e  use
is based on a high classical conductiv ity along magnetic field lines , w h i c h  implies
that ~ ‘ B 0. We ask what potential differences along the boom shou ld be incas —
ured if E varies wi th  t ime  in magni tude and dii’oct  t on , su~~1vct onl t~ t he  con —

stra int  ~ . 1 0. The subsequent ana ly s i s  ~how~ that  the  magni tude 
~~ 

in Eq. ( 2 )
varies but that the phase of the tx oiu si gnal at which  n i a x i r n u n i  p~’ten t ia l  d i f f e i e n c c s
are measured either varies  slowly or ‘umps discontinuou s l b’ 1 1100. The
residues m ay  be examined visually in conlun ct ion w i t h  o ther  s i m u l t a n eou s  meas —

urenients to identify regions in which the F~ . I~ 0 condition may not be valid.
In order to examine the consequences of the E l~ - 0 a ssu mpt i o n  for the

potential difference measurements of a ro ta t ing  dipole , we adopt a sys tem of ~‘o—
ordinates with origin at the satellite ’s center ~f mass  ( Figure 3) . The spin axis of
the satellite is along the • ‘ V axis  of ~he coordi nate ~\ s tem .  The N axis is defined
as the directIon of the projection of the sate l l it e  veloc ity  into the  spin plane V~ .

• The Z axis is in the direction of  x ~ ~~ . Thus i f  he orbit  were c i rcu la r  wi th  a 900

• inclination , (X , Y, Z) would be positive toward (north , west , up) dur ing the portion
of orbit 517 under consideration. In this  paper , we use t he subscript p to indi cate
the projection of a vector into the spin plane. This p rojection of an a rb it ra ry
vector A is defined by

(3~

The projections of the electric field , magnetic field and (V . N B) neni ’ t~0600 U T
(arbi t rary lengths) are also indicated in Figure 3 .

In the spacecraf t coord inate system, the magnetic field can be represented as

B B (sin 9 cos 4 sin 0 sin 4 ~ • cos 0 ~) ( 4 )

where the azimuth and colatitude angles are defined by ~ tan~~ (B~.~
B
~
) and

0 cos~~ (B
~

,B) , respectively. In order to study the properties of a vector per-
pendicular to B, we define a set of orthonormal vectors 

~~ ~
‘2 ’ e3 such that

B B &.~~. This t rans formation is effected by two rotations . It can easily he shown
that

10
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(a)

ISO -~~

E ~~“

• -20 -tO 10

-90
E 1 ~~~~~ _ ._—~~~~

A -ISO 
_________________

(b)

• Figure 3. (a) Satellite Coordinate System U sed
in this Paper. Vector quantities (arbitrary
scale) marked with subscript p represent pro-
j ections into the spin plane of the sat ellite. The
-Y axis corresponds to the satellite spin axis.
(b) Phase Angle ~i’ as a Func~jon ,of E~ /E 7 Near
60600 iT .  Projection of the V”< B fietd is
indicated for comparison with (a)
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~2~~~- sin 4~~~+ cos 4~~ (5)

&3 = s tn 9 c o s 4 i+ s i n 8 si n 4~~~+ cos 9~~

Since E .  B 0, E can be represented by

E = a 1~~1 + a 2e2

Transforming to spacecraft coordinates, we have

E = ( a 1 cos 0 cos 4 - a 2 sin 4)~~~+ ( a 1 cos O sLn 4 + a2 cos 4)~ - a1 sin O ~

In regions of slowly changing electric fields , E~ 
and E

~ are measured directly at
t imes of max imum or m in imum values of 4m~ 

These measured values may be
used to compute a 1 and a2

a 1 = -E
~ 

csc 0
(6)

a2 = -(E
’ 

cos 9 cos 4 + E
~ 

csc 4)

We note that unless 4 0° or 1800:
(1) E and B,~ are not orthogonal vectors.
(2) The y component of the electric field can be computed

E~ = -(Er cos 4 + E
~ cot 0) csc 4 (7)

Rearranging terms in Eq. (7) , we obtain

E~ 
-(E

’ 
cot 0 sec 4 - E~ tan 4) (8)

It is useful to define an angle ‘I’ tan ‘(E x /E z ) such that at the angle ‘~‘~ 4~ has a :
max imum value. Since

= tan ’ [
~ 

cot ~ sec 4 - tan (9)

L.. - - • ~~~~~~~~~~~ ~~~~~~~~~~~~~~~ --~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ -~~ -
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we’ can e ’xa tn  inc it -~ sen s i t i v i t y  to v a r i a t  ion - , in t h e ’ rat  to I~~ I I A plot of ‘.1’ as a
funct ion of / E is  g i v en  in Fi gure 1 , Magnet in con t l it i ons  are  those of G0~~00 1 ‘1

on orbit  517 . The i t ’  a i t ’  t w o  la in  i i  it ’s of so lu t i o n s , depending on the si i t ’  of E ,

which  for a given E~, / E , r a t i o  are ’ sepa rated liv 180 0. To a i e i- o ordei- a ppr o x i m a  —

Li o n , the satel l i te ’  e~ m o v i n g  iii the magnet ic  n o r t h — s o u t h  d i rec t ion and the  spin axis
is i ; i the magnet in ,‘~ist  — w e s t  d irect ion.  llt’cause aurora l  forms tend to be al i g ned
in the magnetic east —~~ e’ st d i r ec t ion , va r ia t ions  of ph ysi cal  quant i t i e ’ -, along t h e
t r a j ec to ry  should be much  g r e a ter  than t he i r  vu n a t  tons in the V d i r e c tio n , I h a t  I s ,

0. Since ~
“ N I- 0 for quasi  de ’ f ie lds , it fo l lows tha t  (~ E ix)  0, t h a t

is , the V component of the ’ elect n c  fie ld should he r et at  ive ’lv constant ,  In the

evening sector of the nor thern  aurora )  /one , the e lectric  f ie ld  is general l y t o w a r d

the magnet ic  n o r t h  ( I- s, 0) and west  ( E~, ‘ 0). From the inc l ina t io n  of m a gn e t i c

fi eld lines and t he condit i~’ti I 11 0. it can be shown tha t  E 0. W,’ note t h a t

alo ng t he F / 1) curve , ‘I’ only changes from 72 ° to 1110 as the  r a t i o  I-: , F c a r t  o -~

f ron t  0 t o 20 . Th is im pl i es  tha t  over a wide ’ range ’ O h  (I ’. !  I . )  t ’a t i o s  4’
Thus vat’ ta t  ions in the ’ elect n c  f ie ld  ~w rpend m u  In r to B can only produce a e’hi eiige

in magnitude of 
~ 

or a ,iump e f  180° if ~~~~ (an d nece ’ ,s a t h y  I-: ) rove r~ e’ s i gn .

The main  features  of t h i s  a n a l y s i s  are v er i f i ed  i i i  the ’ data  g iv en in l i gc i no 2.
The t line ’ separat ion bet we’en m a x i m a  nu t) i i i  in i tna  in ~c a i’e ii pp nt ‘xi oat  e’ I ‘ oust ant

pr ior  to ~0~ 4 5 1 1. ‘Ih e  max i n tu m  at 60tii10 UT Is at the  nppre p t i ze t e  t t i t i  e for

‘I’ - conat . The no is an abrupt  sh i f t  oh ’ 180 ° in the  phase  of I lie ’ i t t e a s e t i e d  signal  at
fl07 10 I T  indicat ing that  the ambien t  e l e ct r i c  fit ’) ’)  changed  di ‘ecticitis . A c a l  il~ t ate ’

sequence bega n a t ~07 20 1 T. When the dat a (‘e) l len t ion res urn e’d , the ’ ineasu  i’e’d

sign al  indicated tha t  the  e le ’ct n c  f ie ld  had a s o u t hw ar d  coin lk ’t i l ’nt , 1’ he’ t e v e ’  i s  a I

at fl07 10 I T  marks  the  boundary bet wee’n t lie au ro ra l  oval and t h e  pola i’ c ap . In

• the period 6 0 t 4 ~ I ‘‘I’ t o  10 1 90 1 ‘1 , we assumed  t h a t  ‘1’ had th e ’ Sa n t e ’  valu e ’ t h a t  it
had be fore and a f t e r  t h i s  in te rva l .  Al though  in p r i n c i p le ’ the ’ a i t i p l i t ud e -’ could he ’ f i t

to a rb i t r a r i l y  smal l  po rt ions of sine wave ’s , a —-cc c p e ’nienls  we re’ e’hose’ n to ensure’
that ~ ~,

, would be near it s max imum or in in i t n u i n  v a l u e  dci r ing  a I~ ’t’t io n of cact i  fi t
period. As indicated above , fur ’t her e ’valuat  ion of t h e  cit I cu la t ec i  elect i ’ m fi e ’ld-~
requi i’es support ing informat ion  from other  inst - ei me ’nt s .

2. ” Ma~n,hie’ l’IckI

The magnet ic  field is m easured by a t t’ta x i a l  f lu x g at e ’  magnetoine- ’te i ’ wi t h :1

inductors mounted mutual l y perpe ’ndie ’ular to an a c c u r acy  of 0 , 010 , I n — f l i g ht , t h e

magnetometer is mounted at the end of an A st  romast  boom , ii . I at (‘rem the ’  space—

craf t  body In the spacecraft ’s spin plane ’. No mina l l y , one a x i s  of t h e ’  magne tomete r
sensor Is pa rallel to the satel li te ’s spin axis and the  other two  axes n i - c ’  in the ’ s pin

plane and parallel to the other two axes of the spacecra ft body. The a c t ua l  oi’ien-
tat lon of the magnetometer system wi th  respect to the spacecraft  axes is determined

l:t
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by in—f l ig ht calibration. The A st ro ntu st  boom consists oh ’ 3 fIb erglass longerons • -

in the forni of a I riple hel ix, flue to the rucat  expansion and contract ion of th e
boom, the orientation of the n%agne t nn iet er  system w i t h  respect to  th e  sp a c e cr af t
will vary dur ing an orbit by as much as t 1 4

0
, As part of the  d a t  a i’eduet ion pro —

cedure , the orientation directIon of the magneto m eter along the spin axis as a
function of t ime is determined to an accuracy of 0. 010.

Each axis of the magnetometer hns a range etC t~ 00 ~ and is read out in steps
of c . In order to m easure large magnetic fIelds , there  is a n ec i t r a l i 7at ion  w i n d —
ing shout each axis of the magnetometer thro ught w h i t -lu fixed e-cmrrc’nt le’~ e’ls are
app lied by an automatic r anging current source . Eae ’h tnt ’ ne’nte ’nt of current  is
equivalent to a 1000 ~ offset in the magnetIc field , There ’  arc’ 128 mncm ’ement s on

steps or current that  can he applied , al lowing for a dynam Ic range of ‘ c 3 , I~QO ~ to

—64 , 000 ‘
~ 

for each axis .
The ttuxgat e magnetometer outputs  are sampled 32 t lines pet ’ second , The

off ~~t curr ent is m’ea d out in 8 coarse steps , each equivalent to l I , 000 ‘~ . ‘rite
cou rse steps a t - c’ subdIvided into 16 fine steps , each equiv alent to 1, 000 ~~ . The
level of the fine offset e’urr ent step is sampled by the telenuet i’v s t ream 16 times
per second, The level of the e’etar sc o ffset e’urrent  step is simn tpl eel  by the te lent et  ny
sti ’eaen twie~ pe m’ second.

Because the satellite is spinning with  a period of 20 seconds , the magnetic
field components in the spin plane of the sateLli t e  can change by as much as
l~c , 000 ~ pen ~sec ’ond . flue to several effects , it is d i f f i cu l t  te t  obtain good nteas —

urements under such conditions. L” ir st , there is a f in i te  delay between the t ime  I -

when a eh~nge In the offset current i~ made and when the magnetometer has fully 
f

responded to the new o ffset current,  A i-ce , when th e offset current  step is e’hange d,
there s some contusion about the appropriate  step level for the ni agitetonueter
t ’ending since the offset levels are samp led less frequent ly  th at c the magnetometer.
When the magnet ic  field is changing at a rate ’ of ~i , (100 ~ pet ’ second or Ie ’~ss , these

• iwobLems ni’e solved by discarding the ftns f  two mnagnetou ~eter readings and the
last i’endIng at each step level. When the m ’ate Is between 8, 000 ‘~ and l~ , 000 1 per j
second , only the’ fir st  and In st magnetometer readings at each step level are din-
carded. ThIs increases the numut t e r  of readings used , but it also Increases the
possibIlity of obta ining had i’eaelings of the ntagnetomuet e r. ‘l’hls problem is mn m i  —

• mized by comparIng the sl;e’ of the change in the magnetometer readings with the
sign of the change In the ~~ff ~ et levels for Incomp atibi l ity  and by appl ying a filter

- later in the dat a ana lyst s procedure. - •
The ICIRF- l975 model field , updated to the epoch of the observatIon, Is s’th- -

•

trad ed from the observed vaLue of the magnetic field. This involves severs ’
transtorm*tions . The tU RF model , whIch is given in geodetic coordinates , Is first
trans formed to geographic coordinates, then to eart h centered inertial coordinates , •



then to satelLite coordinates , and finally to m agnetometer coordinates. The trans-

formation to magnetometer coordinates nominall y cons ists of a rotat ion of 3. 60

about the spacecraft Z axis and -1. 50 about the spacecraft N axis. Time actual

rotation from spacecraft to magnetometer coordinates muSt be found for each

segment of data due to the twisting and bending of the tnagneton~eter ’s boom and

to uncertainties In the measured spacecraft al t i tude.  This Is done by vary ing  the

orientation angles by small amounts unt i l  the spin axis contponent of the dift erene ’e
between the model and measured field has a min imal  sinusoidal component, If

the difference between the model and the t rue magnetic field is small (~ 100 ,) ,

then a complete removal of the sinusoid in the spin axis conironent of the diffe r-
ence can be obtained. If the difference between the model and the t rue magnetic
field in the spin plane is Large (“ 100 ‘p) , the sinusoid in the spin axis component

of the difference can only be minimized. The finaL result is tha t two of the three
magn etometer orientation angles are known to an accuracy of 0. 010 The angle
about the spacecraft Z axis varies from 3, 30 to 3 Q 0 wi th  a maximum rate of

• change of 0. 02°/mInute af ter  sunrise or sunset, The angle about the spacecraft
x axis varies from -1. 40 to *1.

Af te r  the model field has been subtracted from the measured field , the diffe r-

ence (AB) may be plotted in magnetometer coordinates or in geodetic coordinates.

If ~ B is plotted in magnetometer coordinates , only valid measurements of the
components are plotted with straight lines between points. To gua rd against the
use of measurements that  contain transients , measurements  oh’ .~11 components
along each ax is whIch are 400 ~ greater than the avei’nge of the Last three valid
measurements along that  axis are reje cted . I f .~l) Is plotted in geodetic coordinates ,

• invalid measurements of AB components are replaced wi th  the last valid measure-
ment and then the AB vector is rotated back through the inverse transformation that
was used for model field. As a result of the construction of AB vectors, the plot of
AB in geodetic coordinates contains slightly more noise than the plot of AB in
magnetometer coordinates and contains a sinusoidal erro r due to the uncertainty
In the third magnetometer orientation angle.

2.3 Fn.rgetle Flectron Spectroincter

Electrons with energies between 0. 08 and 17 keV are mne asured by a paralleL
plate electrostatic analyzer (FIgure 4). This ins t rument produces a 32 poInt
spectrum once per see with AE/E = 0.4 19.  The geometrIc factor is 4,6 8 \

• em 2 ster. The aperture of the instrument (a mounted in the spin plane of the
satellite. Since the satellite spin period Is 20 eec, each spectrum corresponds to
approximately an 18° sample in electron pitch angle. In their reduced form , data
are available as number flux , energy flux , and average energy as functions of

• 15
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F’igum’e 4, Enci’get Ic Elect ron Speet i’ometei’. E lect  rons of appropni —

ate energy en ter ing  the aper ture  arc deflected by a s ing le hig h volt-
age’ plate into channelt ron

univer sa l  t ime , pi t t -h angle , and other s tandard geopitys it— al coordinates.  Individ —

ual spectra are also avai lable for detailed anal ysis of pa r t i cu la r  auro m’al events.
A more detailed description of the instrument is given by Morel et at. ~

In the analysis of data from this  ins t rument , two d i f f i c ul t ies are apparent .
First , due to the relatively small  geometric facto!’ of the detector , counting rates
produced by di f fuse  auroral electm ’ons and electrons in the supr a thermal  ta i l  of
auroral spectra am’e often at or below the level of one count per accumulat ion in ter -  -

•

va l. Second , the instrument  has a single aper ture  w h i c h  rotates w i t h  the satell i te.  
f

This often results in the  instrument  not measur ing  the most interest ing portion of I -

the pitch angle distr ibution dur ing  par t icular  aurot ’al events. For example, the
satellite can pass over such features as inverted -v structures in t imes ~ 20 see-
onds . It Is thus possible t ~ miss the ’ field —aligned component of the p r ec ip i t a t i ng

eLectron dt s t r ibu t  ion.

i i
I

~~ . Morel, P. B., Banner, F. A. • and Sellers , B. (1P 75) Design Fabi ’Ication and _ -Int e ration of an Electrostatic Analyzer  for a Satellite Payload, AFCRI -TR -
7 !~ -~~~~ 17,
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2.4 ha, Drift Meter

The Ion drif t -meter experiment consists of two arrays of four passive thermal-
ion sensors, each wi th  a cIrcular aperture of 6. 8 cm 2 a rea. 6 The external con-
figurations of the two arrays , illustrated in Figure Sa , are identical. They are
embedded in the surface of the vehicle at diametrical ly opposite positions. The
internal geometry of sensors 1, 2 , 3 and 4 is plan am- . To minimize their  response
to solar UV the internal geometry of sensors 5, 6, 7 and 8 are nonplanar. Nor mt t a l
vectors to the apertures of sensors 2 (6) and 4 (8) lie in the spin plane of the satel-
lite at relative look angles of 400. Sensors 1 (5) and 3 (7) are coplanar wi th  2 (6)
but Look out of the spin plane by angles of 40° toward and away front the spin axis ,
respectively. Using precise satellite at t i tude information, one observes that the
currents measured by sensors 2 (6) and 4 (8) can , In principle , be used to calcu-
late the component of plasma drift in the spin plane, that  is, the up-down compo-
nent of plasma motion normal to the satelli te velocIty V5. Currents measured by
sensors 1 (5) and 3 (7) gi ve the components of plasma dr i f t  along the satelli te spin
axis. Since the satelli te motion Is primari l y north-south, the dr i f t  component is
nearly east-west, However , the internal design of sensors 5, 6, 7 and 8 has led to
uncertainties about the absolute sensi t ivi ty to ions of different masses and ener-
glen. 8 This , for the present data set east-west plasma drif ts  are obtained only

• from sensors 1 and 3. An example of these results may be found in Appendix A.
Besides the plasma drif t  motion which requires the currents  to two sensors ,
Information about the plasma density and the dominant ton species may be gained
from the measurements made by individual sensors. The latter , semiquantitat ive

30measurement , makes use of the fact that for typical ionic temperaturs of 10 K -

the Mach number of the satellite is - 1 in a region of and 5 in an 0~ . Although
the currents measured by a sensor, say 2, when facing toward the satellite veloc-
ity (ram direction) are comparable for ll~ or 0+ at a given density, the currents
measured in the antiram direction are very di f ferent .  The ratio of currents
measured in the ram and ant iram directions is much greater In the 0~ than in II~
regions . In Figure øa we have plotted the current measured by sensor 2 durIng
part of Rev 517. The maximum currents are measured when the satellite faces in
the ram directIon and the minimum currents in the antlram directions , At
— 60690 UT the current when facing the ant i ram direction decreased from

6. Rich , F,J ,, and Wlldman , P.J. L. (1977) A Model for the Electrical Current
Collected by a Planar Aperture Ion Collected wi th a Partially Blocked Field
of VIew , APGL-TR-770096 .

7. Wlldman , P.J. L. ( 1976) Studies of Low-energy Plasma Motion: Results and
a New Technique, AFGL-TR-76-0 168.

8. Wlldman , P.J. L, (1977) A low energy ion sensor for space measurements
with reduced photosensitivity, Sp. Sd. Inst. 3:363 .
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Figure 5a. External Configurat ion
of the Ion Drift Meter Experiments.
The surface normal for sensors 2 (6)
and 4 (8) lie in the spin plane of the
satellite.  Sensors 1 (5) and 3(7) are
coplanar with sensor 2 (6) but look
out of the spin plane by an angle of
400 toward the - and ~Y directions , •

respectively
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Figure Sb. SchematIc of Boom-mounted , Thermal Electron Probe:
(a) 2. 54 cm radius collector is held at +50 V relative to outer gr id1

• (b) 3.3 cm radius grid of 66, 4 percent transparency; (c) electrical
connection to drive +8 V to -8 V sweep of grid~ (d) guard ring elec-
tr ical ly connected to grid

5 \ lO~~~ A to below the sensors ’ lower l imit  of sensitivity. This transition is

interpreted as marking the latitudinal boundary between the regions of and

dominance. At altitudes near  1000 kin, this transition usually marks the lono-

spher ic projecti on of the plasniapause.

9. TayLor , H .A.  (1972) The li ght ion trough , Planet. Space Sci, 20:1953.
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2.3 Thermal i~.Iectreen

The thermal  electron sensor (Figure Sb) is a grided, spherical Langmuir
probe mounted at the end of a 1. 2-ni boom proj ecting parallel to the satellite’s
spin axis. The probe Itself consists of a solid collector of 2. 54-cnt radius sur-
rounded by a concentric wire mesh grid of 3. 30-cm radius and 66. 4 percent
transparency. The experiment operates in a two-mode, repetitive cycle of 32- or
16-sec duration , depending on command from ground. In the first mode, the grid
is held for 29. 5 or 13.  5 sec at + 1. 5 V relative to the satellite ground potential.
The purpose of the + 1. 5 V bias is to offset anticipated negative satellite potentials
relative to the ambient plasma. In the second mode of operation , the grid is
swept from +8 to -8 V In 2. 5 sec. Two fixed calibration currents , each of 1-sec —

duration , are fed into the am~.lIfler every 512 sec. The collector is always held
at +50 V relative to the applied grid potential. Thus, any thermal electrons pass-
Ing through the wire mesh grid are accelerated to the collector. The density and —

temperature of the ambient eLectrons , as well as the potential of the spacecraft
ground relative to the plasma , are determ ined from the measured electron current
versus applied voltage relationship. The analysis Is based on standard Langm u i r
probe theory and uses the function fitt ing method of Fletcher and Powell . 10 The
data rate is 16 samples per see. Most of the physical informal Ion is contained in
the 6 to 15 samples nearest the voltage where the probe potential equals the plasma
potential. During the fixed voLtage mode, electron densities are calculated from
the electron currents using the electrcin temperature and satellite potential ineas-
ured during the previous swept voltage mode period. This method of normalizing
fixed voltage mode data assumes that the electron temperature and satellite •

potential are unchanged for the 29-sec duration of the fixed voltage mode. This
assumption breaks down in the auroral zone where energetic charged particles
cause frequent and rapid fluctuations of the satellite potentIal. A fluctuation in
the satellite potential wi th  respect to the plasma causes changes in the measured
electron currents simiLar to changes produced by density variations. Satellite

potential fluctuations may be distinguished from density fluctuation s by referring
to sintultaneou~ measurements by the Ion drIft  meter. Changes in the plasma
density produce similar  variations In the electron and Ion sensor currents. Neg-
ative excursions of the satellite potentials reduce the currents to the thermal
electron sensor , but leave the ion sensor measurements virtuall y unchanged.
Positive excursions of the satellite potentials reduce the thermal Ion current and
Increase the thermal elect ron current .

10, Fletcher, R. ,  Powell, M . J .D .  (1964) A rapidly convergent descent method
for minimization , Computer Journa l 6:163 .
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3. ~~~~~~~~~~~ KISI  ITS i-OR ( -tSF STI Ifl

In t h i s  section . data from the various exper iment s on S3 —2 are presented from

a sing le pass of the late evening sector of the northern aur oral  iont- . The purpose

of this exercise is to show how correlated measurements m a y  be used to t n v ” s t i —

gate some electrodynanhic properties of aurorae. The one pass ,t~-i’ r t he  an

tone (orb it  517) was chosen because of the ava i l ab i l i t y  of flea rl~ sim ultaneous

au,’oral imagery from a DMSP satellite. Structurall y, this section consists ~ f four

par ts .  The f i rs t  subsection provides an overview of th e ~ 3 —2 1hMSI ~ observat io ns

the measurements are presented as funct ions  of universal  t i m e  in ~et -oflcis of the

day. Based on the overview , the auroral tone is divided r i t o  three phenomenolo g—

ical ly  dist inct  regions. Character is t ics  of each reg ion arc stud ied in de ta i l  in the

three  following subsections. Region 1 corresponds to d i f fuse  aurora (encountered

pi-io: - to 6064~ UT of orbit 5 17) . It is ch aracter i ;’ed by i-chi t iv o l v  ~oit olert ron

precip itation and by complex f ie l d—aligned cur rents  superimposed on a ~cne i-al

background of current into the ionosphere . Region 2 (encountered from ;t ’~~4~ -r
to  60653 UT~ corresponds to an intense return curr ent for an auroral  ar t . Tb..’

current  is carried by cold elect rons dr i f t ing along magnetIc field t ines at  ~pt- t ’ l - .

appi-oxirna t ing condit ions tha t  a i-c t ’i’(t k-al fo r th e onset 0f ion i -vt -lot con t urbulence.

In t h i s  region thei-e is also evidence (or an elect ne f ield  -om ponent s i ting B.

Reg ion 3 (encountered from ,;O’~53 U T to 606700 UT) corresponds t o the  i’egion of

the discrete aurorae. Special at tent ion is directed to  the re la t ion ship  be tween

conve ct ive electric fields and precipi ta t ing electrons.

Before considering the actual data , one finds it usefu l to sumn ~ar i :v  br i e f ly

the general features of expected observation for a satel l i te  at an a l t i t ude  1~f 1200 km

in the late evening sector as it moves from mid—la t i t ude  across the auroral  :omme

into the polar cap. These teatui -es are based on many previousi’ reported satel-

lite measurements .
1. Thermal Plasma. As the satelli te crosses the moos pheric  pro3ection of

the plasniapause , the plasma density decreases. It r emains low ac ross the reg ion

of the trough and diffuse aurorae. It rises sharply in the reg ion of d isc ret e

aurorae where plasma is produced by precip itat ing keV electrons .

2. Energetic Electrons. In the region of the dIffu se aurorae , relatively uni-

form , quasi-isotropic fluxes of electrons wi th  l- .. 1 ke\ ’ are generally encountered.

Over the region of discrete aurorae , electron fluxes are quite variable in energy,

p itch angle, ani intensity. Character is t ic  energies m a y  exceed 10 keV in this

region.
3. ElectrIc Fields. In the evening sector the auroral electrojet Is generally

directed toward the east. Since the h all conductivity is greater than the Pedersen

conductivity at the altitude of the electroj et and since the current is carried by

20
ii 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
_ _ _ _ _ _ _ _ _- ..~~~& • . .  _____ J - —.-_ - • —.— 

~~~~~~~ 
-
~~ —~



_  

-

electrons , the electric field should have a northward orientation. To cause an
equatorward component of plasma dr ift in this reg ion, E generally has a sinall
(~~l0 m V / n i )  westward component. In the polar cap the electric field has a dawn
to dust orientation.

4. Magnetic Fields. In the evening sector the region of diffuse aurorae is
one of current into the ionosphere, while in the region of discrete aurorae the cur-
rent (which  is carried by precipitating electrons ) is out of the Ionosphere . The
satellite can thus be expected to measure a growing eastward perturbation as it
moves across the diffuse aurorae. The eastward component should decrease as
the satellite crosses the discrete arc region.

3.1 (her~iew

Part of the DM SP image ry taken at northern high la titudes on 11 January 1976
is given in Figure 6. The superimposed grids give the corrected geomagnetic
longitude and latitude projected to an altitude of 100 km. The trajectory of 53-2
orbi t , also projected in corrected geomagnetic longitude and latitude to 100 km ,
is represented by the dashed line. The temporal separation between the DMSP
and S3-2 t rajectory crossover in this coordinate system was 14 miii. Meas-
urenictits of S3 —2 were af ter  those of DMSP. We note that aum-oral forms tend to
be stat iona ry in earth-centered inert ial  systems , but geomagnetic coordinates
rotate with the earth. In the 14 m m  between the DMSP and S3-2 crossover, the
earth rotated under the arc 3. 50 in longitude. Thus , relative to the az-c , the
53-2 oibit should be moved ~~, 5~ to the east: that is, away from the folded az-c
and well into the s t ra ight  line arc segment. This arc is tilted by j50 away from
the magnetic east-west direction. The 53-2 t r aj ec tory  crossed the arc at an angle
of :100 away from normal incidence .

It appears that the auroral form i’eniained rela t ively sta t ionary  during the
14 n u n  between the DM SP and 53-2 c ros sovers . Evidence support ing th is con-
clusion is found in FIgure 7 where we have plotted AE as well as the II , Z and D
components of the magnetic field measured at Dixon Island. The position of Dixon
Island is marked by the synibol x on Figure 6. The AE index indicates tha t the
passes of both satellites correspond to the beginning of a substorn i recovery phase.

• This is supported by the DTiISP imagery which shows a dIsordered region near
local midnight. Although such periods normally involve large temporal variations
in aurora l behav ior , the 53-2 orbit lies to the west of the active region. The Dixon
Island magnetogram is relatively constant in all three components during the
10-rn in period. Since Dixon Island is magnetically due north of where S3-2 crossed
the aurora l oval , the constant magnetIc field at this station is consistent with  stable
auroral features.

• 21
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Fi gum-e t . DMSP Imagery foi- an Auroral  F’orni
Taken 14 n u n  Prior’ to 53-2 Overpass (dashed
line) .  The superimposed grid gives the geomag-
netic latitude and longitude at an al t i tude of
100 km . The position of Dixon Island is marked
by the symbol x

The relative constancy of the auroral features is suppoited by the high degree
of consistency between 53 -2 particle measurements and the DMSP imagery . As it
discussed below , an inverted-V event ” was observed in the energetic electron
measurement beginning at ti0653 UT. Tracing magnetic field lines from the alti-
tude of 53-2 to 100 km , and allowing for earth-rotational effects , we find that this

• coincides wi th  the equatorward boundary of the discrete auroral arc shown in
Figure 6.

A summary of plasma and field conditions encountered during orbit 517 is
given in FIgures 8, 9 and 10. Going from the top to bottom panels of Figure 8, we
have plotted as functions of universal time , altitude , invariant latitude (A) and
magnetic Local t ime: (a) 12 the current measured by the ion drift  meter sensor 2,
(b) N 1 the total ion density, (c) E the spin-plane component of the electrIc field ,
and (d) the directional electron flux.
11. Ackerson , K. L. , and Franck , 1~. A. (1972) Correlated satellite measure-

ments of low energy electron precipitation and ground based observations
of a visible auroral arc , J. Geophys. Res. 77:1128.
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Figure 7. Auroral Eleetrojet (AEI In—
dex and Dixon Island Magnetogram
Com ponents for ’ 11 January 1976. The 

Ltimes at which DMSP and 83-2 passed
ove r the auroral are indicated

Cons ider ing first the ion drift meter data (Figure 8a, b), we note several
sign ificant points.

(1)  There is a lat itudinal trans ition from a region of to dominance
start ing at A 59. 2° (60590 UT), This is seen as a dramatic change in the ratio
of the current measured as the sensor faces the i-am and ant iram directions , as

discussed previously. - -
(2) The ion density decreased from ‘-10’~ cm 3 at .‘~ 5~~0 to a trough minimun-

of 3 )< 1o 2 cm 3 at ~
(3) A local density maximum at A 57, 50 is followed by a significant dens ity

increase as the satellite moved polewarct into the region of 0+ dominance. A sec-
ond high latitude trough is found at — 60700 UT as the satellite passed from the
auroral oval to the polar cap.

The electric field measurements given in Figure 8e are 5-sec averages based
on the fitted potentials given in the bottom panel of Figure 2. Smaller t ime-scale
residues are , for the time being, Ignored: E is the projection of the total electric
field Into the spin plane of the satellite. Unless explicitly stated other-wise , E is
assumed to be perpendicular to B, At this time the satellite was moving 15° to
the west of magnetic north. Thu s , the positive values of the component along the
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t r a~ec torv indi cate that  F u s approx imate ly  in the magnet ic  n o r t h w a r d  d i r ec t i on .
The plasma dr -i t t  caused hv th i s  component us app r ox imate l .’ in t tic magnet ic  west —

ui a i’d d ir ect  ion , The electric field rose fro m a level of ~ un V , in at A to  a
U r t  i i i  a x i r u t u n i  of 20 in V un at  5 7 0

, ~ dec reased to 14 in V • m before r is i n i ~ to a
maximum of ~~~ mV in at A ~ l . t~° . As the sa te l l i t e  cu -o s -ed the O t u s i t l o l i  ot
disc i-etc arc , F dec reased to an aver-age va Inc of 0 . 5 in \‘ n - It showed r-ap uf
va riat ions , the n reversed sign (develope d a southwa r-d component)  as the  sat oil I t o
; ussed into the polar cap.

The energetic electron flux rose above th e  inst rument  background level at
app rox inu ate lv the  same t ime  th at  the electr i c  field began to  increase . This flux
reached a m a x i m u m  value of 8 \ 10 ’ (c nu sec s ter )~~ at 60560 U T then d~ c t-eased
abruptly. The satellite then passed through a series of rapid flux v ar i a t i o n s  be-
tween 7 \ 10 ’ (cm sec ster)  — I and the In st ru m e n t  back ground Le v el , These iluc —

tuations are due to satel l ite  induced spin modulations and ~pat ta l  — t e m p e r - a l  van - ia  —
(1t ions of the electron flux . A t n 0 t 53 t ’T the f lux i u u . -r -caso d  ab r up t l y  t o  3 \ 10 -

(cm —sec — s t e r) ~~ . Several local max ima  were measured up to t 0720 I T  when the
flux tell below the instrument  back ground level.

Components of the magnetic field a f t e r  subtract ion of th e  model fie ld  art ’
plotted as functions of univer sal  t hue in Figure t~a , 1’, respec t ive lv , in mag-
netometer and geodetic coordinates; ~ F3~ is the sp i n -a x i s  component s in t he  s a t t -I-
lite coordinate system. At the beg innin ’g of t he da t a s t rea m in Fi gu re ~

1a , t h e r e  us
a 10 ~ amplitude periodic si gnal due to an inuperfe ct  t rans for -nu at ion of the mode l

3 

field into magnetometer coordinates . Prior to 60570 UT , t here is a ste adi ly  in-
creas ing difference between the measured and model sp in -ax i s  component . This is
due part ial l y to a systematic error in the model field and pa r t i a l ly  to a f ie ld-
aligned current into the ionosphere wi th  an in te n s i ty  .-0 . I ~A , M .

The magnetometer data n a tu ra l ly  divide into three periods of con t rast ing
• behavior . In the f irst  period , between 60570 I T  and 606064t ; t ’T , the slope of

is generally positive wi th  br ief periods of negative slope interspersed, It is -

impo rtant to note that the al ternat ing periods of negative and positive slope do net
correlate with the satellite spin period. This suggests that  the~- result from cur-
rents into and out of the ionosphere, In the second per -iou , between 60604 6 UT and
60653 UT, ~~~ increased rapidly to a maximum of t 7 0  

~~
, This is 310 -

~ 
higher

than the value of 60570 UT . The third period , aft e r’ 60653 UT , is characterized by
a negative slope with brief periods of positive slope embedded,

The differences between the three measured and model field components in
geodetic coordinates are given as north-south (N S) , east-west (E W ) , and up-down
(UD) . The deflections are positive toward north , east , and down , respectively .
There Is an 80 ‘, oscillation in the NS and UD components and a 40 -

~ 
oscillation• in the EW component. These derive from uncerta int ies concerning the magnetometer
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calibration and its precise orientation in the spin plane, The increased amplitude
of the EW signal results from foldin g sp in-plane information int o the spin axis
measurements. The main features of AB~ are reproduced in 

~ABEW. However,
the maximum deflection at 60653 UT is 500 ‘y above the component’s value at
60570 UT. The mean value of the vertical component maintained a constant value
of approximately -250 ‘y throughout the period of study. The NS component has a
mean value of -250 ~ to 60640 UT when it decreased by about -50 y. This compo-
nent then slowly returned to its initial value. These variations suggest that deflec-
tions prior to 60640 UT were mainly in the east-west directions . In the region of
the auroral arc, the magnetic deflection was toward south of east. This measure-
ment is consistent with the DMSP imagery which shows that the arc was tilted by

150 away from the magnetic east-west direction. If the current sheets were
parallel to the arc, a south of east total magnetic deflection should be observed.
It should also be noted that an eastward electroj et due to a Hall current in the
lower ionosphere would also produce a southward deflection. Without other infor-
mation, it is not possible to determine the relative contributions of the electroj et
and the field-aligned currents to the southward component of the deflection. At a
satellite altitude of 1300 kin, it is expected that the electroj et contribution would
not be large. 12

In order to avoid ambiguities resulting from the sp in-induced oscillation in
the geodetic EW component , we have used the spin axis data to calculate values of
j given in Figure 10. The currents are positive if they are directed into (along B)
the ionosphere. The current density calculations are done using the infinite cur-
rent sheet approximation to Maxwell ’s equation:

a~~B- - 
1 ___ (10)

~ II 
- 

(M 0V5) at

Our use of magnetometer coordinates implies that the calculated j magnitudes,
at least near the auroral arc , are lower bounds on the true values. This can be
seen from the fact that the deflections between 60570 UT and 60653 UT were

320 ~ and 
~ BEW ~~- 500 ~ in spacecraft and geodetic coordinates , respec-

• tively. Current densities are also underestimated due to the fact that the saP~ lllte
trajectory is at an angle ~ away from normal Incidence. For an infinite current
sheet = po 8

~~BEW /8x. The measured quantity is a~ BEW /as = 

~~ 
j

11 cos ~, the
variations of the Y component along the satellite trajectory. In the case of orbit

• 517 , the DMSP imagery shows that ~ ~ 30°. Thus , the current densities reported

12. Lange l, R .A .  (1975) A comparison of electric and magnetic field data from
the OGO 6 spacecraft , J. Geophys. Rca . 80:4661.
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hi. i-c t in av hi’ to , ’ sinaI I by a factor  of in the v i c i n i t y  oft he an roi ’aI si’i’, llo~ i’ve r ,
the sign , location a ri d re la t iv e  magnitudes ~ i t ir e i’ur -rent  sheets are a ’eui-ate.

in the fol lowing three  subsections we consider - , In detail , the three t-egions
blent ifreti in the  nuignetotnn t ’t t ’t -  inr ’asu,-e ,ucnts , Spet -la l eniphas is Is placed on
t’onrparisons between the  h ig h — i  inn,’  resolut ion m ea su rt ’ t n n en t s  ~ f the  vu r ’iou,s inst en —

inn eat s. Physical  i n n  p1k-at ions of tire ineasti r - ernent s a r e  exam tacit only insofa r as
th ey help under stand ti n ’ tni t ’a suretnncn t s  of other - inst “urucu t s ;  for ’ example , when
th e  l’~ ‘ fl 0 condition is not ~‘alid .

Li1.2 R~~hw~ I

1 in ’-. region Is encountered between A ‘ 54.80 (60490 1’T) and A - - (U . 7”
I I ~~. It extend s from the ionospheric pro.~eetion of the  p lasnnnp au se  aci’oss

the r’egton of the d i fF u se  aurol ’ar ’. ‘l’lic pl a sint apause projection and the ionospheric
i. ’ugh a i-c at t at Iturles th at  a i-c equat rir -wa rd of th e i r -  quiet  t i me  values (A ~ 600).

I h is  equ ator -warn  disp lacement was probably not due to the ongoing m inor sub—
storm but to th e result of the severe magn.’t ii’ act iv t t  y tha t  marked the Last 6 hours
~ f 10 Janu a r y and the fi i- ~t 3 hour ’s of I t  January .  During these periods , K~ had
va lues of 7 , 7 and 7 . t 1nde,~ suc h condit ions , Intense convective elect i-ic fields
t ac t-e ase ionospheric i’et’otuh(nat l on r a t e s  and t~RUse piasnuasphc’rte pa r ’tteles to ~11
dri ft  beyond the  nnagnettnp ause. 14 Thus , the p lasniapause moves earthward and
the trough nnoves equato t ’wa i’d,

Th. region of the d i f fuse  aul’orae maps into the central portion of the plasma —

sheet, It is  genera l ly  ch aractr r t ?ed  by relative ly uni for -nu fluxes of protons and
electrons of i’omparahle Intensity.  I 

~ Iii the evening sector , thi s  region has been
shown 1w previous sate l lI te  studies to he one of f ie ld— aligne d currents into tire
Ionosphere, Data presented in Figure 9a show that in th i s  region ~~~~ generally
hail positive slope , indicating the presence of f ie ld—a ligned current s into tire iono-
sphere , l’here are , however , ‘ai- i ef  periods in which tine sL ope of ~ II was negative .
In the remainder of this  subsection , h i g h — t i m e  re solution data a i c  ex~ mnu i ne d to

13 , Schunk , R. W. , Hait I , W. J .,  and 1~anks , P.M. ( t i ~75) Effect of electric fields
on the daytime hi gh lati tude E and F regions , J .  ;eoph yM , 

— 
Ilr~ , 80:S 12 1.

14. Chappell , C. H. , h arris , K. K. , and Sharp, ;. W. ( 1970) A stud y of th e
Influence of magnetic activity on the location of the plasmapause as meas-
ured by 000 5, .7. (ieophvs . Rca, 75:50 . - -

ItS . I,ui, A.T. V., Venkatesarn, D., Anger, C .l ) . , Akasofir , S. -1. , Heikkt i&, W,J . ,
Winningham, .7.1)., and Burrows, .1. H, (197?) Slnnultaneoris obser vations ofparticle preeipit *tlon and au~oral emissions by the ISIS 2 satellite in the19-24 M LT sector , .7.  Geophys. Res. 82:2210.

16. Ii ,j i ma , T. , and Potem era , T .A .  (1978) l arge-s cale char acte r istics of field-
aligned currents assocIated wi th  substorms , .7. Geophys. Rca . 81i599,
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1

show that these result from the satellite passing through field-aligned current
sheet s rather tha n from defects of the data r ’educ’tion process .

Expanded plots of ~~~~ the current measured by the thermal electron probe
and the energetic electron flux , are gi ven in Figure 11. Arrows at the bottom of
the figure indicate t imes when the electro n spectrometer was looking up or’ down
magnetic fIeld lines, Currents into (out of) the Ionosphere are characterized by
incr’easlng (decreasing) .~11 . There are at least four ’ periods , marked at the top
of the figure , during which  ~~~ decreased, During each of these events , the
thermal  elect ron cur ’rent deem-ea sed by approx imate ly  an order of magnitude. Since
the ton densities showed no s imi lar  f luc tu a t ions , Wi’ conclude that the thermal
electron current decreased Lnet ’ause of negative n ’xeurs (errs of the satellite poten-
t ial .  Negative satel l i te  potential fluctuations indicate a local enhancement of the
energetic electron flux, The negative slope of ~ 1I~ also indicates that they are
also regIons of enhanced electron prec ipi ta t ion.  It is thus expected that the eLec-
t ron spectrometer would observe increased (decreased) fluxes whi le  looking up
(down) magnetic field lines, During events 1 and 3, the spectrometer m easured
slightly increased fluxes at pitch angles near 90”. At the t ime  of event 4 the flux
dropped to Instrument background at pi tch angles nr a ,’ 1800. These results are
consistent with  the magnetometer and thermal  probe measurements ,

During event 2 , the spectrometer nuensured fLuxes between approximately 00

and 900. Here the measured electron flux was decreasing, a r ’esult contrary to
expectations . It can be z ’en -onc tied with the ’ magnetometer and th erm al probe data
it  tine current carrying electrons had energies outside the spect ro innet er”s range
of sensit ivity,  If the pr ’ec-tp Itatlng electrons had more energy than 17 key , the
region would he nua, ’ked by an enhanced Pedersen conductivity in the lower ’ tone -
sphere. This would lead to po larization electric fie~ds that  would decrease tire
total electric field c’onnponent in tine north-south direction, No evidence of such a
fluctuation in E can be found between 60612 UT and 60616 UT (of Figure 2) . The
other al ternative is that the curren t was t ’at -r ied by field-aligned electrons with
energies less than 100 eV. By what plasma street process this could happen Is not
understood.

To sun u n n a rize : There’ is substantial point by point agreement between the
magnetometer and the thermal electron probe r ’esults. There exist regions of
enhanced soft particle precipitation embedded w i t h i n  the part of the ionosphere
that maps into the cent ral plasma sheet. These regions are quite narrow having
latitudinal widths of .. 20 km at altitudes of 1300 km. Similar’ structures have been
previously noted in INJUN 5 data. 17

17. Burke, W.J , , Donatelli , D. E. , and Sagalyn , H .C.  ( 1978) INJ UN 5 observe-
tions of Low-energy plasma In the high lati tude topside ionosphere ,
.7. Geophys, Herr. 83:2047.
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Figure 11. H I g h — t i m e  Hesolution Me n su t -n - —
m n n e n t s  of ~~~~~ tine (‘ut’ r ’ent Measured Lw t in t ’
The rnna L El ~c i ron I’robe and t ine  Energe t ic  V
Electron DIrect ional  Flux,  Attention is
directed to four ’ events dur ing  which  ~ l1~ dc-
c i-eased , ( ind ica t ing  a (‘tir rent out of the iono —

sphere

3.3 Region 2

This region was encountered between rn064 1; ITT (A 61 , 7) a nd 60t.53 1 1
• 62. 00)~ it is character ized by intense current s into t ine  ionosphere. Tine post —

tion and orientation of the cur-rent sheet suggest that  it constitutes tine r ’ctui-n cu r - - - -

rent of the aur ’oral arc. 18 Attent ion Is dir ’ected to the In noun t ( intens e cut-rent nnenns —

ured between 60646 UT and 60648 UT. Using Eq . ( 10) , one observes ti n a t  a lower ’
bound on has been set up at 10 ~iA nn 2 . Tine dr - i t t  in , et ci-  was looking close to the
ram direction. The Ion density was 3 ~ 10’ cnn - 

. It had a we stward dr’if? com-

ponent (discussed below) hut m o signif icant  velocity up or’ down the field line. The
thermal elect ron temperature , measured at 60628 1’T was 3150°K. The particle
spectrometer measured a local nn n x I mu r r u  flux of ii \ tO 7 (cm 2 set - st er )  at p i t c l n

- - angles near ~0° (60646 ITT). l’he electron flux tell below the  inst runnent ‘~~

- 

- 

18. Anderson, H. H,, and Vondrak, H. H. (1T’75) ~ bst’r’vations of Hirkeland cur-
• rents at auroral latitudes, Ret . Geopinvs . ~p. Phys . 13:243.
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sensitivity level (1O~ cm ’2 sec ’
~ ster ”1) for pitch angles near 00 bef ore rising to

a value of 2 ) <  10~ (cm 2 sec ater ) ’1 as the satellite passed over the aurora l form ,

A current of 10 ~A/ m 2 corresponds to a charged particle flux of 6 X IO~ (cm 2

sec) ’1. For the most part , this current must be carried by cold ionospher ic

electrons since the energetic electron flux measured tn the region of the return
current was <io 8 (cm 2 sec ster)’~ . The thermal protons showed no measurable

field-aligned drift motion. Precipitating protrons are generally not detected in

the vicinity of inverted -v structures. Also, plasma sheet proton fluxes are

typ Ically <108 (cm 2 Sec) ” . This leaves ionospheric electrons as the only viable

candidates.
We must now consider the effects of such a strong current on the stab ility of

the ionospheric plasma. If the thermal electrons are considered to be the main
current carriers, it is possible to estimate the component of their velocity along

the magnetIc field ,

Vet1 
r j 1g / qN ~ (11)

For >‘ 10 ~A/ m 2 and Ne 3 )C 1O 9 rn ”3 , Vet1 ~ 20 km/sec. The thermal speed
(a e) of the electrons — 300 km/sec. The ratio Veii /a e ~ 0. 07 is approximately
equal to the critical value for the onset of 0~ cyclotron turbulence with Te/T I 

_., 
~~ 

19

This turbulence chang es the effective collision frequency V eil of drift ing electrons .
The resistivity of the field lines is given by

Vt ef f /~ p e eo wpe) (12)

where w is the electron plasma frequency. In anomalously resistive plasmas
expe r imentally observed values of v ~,/W range between 5. 3 )( 10 and

-2 20 e pe
2. 5 X 10 , Thus rj should lie between 200 and 900 ohm-rn. SubstitutIon int o
ohm ’s law, E 11 rlj~ shows that E11 should fall between 2 and 9 mV/rn. It should

be noted that Insofar as our calculations of is a lower limit , so too is the
possible range for E 11.

Evidence for the existence of a component of E parallel to B at —60647 UT

must now be considered. The measurements (Figure 2) went through a local

minimum at 60645 UT then began to increase in a sinusoidal fashion, Between a
60647 UT and 60648 UT , 

~m abruptly approached the level of #~~<b• That is, aside

19, KIndel, J ,M. , and Kennel, C. F. (197 1) TopsIde current instab ilities ,
J. Geop hys. Re.. 78:3065.

20. Shawhan , S. D. . Faithammer , C. G.,  and Block, L. P. (1978) In the nature of
large auroral zone electric fields at 1 RE altitude, J. Geophys. Re..83:1049.
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from the potential due to the satell i te m otion across tnnagn n e tk -  field li m es, n~
potential difference was utensured along the dipole . This implies t h a t  eIther  E
went to zero or was perpendicular to the dipole or ientation .  The f i r - s t  hypothesis
is cont radicted by the relative currents rineasur’ed Lw t in e  dr - i t t  t i ne t e r  sensor- , 1
and 3 between 60645 iT and 60650 I T .  I-’igur -e 12 ~how~ t h a t  1

~ I.~ throughout
this period. Prior to 60647 UT . the I I 1.~ rat i o  was 1.4; I t  dee m-eased to 1.05 at
60647 I T  then returned to a value of 1. 4 . A ca l cu la t ion  t in Appendix  A show., that

dec rea sed from 29 , 8 mV rn to 8,9 n-t V i nn , then r ’etum-ne d to 30 , 0 m n n V i n ,  Since
~ 0 it must be ~ rented perpendicular to the dipole, The orientat ion of th e

dipole and the pr ’oject ion of 13 in the sp in plane at t ;0647 UT is given in l-’igure 16 .
Since E~ 8. 9 nn V in • a s inn plc t rigonomet n c a i’gument leads to a value of

10. 2 mV • v . This is s l ight l y hi gher than the uppe r range of 1; calculated
above. It we have underest imated i by a factor ’ of 2, E~ would lie in the m u d d l e

* of the calculated range.

Io_ .e — - ~~~~~~~~~~~~~ •--.-- - --—. t
I

,o—10. L I. I i . .~. -i~~60642 60646 60650

Figure 12. Current Measurements
by the Ion Drift Sensors I and 3 near
60646 UT. The fact that 1~ “ 13 indi-
cates that the plasma has a westward4 drift component. The arrow indicates
the t ime at which sensors 1, 2 and 3
were facing closest to the ram direc-
tion

3.4 Region 3

Region 3 corresponds to that of the auroral fornu noted in the DMSP imagery
t (Figu re 6). It was encountered by S3-2 beginning of 60653 UT , As mentioned

above, magnetic field lines were traced ft-on-n the altitude of the satellite to that of
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the arc . W ith  allowance for the earth’ s rotation , i t was  found that  tine 53-2 pos ition

at 60653 i T  agreed wi th  that of equatorwar d boundary of the auronal arc .

Data relevant to an understandIng of the electrodynamics of Region 3 am -c pm-c-

sented in FIgures 13 and 14 . lmn Figure 13 we have plotted as functions of universal

t ime and A :  (a) the potent ials measured m y the spinning dipole and the quarter ’ -

wa ve sine functions to  which the ’y have been l i t ;  (b) the spin axis component of the

magnet Ic fie ld;  and (e ’) the electron direct ional  flux using ar’rows to indicate  times

when the sensor was elo~ e~ t to looking up amnd down m agnetic field lines. The

electron sluectra that  ‘mer e mnuea sui ’ed appm ’oxtnu atel y n -very other second are given

in 1- i gurt -e 14 . Time’ range of pit ch angle ’s se amimn e ’ d dur -Ing the one second of measure—
n-tents i~ indicated f~ m ’ ,‘eler ’e’rn’e. The’ dott ed li m es indicate the erne count per a c cu —

n iu l a t i n e n  pt ’ri~ d f lux  level,  An t ’Lee- t t e en  f lux  at or above th i s  level is indicated by

-, —,-—.- .

° 
F
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Figure 13. Measurements In Region t as
• Functions of UT and A .  Plot (a) gives the

potentIal and the fitted function (dotted
lines); plot (b) gives 4I3~, and (c) the d e e  -
tron directional flux -
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I-’igure 14. Electron Spectra Measured in Region 3. The range
of pitch angles and the UT of the measurements are indicated

a solid line. Because the satellite potential was severely depressed throughout the
60653 U T - 606700 UT t ime period , no addItional information could be gained from
the thermal electron probe.

Electric field values given in Figure 8c were quite variable in Region 3. How -
ever, these values were calculated using 

~tit ’ Variations on tin -n e scales less than
5 sec are smoothed by this procedure, Finer time scale resolution may be gained
by comparing values of e and 

~ fit ’ Except for 60662 UT when e and fit had
opposite sIgns, the electric field has been underestimated (overestimated) at times
when ‘se ’ <~~>~ ~~~ Thus the value of E j ust prior to entering the arc was
— 1 /3 greater than the calculated value of 66 mV/v.  The electric field strengt h

abruptly to its pre-arc value. Between 60671 and 60676 UT the field weakened,
then increased. A third weakening-strengthening cycle is again found between

~~ decreased rapidly to an average value of 0. 5 mV 1rn . At 60665 UT it increased

60682 and 60687 UT. After  this t ime the “northward” electric field component
weakened rapidly and reversed sign at 60710 UT. The electric field sign reversed
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is evidenced by phase shIft of — 1800 in the e signal. ThIs reversal is interpr’e-
ted as tine signature of the satellite passing from the auroral oval to the polar cap.
We note that in the late evening sector a dawn to dus k electric field has a weak
southward component, -

The three weakening-strengthening E field cycles encountered in the period
immediately following 60653 UT are set off in Figure 13 by dashed lines. When
compared with the magnetometer measurements, the weakening or low E field
portions of the cycle correspond to periods of relatively steep decreases in ~~~~

• Conversely, the strong E field portIons of the cycles correspond to periods when
was decreasing very slowly. During the strong E portion of the firs t cycle,
was actually increasing; that is , weak E fields occur In regions of strong

currents out of the ionosphere and strong E fields in regions of ‘i 0.
If the currents out of the ionosphere are carried by precipitating, energetic

(keV) electrons, then enhanced Pedersen conducttvttte s are expected in the lower
ionosphere, 21 In a steady-state condition polarization electric fields should
develop across the regions of enhanced conductivity to reduce the cross-art- elec -
tric field component. 22 In regions of — 0, electron precipitation and (ono-
spheric conductivity are reduced, Here the full strengt h of the convective electric
field is observed.

This interpretation is supported by the S3-2 energetic electron observations.
The maximum electron flux was measured at 60655 UT when the sensor was de-
tecting particles with  pitch angles between 52° and 70°. The electron energy dis-
tribution appears to be that of an inverted-V event. 11 The peak energy of the
spectrum shifts to higher values between 60653 and 60657 UT. SignIficant fluxes
of electrons were measured between 60659 and 60664 UT while the sensor was
looking down the field lines at mirroring and backscattered electrons , The ob-
servatfon of backseattered keV electrons in a region of decreasing ~~~~ Indicates
that the precipitating electrons were of the same or greater energies . These
electrons are capable of producing visIble auroral lum inosity and enhanced con-
ductivity. / t t  60666 UT the electron flux abruptly fell below the level of detect-

ability and remained at a low Level until 60671 UT. DurIng this period aAB~/8t ? 0

and E briefl y went to its highest value. 
( 

-

As the slope of the AB~ curve became negative at 60671 UT, E began to de-
c rease and the electron flux increased , The spectrum measured at 60672 UT is
narrowly distributed In energy around 4 keV. As the detector moved away from

21. Rees , M. H. (1963) Aurora l Ioni zation and excitation by inc ident energetIc
electrons , Planet Sp. Set. 11:1209.

22. Bostrom, R. (1964) A model of ant-ora l electroj ets , .1. Geophys, R ca. 69:4983.
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looking up the field Line , the measured flux deer-eased. Tine fact that ~~~~ and E
cont inued to decrease until 60675 UT suggests that the cut-rent was ear’ried by a
highly monoenergetic beam of electrons (perhaps acceler’ated by a double layer-
parallel eLectrIc field at altitudes well above 1300 km) . The beginning of the
third cycle is marked by a sudden decrease in ~~~ and a decrease in E, The
spectrometer was looking down the m agnetic fieLd line but did not detect any back-
scattered tiux. The increasing E field at 60675 UT when the measured elect ron
flux was increasing, appears to contradict our hypot hesis. However , the spectra
at this time indicate that most of the electrons had energIes less than 1 keV. Most
of t he ionization produced by these electrons is at al t i tudes greater ’ than 150 km.
In this ease, the integrated conductivity of the ionosphere would remain at a i-cia-
t ively low value.

The 53-2 observat ions suggest a more complex situation than might be assumed
from the DMSP image which showed a s ingle aut ’orai al- n - . There ar-c several
explanatIons of this apparent differ -once:

I . Two new arcs developed in the 14 n -ti n between the DM- SP and S3-2 ever-
passes.

2. Due to thei r -  f inite extents in al t i tude and la t i tu de  aiom g slanted magnetic
lines, several arcs overlapped in the Dr~1SP image.

3 . only in cycle I was the precipi tat ion suff ic ient l y energetic and intense to
produce a visual luminosi ty  greater than the 2 kH DMSP lower ’ l imi t  of se -us i t iv i t y .

The constancy of the Dixon Island magnetogram (Figure ii) makes the f i r - s t
hypothesis seem unlikely. The low ener-gv ef the elect ron flux observed dur ing
the third  cycle suggests tha t  the thir ’d hypothesis may explain the t h i rd  cy~ j s  da ta
but it is a less likely explanation of the secon d c e - i c ’ , It seems likely tha t  S3-2
passed over three parallel aur ’ora l ar-cs . The n -te st  poleward may have been sub —
visual. Due to the slant of the magnetic field lines , the other ’ two parallel z n m n -s
could not be resolved in the DMSP image.

4. CONCI.LJSIONS

In this paper we have given a detailed description of the Inst run ~tent at  ion • 
-

aboard the polar orbiting satellite 53—2 and the ways in which mncasurement s a m - c ’
reduced to give geophysically meaningful quantities. Cleophysical in format i on
contained in the high temporal resolution data has been iLlustrated usi mng the niens-
urements of an auroral overpass in the late evening sectom ’ when simultaneous
DMSP imagery was available. The validity of data reduction processes is

23. Tot-bert, R.B., and Mozer , F. S. (1978) ELectrostatIc shocks as the soum ’ec
of discrete auroral arcs , Geophys. Res. Lett. 5:135,
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corroborated by deta iled comparison of stmultan.ous m.s.urom.nts of th . entire

- 
complement of scient ific .xp.r tm.nts on the S~4 -3 s.t .IitIe .

Data presented here suggest t hat th . auror al ova l t in  be divided into three
regions . In the region of the diffuse auro rse, vet-v compLlcat.d struc t ure s of —

currents into and out of the Ionos phere were observed to be superimposed on
general trend of cur rent Int o the ionosphere. Simultaneous depr essions of the
satellite potential relative to the ambient pLasma indicate that the cur re nts are
real rather than artI fact s of the data r eductio n process. The second region,
characterized by an inten se current into the ionosphe re , is probabLy the return

- current assocIated with an adjacent auro raL tom-rn observed by DM SP. The current
- 

is carried by cold Iono spheric electrons d rifting up magnetic field lines at speeds
close to that required for the onset of O~ cyclot ron turbulence. Evidence for a

• localized parallel electric field of — 10 m V - r n  wa s examined. The thi rd region 
- 

-

was that of the auroral fo rm detected by DMSP. Cyclical decreases and inc reases
in the component of the electric field across the are suggest that 53-2 passed over
a series of three parallel auroral arcs. The most poleward of the arcs was prob-

• ably subv isual. The other two were not resolved in the DM SP imagery due to
their spatial proximity and the slant of magnetic field lines,

I
I
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A ppen dix A

Electric Field Components at 60647 UT

In this Appendix , we calculate the components of the electric field at 60647 UT ,
using measurements by the ion dr i f t  meter to determine the component in the spin
plane that is j  to i~. A schematic of the sensors l~ 2, and 3 (Figure 15) shows
that at this t ime sensor 2 was pointing close to the direction of the satellite ’s
velocity vector. The currents to sensors 1 and 3 are

= - N q V ~~.
(A l )

I3 = - N q V ~~.~~i2

where N is the plasma density: is the total p lasmn~a velocity in the rest frame of
the satellite ; and ~L are unit vectors normal to the apertures of sensors 1 and 3:

~ 1 ’ cos 4O°j - si n 4 O °
(A2)

- 
I fl

3 
- COS 40° ~ + sin 40° 

~~

In the satellite ’s frame of reference, the plasma bulk motion has three terms: F
- ( 1. The satellite motion relative to an eart h centered inertial system. At

60647 UT

7.05 i + 0.15 ~~(km/sec) (A3)
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2. The corotatlonal plasma drift

Vc = _ c le r stn A y~~~~ 0.5~~~km/sec (A4)

where = 7.3 X 10 ”
~ sec ”

~ is the earth angular speed; r = 7. 7 x io~ km is the
satell ite ’s distance from the earth’ s center , and A = 65. 5°, the geographic latitude
df the subsatellite point on the earth’s surface V

~ .
3. The cross-spin plane drift due to the component of B in the spin plane tha t

is ~ to B (E~ 1
).

(A S)

Substituting (A2) to (A 5) into (Al )  and forming the ratio I l / I.( E , we obtain

.~2.L = 
1.09~ - 1 (A ’ - )

B 0.l24(l +~~)

At 60646 UT and 60647 UT , ~ had values of 1.45 and l.Oa, respee’ttvelv . The e~~ --

• t r ic  field at 60646 UT was 30 m V/ r n .  Substitut ion of the values ~( r •c “-1 I I
and 60647 UT as well as E at 60646 UT allows us to cal culate i~: at - -i ’ .1 - I ‘IP1 P1

E~ 1 (60647 UT) 8. 9 mV/ rn

Having determined E~~1. we find It floW possible to es t im ate F~ , the i-iwn~-

nent of the electric field in the spin plane that  is parallel t e ’  H. ‘I ’. -I~ th i . , ~~.

need to know the orientation of and the dipole (I” igu re I ’d . I Pa , -  - - ‘  .“ a’ ‘ts ~~i .,1

E~~1 Is found by assuming that the value of 4’ $ 75” ca Lc ulated at . 4 t ,~ 4 ,  I I ta

stant. The dipole orientation can be estimated by ree’ognhim n g that t tw-

excursion of occurred -
~~ 0,3 sec after  went through a maatrnun: .  I Pa.

orientation of the V X B component in the spin plane is- determined trnm lw’ -cain -

lite altitude and the IGIiF model. The satellite spin rate r~ - 18” ‘ m t  ..‘ - i h u - ~.
the dIpole has moved 60 beyond Its position at the tna xl ,nu in . The ’ .,n~ I.-
between the dipole and the Z axis is 340

, t”rovn simpLe trrgon- .rimntrm ,~~~.nst ~I, t - a-
tions , It is seen that E~ 11 E~ 1 tan 49° 10.2  rnV mu .
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FIgure 15. Schemat ic Represen-
tation of the S3-2 Ion DrIft Meter
Orientation at 60647 liT

DIpo~ •pu~ d uectto n

t

_

.I. 1
- 

‘-~~

‘

~~~ ~k~
’v~/ \otp eiu

Figure 16. Orientation of the Elec-
tr ic FieLd Dipole at 60647. 5 UT.
The pro jectIon s of the ambIent B
and B fields as well as the electric
field due to the sateLl ite motion are
indicated
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