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I. INTRODUCTION

The objectives of this contract are: (1) to relate the 6300 A emissions

as observed by the ISIS-2 scanning photometer to the causative electron fluxes

which are simultaneously observed by the ISIS—2 Soft Particle Spectrometer.

The energy sub-region of the electron flux which is primarily responsible for

the 6300 A emissions will be delineated to the accuracy available with the

ISIS-2 instrumentation. It is hoped that an empirical relation can be derived

that relates electron energy flux to 6300 A flux. (2) To compare the particle

fluxes and 6300 A emissions (and the conclusions derived in Item 1) with simul-

taneous electron density profiles obtained by the ISIS—2 topside sounder. The

basic goal of such a comparison will be to ascertain if it is possibl e to

infer gross characteristics of the ionosphere (e.g. f0F2, plasma trough boun-

daries) from 6300 A and particle flux measurements. (3) To relate, where
poss ib le, the results obtained in items 1 and 2 to the dynamical effects pro-

duced by substonns. Specifically we will evaluate if it is possible to infer

the motion of boundaries such as the poleward edge of the low-altitude plasma

trough from indirect measurements. (4) To analyze the simul taneous data ob-

tained with ISIS-2, the AFGL A irborne Ionospheric Laboratory, and the Defense
Meteorological Satellite System. Again the goal will be to ascertain if iono-

spheric parameters can be determined by Indirect means.

This report represents the work accomplished during the second twelve

months of a 39 month contract. Most of the work accomplished during the

first 24 months was preparatory in nature. However, Items 1 & 3 of the

objectives have been bruught to a reasonable Conclusion.
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II. ACCOMPLISHMENTS

Item 1 of the contract states that one objective is “to relate the

6300 A emissions as observed by the ISIS-2 scanning photometer to the

causative electron fluxes which are simultaneously observed by the ISIS—2

Soft Particle Spectrometer. The energy sub—region of the electron flux

whi ch is primarily responsible for the 6300 A emiss ions will be delineated

to the accuracy available with the ISIS—2 instrumentation. It is hoped

that an empirical relation can be derived that relates electron energy

flux to 6300 A flux.”

Originally we had envisioned the necessity of determining, Indepen-

dently, the relationship between several energy bands and the 6300 A

fluxes. This would have required defining regions where one energy band

would dominate in the production of 6300 A. However, this turned out to

be unneccessary, as will be described below.

In order to expedite the analysis of a large number of passes, I.JTD

and York University developed programs to merge the data from the SPS,

ASP (5577 A and 3914 A), and the RIP (6300 A) instruments. The energy

flux within the local loss cone was evaluated from the SPS data and

computer plotted along with the three optical lines. Figure 1 shows an

example of this plot. Four energy bands are selectable at one time.

Ten passes were chosen for an initial evaluation of the technique.

Inspection of these passes revealed the comparison problem to be much

easier than originally envisioned. It was discovered that to first

order ‘ 300 electron fluxes produce a negligible amount of 6300 A

emission. This can be easily seen in Figure 1. Between 63° and 68°

- 
_
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invariant latitude there is a two orders of magnitude increase and decrease

in the ~‘ -‘eater than 300 eV energy flux with no corresponding change in the

6300 A emission rate; 5577 and 3914 A do track the > 300 eV flux increase.

Al l ten passes examined exhibit this relationship. Thus only the < 300 eV
fluxes need be considered in any relationship between electrons and 6300 A

emission.

At present we are expanding the number of passes to approximately 50.

An empiri cal relationship between < 300 eV electron energy fluxes and

6300 A emission rates will be developed from this data set during the

next year, thus satisfying item one of the contract.
As discussed in the previous yearly report a relationship between the

IMF, and AE and the equatorward cessation of >100 eV electron fluxes has
been derived. (The paper describing these results will appear in J.G.R.

shortly.) Combining the results from this paper and the work described

above the equatorward boundary of auroral 6300 A can be related to the

external IMF and AE, thus satisfying Item 3 of this contract.

During the past year contour plots of 6300 A , 5577 A, and 3914 A
emission rates have been submitted to the World Data Center. Ninety—five

ISIS— 2 passes were incl uded in this submission. 
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ROCKET—BORNE MEASURE~IENT S OF THE DAYSIDE CLEFT PLASMA : THE TORDO EXPERIMENTS

J. 5. Winningham ,1 T~ W. Speiser ,
2
4E. W. Hones, Jr.,

3 R. A. Je~ fries,
3

14. H. Roach , D. S. Evans, and H. C. Stenbaek—Nielsen

• Abstract. Results are presented from low—energy extensive plasma and field instrumentation ,
plasma analy?ers (12 eV to 12 key) carried on optical sensors, shaped charge barium
two rockets launched into the dayside cleft injections , and lithium releases (Haerendel ,
during Januarj 1975. We conclude that (1) 1975; Torbet et al., 1975; Ungstrup et al.,
atmospheric io~eraction becomes importan t for 1975b; Temerin et al., 1975; Shepherd et al.,
<1—keV electrons at approximately 250 km . (2) 1975, 1976; Winningham et al., 1975a; Wescott et
characteristics of particles in ‘inverted V’s’ al., 1975; Stenbaek—Nielsen et al., 1975;
observed in the afternoon cleft are consistent Jeffries et al., 1975; Torbet and Carlson .
with their interpretation as being due to 1973L
parallel electric field acceleration from a Another series consisting of two rocket
constant source population , and (3) launches was completed during November 1975 at
magnetospheric ‘energetic ’ (>2 keV) electrons Cape Parry. These vehicles included particle
intermingle with ‘magnetosheathlike’ plasma in detectors, barium lined shaped charges, plasma
the cleft , drift detectors , and energetic particle sensors.

In this paper we will present results from
Introduction the soft particle spectrometer (SPS) (Heikkila

et al., 1970] instruments carried as an
The past two years have marked a dramatic environmental monitor on Tordo Uno and Dos. The

upsurge in sounding rocket launches into the Tordo Uno and Dos programs were designed by the
low—altitude cleft region. Prior to 1974 only Los Alamos Scientific Laboratory and the
four instrumented rocket payloads (Ma ynard and University of Alaska Geophysical Institute , and
Johnatone , 1974; Ledley and Farthing, 1974] the rockets were launched from Cape Parry by the
and one thermite barium release (Mikkelsen and Sandia Laboratories on January 6 and 11 , 1975,
Jorgensen , 1974] had been launched into or in 2349:02 and 0025:02 UT, respectively.
the vicinity of the cleft, The instrumented
payloads were launched from Hall Beach,
Northwest Territories (A— 79,7°), on March 15, Instrumentation
18, 19, and 22. 197 1, and the barium release
frost Sondre Stromfjord , Greenland (A— 74 ,50),  on The primary objective of the Tordo campaign
Decer~ber 10, 1972. was the injection of barium ions into the

In contrast , from June 1974 to November 1975, low—altitude cleft (initial results from the
15 rockets were fired in the cleft region from shaped charge barium releases are described in
launch sites at Cape Parry, Northwest the paper by Jeffries et al. (1975]). In
Territorios , Canada , and Sondre Stromfjord , addit ion to ~he shaped charge , a low— energy (12
Greenland . IJngstrup et al. (l975a) reported eV to 12 key) plasma analyzer (SPS) similar to
results from two rockets launched from Greenland the one on the Isis 1 and 2 satellites tHeikkila
in Jul y 1974; these payloads were more et al., 1970J was carried as a monitor to locate
comprehensive than their predecessors as they the detonation point relative to the cleft. For
included particle spectrometers , dc electric and prope r barium injection payloads were actively
magnetic probes , and thermal plasma sensors, stabilized in relation to the local magnetic
During December 1974 through January 1975, two field , the result being a unique SPS pitch angle
major campaigns , totaling 11 rockets, were of 450, The SPS concurrently measured the
executed in Canada (Cape Parry , Northwest differential energy spectrum of both electrons
Terr ito ries .A — 74.5 ) and Greenland (Sondre and positive ions in 15 logarithmically spaced
Strortfjord) . These launchings is~~”ded steps from 12 eV to 12 keV every 3.2 S. In

addition , there was a sixteenth step at zero
• ‘Center for Space Sciences , University of Texas energy to monitor the background coun t rate .

• a~ Dallas . Richardson , Texas 75080. Each energy level was held for 0.2 s, and the
2Dcpartment of Astro—Geophysics and Cooperative count rate was sampled eight times during this

Institute for Research in Environmental Sciences , period . Multip le sampling was employed in order
University of Colorado, Boulder , Colorado 80302. to evaluate possible temporal/spatial aliasing

5Los Alaros Scientific Laboratory, Los Alamos. occurring during the 3.2 s required to complete
NCY Mexico 87545. a Stepping sequence.

“Space Environment Laboratory, National Oceanic The energy band pass of the SPS was set at
and Atmospheric Admin istration , Boulder , Colorado 321 (being a divergent electrostatic lens , the
803q2. SPS resolution is determined by a field stop) .

Geop hysical Institute , University of Alaska , and the geometric factor (not i2cl1ing the
F,irhanks , Alaska 99701. energy band pass) was 8.6 x 10 cat Sr. It

order to match the energy band passes at full
- s r i ~ ht 1977 by the Ameri can teop hysical Union . width at half maximum (FWHM) , 22 logarthmicallv

Paper nuaber 6A0955. 
_ _ _ _ _ _ _ _ _ _ _ _  - 
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spaced steps would be required instead of the 15 the flight , AE was as large as 7SO’~. Solar wind
uaed on these flights, magnetic field data were not available for this

The energy—analyzed particles were detected period.
by 14—stage RCA discrete dynode electron Tordo Dos was launched on January 11, 1975 ,
multipliers (Bunting, et al., 19723 , and the at 0025:02 UT (approximately 1400 stagnetic local
subsequent pulses were ~‘np lified by high gain time). The two days encompassing the Tordo Dos
bandwidth amplifiers [Smith, i~72J . flight were relatively quiet; January 10 was a Q
Pos t acce le ra t ion  was employed to increase the day and January 11 was a QQ day. The Kp value
detection efficiency of the multip liers at low for the last 3—hours of January 10 was 1+, and
energies . The pul se train from each amplifier for the first 3—hours of January 11 the Kp value
was log2 compressed and stored for subsequent was 2. Examination of Figure lb shows that
telemetry to the ground . magnetic activity was weaker and more

representative of classical substorm morphology
Itagnetic Conditions during the 6—hour period bracketing Tordo Dos

than during Tordo Uno. The flight of Tordo Dos
Tordo Uno was launched on January 6, 1975, at occurred during the recovery phase of a sm~1l

2349:02 UT (approximately 1330 magnetic local high—latitude substorm (maximum AE 250Y).
time). The Kp value for the 3—hour period Interplanetary magnetic field data frost Imp 8
including the flight was 6+ and for the were available during the Tordo Dos flight and
following period was 8—. Figure la gives AU and are presented in Figure 2. The IMF went
AL for the 6—hour period bracketing the Tordo southward at 2216 UT on January 10 and remained
Uno flight. It should be noted that the AE southward or close to zero until 0102 on January
index shown is based on the standard 11 auroral 11, when it became positive again. A more
zone stations plus data from an additional 8 detailed description of the motion of the cleft
stations in Greenland (courtesy of T. S. and its relation to the IMP during January 10
Jorgensen) and Scandanavia (courtesy of R. S. and 11 can be found in the work of Stiles et al.
Pellinert). Inspection of Figure is indicates [19773.
that the magnetosp here was in an extreme state
of agitation during this 6—hour period. During Experimental Results

~~~~~ Tordo Duo. As was meotioned in the previous
section, Tordo Uno was launched during a period
of prolonged magnetic activity. Examination of
the bottomside sounder records from Cape Parry
and Sachs Harbour (see Jeffries et al. [1975]
and Stiles et al. [19773 for a more comple te

z description) indicated that the equatorward edge
of the cleft was south of Cape Parry. The
general characteristics of the ionograms
indicated precipitation of particles at both
Parry and Sachs. As a result of the above

300y considerations a dec ision was made to launch
westward in order to avoid possib le exiting the

I prec ipitation region northward into the polar
- cap. Figure 3 shows the projection of the

2 1 22 23 00 0 1 02 ~)3 rocke t trajectory to 100 km along the earth s
___________________ -‘ - 0 magnetic field. From Figure 3 it can be seen

JAN 6 JAN 7, 975 that the rocke t traveled from approximately 750
to 16.40 invariant latitude.~~ A synoptic view of the electron data from
Tordo Uno is presented in the energy—time

. .3 ~~~~ spectrogram format in Figure 4. This format is
essentially the same as that used for Isis 1 and

A E .AU ’AL  2 spectrograms (see Winninghaa et al., l975b] ,
with the addition of the altitude profile (solid
line) to the energy f lux panel and the launch
universal date and time at top left . The Z axis
(grey sca le) of the spectrogram ( top panel) has

I ,,.—AL been sca led to give the count per U.fl am
I instead of the actual acumulation period. This

was done in order to have the same relationship,
between count/accumulation period and grey
scale , as that in the Isis 1 and 2 spectrograms.

One of the most striking features observed in
the electron spectrogram is the absence of major
spatia l/temporal structure. Thie was not the

Fig. is. AU and AL indices for January l~, case for Tordo Dos, as will be seen in the
1975. The auroral index is constructed of following section. Throughout the Tordo Uno
the standard 11. auroral zone stationø plus flight the count/accumulation period
an additional 8 stations on the nightside (differential energy flux) maximized at
in Grumniand and Scandanavia. approx imate ly 100—200 eV.

- —
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Fig. lb. Sane as Figure la but for January 11, 1975.

A 6300—A scanning photometer belonging to G. independent (Figure 7). 
- 
At 2353:26.4 UT an

C. Shepherd , York University, and an all—sky abrupt increase in magnitud e was observed in all
camera were operated at Sachs Harbour during the energy channels below 1021 eV. The only
Tordo campaign . The photometer indicated a spectral change occurring was a slight
uniform glow of about 300 R, increasing to 1 k R enhancement in the lowest energy channel (12
towa rd the south of Cape Parry during the flight eV). At 2354:30.4 UT an abrupt decrease was
of Tordo Duo. Also the all—sky camera data observed , after which time the f lux remained at
showed a lack of arty discrete aurora, values close to the preincrease level except for

A more quantitative presentation of the data three narrow bursts.
is given in Figures 5, 6, and 7. Figure 5 At energies below 87 eV an initial flux
presents electron differential flux versus increase with altitude was also observed .
altitude , Figure 6 a representative electron However , at later times the flux profiles were
spectrum near apogee , and Figure 7 differential not identical to those at higher energies
flux versus time. Inspection of Figure 5 and 7 discussed earlier. The initial slow increase
reveals, as did inspection of Figure 4, the was observed in the 52.8—eV chanrtel but not in
absence of dramatic acceleration events (see the 30.8—, 18.9—, and ll.7—eV channels. The
Figure 8 for comparison). 30.8—eV sample exhibited a relatively flat

Throughout the flight the electror. spectrum profile with altitude prior to the increase . At
can be div ided into two relatively distinct 18.9 and 11.7 eV a relative maximum was
regions , abov e and below approximate ly 2 key, observed , the l8.9—eV sample leading the ll.7—eV
Below 2 key the spectrum appears to be comprised sample in either space or tine (2351:30 and
of a low—energy ‘primary ’ plus ‘secondary’ 2352:00 UT, respectivel y). As in the higher
population , the pr imary portion of the spectrum energy channels, an abrupt increase and decrease

• being broader than a Maxwellian curve. For in flux was observed after 2353:26.4 UI.
reference , a Maxwellian curve has been inc luded Throughout the flight positive ion fluxes
In Figure 6 and has been normalized to the 87—eV were weak. At apogee the peak ion flux occurred
experimental po int (most of the spectra around in the few hundred e1ectro~ vo1~ ran~e wph flux
apogee exhibit a relative maximum at 87 eV). levels of approximately 10 cm ar a
Also included in Figure 6 are representative Tordo Dos. lonosonde returns obtained prio r
near—concurrent plasma man le and magnetosheath to launch indicated tha t the cleft was poleward
spectra measured by Hawkeye (courtesy of L. A. of Cape Parry and close to, but poleward of,
Frank). The Hawkeye data will be considered Sachs Harbour . (The ionosonde returns for this
again in the discussion section. day are described in detail by Stiles et al.

The electron spectrum above 2 keV was (197 7] .) The decision had been reached that
statistically poor but well above the noise Tordo Dos would be launched across the
level. Typical counting rates were less than equatorward boundary of the cleft, In order to
100/s. The spectrum presented in Figure 6 is art accomplish this goal the launch azimuth was set
average of 26 spectra (83.2 s) beginning at as close to magnetic north as range safety
2350:36,8 and ending at 2352:00 UT. The requirements would allow (Figure 3).
deviation of each individual spectrum from the From high voltage turnon at 0026:27,6 UT (180
average was minor, This high—energy portion of kin) to 0028:13.2 UT (390 Ion), downcoiiiing
the electron spectra increased and decreased I M P  S
throughout the flight (see Figure 7a) INTERPLANETARY MAGNE tIC FIELD
independently of the lower energy population , 

~~~~ 2200 2300 240u 0100 0200
Examination of Figures 5a and 5b reveals a —

sharp increase of flux with altitude between 180 ‘~~~ ~ 10R00 DOS—i

and 250 km. This altitude related variation was ~~~~ -

energy dependent , lower energies displaying the ~“'-~Ilargest increase with increasing altitude. -i
- 1100 200 ‘300 400 300 ML!Above 250 km (2350:56 UT) the dependence was IO - I I J A N u A R v Is~ s

mainly spatial and/or temporal , not altitudinal.
From 2350:56 to 2353:26.4 UT there was a steady Pig. 2. Interplanetary magnetic field Z
increase in the electron flux at energies component (solar atagnetospheric) from Imp 8
between 87 and 1021 eV that was energy for January 10—11, 1975. 



__________________ - -

—12-

Winningham et al.: Dayside Cleft Plume-The Tordo Experiments 1879

75
0 

~~ 
7.4~~~ ~

( vf~
a . a

~~J\ / ~~~~~~~~ f W /

/R/ Y~~’\/~~
(
~ ’ -•V ~~~~~~~~~~~~~~~~\/ 

~A~4 J /  \~ g~9~\ / ~~L / T~/-‘k / \ a’l’~1 V I\\ ~~~~~ ~ 
~~ J~ \ / 

“
~~~~~~~ I I I

/ ~ / \P&~ 7è~ \ / ‘~L—I ~~~~~ ’ X / ~
/—

~~ I I
HAR8OUR - . ~~~~ 

- -
‘ /

I ~~~~~~~~~~~~ ,~~ - .

• CAP( - :~- -
,

- PARRY
/ :~, -
/

/ — . ,

V I C T O R I A  I

ee o /
’ 

,O
OIi !fl~~ ~ 

- - .  
.

. 

•.
;
~~

• 
.• ,

. -

/ /

— — — T O R D O  UNO
—TORDO DOS -. .‘ 

,

Fig. 3. Tordo Duo and Dos trajectories projec ted to 100 km along the earth’s
magnetic field.

atmospheric photoelectrons and very weak rate (region of maximum darkness or lightness ,
high—energy electrons were observed (Figure 8). depending of film polarity) moves first to
A maximum in the photoelectron flux was observed higher energy then to lower energy with
between approximately 300 and 340 km. Mantas advancing time , producing an inverted V shape.
and Bowbill (1975) predict a maximum in the Between the two inverted V ’s the electron
downcoming photoelectron flux at approx imately spectra were either peaked in the 100— to 200—eV
290 km for a 90 0 solar zenith angle. Our peak range or were due to atmospheric photoelectrons.
wa.s above this altitude, but the zenith angle Inspection of each electron apectrum during
(1000) was also larger. In addition , electron passage through the inverted V’s Indicated that

• density fluctuations , causing the observed on a gross scale the peak in _~he e~ectro1spr ead F, would result in fluctuations in the di!tribution function (particles cm sr eV
atmospheric photoelectron flux and a smearing of s ) was increasing and then decreasing in both
the attitudinal profile (C. P. Mantaa , private energy and magnitude. In addition , several
commun ication , 1976). relative maxima were observed (see FIgure 12).

Examination of the SPS data indicates that The spectrum in Figur~ lOs was obtained just
the cleft equatorward boundary was crossed a~ prior to the first ‘energized’ epectri in the
0028:13.2 UT *t an invariant latitude of 76.4 second inverted V. It is well fitted b! ~(Figure 9). From 0028:13.2 to 0029:10.8 UT the Maxwellian distribution (da~hed curved) with ‘
electron spectrum peaked at approximately ‘temper~ture’ of 1.7 x 10 and a density of

• 100—200 eV and varied in magnitude . The 0.5 cm~’ (asairing isotropy). The solid circles
spectral shape is aimflar to shapes reported in represent a correction for atmospheric
the literature for the cleft (Winning ham and photoelectrons utilizin g the spectrum measured
He ikkl la, 1974). Subsequent to this time , two •t 0030:11.6 UT. Spectra in Figure lOb are
‘inverted V’s’ were observed , one centered at representative of the peaked distribut ions In
0029:26.8 and the other at 00:31 UT. the second inverted V.
Morpholog ically, Inverted V’s are regions in All—sky camera data were obtained from Sachs
energy—t tine spectrograms where the maximum count )lsrbour , which at the the e of Tordo Do. had just
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Fig. 4. Electron energy—time spectrogram for Tordo Uno.

entered astronomical twilight (120 solar ii 5577g. The forms are not overhead but are
depression angle). In the all—sky camera data , off to the northeast at an elevation angle of
faint auroras are visible toward the north , and about 450 and 350, respectively, and the SI’S
their positions are plotted in Figure 9 together data (Figure 8) indicate the latitudinal width
with those of the two inverted V events observed of the prec ipitation in the second event to be 3

• by the rocke t particle detectors and cleft tines that of the first. Romick and Belon
returns deduced from the lonosonde data . All [1967] have calculated the brig htness of an
the data shown have been mapped to an altitude aurora for various value s of width , position
of 160 km. The height of 160 km used for relative to the observer , and heig ht luminosity
calculating the position of the auroras was profile. They find that the brig htness of an
selected on the basis of the energy spectra arc 0.3 wide at an elevation ang le of 35 (very
(Figure 8) and luminosity profiles derived by similar to the values for the second inverted V
Rees [1963]. event) would be 0.35 of the overhead value.

As can be seen in Figure 9, auroras were Furthe r , they find that auroras well away from
observed only in the vicinity of the second the zenith have a brightness roughly
inverted V event. No auroral form associated proportional to their thickness , all other
with the first event could be discerned in the things being equal. With these corrections for
data . This at first appeared strange aspect and width app lied the auroras associated
considering the very similar energies and energy with the two inverted V events would appear with
fluxes in the two events. As will be discussed a brightness of 0.3 and I kR wi th respect to art
below , the explanation is to be found in a observer at Sachs Harbour.
combination of viewing angles from Sachs Harbour Under ideal conditions the 35—mm f 1.2
and the latitudinal width of the two all—sky camera used at Sacha Harbour can resolve
precipitation events, form s of slightl y less than 1 kR in 5577 A

• From Figure 8 we find a characteristic energy [Romick and Brown , 19711 . Thus the aurora
in the two eve~ts of 1 keV and an2energy flux of associated with the first Inverted V event (0.3
about 1 erg/cm a sr or 3 ergslcm s (assuming kR) should not be visible In the all—sky data

• isotropy) . For a 1—key characteristic energy, even under ideal conditions , and given the
Rees and L~~~~y (1974) , ca1~u1ate a column twilight condition dur ing the experiment , the
emission rate of 0.16 kR/erg/cm a In 4278 A and aurora (1 kR) associated with the second
a corresponding emission rate ratio 5577/4278 A inverted V should only he marginally detectable ,
of 6. Thus the estimated brightness of the which is in good agreement with the actua l data .
form , if overhead , would be 3 x 0.16 x 6 — 3 kR It should be noted tha t the 630(~—A photometer

-
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Fig. 5. Differential number flux versus altitude for Tordo Uno.

observed , in addition to the auroral form also cleft. Comparison of Tordo Uno positive ion
detected by the a ll—sky camera , a faint arc just fluxes with Isis results indicate a position in
north of Sachs Harbour at an invariant latitude the poleward portion of the cleft. This
of 76.40. The photometer was scanning conclusion is based on two characteristics of
geographic north—south and thus was pointing the pomitive ions, namely, their low intensity
away from the rocket trajectory, and it is and low average energy. Typical results from
uncertain what relevance these measurements have Isis show the hardest and most intense fluxes at
to the observations along the rocket trajectory . the equatorward edge of the cleft with a

A strong oblique E layer return is seen in subsequent poleward softening and decrease in
the Cape Parry ionograms, and several returns intensity.
are also seen in the Sachs Harbour ionograms. Another possible interpretation of the
By assuming that the returns come from results would be that the observed electrons are
ionospheric structures aligned along constant polar rain electrons IWinningham and Heikkila ,
magnetic latitude a triangulation can be made to 1974). However, several facts argue against
determine the location of the irregularity. By this interpretation. The observed density of
triangulating on the strongest oblique E layer the primary e1~ctrons is as high as
return its position was found to lie within the approx imately 5 cm . hJinningham and Hei kki la’s
region of the second inverted V event as shown [1974) results show the polar rain fluxes to be
in Figure 9. only a few percent of the cleft fluxes. If

From Figure 9 It can be seen that the cleft these densities were measured in the pSiar cap,
as measured by the SF5 was indeed po leward of cleft densities would be >100 cm and by
Sachs Harbour by a few tenths of a degree. The inference , magnetosheath densities would be at
position of the cleft as determined by the SF5 least as large. Such cleft densities are rarely
(76.40) is coincident with the aforementioned observed. An even more telling argument comes
weak red arc even though they are separated by from concurrent measurements of solar wind
approximately 4° of longitude, densities by Imp 7 (courtesy of V. C. Feldman)

As in Tordo Uno, the proton fluxes were very and magnetoeheath densities by Hawkeye (Figure
weak. It should be noted that the SPS as used 6) (courtesy of L A. Frank). Both were
in Tordo Uno and Doe was approximately 20 tImes approximately 10 cm~~ during the period of Tordomore sensitive than were the Isis SPS’s. (The Uno.
main increase in sensitivity Is due to the
Inc reased accumulation period.) Comparison with the Hawkeye results (Figure

6) indicates a factor of approximatel y 2
Discussion and Conclusions decrease in density between the magnetosheath

and the polevard portion of the cleft. The
The exact location of the Tordo Uno results of Akasofu et al. (1973) demonstrate

measurements relative to the cleft boundaries is that the poleward portion of the cleft maps to
difficult to establish . Only one detail can be the inner edge of the magnetospheric boundary
stated with certainty, that is, Tordo Uno was layer (see their Figure Il). Additionally

• poleward of the equatorward boundary of the Akasofu et al. show the boundary laye r
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Fig. 6. Electron spectra from Tordo Uno and Rawkeye for January 6, 1975.

densities to be lees than or equal to the Above this altitude, spatial and/or temporal
magnetosheath density and to decreaee with changes predominate. In summary, Tordo Uno and
increasing inward penetration of the boundary the associated barium jet ware launched into the
layer. Thus the most consistent interpretation poleward portion of the afternoon cleft which
of the results places Tordo Uno in the polewerd contained unenergized magnetoaheathlike
port ion of the cleft, electrons. With reference to the work by

• The ‘high—energy ’ portion of the electron Jeffries et al. (1975], Figure 3 shows the path
spectrum observed by Tordo but not by Hawkeye in of the barium plasma leaving the vicinity of
Figure 6 can be attributed to an internal Tordo Uno to be essentially d irec t ly an tisolar
magnetospheric source , i.e., drifting energetic across the polar cap into the nightaide auroral
electrons frost the nightside. Recent papers by zone.
McDianmid et al. (1976) and Hierendel and By comparison, we know the position of Tordo
Pasc heann (1975 ) have shown that trapped Dos vis4—vis the cleft equatorwa rd boundary
energet ic electrons are observed concurrently relstiv.ly well. Tordo Doe was launched
with entry layer and cleft plasma. Eastm*n _eg equatozvard of the cleft, crossed its
jj~ ~l976) find that electron spectra in the equatorvsrd boundary, and encoun tered two
boundary la yer develop high—en ergy (few key) invertsd V’s in the cleft prior to barium
tai ls wi th increasing inward penetration of the injection. In assuming th. cleft boundary to be
boundary laye r and have associated these to zonal (i.e., parallel to magnetic latitude) over
leakage of magnetosp heric plasm a into the the short longitude span traverse d and to be
boundary layer. In the prese nt case , Tordo Uno fixed for the duration of the Tord o Dos f ligh t ssampled only inside the loss cone , and thus barium injection occurred approx imately 1.9
nothing can be sa id concerning the pitch angl e into the c lef t .  The latter assumption is
distribution. Spectral ly,  the electron s are supported by concurrent results from the
•~mf lar to low—altitud e polar satellite loun dsys,
messure m enta In the same region (Winninghaa , The electron precipitation observed in Tordo
197 2 ) .  Dos was dramatic ally diffe rent fr om To rdo Uno.

The I n i t i a l energy—dependent increase in ‘Nonoenergetic ’ peaks wer e observed (Figur e lOb)
e lectron f lux w ith al t i tude (c 250 las ) is due to in the electron spectra, and the energy of these
the int e raction of the primary beam (Banks .t peaks varied sys tematically, i.e., the inverted
at . ,  1974 , Figure 16) with the atmo sp here. V ’s. Such behavior has been attributed to

I.. - - -- - - •  • - -~~~~~ 
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Fig. 8. Electron energy—time spectrogram for Tordo Dos.

acceleration by an electric field parallel to which we vary are V and the II Ratio , the ratio
• the earth’s magne tic field (But -ch et a l. ,  1976, of ma gnetic field strengths at the accelerator

and references therein) . To investigate this exit and at the top of the atmosphere.
possibili ty ,  the numerical model of ~~~~~ (1974) For the backscatter calculations we used the
was app lied to the data . It should be noted electron impact ioniza t ion cross section for
that the experimental data are inadequate in atomic oxygen from Banks et al. [1974] (see
p i tch angle and spectral resolution to prove or also Opal et al. [1971]). Use of the cross
or disprove uniquely any theory; only section for N2 would increase the low—energy
consistency can be shown , f l u xes  by about 12% at about 100 eV.

‘Jith the aforementioned reservations in mind Figure 12 presents the resul ts of these
the experimental spectra are easil y derivable calcula tions for the second inverted V. All
from Evans’ model. An examp le of a spectrum po in ts except the first and last are derived or
f rom the second inverted V is given in ~igure ‘fitted ’ quantities . This first point (denoted
11. A least squares ?iaxwellian fit is made to by a circle) corresponds t .~ the ‘nooaccelarated ’the high—energy tail of the observed fluxes , and spectrum (Figure lOa ) encountered 3ust prio r to
the temperature of the assumed Maxwellian p l a sm a t h~ second inverted V (see Figure 12). The last
at the top of the accelerator is determined as point (also denoted by a c i r c l e )  i s  f r o m  a
indicated on the figure. The probable error temperature fit only at that point. It can be
from the least squares fit Is also indicated, seen that even though the potential varied
The initial Maxwellian is allowed to fall d ramatically , t he den sit y ( a s s u m i n g  source
throug h a potential drop V0. produc ing a jetted isotropy) and the temperature were constant
beam at the bottom of the accelerator. The beam wIthin one standard devi atic ’n. In addition , the
then produces backscattered and secondary ‘nonaccelera ted’ density and temp erature lie
elec trons upon I n te rac t ion  wi th  the atmosphere, within the same bounds.
those upgoing electrons with energies less than ‘~ote that the nonaccelerated value s are l ocal
eV are reflected by the parallel electric field quan tities and the derived q uan t i t ies r ef e r  t o
an~ w o u l d  be observed by the Instrument as low the Input of the ‘linear accelerator ,’ as
energy downgolng particles. The ?laxwellian fit described above. Thus the inverted V h as as its
together with a choice of V fixes the density n source pnp ulari

1
on s ‘laxwellian wi th 5 density of

of the assumed Maxwe1~ tan p l asma. The O.N7 ±0.25 cm and a ~empe rattsre of 117 ± 24
accelerating potential is then varied , producing eV ,

the solid curve at low energies in FIgure 11 . If all the as~ ump ttons in Evans’ model  are
until a ‘beg t fit ’ to the data Is obtained , valid in tisis ease , the approximate rosition of

L Thus for this model the only f ree  parameters the exit of the accelerat or can be determined
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TORDO DOS from the B Ratio. The derived value of 12.5
I IJAN 975 ;.0025 O2uT gives an approximate lowe r limit of 1RE above

1.355 95 Ia 319.ISs.c Tordo or 2 R~ geocentric . This value is
GEOGRAP HIC COORDINATES consistent with the lower limit value obtained

ALTIIUDE ’SOlkIa LAT ’72’ LONG. .120.9’ by assuming that the collimation cone had
P I TCH ANGLE ‘45’ expanded just enough to includ e the measured

10’ INVARIANT LATITU DE • 77. 5 
pitch angle.

Our results are in basic agreement with those
of Burch et al. (1976) except for one feature.

SO . 

•\ Burch St ci, pointed out that in all the cleft
inverted V ’s they obeerved the characteristic
energy (temperature) went up as the acceleration
potential increased . They interpreted this as a

o~ heat ing as well as an acceleration of the source
“
,. io’ . population. The results as shown in Figure 12

—. ,‘ S~ ind icate that no statistically important heating
occurred for this second inverted V event on

,i io~ 
. 

• Tordo Dos. Howeve r , some remarka on the nature1.1.7 1(10 ‘II S
N,’O.Sc c ’ ~ of the high energy tail are in order, We found

2 that with few exceptions the more high energy
SO • data points we incl uded in the least squares

routine , the hotter the temperature of the
I •coeerCreDsv plasma . Thus the high energy tail in the10 

inver ted V event is non—Maxwellian. Since the
I5VJ?O(Lf Cl ~~ ?lS potentia l is chosen primaril y to find a fit to
.,. ‘.~~ 

, , ,,,,. ~ , ,,,1,a~ . .,.,, the lower energy portion of the spectrum and
0~ so’ so2 o~ to io’ since this depe nd s mostly on the fluxes near the

ELECTRON ENERGY leV i peak of the beam , we used onl y two or three data
points near the beam maxim ue to determine the

Fig. 10.. Electron spectrum obtained prior to temperature for the results shown in Figure 12
entry into second inverted V observed by Tordo (for example , in Figure 11, f l uxes at ene rgies
Dos. of 634.4, 1033, and 1655 cv), In addition , da ta

______________
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no longer find a reasonable ‘fit ’ to the
spectrum.) The temperatures of these eight cases

C
s.
~ 

A—00.30 33.9e uT did come out high er than before , necessitating30 55. 3su 1
red uced values for V in some cases , with a

A genera l trend of °te ist perat ure and V0
- 

proportionality. Linear regression analysis in
~ this case yields a temperature of 0.06 V + 102

I cv , but the correlation is not high (cor~elstions I coefficient is 0.35).I .V 
- 

I It therefore appears that our analysis is
I consistent with no apparent heating of the• I ’0’ - . plasma at energies near the beam maximum , but

some hea t ing a t higher energies proportional to
V cannot be ruled out. It is equally possible‘

~~ IO~ - teat the non—liaxwellian nature of the tail isaI 
feature of the original plasma (see Figure iDa),

Burch et ci, (l976J reported the cleft02 inverted V’s to be in a region of antisunwa rd
TORDO DOS “

~ \ convection, No convection measurements were
II JANUARY 1975 UT 

- 
available at the position of the Tordo Dos
inverted V’s. However, the barium streak was
released approx imately 7 km poleward of the

I I II~~ second inverted V and drifted antisunward at
00 10’ 1o 2 0~ IO~ 1o5 approximately constant magnetic latitude

ELECTRON ENERGY (eV) (Jeffries et ci., 1975, Figure 3).
In conc lusion, Tordo Dos crossed the

Fig. lOb. Representative electron spectra ob— equatorwa rd boundary of the cleft , traversed
tam ed in second inverted V observed by Tordo approximately 1.9

0 of its extent , and
Dos. encoun tered two inverted V’s. The inverted V’s
points at the lower intensity levels are
experimentally less well determined. I I I I

To tes t  this apparent disagreement with Burch
TORDO DOSet al., we ran new ‘fits’ using the criterion 
~ I I , 1975 THETA.45’that we would use all d~ta i~ th1 tail wit~ flux .!

values greater than 10 cm a sr eV . By 14

using this criterion , only 8 of the 23 cases are ~ 200
temperature went from 54 to 127 eV, but we could w
changed . (In one case , at t— 0030:30, the 
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Pig , 11. Exper imental and modeled electron Fig. 12. Denaity and temperature derived from
spectrum for second inverted V in Tordo Dos Evans ’ (l974~ siodel for source spectrum of
data. Model spectrum generated by using the second inverted V observed by Tordo Dos and
numerical model of Evans (1974). th. necessary potential drop. See text.
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by utilizing a constant source temperature and and J. D. Winningham, The soft particle
density and a varying potential. A ‘best guess’ spectrometer in the Isis—i satellite, Rev.
p laces the accelerator at a minimum geocentric Sci. Instrum,, 41, 1393, 1970.
distance of 2 R • The barium injected just Jeffries, R, A., V. H. Roach, E. W. Hones, Jr.,
subsequent to the
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second inverted V drifted E. M. Wescott , H. C. Stenbaek—Nielsen,

essentially parallel to the cleft (i.e., at T. N. Davis, and J. 0. Winningham, Two
approximately constant magnetic latitude) and barium plasma injections into the northern
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Numerical Model of the Convecting F2 Ionosphere
at High Latitudes
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Utah State U niversIty. Logan, Utah 84322

3. D. W I NN I NO H AM AND D. M. KLUMPAR

University of Texas at Dallas. Richardson, Texas 75080

Time-dependent behavior of tubes of F layer plasma is computed for tubes carried around several flow
paths in the polar region. The flow paths are those proposed previously by Knudsen (1974). Ionization
sources include direct and scattered solar photons and measured fluxes of precipitating energetic elec-
trons. Computed electron concentrations are compared with measured concentrations from topside
sounder data obtained in the same satellite pass as the energetic electron flux data. The following
conclusions are drawn: The proposed convection pattern produces a tongue of F layer plasma over the
polar cap with electron concentrations consistent with the measured concentrations. Had the F layer been
assumed to be nonconvecting over the polar cap, the computed concentrations would have been a factor
of 10 too small . Rapid convection of plasma across the cleft prevents significant increase in N,,F, at the
cleft. Rapid convection must exist through the intense nightside auroral energetic particle precipitation
zones, or a compensating electron loss mechanism must develop to prevent the buildup of an ionization
ridge. A mid-latitude trough is formed by the proposed convection pattern with only normal F layer
rccombins.tion processes operating. The low concentration in the trough is maintained by scattered solar
EUV photons. The trough predicted by the numerical model is not observed in the topside sounder data.

INTRODUCTION thus neglected, and the enhancement of electron concentra-
In a previous paper, Knudsen [1974) presented a model for tions at altitudes above approximately 400 km in response to

the convection field of the high-latitude F layer and evaluated electron heating will not be reproduced in the model.
semiquantitatively the expected time-dependent behavior of a The variations of the neutral constituents N,, 0,. and 0 with
tube of F layer plasma carried around the polar regions by the lat itude and local time were derived from the model atmo-
field. The proposed field appeared to explain many of the high- sphere of Jacchia [1971) for winter (solar declination. ~ 230)
lat itude Flayer anomalies. The purpose of the present paper is and medium solar activity (f ,.., = 130 X lO~~ W rn ’ Hz~’).
to present the initial results of a more detailed numerical study The NO density was the same as that used by Schwsk and

of the behavior of the high’latitude F layer. Tubes of ionize- Walker (1973).
tion are subjected to time-dependent ionization rates from The numerical solution was obtained over the altitude range
both solar photons and precipitating energetic electrons as the 120- 500 km. The upper altitude limit was set at 500 km to
tubc~ follow the convection field proposed in the previous ensure proper convergence of the solution for reasonably sized

paper, and the time-dependent response of the plasma within time steps. The fluxes of N0~ and 0,~ were set equal to zero at
the tube is computed. the upper boundary. To simulate the loss of O~ through

operat ion of the polar wind, the upward velocity of 0~ ions at
NUMERICAL MODEL the 500-km boundary was assumed to be constant at 10 ms -’ .

The time-dependent behavior of the plasma within a mag- At the lower boundary the 0,’ and N0~ concentrat ions were
netic flux tube was computed with a numerical code developed arbitrarily set to It)’ cm -’. Also at this boundary the 0~
by Schunk and Walker [1973). The code solves the coupled density was assumed to be in chemical equilibrium and was set

momentum and continuity equations for NO~, 0~’, and 0~ 
equal to

ions in the E and F regions. Minor changes were made in the P(O~)
• code to permit the addition of ionization rates resulting from 

— k1[N .J + k5 [0,J
energetic electron fluxes and also from solar EUV scattered where [0’). [N,), and [0,) are the appropriate densities and
into the nightside of t he ionosphere. The code was also modi- P(0’) the ion production rate of 0~; k , and k5 are reaction
fled to permit the base of the flux tube to change in latitude rates defined by Schunk and Walker (1973). The concentra.
and longitude with elapsed time in a prescribed manner. (ions of NO~ and 0,~ near the lower bounda ry are governed

The code does not solve the energy balance equation, and primarily by chemical reaction rates, so that their concentra-
consequently, it is necessary to specify T, and T,. For this tions a short distance above the lower boundary are insensitive
study we have set both T, and T, equal to the neutral gas to the arbitrarily assigned values.
temperature T,,. Heating of the thermal electron gas by fluxes The gyro f requency of the ions is comparable to or less than
of ioft electrons with energies of a few tens of electron volts is their collision frequency at and below an altitude of approxi-

mately ISO km. The ions do not ‘follow’ the flux tubes below
Copyright © 1977 by the American Geophysical Union. this altitude. We may expect therefore that the model results
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Soc ., IS (day 349, orbit 3278), 1971, are shown in Figures 2 and 3.
— o’ The satellite crossed the northern polar cap from approxi-
- - - - Nj mately I 200MLT (magne tic local time)to 2300MLT(Figures

/ S~~~~ 
07 2 and 3). Spectra at times labeled I— Il were selected as being

400 . ‘, \ representative and were used in computing the ionization rates

.‘ \~ produced by the electrons. The locations of the satellite at the
I ~~~ 

~~~~~~~~ \ times at which the spectra were recorded are shown in Figure

/ 
‘ 

. ..... 7. The electron precipitation was assumed to be uniform in
~ 500 . ... local time for approximately 3 hours on either side of the
E ; • 

‘.. satellite track in both the dayside cleft region and the nightside
auroral region. Auroral oval emission data in 5577 A and 3914

/ A recorded on the Isis 2 satellite [Ltd and Anger, 1973) indicate200 - . • - 
,~
.‘ that on the nightside of the oval the precipitation was, in fact,

/ more intense in the premidnight sector than in the post-
• .,. midnight sector.

— The data from the satellite pass shown represent a quiet0C
3 ~ ~~ l0~ ~~ 1Q~ ~ e period. The AE index was below 100 ’y for 28 hours prior to

SOt.aR PHOTO PRODUCTION RATES ICM 3 SEC 1) the pass except for two short excursions. Sixtee n hours prior to
Fig. I. Production rates ofO , N,. sid O~’ by solar photons at the pass the AE index went as high as 300 ‘y during a 2-hour

three SZA ’s computed by the numerical model. Those at 109° SZA period, and approximately 3 hours before the pass it rose to
represent background rates from scattered photons. approximately ISO ‘y for a 2-hour period.

The proton number and energy fluxes over the polar region
below 180 km will be in error at the E and F, altitudes near for the pass shown were 2 orders of magnitude lower than the
boundaries separating regions of different ion production corresponding electron fluxes and have been neglected as an
ra tes , important source of ionization.
The vertical drift which may be imparted to the plasma by Electron spectra for several pitch angles in the downgoing

the electric field causing the convection of the plasma and also hemisphere at each of the 11 regions enumerated in Figures 2
by neutral winds has been neglected in this first model. Vertical and 3 have been analyzed and used to derive the spectra
drift was felt to be a second-order effect which could be studied illustrated in Figures 4 and 5. The precipitating flux was rca-
after first-order effects were clarified. Some discussion of the sonably uniform with pitch angle, and the spectra shown are
expected drift is given by Knudsen [1974]. considered representative of the spectra observed at each re-
The displacement of the magnetic pole from the geographic gion. The SPS on Isis 2 measures electron flux down to 5 eV .

pole imparts a universal t ime dependen ce in t o the high.lati- For the purpose of computing ionization rates from these
tude F layer concentration , which is to be the subject of a fluxes we have arbitraril y extended the measured l0-eV fluxes
future study. For the present study we assume that the mag. to I eV at a constant level. Since the numerical code used for
netic and geographic axes are collinear. computing thermal plasma behavior does not balance energy
The ionization sources included in the model are solar EUV and since electrons with less than 10-eV energy produce no

photons, both direct and scattered, and preci pitating electrons, significant ionization, this extrapolation has no significant ef.
The method of calculating the direct photo-ionization rates for feet on the numerical results.
N2. 02. and 0 is described by Schunk and Walker [3973). We The ion production rates from the electron spectra pie-
are interested in the high-latitude F layer during winter in the sented above were computed with an early version of a corn-
present study and have calculated the Chapman grazing in- puter code for the interaction of energetic electrons with the
cidence function using — 230 for the solar declination angle. To atmosphere developed by 8anks et a!. 11974]. Production rates
simulate the ionization rates from scattered EUV, the ioniza - for regions 2 and 9, representative of the cleft and nightside
lion rates from direct photons were added to background auroral regions, are shown in Figure 6.
ionization rates produced by scattered photons. The back- The flow paths around which the plasma tubes were carried
ground ionization rates were computed with the same code in the numericil simulation are those presented in an earlier
that was used for the direct ionization rates with the following paper by Knudsen [1974) and are reproduced as Figure 7.
changes. The solar zenith angle was set to zero, and the photon Results were obtained only for paths labeled Il—VI. The flow
fluxes in the II spectrum intervals suggested by Hinleregger e: paths define the motion of plasma tubes as seen by an observer
a!. 119651 were set to zero except for the wavelength intervals in a nonrotating frame of reference looking down on the north
1027—911 A , 630—460 A , and 370—280 A. The fluxes in these polar cap. That is, the motion includes corotation so that the
in tervals were set at I X 10’, I )( 10’, and I )( 10’ photons cm ’ exposure of the plasma tubes to solar EUV photons is properly
s ‘ . respectively, and corresp ond to H Lyman ~~. He I 485 A, simulated. The tubes of plasma were convected across the
and He Lyman a [(‘hen and Harris, 19711. The total photo- dayside cleft at a velocity of I km/s and on across the cap at a
ionization rates from both the direct and the scattered pho t on s veloci t y of 0.5 km/s. They were again convected across precip-
for three solar zenith angles (SZA’ s) are given in Figure 1. ita lion region 7( Figure 3) at I km/s. Equatorward of the limit
Those for a SZA of 1090 are effectively the background rates of closed field lines the tubes were convected between succes-
with no contribution from the direct rates. sive dots in I hour. Analysis of energetic electrons measured

lonii’ation rates from precipitating electrons were computed on Isis 2 at greater than 20 keV. greater than 40 keV , and
liv using energy distribution functions measured by the soft greater than 200 keV indicates that the f ield lines were closed
particle spectrometer (SPS ) on the Isis 2 satellite. The energy- equatorward of 69°.~ (16 miii . 40 s. Figure 3) and tha t no
time spectrograms ov er the northern polar cap on December trapped distributions existed poleward of 70°.t in the ni ght 
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jol 500

9 9’~ ,2 NIGHT
AURORA).

1o’~~~~ LAR ca; \  

~~~~~

100 
~~~ i~~ i~° ir~ io~ io~’ to
~~RTICLE PRODUCTION RATES ICM 3SEC’)

¶0’ 
~ 7 3 Fig. 6. Production rates of O~, N,~, and O,~ ions by the electron

10 50 10 50 10 particle fluxes at locations 2 and 9 of Figures 2 and 3.ELECTRON ENERGY liv)
Fig. 4. Representative electron particle flux as a Function of energy.

Numbers refer to locations labeled in Figure 2. discontinuity and stagnation points must exist in any reason-
able model at approximately the locations indicated in Figure

sector ( 16 mm, 20s, Figure 3)(J. R. Burrows, private commu- 7, and the flow must approach corotation in the vicinity of
nication, 3976). The lim it of closed field lines in the night 55°A. The major discrepancy between experimental measure-
sector of Figure 7 is consistent with this observed boundary. mentS and the ‘time average’ representation presented in Fig-
The tubes were convected slowly through precipitation regions ure 7 appears to be in the magnitude of the velocity equ a-
8—10 as required by the model, and as we shall see, these torward but in the near vicinity of the limit of the closed field
preci pitation regions produced considerable ionization in the lines. The measured velocity is of the order of I km/a, whereas
slowly convecting tubes. . the model velocities with corotatic$n removed are of the order

The flow pattern of Figure 7 in the dayside cleft region asid of 0.1 km/s. The measured velocity does approach corotation
over the polar cap is reasonably consistent with that derived velocity somewhere between 70°A and 50°A [Heelis ci a!..
from vector ion velocity data by Heelis ci a!. [3976). Flow 1976). The velocities with which the plasma tubes were trans-
across the cleft and into the polar cap is observed between
approximately 0900 and 1500 MLT as has been &assumed 12
herein, and the general flow pattern of Heelis et al. presented
with corotation removed in their Figure 8 would, with corota-
tion restored, look similar to that of our Figure 7. The Harang 5OA ICG L)

10’ 6

~~~~~‘ ‘1.
los . NIGIIISIOC

AURORAI. zosle I ~ 

~~~ :

CONVECTION FLOW LINES
•~~~ ‘ It SOFT ELECTRON PRECIPITAT ION ZONE 

LIMIT OF CLOSED FIELD LINES0 STAGNATION POINT
so’ _____________________________________ — .  -— — PLASMA PAUSE

100 101 lO~ 1Q~ 1O~ELECTRON ENERGY iv)
Fig. 7. Flow pat hs around which time-dependent plasma response

lug , S. Representative electron particle fius as a function of energy. was computed. Locations of electron spectra are indicated by the
Numbers refer to locations labeled in Figure 3. numbered dots. Numbers correspond to those in Figures 2 and 3.
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0 —~~~ s~Io

72 75 50 85 86 55 50 75 Th 6010
/ I

3 , \ I 
INVARIANT LATITUDE IDEGREES)

- ~ Fig. 10. Comparison olnumcrically computedelectron concentra-
I (ion with that measured by the topside sounder experiment on Isis 2 in

1 eo I ,/ ,
‘

/

I vertical profile.

IS / / computations for flow paths equatorward of the plasmapause

~ A local noon—midnight vertical profile comparison of the~~ 

/ were not performed for this study. Figure 9 shows experimen-
tal data included for later comparison.

S 3
‘S’S 05- ’ - ‘,~ numerically computed electron Concentration with the ob-

served electron concentration is shown in Figure 10. The ob-
served data are from the topside sounder experiment on Isis 2

24 for the same pass as that from which the energetic electron flux
—IS— ELECTRON CONCENTRATION (IO°CM~~I data were derived. Comparison of the model results with the
—-——CONVECTION FLOW LINES
- - - - EXTRAPOLATED CONTOURS topside sounder data is meaningful in the altitude interval

350-500 km.— 04’ SOLAR ZENiTH ANGLE
In Figure II we show a comparison of the computed elec-

Fig. 8. Contours of N,.,F, derived from the numerical analysis The tron concentration in vertical profile with the plasma tube
short-dashed portions of contours are extrapo lated contours. convecting and with it stationary (steady state) at two loca-

tions along path IV . The observed electron concentration is
also indicated. Figure 12 shows the computed electron concen-ported across the cleft and polar cap are reasonably consistent
tration at midnight on path II. The plasma within the con-with observation.

The finite time steps in the numerical.analysis were less than vecting tube in this region of path II is in a steady State
condition.or equal to 5 m m .  In regions where the ion production rate was

changing rapidly, the time step was decreased fippropriately. DiScussIoN

RESULTS The computed electron concentration shown in map view in

Contours N,,,F, derived from the numerical results are Figure 8 shows several of the features characteristic of the

shown in map view in Figure 8. The maximum electron con- polar ionosphere. First, a ‘tongue’ of plasma extends from the
centration in each vertical profile around the several flow paths
was plotted and subsequently contoured. The short-dashed

500portions of the contours equatorward of the lowest latitude ‘, \ \ \
path on the nightside of the earth are extrapolated. Numerical \ \o’to\ S

\ \ \ \

~~~~~~~~~~~~~~~~~ CONVECTION MODEL \ ~~
¶200

400 —

\ S—LOCATION I ‘,
—-—L OCA TION 2

,
61 

300 _ STEADY STAT E
——LOCAT ION I45 LOCATION 2 I

I I I
MEASU RED .

o LOCATION I

to to 10 10 to to

200 — ‘ / _..—~~~ — 
--06CC 

L 

~ 
0 LOCATION 2 /

/ 
__

_ —

-

toe. I
_________________ 

1

- 

NmF
j  00 UT CLCC1’RON CONCENTRATION

0000 Fig. II. Comparison oF numerically computed electron concentra-
—SI— ELECTRON CONCENTRATION 1104 CM 31 t ion profiles. convecting and steady State , in the cleft (location I) and

within the polar cap (location 2) wit h measured concentration. Loca-
Fig. 9. Synoptic N,,F, contours for the Antarctic polar region tion I corresponds to 77°A , 1154 MLT. 1000 SZA. and particle

(aflerSa:o andRouNie (1963l and reproduced by Thom s arul A rdirews spectrum 2. Location 2 corresponds to 84’A , 2100 MIT. 117’ SZA.
(1969J). Coordinates are geographic coordinates, and particle spectrum 5.
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local noonside of the earth across the polar cap to the night- 500
side. Manifestations of this tongue in time-averaged f,F, da ta \~ ~~T 0

(P11cc, 1971] and in Alouette I topside sounder data at 350-km \ SZA ’ ¶45•

altitude [Nishida, 1967] were presented in the preiious paper \ 0
(Knudsen. 1974]. In Figure 9 we have reproduced synoptic \
N .,F5 data for the Antarctic polar region in geographic coordi- \
nates [Sato and Row/ ce, 1963z reproduced by Thomas and
Andrews, 1969]. A tongue is clearly visible with low concentra- soo
lion regions on either side. The tongue and low concentration
regions on either side are reproduced in the numerical results.
Not present in Figure 9 are the ridge of ionization produced by
auroral electron precipitation and the deep trough present in aoo
t he numerical results. These discrepancies will be addressed CONVECTION MCCCL

hereafter. The region of low concentration on the local evening
side of the tongue in the numerical model results from the
presence of a stagnation point outside the region of particle 10O~~ - . .~~~~ 4 •

precipitation (Figure 7) and direct solar photon production. ELECTRON CONCENTRATION tCM 5)

Near the stagnation point in local winter the tubes of plasma Fig. 12. Computed electron concentration profile at 2400 MLT onmove sufficiently slowly for the concentration to decay to low path II. The convecting and steady state solutions are the same. The
values. The region of low concentration on the morning side of observed eleciron concentration is also shown .
the tongue in the numerical model results from lack of signifi-
cant exposure of the plasma tubes to the sun and to the more
intense nightside auroral electron precipitation at latitudes The computed electron concentration compares favorably
below 70°A in the present model, with the topside sounder electron concentrations in the alti-
The direct solar photons are able to produce a significant F tude interval in which the two sets of data overlap. The 10 X

layer for solar zenith angles from 0° up to approximately 104° 10’ cm-3 contours of both sets of data coincide rather well
(compare Figure I). On the midnight side of the 104 0 SZA of from 7S°A on the dayside to 75° .~ on the nightside of the
Figure 8. only the scattered photons make a contribution to model. The prominent variations in concentration exhibited
the ion production. by the topside sounder data , especially at higher altitude, are

In the ~
‘
~ne-averagcd data presented by Nishida [1967) a produced by increases in the electron and ion temperatures.

maximum existed in the evening sector at about 60°A. The This is evidenced, as was previously mentioned, by the de-
cause of the maximum is uncertain , al though Nishida ( 19671 crease in electron concentration variation as the altitude de-
assumed that i t was a manifestation of the mid-latitude eve- creases. The model results are not expected to reproduce these
ning increase IEuan.c . 1965]. The data used for the averaging variations because the electron and ion temperatures were held
included data from August 29 to November 10. so that (he constant. The increase in concentration of the model results at
stagnation point would have been illuminated by direct solar 67°A in the night sector resulted from the increase in ion
photons at nearly all universal times. The maximum is not production rate produced by energetic electrons (regions
evident in the data presented by P//ce (1971] or by Saw and 8—10). The concentration trough at ‘—57°A results from a lack
Roar/ce (19641. of production and a long decay time. These latter features do

No si gnitican t increase in N.,F, was ev ident in the numerical not occur in the experimental data.
result s in the cleft region (Figures 8 and 10). As has been The nearly constant Value of N,.F, over the polar cap
poi nted oul previously (Knudsen . 19741. a large increase can- evidently results from rapid convection of plasma from the
not be expected if the plasma is convected across the cleft at I dayside of the cleft. The concentration profiles that wesuld
km/s . I-or t he present example the maximum increase to he occur without convection (steady state) are shown in Figure II
expected is and are compared with the profiles resulting from convection .

- , The nonconvecting profile at location 2 is an upper limit2 X 10° cm s X 120 s 2.4 10’ cm
profile computed from the production rates of ions for the

The value is only l0’~ of N M F2 prior to entry of the plasma into upper limit particle precipitation flux labeled 5 in Figures 2
t he cleft . Had the electron concentration been in a steady state and 4. The profile would be identical to the steady sta le profile
in the cleft region, the value of A ,,11 would have been .i factor in Figure 12 were the particle flux zero.
of 4 larger in the cleft than just equatorward of the cleft Because the polar cap F layer statist ically has a large con-
(Figure II). The observed electron concentration at 400-km centralion and decays across the cap from noon to midnight in
altitude does show a small increase in concentration at Ihc a manner consistent with convection (Nishida , 1967: Knudsen ,
elefl . We assume this to be primaril y a resu lt of the heating of 974]. ii is reasonable to infer that F layer plasma must be
the electron gas as the tube convects across the cleft The conaected rather steadily across the cleft near the local noon-
Increase in observed concentration in the cleft is small at 400 time sec tor Were convection of ionospheric plasma across the
km hut Increases with altitude. rhis behavior indicates an cleft and on across the polar cap to cease for a period of
increase in scale height and not an increase in NSF,. The several hours, the polar cap F layer would decay by as much as
increase would he independent of altitude ii the electron and an order of magnitude .
on temperature were held constant , as is evidenced in the The ridge of high ion concentration occurring in t he numer-
iumerica l results of Fig ire II. As has been pointed out pre- cal results equatorward of 70° on the nightsidc of the earth
vii usly. the numerical model did not include energy balance, (Figure 8) ix produced by assumed slow convection of plasma
and the electron and ion temperatures were arbllr aril y set through the intense particle precipitation rones represented by
equal to the neutral temperature . spectra 8 and 9 of Figure 3. This ridge of ionization is not

_ _ -  —. . . .~~~ .~~~~ .. -



—29-

KNUDSEN ET A l .: CONvEC’IING F, loNosp HESE AT HIGH LATITUDES 479 1

present in the observed electron concentration (Figure 10). would have been a factor of 10 too small. Concentration ‘lows’
Statistical studies also show little or no enhancement in the on either side of the tongue are consistent with some pre-
nighiside auroral tone (see Knudsen, 1974]. Suppression of viously observed synoptic data. No significant increase in
such a ridge could he accomplished by moving the plasma !x’ ,,F, occurred at the cleft in the model results. This behavior
through these tones rapidl y. Rapid convection would not per- is consistent with the observed behavior. In diffusive equilib-
mit buildup of ionization in a tube as it crossed the zone(st of rium an increase of approximately 4 in concentration would
high particle precipitation. The buildup may also be sup- have existed.
pressed through an increased loss rate within the auroral zone The presence of the polar cap F layer with peak electron
[Sc/ca n/ c et a!. , 19761. concentrations typically in excess of 10’ cm~’ implies, when it

A trough region of low ion concentration was produced in is interpreted in the light of the present study and a previous
the numerical results equatorward of the ridge of high ton study [Knudsen, 1974], that F layer plasma is rather steadily
concentration from approximatel y 1 800 MLT to 0600 MLT. convected across the cleft in the local noontime sector and on
The trough resulted from the slow convection of plasma near across the polar cap.
the evening stagnation point at which location the solar zenith A ridge of ionization not present in the observed ionosphere
angle was too large for direct sol a r photons to maintain the F2 was predicted by the numerical simulation in the nightside
layer ton concentration at a high value against the normal ion auroral zone. Several zones of particle precipitation were mea-
loss processes and polar wind escape. A ‘steady state ’ level of’ sured by t he Isis 2 satellite , and the plasma tubes were trans-
ion concentration of flow line Il around the nightside of the ported at high velocity (I km/s) only through the highest
polar region was maintained by the scattered solar photon flux latitude zone. Evidently, the plasma tubes are transported
level assumed to be present in the model. The (rough dis- rapidly across zones of high precipitation, and/or some addi-
appears on the morning side as the plasma tube emerges into tional loss mechanism is operative in the precipitation zones.
the direct solar photon flux . The ioniza tion level in the trough A trough of low electron concentration was predicted by the
would be least near midnight and greater toward the evening numerical model which extended from approximatel y
and morning sectors in a more realistic model in which the 1800—2400 MLT to approximately 0600 MIT. The electron
scattered solar photon flux decreased with increasing solar concentration in the trough was constant with local time and
zenith angle. maintained by the assumed constant flux of solar EUV pho-

The deep trough evident in the numerical results (Figures S tons scattered into the night ionosphere. No trough was pre-
and 10) did not appear in the topside sounder data. The sent in the Isis 2 topside sounder data. A satisfactory cx-
probable exp lanation is that variation of the convection d ee- planation for the latter discrepancy must await future studies.
tric field and hence flow paths with time prevents the develop-
ment of the deep trough. The flow paths must be steady for A clcnowledgmenr,c. The authors wish to thank .1. H. Whitteker ,
periods of the order of 24 hours for a deep trough to develop in C. D. Anger, and J. R. Burrows for supplying electron concentration,
the manner suggested by Knudsen [1974] and demonstrated in airglow, and energetic electron f l u x data , respectively. R. W . Schunk

kindly made his computer program available and helped greatly withthe present numerical results. As was pointed out earlier , the discussions of the program behavior. This research was supported bymagnet ic AE index was small and steady except for two short Lockheed independent research funds . NASA contract NASw 2550.
excursions for 28 hours prior to the orbit selected for analysis. NSF grant DES75-0398 5. and AFGL contract F19628.76-C-0005.
Hence the conditions for development of a trough by slow The Editor thanks 3. A. Fedder and H. Rishbeth for their assistance

in evaluating this paper.convection would seem to have been fulfilled as well as one
could expect. Resolution of this discrepancy must await future REFERENCES
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The Development of Auroral and Geomagnetic Substorm Activity After a
Southward Turning of the Interp lanetary Magnetic Field

Following Several Hours of Magnetic Calm
KNUD LASSEN
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J. R. SHARBER

Department of Physics and Space Sciences, Florida institute of Technology
Melbourne , Florido 32901

J. D. WINNINGHAM

Center for Space Sciences, University of Texas at Dallas. Richardson, Texas 75080

A comprehensive study of growth phase and substorm activity following a period of magnetic calm has
been conducted through a network of all-sky camera stations, auroral zone magnetic observatories, and
pattitle detectors aboard the Isis I satellite. We have carefully documented the observations w ith the
following results. The preexpansive phase arc which extended at least from 17 to 05 MIT was responsible
for an energy Input rate of ‘.3 X l0~ ergs/s before breakup. An equatorward drift of this arc of ~km/mm . observed only in the evening sector, remained until after the expansive phase, when its motion
stopped abruptly at the time of the maximum poleward displacement of the arcs, Electrons responsible for
the prebreakup arc had energies of ~‘I—5 keV, Protons of a’4-keV energy were measured equatorw ard of
the electron arc. During the expansive phase, symmetrically traveling disturbances were observed propa-
gating eastward in the evening sector and westward in the morning sector. The propagation stopped for
1—2 mm at the time of maxim urn expansion and then continued, thus suggesting a momentary variation in
t he rate of convection. Equivalent currents consistent with observed magnetic perturbations represented
approximately the same DPZ (twin vortex~i pattern before the expansive phase as during it; however.
although the magnitude of the currents was greater during the expansive phase, the dominant feature
during this phase was an intense westward auroral electrojet. The camera observations of diffuse cloudlike
aurora showed an injection of ~40-keV electrons during the expansive phase along the auroral ovalbetween midni ght and 0400 corrected geomagnetic time. Movement of the cloud indicated an eastward
gradient drift of the electron population.

lslRooucltor.i istic of that situation, The authors appear to agree in the
On the basis of data from an extensive body of all-sky opinion that the onset of an isolated substorm is preceded by a

camera documentation and polar magnetograms, Akasofu growth phase, which is closely related to the north-to-south
119641 outlined the substorm sequence. Although his initial change of the interplanetary magnetic field (IMF). following it

description has been modified slightly [Akaso fu. 1968; Mont- with a delay of 10—20 m m . The signatures of this growth phase
briwsd. 197 1), it remains essentially correct in ordering the observed on the ground are the following: a gradual decrease
observed geophysical phenomena in to a consistent picture. in Ii. the horizontal magnetogram, at auroral zone stations
Since that time an enormous effort has gone in to fur ther before its sharp drop; a gradual decrease in H at low latitudes
documenting substorm-re lated phenomena and into estab- (especially in the evening—midnight sector); the growth of a
lishing the cause of the onset of the substorm expansive phase polar equivalent current of t he twin vortex mode (especially in
(see review by Rostoker 11972)). Whereas in Akasofu’s descrip- the polar cap): and the equatorward motion of auroras [Koku-
lion the substorm sequence is initiated by the sudden breakup I.iUn and lyinsa . 1975).
of an auroral arc accompanied by a steep decrease of the In opposition to the above mentioned view, Akasofu ci a!.
horizontal component of the magnetic field, it was claimed by [1973) have suggested that the changes in the magnetic field
McPhes ’ron [1970) that the complete substorm sequence in- characteristic of the growth phase have limited significance,
eludes a disturbance period which he denoted the substorm since these changes do not themselves result in the onset of the

t growth phase. According to his statement , intervals of mag- expansive phase. They suggested instead that the mechanism
netic calm may be followed by significant deviations of the which triggers the expansive phase is an in ternal one, largely
horizontal component of the magnetic field prior to the start of independent of external factors related to convection such as
the expansion phase of a magnetospheric substorm, the southward turning of the interplanetary magnetic field. In

Since McPherron’s suggestion t hat a growth phase ex ists, continuation of this suggestion. Akasofu [19751 has demon-
several authors [1111mg and Nagata. 1972; McPherron ci ai., strated that the southward turning of the B~ component and
1973: Kuk ubun and li/ / ma , 1975) (and others) have contributed t he subsequent chain of processes, proposed by McPherron ci
to the study of the phenomenon by giving more detailed de- a!. [1973), do not have any significance in causing the cx-
scriptions of the signatures which are observed to be character- pansive phase. Substorms are frequently being triggered in

direct relation to such a chain of processes, in which the
Copyright i1 1977 by the American Geophysical Union. ‘growth phase’ of the substorm may then appear as part of the

Paper number 7A0679 . 503 1
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TABLE I. Stations Used in This Study

Geographic Corrected
Geomagnetic

Latitude, Longitude. Latitude,
Station Symbol deg deg N Observation

Alert AT 82.5 295.5 86 M
Thute TH 77.5 290.8 86 A, M
Resolute Bay RB 74.7 265.2 84 M
Godhavn GO 69.2 306.5 77.5 A , M
Ny Aalesund 78.9 11. 9 75.5 A
S~ndre Str~mfjord SS 67.0 309.2 75.5 A
Baker Lake BL 64.3 264.0 75 M
Heiss Island BT 80.6 58.5 74.5 M
Fort Churchill FC ~8.8 265.9 71 A
Narssarssuaq NAR 61.2 314.6 68 A . M
Great Whale River GW 55.3 282.2 68 A , M
Dixon Island Dl 73.5 80.4 67.5 M
Tromsø TR 69.7 18.9 66.5 A , M
Rcykjavik RY 64.2 338.3 66 M
Tixi Bay TI 71.6 129.0 65 M
Murmansk M M  69.0 33.1 64.5 S. M
Kiruna KI 67.8 20.4 64.5 M
College CO 64.9 212.2 64 .5 M
Meanook ME 54.6 246.6 64 M
Wellen WE 66.2 190.2 60 M
Lerwick LE 60.1 358.8 59 M
Bangui BA 4.4 18.6 5 M
M’Bour MB 14 .6 343.0 21 M
Saniuan Si 18.1 293.8 30 M
Fredericksburg FR 38.2 282.6 50 M
Tucson TU 32.2 249.2 40 M
Honol ulu HO 21.3 202.0 21 M

complete substorm picture. However, they may as well be this particular event, is completed by the onset of a substorm
released at a later stage, after the end of the 8, negative with remarkable poleward expansion.
interval , as long as the area of the polar cap is greater than a
certain minimum value , namely, t he area after a prolonged DA tA SOURCES

period of large positive B,. Once the polar cap has achieved In our study we made use of ground-based observations
this minimum value, no substorm can be released until a new made during the event at the stations listed in Table I. together
southward turning of the IMF has initiated erosion of field with particle measurements from the Isis 1 satellite and mag-
lines on the dayside of the magnetosphere with the accom- netic field measurements from the satellites Explorer 35 and
panying features of increasing convection, observable from Heos I. The ground-based observations are auroral all-sky
ground-based observatories , photographs (A in column 6 of Table I), spectrograms (S in

No ma tt er whether the growth phase is an integral part of column 6), and geomagnetic records (M in column 6).
the substorm phenomenon , as proposed by McPherron, or The interplanetary magnetic field was measured by the satel-
more likel y an independent 8, negative, increased convection lites Explorer 35 in the evening quadrant ((X. Y, Z~~ = (—8.
phenomenon in accordance with the statements of Akasofu , +63, —61) R~) and Heos I in the forenoon quadrant ((X, Y.
there is still a need for further detailed study of the develop. Z)ONM = (lI , — 31. 14) R5). Both satellites appear to have been
ment of t he geomagnetic and auroral activity observed after outside the shock front. None of the records was complete;
the southward turning of the I NI F. thus detailed results from Heos I are missing during 0000-0300

On February 25, 1969 . t he Isis I satellite happened to pass UT, but hourly averages do exist for this interval (kIng, 1975].
over the premidnight sector of the auroral oval during a Similarities of gross features of the B, variation at the two
geophysical situation which appears to have been identical satellites indicate a time lag between them of about 30 m m .
wit h the substorm growth phase defined by McPherron. The From the position of the satellites it is estimated then that the
event followed a period of low substorm activity, characterized B, var iations at the front of the magnetopause occur 15— 17
hy values of A E less than 200 ‘y during the 34 hours before the mm earlier than those at Heos I. Hence the 8, variations
substorm and less than 60 7 during the last 6 hours, By observed at Heos I have been referenced to the front of the
combin ing  the satellite particle measurements with ground- magnetosphere by a shift of 15 mm toward earlier hours. In
based observations we have been able to report in the follow- Figure I they have been shown together with magnetic records
ing a carefu l documentation of the development of the auroral from the stations Troms~, Reykjavi k. Nsrssa rssuaq, Great
and magnetic activity through the growth phase and the sub- Whale River. and Fort Churchill. which were all situated in
sequent substorm onset and expans ion phase as well as of the the 18—04 magnetic time sector of the auroral zone. In the
particle precipitation preceding the substorm onset. Our ob- figure the stations are ordered from east to west. Each arrow
sers ations give a detailed picture of the gradual development represents 200 y. The magnetic H records from a number of
of :iuroral and geomagnetic activity w hich follows the south- mid- and low-latitude stations are shown in Figure 2. The
ward turning of the interplanetary magnetic field and which, in stations are ordered from east to west , wit h the most easterly
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959 F 5  MAGNETIC OssExvATIoNs

7? 0 7 5 6 Ui The JMF had been directed northward for several hours
,ss when the decrease of 8, began between 2200 and 2300 UT.

B~ ~~~~~~~~~~~~~~~~~~~~~~ t 0 Because of the oscillatory character of the change it is difficult
to determine the exact hour when B, went negative; after
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2345—2350, 8, was definitely negative. The first departure from
several hours of magnetic quiet was observed at approximately

IR . the same time, i.e., at 2345—0015 at the auroral zone stations
si tuated near and shortly after magnetic midnight (Figures I
and 5). The departure is seen as a gradual decrease of H, but DI Z and Z arc also affected. In the evening sector , Great Whale
and Fort Churchill were little influenced by the disturbance

RY 
~~~~~~~~~~~~~~~~~~

“ ‘ ‘ I H before 0100 UT (Figures I and 6). At the low-latitude stat ions
situated in the evening sector a gradual decrease of H set inI 0 
between 0000 and 0030 UT and continu ed until the expansive

z phase onset at 0130. The onset is recognized as a sudden
decrease of H in Figure I. In Figure 2 it appears as the onset of
a positive bay in the midnight sector and of a negative bay of

H comparable magnitude in the evening—afternoon sector. The
transition takes place near the longitude of San Juan. At San

0 Juan a flat depression is observed from shortly after midnight
NAR 

in connection with the expansion phase of the substorm. The
to 0300 UT. with only a small negative perturbation to be seen—

~~i ~~~

-

~~
--

gradual decrease of H at mid- and low-latitude stations as well
as the flat depression observed at San Juan may be caused by

H an increase of a cross-tail or ring curren t system, which be-— -
~~~~~~~~~~~~~

--
~~~ow —

~~~~~~~~
—------—— ------ —- • comes detectable in the records about hour after the change

~ 
of sign of B ,.

The magnetic signatures of this event are in agreement with

FC ‘
~~~~~~~~~~~~~~~~~~

‘
~~1’l\/ 1 ~ the description given by McPherron [1970]. Following a de-

crease of B, to negative values a growth phase of about li-hour~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I ~ 
duration is observed, characterized by a gradual decrease of H
at low latitudes and by a contemporary change of the magnetic
elements at auroral latitudes in the direction in which they are

Fig. I. Normal magnetograms from the auroral zone stations subsequently changed by the substorm. The growth phase is
Tromsó. Reykjavik. Narssarssuaq. Great Whale River. and Fort superseded by the expansion phase initiated by the sharp onset
Churchill. February 24—25. 1969. Each arrow represents a variation of at about 0130.
200 ~~. The dots indicate station geomagnetic midnight. Top curve: B, Before the end of the recovery phase of this substorm a new(vertical GSM coordinate) as measured at Heos I, referenced to the

onset is noticed at 0210—0215 at the low-latitude stations,front of the magnetosphere by a shift of IS mm toward earlier hours, 
especially at Bangui and M’Bour . In the auroral zone the
magnetic bay is most clearly recorded at Narssarssuaq; at
Troms~ the onset is recognized as an abrupt change of theone (Bangut ) at the top of the figure. Each arrow in the figure 
slope in H. The magne t ic ac tivi ty from this double substormrepresents 20 ‘V. dies away by about 0400 UT. After 2 hours calm a newAt the time of the substorm the nightside of the auroral zone moderate substorm is observed in the midnig h t sector (Fortwas situated between western Siberia in the east and North-

west Territories in the wes t , w ith the magnetic midnight meri-
dian crossing the Iceland-Greenland area, Conditions were not

~~~~~ 24 -25ideal for auroral observations, The moon was in its third
quarter; the Soviet cameras, Reykjavik , Kiruna, and several H 2.2 0 2 4 6 UT
stations in Greenland were not in operation because of bad
weather , and most of the remaining stations had some cloud
cover early in the evening. Nevertheless, eight well-distributed M’B~~r ~~~~~~~~~~~~~~~~~~~~~~~~ - ‘

~~~
‘
~
‘ i

cameras were available for a study of the development of the
auroral display in the course of the night (Table I and Figure San Juan —~-- --.- ~~~~~~ -‘ ~~~~ — -

3). A t each of the stations the sky was photographed with one
Fr~ burg 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

exposure per minute except at Troms~, where three exposures
per minute were taken. The photograp hs have been used as a Tucson —--——‘ —-- ‘---

~~~~~~~~~~~~~~~
‘

hasis for the description of the distribution of the aurora; a 0Honoluluselected series has been transformed to synoptic maps in gco-
graphical coordinates, shown here as Figures 4a and 4b. In
projecting the auroral forms on the maps a mean height of Fig. 2. Horizontal variation at tow- and mid-latitude Stations.110— 1 20 km has been assumed for the lower border of the arcs February 24—25. 1969. Length of arrows is 20 ‘v. The dots indicate
and bands. 

. .~. TTT~
t; ihT circle at H:nol:lu ~~i:tes noon. 
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Churchill, Figure I). We shall comment further on the onset of ceded the onset of the event, i.e., during 2200—2400 UT. The
this substorm in a later section. equivalent current system during the growth phase is similar to

We have used the ground magnetometer data in the con- the system corresponding to B, < — I ‘V in the winter months
struction of equivalent current vectors to represent the current (DPZ system ) as constructed by Frlls-Christen.ren and WI!-
distribution before and after breakup at 0130 UT. This enables li fe/rn [1975). In this system, which is believed to depict the
a comparison of the current system during the growth phase magnetic field produced by field-aligned current sheets in the
w ith that during the time of maximum expansion. We have auroral oval and by a Hall current maintained by the electric
taken the time of the satellite crossing of the arc (01 15 UT) as a field between the sheets, the disturbance vectors over the polar
time during which we would consider the growth phase to be cap are of the same order of magnitude as those in the post-
well in progress. The equivalent current vectors which could midnight auroral oval. In Friis-Christensen and Wi lhjelm’s
produce the magnetic perturbations at a number of polar cap paper (their Figure 5) the equivalent vectors are approximately
and auroral zone stations at the Lime of the crossing have been 2 times the magnitude of those found here, in accordance with
drawn in a corrected geomagnetic latitude/time diagram in the fact that their parameter & (the 2-hour average of the
Figure 7. Also shown are the equivalent current vectors de- actual and preceding hour) is numerically greater in their data
rived from the same stations during the time of maximum than in ours.
disturbance of the event , The maximum magnetic disturbance Following a further decrease of B, the equivalent currents
was measured during the 20 mm immediately following the during the maximum disturbance at 0150 UT are mote intense
poleward expans ion; the situation at 0150 UT has been chosen than those at 0115 by a factor of 2, thus being comparable to
for construction of the current vectors. The quiet level for both the average currents of Figure 5 of Frils-ChrLuensen and Wi!-
graphs has been defined as the level which immediately pre- li fe/rn [1975]. Superimposed on the DPZ system we find at

— r ’ ,- ‘—~~~ ‘sr- - ‘—-—---‘z-~-’-’ . 
- I.. “, sb.— ;  —‘ . . , . 

1a ~~~~~~ ‘

~~ ~~~~~~~~~~~~~~~~ ~

., . ,
.-

, 
‘

.,

~~
.
‘ 

- t~
• 
‘:- •

‘- 

~~~~~~~ ~~

‘ 
.“

.. 

•:. 
.p~ 

‘

~~~
‘

;~~~

_ _
; -

. ..
,
~~~

-
,
‘ ~~~~~~~~ 

.
‘ ~~~ ~~~~~~~~~~~~~ 

•~~ ~~~~~~~~~~~~~~~~

I;’ 

~~~~~~~ 
. ~

I 
~~~~~~~ 

, 
~
;‘ ,~~~~~

‘ ..? 
~~~~~ :,‘~ 

‘

. .~I . . 
~
‘‘ ,. • ,,,.- . . , . 

~ 
.. ._~~ ~1’

• i 
,— • . 3, ,,’ ,,. ~~~~~~ -I ..~ V—Q, ’ • , - .

I - • 
~~~ ~, 

‘
..~~~ .1’- ‘ 

~~~~ 
.
~ , 

-
. 

. 
. .. . ... .-, r-, ~~ ‘ ‘-_ ,_.s ‘ • .f~‘~ ~~~~~‘ - .

.. .

~~~~~ ‘ 
.

~
, ¶ ~ • 

‘we cussc. r’~ ; ’ ’ 
~
‘ ‘ . -

.. 

~~~~~~~~~~~~ 

~‘ T h~ - ~
‘ ‘; :  

~~~~~~~~~~~~ 
~~~~~~ 

~~~~~~~ ~
- ‘i 1

-e .
~~~ 

-

~~
‘ ‘ - -  -~~ 

.. 
‘ ‘

,.. 19.QP.525: ~~~~~~~~~~~~~~~~ : ‘ - 
(- -

L.~~~. -. ~~~~_ . . .  , 
~~~~~~~~~~~~~~~~~~~~~~~~~~ . . ,

-— y ’ .~~~ ‘;:~..‘‘i., . 
_ ..,_.

I c’-—’ — — 
— 

I .:‘~ 
~ ~~~~~ ~ — —

- ‘ - 
- I ~~, .~ . . . - . 

-

• ‘Y
~~i 

.

•

~
, •r-”—— -~ 

•— , • 
, l’j~, ‘- . . “ -

• ‘1’ Tr ”~ “ .. “ -
—
. 

•, . .  V . ~ 
.,,~ 

,‘ 
.

. , —
- ~~ %. ,. . 

, , /5

~ 

-e

~~~~~~v t __ 1_ — ~~ 2 

~~ 

~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~

Fig. 4& Development of iturora l display. February 25, 1969. Recovery and second (minor) substorm.
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2300 10 20 30 40 50 0000 10 Alt hough it is difficult to be certain because of the presence of
NAN -.—-—---——--———--——--— ---- ‘- ‘--~~~~~~~~ ‘~~~~ ‘ Ito

I moonlight and a few clouds, a faint arc stretching from the
our OUr5 northeastern horizon up to about 100 elevation is possibly seen

in the frames taken at 2353, 2358, and later at 0006—0008 UT.
RY —‘--.--.- —--——,— - — — j ioo y From the t ime of 0013—0014 an auroral band was definitely

present and extended from the northeast horizon to the zenith.
The band persisted as a single homogeneous arc until at 0050
the intensity increased gradually, beginning at the eastern hori-
zon. Folds shaped like a narrow westward traveling surge0020 30 40 50 0100 10 20 30 moved from the horizon toward the zenith and combined withMAR

‘ ‘
~~~~~~~

‘ “

~

‘

~~~~~~ 
I~o o the original arc at 0100 to form a row of multiple arcs of

moderate intensity. A few minutes later a new ‘surge’ was seen
low in the northeast for about 5 m m .  The intensity increases
and the westward movement of folds were accompanied by a
negative bay in H with an amplitude of 20 ~ in Narssarssuaq
and Reykjavik (Figure 5).

Fig. 5. Rapid run magnetograms showing the horizontal corn- Apparent ly as a continuation of the formation of parallelponent at Narssarssuaq and Reykjavik. February 24—25, 1969. The
gradual depress ion prior to abrupt onset of the magnetic substorm is arcs over Narssarssuaq, the arc developed to the west , becom-
clearly displayed. ing first detectable within the Great Whale field of view at 0100

UT. at the eastern horizon of Fort Churchill at 0106, and
crossing the sk y to the northwestern horizon at 0109 (Figure

0150 UT an intense westward auroral electrojet . Thus al- 3). At Narssarssuaq, after a few minutes of intensity decrease,
though the current systems during growth (B, negative) and a sharp arc developed from the horizon in the southwest and
expansive phase are identical in most respects , they differ by extended to the eastern horizon. During the same time the
the presence during the expansive phase of the intense west - display was developing toward the east. It was observed from
ward auroral electrojet. A similar statement has been given Troms~ through a light cloud cover at 0116 UT as a homo-
earlier by 1:jirna and Nagaza [1968]. The dominant role of the geneous arc reaching from the western horizon toward the
westward electrojet after breakup is in agreement wit h the northeastern horizon; at 0117 it stretched from horizon to
substorm model of Mc’Pherron et a!. [1973], according to horizon. The arc could have been present in lower intensity
whic h the breakup is associated with the sudden increase of the before 01 16. so that the observat ion might indicate an increase
westward electrojet. in intensity in an already existing aurora. Certainly, by 0125

UT the arc system extended at least from a geographic longi-
AIJR0RAL OBSERVATIONS tude of lOO°W to 45°E (17 .5—05. 5 MLT) with sufficient in-

The course of the auroral substorm near magnetic midnight tens ity for easy camera observation of the luminosity.
can be summ arized by reference to Figure 8. The figure pre- At about 0115 UT a poleward turning of the arc was ob-
sent ,, in nega t ive, a sequence of all-sky photographs from served in low elevation at the eastern horizon of Great Whale
Narssarssuaq. The breakup occurred at 0128 UT, corrected (Figure IS). The arc was first observed at Great Whale at 0100.
geomagnetic midnight at the station. The poleward expansion Between this time and 0115 the arc resembled that of Figure 18
ended at about 0137; after this time the oval part of the bulge without the poleward turning at the extreme east. The exact
was gradually rep laced by a diffuse veil , leaving the discrete minute at which the distortion sets in is difficult to determine,
forms in the polar front of the bulge only. The auroras re- because the region is insuffic iently covered by the cameras . For
turned from the north , and by 0213 a new expansion was in the same reason it is impossible to judge whether the arc is
progress to the west of the station , giving rise to increased continuous, thus forming either a poleward bulge or a spiral in
intensity in the withdrawing bands. After the second expan- this area , or discontinuous , forming a sun-aligned arc as a
sion , auroral arcs remained at about 71° corrected geomag- signature of increased convection (a short polar cap band
netic latitude until a new substorm onset occurred near 0600 becomes visible at approximate ly the same time over Spitsber-
UT. It folloss s from the magnetic and auroral observations gen (Figure 3)). In the following we refer to this part of the
presented above that the period studied may be divided into display as ‘the poleward extension.’ Further signatures of the
two time intervals with rather different types of activity, the formation of the poleward extension may also have been the
prebreakup interval fol lowing the calm period at about oo~i5 temporary increase in the intensity of the western part of the
and the postbreakup (expansion and early recovery) interval arc as observed from Narssarssuaq during the interval
which started at about 0130 UT. In the following Sections we Oll 3—O ll6, as well as the onset of small irregular pulsations
present and discuss in more detail ground-based observations with periods of several minutes in the Great Whale magneto-
made during the event at the stations listed in Table I, for the gram (Figure 6). The disturbance set in between 0110 and
two intervals separatel y. Observations of drift of aurora l arcs O ils , probably about 0112, and continued as a gradua l de-
and surges which were made within both intervals , spanning
th~ time of break up, are presented in a special section. as are 0050 woo io 20 30 50 00 UT
also the particle measurements from the Isis I satellite. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
1100

PREBREAKLP INTERvA l OW H 969 . Feb 25

Buildup of Aeti vi:t Fig. 6. Rapid run magnetogram of the horizontal component at
Great Whale River . February 25, 1969. Note the small-scale per-The first observation of auroral light before the breakup was turhations during formation and approach of wes tward traveling

made near the midnight meridian at Narssarssuaq station, surge.
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00 0 00 COT 1969. Feb. 25~ 01.15 UT , 200 I’ 00 COT 1969. Feb. 25, 01.50 UT

Fig. 7. Equivalent current vectors during prebreakup (growth) phase (0115 UT, left ) and maximum of expansive phase
(0150. right) of substorm on February 25, 1969. Numbers beside arrows indicate vertical magnetic perturbation in gammas.
Note the different scale in the two diagrams.

crease of 100 ~y as the westward traveling surge reached the substorm was about 20 ’) . The decrease of H in our 0050—0110
station at about 0139. event is approximately 20 ‘y and shows the signatures of a

Following the formation of the poleward extension the in- confined substorm. This dis turbance is immediately followed
tensity again increased from the east in the southern arc (which by changes in the auroral pattern Which could be associated
at this t ime was the only one visible) over Narssarssuaq, the with the convection pattern, i.e., a poleward turn of the arc
lower border became irregular , and the intensity increased before midnight and a polar cap aurora in the morning. The
from the west along the arc to meet the easterly increase near observations from the last 10 mm before breakup give the
the meridian. Here the arc formed a sharp kink at 0125 , and impression of increasing convection and precipitation accom-
lateral movements were observed between 0125 and 0127. The panied by increasing instability of the arcs, which finally result
intensity increase from the region of the poleward extension to in the breakup and expansion.
the west of the station was accompanied by an obvious though
small decrease in H (Fi gure 5). The actual breakup began at EXPANSION AND EA RLY RECOVERY
0128—0 129 very near Narssarssuaq as parallel arcs were . .The rapid poleward expansion , InitIated by the breakup,formed along the northern border of the original arc. The

was completed by 0137 as the breakup arcs covered the entireabrupt onset of the magnetic perturbation in H occurred at area from a few degrees south of Narssarssuaq to S~ndre0128 in the Reykjavik magnetograms and less than I mm later . — .Str~mfjord (Figures 8 and 9). simultaneously with this expan-at Narssarssuaq (Figure 5). smon the southernmost arcs moved equatorward with decreas-
ing intensity; at the end of the poleward expansion, all discreteInterpr etation of Observations forms except those at the highest latitudes dissolved, and an

The magnetic and auroral observations may be summarized equatorward broadening of a diffuse veil took place, which
as follows. Wit hin minutes to tens of minutes after the shift of soon covered most of the sky. At the same time the discrete
sign in 8,, precipitation of auroral particles is observed in the forms at the poleward edge of the display began a slow equa-
auroral oval close to magnetic midnight. The latitude of the torward retreat.
oval is 680. A gradual deviation of the magnetic elements at The westward border of the region of poleward extension
auroral zone stations is initiated at the same time, indicating between Canada and Greenland appears to have remained
the presence of a DPZ(convection)current s~stem. and signa- relatively stationary during the expansive phase. However, as
tures of increased cross-tail or ring currents are seen in the the expansion proceeded, a narrow zonal ‘fiord’ did develop in• records of H at low-latitude stations. The observations in- the low-latitude part of this westward extension. The fonna-
dicate an increasing convection set up by the negative value of tion of this fiord is evident in Figure 4a in the 0130 UT frame
B,. A minor disturbance (double bay) at about (X1~ � is visible between 60° and 70’ west longitude. The Great Whale photo-
in stations from the polar cap to low latitude [his ‘s probably graphs show that it developed into a small loop which became
a DP2 disturbance [Nishida. 1968), which may indicate irregu- more and more elongated toward the west , eventually opening.
larities in the convection rate. The increase in auroral Intensity thus forming two bands a few degrees north of the original
at 0030 followed by a narrow westward traveling surge and a band. These bands, shown in the 0139-0157 UT frames of
development toward morning and evening of t he quiet arc is Figures 4a and 4b, reached the Great Whale meridian at about
consistent with the description ofa conbned substorm given by 0141 but did not continue into the Fort Churchill field of view .
Lul ci a!. [1975). In their example the magnetic effect of the The development of the western loop was accompanied by a 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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earth field lines during the breakup and expansion process in
75’ 969 Fob 26/25 8o’d.,s of oo,o~oI diopioy  the magnetosphere, their energy may be estimated by using a

.odnght s&o,  formula deduced by Slenen et a!. 11971] from ~i paper by7” Hamlin ci a!. [1961]. The formula, which gives an expression
for the drift period of nonrelativistic electrons mirroring close

72’  to the atmosphere, may be written T(s) 4 X lO °(LE)
7

,  where T is the azimuthal drift period in seconds . E is the
energy in keV of the trapped electrons , and L is the Mcllwa in70’
shell parameter. L is approximatel y 6, and the stations are
separated by 120 . The observed time lag of 10 ± 5 win gives an

6$’ . estimated particle energy of E = 37 ± 10 key (~~40 keV ) . If w e
61’ -  

.. assume that the electrons became trapped on near-earth field
• 66’ lines (L ~ 6) no earlier than at the breakup, then they would

have drifted along this shell for no more than 10 mm before
ui ‘ arriving at Troms~. This places the eastern limit of the trap-

~~00O rn 20 ~~ .‘~ 50 OiOO ‘0 20 30 40 0i~5O ping region only about 100 to the west ofTroms 6. i.e., between
I ig 9 Position in corrected geomagnetic latitude of the auroral Iceland and Scandinavia.

.ircs at ‘~ .Ir~~.1rssuaq. During the growth phase the position is in- The observations from Narssarssuaq (Figure 9) indicate
(IIL,It ed In the open dots . The positions of the northernmost and that the first possible incidence of auroral particles at L =
southc rnniost ,ires durin g expansion are shown by ihe solid dots. The takes place at 0 133—0 134 . about 4 mm before the effect atl~,i tc hed Ire,, IS more or less filled In discrete and diffuse auroras. The
dense hatchiiig indicates the equatorward border ol the diffuse veil Troms~ . Thus it seems probable that the diffuse low-latitude

aurora is formed practicall y without time delay all along the
auroral oval from midnight to shortly before 04(X) geonsag-

gradual decrease in H at Great Whale (Figure 6). Thus the netic time, wit h a delay at later local times which may he
loop behaved like the westward traveling surge as described by explained by the assumption of energetic electrons driltitig in
‘lAaso/u [19614 ) with the exception that the westward border of the geomagnetic field.

t he poleward expanding bulge did not move toward the W CSt The diffuse cloudy auroras over northern Scandinavia began
toget her with the surge but remained stationary on the evening to withdraw gradually toward the auroral zone at about 02(X)
si de of the poleward extension of the arcs. In a single snapshot UT. During the withdrawal the luminosity concentrated into a
of the auroral display taken in the interval 0139—0157 UT the few diffuse bands. At 0215—0220 the southern border was near
loop ssould have been interpreted as multi ple discrete auroral Troms~. and at 0230 the display was no longer detectable in
arcs linked with the western limit of the poleward expanding the all-sk y photographs. Thus the poleward retreat of the
bulge. A DMSP satellite photograp h showing just t his sttua- eq uatorward boundary matches well the recovery of the hori-
turn on Novem ber 24, 197 1 . has been published by Pik e and zontal field at Troms~ (Figure I).
Whalen [1974). Our study. based on all-sk y camera data , dem-
onstrates how such multiple arcs may develop from a loop on OBSERVATION OF AURORAL DRIFT
t he western border of the poleward expanding bulge. Egsuaiorward Shift of the OvalThe propagation toward the morning sector of the distur- 

in the Evening Sectorhance associated with the breakup and expansion phase may
he observed from Troms$. w hich was situated 4 hours after From the first occurrence of auroral light a gradual equa-
geomagnetic midnight. A sequence of all-sk y photographs ii- torward drift of the arc was observed in the evening sector.
lustrati ng the development of the disp lay at this station is The position of the arc observed in the early even ing at Fort
presente d in Figure 0. The tntensity of the arc immediately to Churchill (19 geomagnet ic time) and at Great Whal e (21 geo-
t he north (31 ‘rrom~~ began to ncre,ise at 0130. Two minutes magnetic time) is shown in Figure 12. The figure shoss s the
later a parallel .irc of lower intens ity became visible on the drifts to be similar at the two stations wi th a steadier dr i f t
cqu i io rwa rd edge of the or ig ina l one and s lowl y increased in occurring at Fort Churchill. The irregularities at Great Whale
intCiss it\ .\t about 0131 the t’~

t) arcs were dislocated equa- centered at 0122 and 0130 depict the passage of two large
to rss .ird . and after 0l .~9, diffuse auroras with band like struc- wavelike structures , the first of which was a forerunner to the
tu~c .ippeaned on the equatorward side of the arcs. The move- small surge that is easily detectable in the photographs of
went of t he original arc , which seemed to constitute the 012 1—0 123 (Figure 13).
poleward edge of the disp lay, as well as the movemen t of the The equatorward shift of the arc was measured to he
boundaries of the diffuse aurora, has been plotted in Figure 11 . 3° /hour and therefore cannot be attributed so~eIy to the nato-
I his ti g ure j is ”  shi,ss’, the dis tribut ion of aurora l light along ral shift of the position of the auroral oval in the course of the
ibc nierid i~in is recor ded by t he spectra~ camera C-l80.S at evening. The change in the latitude of the Feldstein oval (Q
l.oparska~. in the Murman sk ,!rea Auroral data arc not 3) at 20 MLT is approximatel y 1 °/hour equa torw ard . froni
available h~t ore 0 130 because of snow . but after this hour . which we can infer an equatorward drift in the position of the
spectrograms (31 10-m m exposure time were recorded, A cow- arc relative to the oval of 2° /hour or about 4 km nun. This
pari son of the two plot s in Figure II shosss good agreement observation agrees with results reported by StarAoi - and Feld-
between the stations with regard to the latitudina l shift , but a stein 1197 1 1 that auroral forms generall y drif t equa torw ard
time lag of 10 ± 5 mm is observed between the equa torward dur ing an hour or so prior to the ex pmw3s ive phase of a sub-
shills. Apparent ls . the low-latitude diffuse area propagated storm , hut i t should he noted that in our obsersations the
eastward with an approximate velocity of 1°/w in (or 50 equatorward drift was found only in the evening part ol the
km/wi n) . On the assumption that the diffuse cloudlike aurora oval. Neither at midnight nor in the morning sector could a
w ,is produced by electrons which had become trapped on near- similar drift be found.

L _ 
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0133 0135 0137 0139

0140 0141 0142 0144

0145 0147
I— ig II) ‘s l—~ k i ~.i me r,, pho i , s from T ron) s~ . Iehrua r~ 25 , I

It is of particular interest to note that the equiI~~ro .in I u n i t  of the arc results from .i ssCs t ss ,mrd ionospheric field (see , for
continued through the growth and espanslon ph.t ses hut esamp le . ~ el/,’i et a! t 19’  I): t/ , i : , -r I 1)) .  t he magnitude of
sto pped at the two evening stations a less mint ite s before the this field, given In v = I x  B) /1” , s 4  rn\ m westward. Our
poleward expansion ended. This w ,,s also ,, few miii ,,ics before observations sh sss th a t  th is Iit ’Td Is present dur ing  the
the narrow westward traveling surge mrri s ed ii ( m eat ‘si. hale. growth phase and most of the ex pa nsion phase and then
Ifwc make the tent ati se assumption that  the eqimam or wa rd drift suddenly disappeared
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ward across the Great Whale field of view and into the Fort
‘969. Fob 24-25 Churchill field of view during the time interval 0120—0 139.

Between 0134 and 0142 the eastward drift of a similar bulge
69’ near Tromsó was measured. The two surges appeared to have

_______ about the same drift speed~ in the time interval 0135-0138.________ - // 
‘ 

w hen the Troms~ measurements were most accurate, the east-
.— /— 

~~~~
- ward drift speed was 2.2° ± 0.3° geomagnetic longitude per

- minute, while the westward drift speed of the bulge near Great
Whale was measured to be 2.00 ± 0.5° geomagnetic longitude
per minute. The bulge at Tromsó drifted close to the 107°U.

- - geomagnetic longitude meridian, and the one at Great Whale
drifted near the 3570 meridian. Thus during this short intervalMM—

Oli~~ ty ~~ the two bulges were of similar shape and were observed to drift TR —— .
symmetrically in relation to the geomagnetic midnight men-
dian (~~50° geomagnetic longitude).0100 ~O 20 30 40 50 ~iO 40 Ut The Western irregularity became visible in the Great Whale

Fig II. Broadening of auroral display at Tromsd (dots) and Mur. field of view a few minutes after the formation of the poleward
nsansk (line segments), based on all-sky camera (TR) and spcctro- extension between Canada and Greenland. The drift velocity
graph (MM). The intensity maximum in the spectrographic record is of this and accompanying irregularities along the arc was
indicated by a narrow double line. f n the spectrogram the poleward relatively constant or slightly decreasing until 0134—0135.boundary could not be determined with sufficient accuracy. After when an increase in the velocity occurred. Unfortunately, data0225. observations were not possible at Tromsó because of cloudiness.

are not avai lable to show whether the drift stopped at
0139—0140, as is the case with the eastern irregularity, although

S.s’mmelrical!y Traveling Disturbances the shape of the drift curve of Figure 15 does indicate this
possibility. At Troms~ the drift stopped completely for aboutIn the morning sector the equatorward broadening was 2 mm at 6139—0140, after which it continued with the sameinitiated by the pas.sage of an eastward traveling, small but velocity as before. If the symmetric drift of the two irregulari-distinct bulge in the main arcs. The movement of the bulge can t ies is more than a coincidence, it can perhaps be thought of ashe followed in Figure 10. A closer inspection of the figure an effect associated with changes in the convection and thus inshows that the arc was dislocated slightl y equatorward on both the polar cap electric field during the expansion.

sides of the bulge. The combined effect of this dislocation and
the bulge produces the depression of the northern arc at SATEI..LITF PARTICLE OBSERVATIONS
OIS S— 0 14 S shown in Figure Il . The projection on the ground At 0115 UT the Isis I satellite passed over the arc at aof the arc sys t em w hich clearl y show s the bulge is presented in position 10.3° east of Great Whale. The electron spectrogram
I igur e 14. \lore detailed measurements of the eastward shift of the southbound pass is presented in Figure 16. where the
of th e position of the bul ge are given in Figure IS . Note that electrons associated with the visual arc appear distinctly at anthe ordin.i~e in the figure gises the distance of the maximum invariant latitude of about 68° and a magnetic local time of
deviation in the bulge along the ire from an arbitrary zero 20.8 hours. Immediately poleward of this precipitation is ameridian . nie,isured in degrees of geomagnetic longitude, restricted region containing electrons of energies in the 100- toAt (heat Vs hale a disturbance similar in shape to hut of 250-eV range. Equatorward of the auroral precipitation thesmaller dimension than a westward traveling surge was seen to spectrogram shows photoelectrons of energy between ~ l0 eVniose from the vicinit y of the great polew ird bulge between and ~60 eV . coming down t he field lines from sunlit magnet-
Canada and Greenland toward the wes t . As is shown in the ically conjugate points.
photographic sequence of Figure 13. the surge was first de- The electron diiterential number spectrum measured near
tected at 0120: at 0125 it appears to have reached the Great
Wh ale meridian . hut at this time it was difficult to distinguish ~~ 1900mogbecause of the presence of a great number of small-scale folds lot 

~ ~~~~ Ia long the a~~. At 0331 — 0 132 the band was again more regular . 1969 . Fob 25
wi th a single bul ge in the western end, qui te simila r to the
‘(,st ui rfl,nç e present near Troms~ at the same time. The west-
.. .ird movement of this bulge and that of the bulge originally ,~ ‘ 

‘

appr oaching Great Whale from the east (presumabl y the same
form ) ire plotted in Figure 15 and labeled GW. As it ap- 71’
proached the western horizon at Great Whale , it became ob- . 

~~ ~ d..~ L FC

servable in low elevation from Fort Churchill, and the motion 70’

measurem ents taken from the Fort Churchill photographs are
plotted in thesame figure(laheled FC). A few minuteslaterthe
I~~ Churchill camera stopped operation for 4 mm , enough 

~ 
. OW

time for the bulge to become rather poorly defined. But the few
observations made at Fort Churchill before the break follow
the trend in the Great Whale plot. The displacement in longi- I oioo t~~~~~~ w 

- 
so so otoo uo~~~~tude r~sti1 ,s from the uncertainty in select ing the same Point on Fig 12. Equatorward drift of auroral arc in the evening sector .the Juror , from the two stations. At any rate, t he observations (‘Top curve) Fort Churchill (19 MLT). (Bottom curve) Great Whale

from these two stations show that a small bulge moved west- River (21 MIT). 
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01.21 UT 01.23 UT 01.25 UT 01.27 UT

01.29 UT 01.31 UT 01.33 UT 01.35 UT

___  

1969, Feb. 25
- 

Great WhaLe R.

01.37 UT 01.39 UT
Fig. 13. - \I I .st ’. photograp hs roni ( ~reat tt h Ic Rive r . February 25 . 969. show ing sse ~iw ird niosciiicfli irregular ities

in th~ aiirora l arc.

t he center of the region of precipitation is slioo ii iii Figure l7 The enlarged photograp h of I- igure 114 shows the arc as it
This spectrum , labeled d’s JE . is charac c r is i ic  of nights ide wa s observed from the Grei i  Vs hale River Observatory at
auroral precipitation showing a rather steep ne~ itisc slope it 0115 UT. The small white circle near the right edge of the
low energies and the typical aurora l pea k . i t t  this cisc ~tt 1 .3 photograph marks the point at which the geomagnetic field
keV . The total energy in the spectrum (in the range JO eV to line, through which the satellite passed at the time the max-
11.6 keV ) is 4.3 ergs/cm 2 s Sr. Assuming an isot ro pic electron imum energy flux was detected (0 114:56) . intersects the height
distribution, this energy flux corresponds to a brig htnes s ol 21) of maximum auroral luminosi ty . As i s show n by the ‘energy
kR of light at 5577 A f Dalgarno i’t a!., l96~1. I \,iminauitsn of flux’ curve of Figure 17 , most of the energy- was carried at ~ 3
individual spectra indicates that the peak in the electron spec- keV . which places the height ot maximum luminosit y at about
trum increases and then decreases as the arc is crossed Such a 120 km FRees . l969J.
latitudinal morphology has been referred to as in ‘inverted V’ The soft particle spectrometer ,ilso provided a measurement
struc ture by Frank and .4ckerson [I ’)’ l J  and is a common of protons in the range of energies 10 eV to II 6 kcV - Within
feature associated with many auroral s rvs  this energy range. protons were observed to precipitate over a

L 
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Fig. 14. Maps showing eastward movement cii surge in the morning sector , as observed from Troms~.

region extending from ,an invariant latitude of 67.4°—66.6° . onset of the expansive phase. Figure 19 shows the electron
The proton energy flux profile is p lotted in Figure 19, which energy flux profile measured as the satellite passed over the
clearly demonstrates that the proton precipitation occurred arc. A directional intensity of 0.2 erg/cm’s sr corresponds to I
equatorward of the electron precipitation associated wit h the kR of light at 5577 A. which is near the visibility threshold
visual arc. The energy assoc iated with the protons over this above the background light of the night sky. As the figure
range of invariant latitude averaged 3.0 X 10° erg/cm’ s Sr. indicates, an electron flux in excess of this value was detectes.
Because of low count rates it was not possible to measure a for four consecutive spectral sweeps or for S s. The satellite
proton spectrum, bul the average proton energy appeared to horizontal speed was 7 km/s , so that at the satellite altitude of
be near 4 keV . 620 km the ‘arc w idth’ was 56 km. Integrating across the arc,

Since the sate llite crossed the region of particle precipitation the rate of energy input per unit length of the arc was 5 X 10’
before the time of maximum disturbance, it is possible to ergs/s cm. The prebreakup arc was observed by cameras from
estimate energy input in to the auroral ionosphere before the west of Fort Churchill to east of Tromsó and most likely

cmv giom ions
f,avn OrbOrQry 21,0

Drift from midnight of ourorol surges
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Fig l~ . Drift Irom midnight of aurora l surges . The drift seen at Grea t Whale and Fort Churchill is westward~ that atTromsó is eastward.
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DAY 5~

Oi i4-5s UT Growth Phase
A’ 57.9’, MLT ‘20 86,

\ E •4 3 , , g / c m t soc o le. 
— It has been shown that the substorm under study here,i01/cm 2 wc uiv

/ 
A 6\

ç
ENERGY ~~~ - • which followed a period of magnetic calm , appears to have—

U

~ bee n preceded by an inter sal before breakup with activit y
g,~~~A A

11970). The gradual des elopment of the act i s i t y starts shortl y3 after the southward turnin g of ihe interp lan etar~ m agnetic
~ lo

s - - 0.i
x field: the magnetic detlecti ons at auro ral latitudes as well ,is at

dE E corresponding to the growth phase defined by tic Pherron

~ middle and low latitudes , the aurora l acti r it ’s , the westw ard
- ~ magnetos pheric electr ic field deduced from the auroral drift ,z

A/ ~ and the precipitation of auroral part icles measured by the-J
4 I
~ 10 - - 0Oi~~z satell ite a l l  support McPherron ’s suggestion that the start of

the substorm growth phase indicates either ,i commencement
or a gra dual enhancement of magneto sp heric convection. Thea observation of s~ rnnietr ica lly dr i f t in g auroral surge s duringio’ i , , , , , , , I , , t . , n , l

io iot io’ io~ growth and espai lsion p hases as w el l  .is of auroral patterns
ELECTRON ENERGY ( .v)  simi lar to part of the convection pattern may gi e further

Fig. 17 . Elec iron differential number spectrum (d. \ dL and en- sU PPort to this idea. In the present case we ire apparentl y
ergy flux measured by the Isis I soft particle spectrometer at 0 114 - 56 concerne d w i t h  a si tuatIon in which increased consect ion nih-
(.IT on February 25 . 1969. ate d by a negat ive 82 is terminated h~ severa l substorms : fi rst a

‘sery small confined substorm and then two  greater substorms
wit h clear breakup and poleward ex pansions which are not
separated from each other hut which seem to belong to the

extended much further in both directions. A length of 7 l0~ same disturbance esent .
km approximates this distance, and with this assumption the The ‘s ery small substor m occurred at about 0100 UT up-
total energy inpu t rate was 3.5 x l0~’ ergs s. The arc was proximate ly hour before the expansion phase of the major
visible for at least I hour before breakup: therefore an energy substorm. It was characteri ied by a small westward traveling
of 7 X ~~ ergs was deposited in to the auroral atmosp here by Surge and a small magnetic hay of ~ 2O ~ and therefore f i t s  the
the electrons before breakup. The protons in the region equa- description of a weak substorm along a contracted oval as
torward of the arc carried considerably less energy- than the concluded from ground-based observations fMon:briand ,
electrons , a feature not unusual in aurora l events . The ratio of 197 11 and DMSP 2 imag ing [.4Is a.soJu, 1974h J . The south ward -

the energy of the protons equatorward of the arc to that of turning of the IMF preceded even th is  event by more than an
electrons within the arc was 1.6 x 10 2 hour. and the first departure from magnetic quiet was ob-

The question of wh e iher or not auroral arcs al wa y s occur on served at auroral zone ,is well as low -latitude stations about I
closed magnetic field lines continues to he a matter for deter-
mination. We have attempted such a determination for the arc -

observed on February 25 by making use of the S-So detector of
the Isis 1 energetic particle experiment (comp liments of J. R.
Burrows. National Research Council. Ot tawa , Canada ). This _ ._ . .,p .. . _ . 

‘- 5 .

detector responds to electrons of energy >40 keV and offers
the advantage of a large geometric factor of 4 X l 0’  cm 2 Sr.
Figure 20 shows the S-SO flux plotted against universal time 

_______ _________

Iand invariant latitude, where the counts have been averaged
over pitch angle in order to compare the trapped particle flux
outside the 63° loss cone with the downcoming (o < 63° ) and
upcoming (a > 117°) fluxes. ‘St latitudes below about 680 the , 

~ -~~ ~~~~~~~~~~~~~~~~~~~~ 

‘ 

1iil~trapped flux exceed s the precip i tated flux , indicating a closed
field line configuration. From the figure it is not possible to tell “1~!~ 

‘
~
“
~

exactly where the angular distribution changed, but it must .,~ ~~

have been between 67 .9° and 68,4° . Fri t: 11970) would identif y- ~~~~~~~~

this location as .4t 10, a boundary defined to he the lowest
latitude at which isotropy occurs for electrons of E > 35 keV .
We note that on the nightside this boundary always occurs at a
latitude lower than the ‘ib of McDiarm.d and Burrows [1968) .
which is the lowest latitude at which counts fall to cosmic ray
background and which is interpreted by them as the high-
latitude limit of closed field lines. In the present case , A 6 was -

~~~~~~~~~ —

above latitude 71 - 2° . the highest latitude tracked on this pass.
Thus we can state t hat the electron arc is associated with or lies Fig. IX ‘ s i t  sk ’, phtoung r,iph t.iken at (Ireai Whale Riser ()hs~rs 1-below the boundary between open and closed field lines and m r s  ii Ol f~ I I on 1-ebruars 2~. 1969 The small white circle desig-
that the proton arc clearly lies on closed magnetic field lines. natcs the field line /n ie rsec i io n point at 120 km. 

-— ~~~~~~~~~~~~~~~~~~~~~~~~ 
. 

-
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INYAIIANT LATITUD8 corrected geomagnetic latitude. Near 0525, 8, went negative
se S ~~‘ 2 676’ 670 ’ 564 ’ 

(Figure I), At 0525—0530 the arcs became more intense (Figure
I’’ ‘‘ I’ T I I J I I I II I I  i i i 2 1) : at 054 1 an arc was broadening from the midnight sector

in to the Fort Churchill field of view. At 0603 a bright aic was10 ALT ’ 6206m - suddenly observed at about 680 ; at 0606—0610. internal activity
was seen in the arc; at 0608—0610 it developed toward the east
across the Great Whale zenith; and at 0616 a moderate pole-

- ELECTRONS - ward expansion began. The development of the aurora l dis-
E i’-’ play has its counterpart in the magnetic record from Fort

I Churchill (Figure I). Also , the low-latitude stations near mid-
night (Fredericksburg and Tucson, Figure 2) show features of

~ 
0.1 . - increasing cross-tail current between 0540 and substorm onset

PROTONS at about 0600. Thus although the observational data are more
limited at this substorm , we see features very much like those

1.. .-- 
- described above, beginning with the negative turning of B, and

L1 ending with the poleward expansion about 50 mm later. The
‘-I- poleward expansion does not reach as high a latitude as in the

oiI5~ 0130 substorm ; the product of 8, and time from southward
00’ 

40 50 
‘ 

O~~
’ ‘ ~~‘ ‘ 

20 
turning to breakup is also less in the 0600 substorm IArno!dy .

UT (s.c) 1971).
Our observations do not determine whether the expansiveFig. 19. Electron and proton energy flux latitudinal profiles. The ‘

proton precipitatio n lies distinctly equatorward of the electron precipi- phase trigger mechanism IS Internal or external. We can only
tation associated with the visual arc. Minute IS ofhourO l is labeled as point to our observations that the southward turning of the
0115 and begins at the 00 mark on the abscissa. IMF was followed by clear signatures of increased magneto-

spheric convect ion: DPZ equivalent current systems of gradu-
hour before the appearance of the small substorm. Accord- ally (though not monotonically ) increasing intensity, signa-
ingly. we take the view that this substorm may also have tures of an increasing cross-tail and/or ring current.
resulted from the southward turning of the IMF and repre- precipitation of auroral particles in an increasing longitudinal
sented a small release of energy before the much greater re lease sector of the midnight auroral oval , and finally a poleward
at 0130. curvature of arcs in the premidnight area that resembles the

As in the ma in event under study, the 0600 substorm which drift pattern in the polar cap. Minor signatures of instability or
appears at Fort Churchill and Great Whale River was pre- activity are followed by the sharp breakup.
ceded by a short interval of activity, which is similar to the It is apparent from the observations presented here as well
growt h phase of the 0130 substorm: following the recovery of as from observations of Subbarao and Rostoker [1973). Hones
substorm act ivity at 0400. quiet arcs were situated near 71° et a!. [1973], A kasofu et a!. [1973], Rossberg [1974), and Aka-

INVARIANT LATITUD E
70,3’ 65.4’ 6L S’ 67.8’ 64 7’ 83.5’

I I 
-

S.S0 DETECTOR i I— 
—

ISIS-1 DAY So I I I I
0:4110.2 cm’ stir 

/ 

i ~A~I~
4 i 

~~~~~ 
I -

1

_ f ~— 

I,’ 
~~~~~~~~~~~~~~~~~ —~1~

’ ____-.;- 
—

— TlAPPED (~r4 u.v)1r)
~~ OOWNCDMING ( (S ê3’)
L. UPCOMING ( U~~ I) ?’ )

I I I I I I I I_ I I I I I I 6 A I
10 IS ii 25 30 35 40 41 Si IS • S IS 15 20 25 30

ins
UNIVERSAL TIME

Fi~ 20 High.energy electron fluxes averaged over pitch angle. The low-latitude limit of the position of the boundary
betwee n open and closed held lines lies between invariant latitudes 67.90 and 68.4°, indicated by hatching, The arrow on the
abscissa labeled 0115 indicates the bqinning of minute IS of hour 01 (UT). L,iii4
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ing a definite ph~s c - - if every substorm. The term may, how- diffuse cloudlike auroras which appear at auroral latitudes
ever , be suitable in desCribing a magnetospheric situation during breakup.
which may lead to the triggering of a substorm. Our present Isis I electron observations made before auroral

breakup agree well with the growth phase morphological pat-Ionospheric Elect tic Fields tern of Hoffman and Butch 11973]. The term growth phase was
In a study of the ionospheric electric field by means of defined by them as the time between the southward turning of

ba lloon-borne detectors, Mozer [197 1) found a regular bchav- the IMF and the appearance of auroral breakup. The studies
ior of the electric field in the auroral zone. Averaging over 19 of A kasofu et a!. [1973] and Akasofu [1974a1 would have
substorms. he found that about I hour before the onset of the categorized the present observation as the ‘plasma sheet quiet
expansive phase the westward component of the electric field arc’ of a ‘growth phase pattern.’ Winningham ci a!. [1975).
increased from zero and reached a maximum value at the time using isis I and 2 particle data, ha ve amplified the patterns of
of breakup. The field remained at this level throughout the Hoffman and Butch [1973] but do not include a pattern repre-
expansion phase and then began a return toward zero. The senting a preexpansive phase, IMF south condition (since this
southward component remained at a zero level until it sud- condition does not always initiate a complete substorm se-
denly increased at the onset of the expansion. Our observation quence). They do state, however, that an observation of the
that the equatorward drift of the auroral arc appears during kind we report would be categorized as representing their
the growth phase, cont inues through the expansive phase, and ‘boundary plasma sheet’ (BPS) region during a period for
then suddenly stops is in agreement with Mozer’s observation which the IMF is directed southward (see their Figure 19).
of the duration of the positive excursion of the westwar d This BPS region is always located poleward of the region of
component of the electric field. Our observation of the limita- diffuse aurora and often contains discrete arcs.
tion of the equatorward drift to the evening side of the sub- As we have illustrated in Figure 19, the highest fluxes of
storm center appears, however, to be new . It is not obvious protons of about 4-keV energy were measured within a region
from Mozer’s balloon measurements. His conclusions are equatorward of the electron arc. A similar latitudinal profile,
based on average values without information about the loca- characteristic of the premidnight hours, has been obtained
tion of the balloons in relation to the substorm. statistically with airborne [Eat/se, and Mende, 1971] and

ground-based [ Fukunishi, 1975) H$ observations. The study ofParticle Precipitation and Relationship Fu.kunishi [1975) clearly places the belt of proton precipitationto the Magnetosphere equatorward of discrete auroral arcs during times which he
The particle precipitation associated with this auroral dis- d’.. ies as the ‘quiet’ phase and the ‘prebreakup’ phase. Our

play has been studied both by direct measurement and by particle observations show that the separation can occur on an
observation of the drift of cloudlike auroral forms. Most of the instantaneous bas is, a fact which must be included in any
electrons responsible for t he luminosity in the premidnight theory which seeks to explain the global development of an
sector before breakup possessed energies of I—S keV . The auroral substorm. Isis I crossed the arc at a local time of 20.5
cloudlike form observed drifting from Tromsô to Murmansk hours and a magnetic local ti-ne of 20.8 hours. We also note
was produced by electrons of ~4O-keV energy. This energy that apparent separation between the region of maximum
determination, based on the assumption that the electrons proton precipitation and the region of maximum electron pre-
were gradient drifting, is in agreement with the photographic cipitation (the arc) does not coi.spletely exclude protons from
observations of Stormer (1955], which give a mea n height of 94 the electron precipitation region; it only excludes protons
km for ordinary cloudlike auroras over Norway. The ioniza- within the energy range 10eV to 11.6 keV and above an energy -

tion production maximum for 40-keV electrons has been cal- flux level of ~“l0-’ erg/cma 
~ sr.

culated by Rees [1963] to be 92 km. Our observations of The observed protons were most likely associated with the
diffuse aurora indicate that such electrons appeared nearly quiet time ring current, w hich. according to the San Juan
simultaneousl y all along the oval from midnight to shortly magnetogram of Figure 2, intensified as t he substorm scquence
before 0400 geomagnetic time and that the drift of the cloud- continued. The greatly reduced proton flux at the position of
like aurora east of Troms~ is consistent with gradient drift of the arc before breakup implies either ( 1  an upward field-
40-keV electrons at auroral latitudes, aligned electric field at the auroral arc or (2~ that the mecha-

This observation agrees well with the model for precipi- nism which energizes electrons and protc’t c does not precipi-
tation into the auroral zone of electrons in the >30-keV range tate the protons efficiently. Only when the proton population
presented by Slcuen ci a!. 11971) on the basis of observations of the near-earth plasma sheet reaches a critical intensity are
by several authors (see their list of references). In their model, protons precipitated by resonant wave-particle interactions as
electrons within the loss cone are precipitated in an elongated suggested by Kennel and Petschek [1966). Adiabatic compres-
reg ion following the auroral oval from geomagnetic midnight sion operates on protons on closed field lines in the tail region. ‘ -toward dawn. Electrons with other pitch angles drift eastward, but the dominant mechanism is betatron or transverse energi-
following the I. shells from this source region, and are gradu. zation which operates on the transverse component of the
ally precipitated by pitch angle scattering or other macha- proton motion. Our observation, using the high-energy alec- ‘ 

-

nisms. This drifting electron population may be responsible tron data, t hat the boundary between open and closed field -for the mantle aurora [Hoffman and Butch, l973J. lines lies at a latitude at least as high as 67.9° insures that the
Thus our observations support a mechanism which would protons we observed were on closed magnetic lines.

inject 40-keV electrons into the auroral oval during the ex-
pansive phase of t he substorm. The observation by the Vela SUMMARY AND CONCLUSIONS
satellites (Hones eta!., I 973) of an enhancement in theE> 45- A comprehensive study of the major substorm of February
keV electron flux at the time of rapid thinning of the plasma 25, 1969, at 0130 UT and several weak substorms before and
sheet at t he satellite suggests that these electrons may be of the after this event has resulted in the following observations.
same population as that responsible for the production of the I. The preexpansive phase auroral arc extended approxi- 
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mately along the aurora l oval from 17.5 to OS.5 MLT and was Akasofu . S-I .. Aurora ! substorm and associated magnetic distur-
responsible for an energy input rate of ~ 3 X l0” ergs/s before hances, in Polar and Magnetospheric Substorms, D. Rei4eI. Hing-

ham, Mass.. 1968.the breakup. Akasofu , S-I ., The aurora and magnetosphere , The Chapman memo-2. In the evening sector , from the earliest observation of rial lecture, Planet. Space Set. , 22 . 895, l974a .
auroral light , an equatorward drift of 6 km /mm was observed: Akasofu , S-I., A study of auroral displays as photographed from the
th is drift was present only in the evening sector and ceased DMSP-2 satellite and from the Alaska meridian chain of stations.
after the onset of the expansive phase at the time of maximum Space Sci. Rev., 16 . 6 17. l974b.

Akasofu . S -I.. The roles of the north-south component of the inter-poleward displacement of the breakup arcs. planetary magnetic field on large-scale auroral dynamics observed
3. In the evening—m idnight sector the increase in the in• by the DMSP satellite, Planet. Space Sd.. 23. 1349 . 1975.

tensity of the preexpansive phase arc accompan ied the increase Akasofu , S-I ., P. D. Perreault, and F. Yasuhara , Auroral substorms
in the deviation of the horizontal magnetogram component. and the interplanetary magnetic field. I. Geophys. Rca.. 78, 7490.

1973.4. The equivalent currents obtained from the observed Arno ldy. R. L., Signature in the interplanetary medium for substorms .magnetic deflections were of the DPZ type (twin vortex mode) j . Geophys. Rca., 76. 5189. 1971
before the onset of the expansive phase. After the onset the Dalgarno. A., I. D. Latimer . and J. W . McConkey. Corpuscular
L) PZ currents were more intense by a factor of 2, but the bombardment and N,. radiation , Plane:. Space Sc,., 13. 1Q08.
dominating current during this period was an intense west- 1965.

Eather , R. H.. and S. B. Mende, Airborne observations of aurora!ward auroral electrojet . prec ipitation patterns . J. Geophys. Res. , 76, 1746. 1971.5. During the expansive phase, symmetricall y traveling Feldstein , Y. I., Auroras and associated phenomena, in Solar-Terre.c-
disturbances were observed propagating eastward and west- trial Physics , edited b~ E. R. Dyer. p. 152 , D. Reidel. H i ngham .
ward away from the midni ght sector . The propagation stopped Mass., 1972.
for 1—2 mm at the time of maximum poleward expansion and Frank . L. A.. and K. 1. Ack erson . Observations of charged particle

precipitation into the auroral zone,J. Geophys. Res. . 76, 3612. 1971.then continued (at least in the morning side) with the original Friis-Christensen. E., and .1. Wilhjelm . Polar cap currents for different
velocity, directions of the interplanetary magnetic field in the y-z plane. I. -~

6. Electrons in the I- to 5-keV range were measured by Geophys. Res. , 80. 1248, 1975.
satellite over the preexpansion phase arc. They were observed Fritz . T. A., Study of the high-latitude , outer-zone boundary region

for �40-keV electrons with satellite Injun 3. 1. Geopliys. Res., 75,near and probably within the low-latitude limit of the bound- 5387. 1970 .
ar~ between open and closed field iines. Fukunishi . H.. Dynamic relationshi p betwee,n proton and electron7. Protons of ~4-keV energy were measured equatorwar d auroral substorms , I. Geophys. Res. , 80, 553. 1975.
of the electron arc : their intensity was 1.6 X 1 0 2  that of the Hamlin . D. A., R. Karplus , R. C. Vik . and K. M. Watson . Mirror and
electrons within the arc, and they were definitely on closed azimuthal drift frequencies for geomagnetically trapped particles .J.

Geophys. Res.. 66 . I. 1961.field lines. Hoffman . R. A.. and J. L. Burch. Electron precipitation patterns of
8. An injection of ~4O-keV electrons as determined from substorm morphology. J. Geoph vs. Res. . 78. 2867, 1973.

the observations of diffuse cloud l ike aurora occurred during Hones. E. W .. J r.. J. R. Asbridge . S. J. Bame. and S. Singer Substorm
the expansive phase. At times later than 04 MLT the cloudlike variations of the magnetotail plasma sheet from XSM —6 R~ to
aurora associated with the 40-keV electron population was XSM ~ —60 R~. J. Geophys . Res. . 78. 109, 1973.

lijima, T.. and T. Nagata , Constitution of polar magnetic distur-observed to drift eastward toward later morning hours. bances. Rep. lonos. Space Re.r lap , 22. I . 1968.
The major substorm at 0130 UT and a smaller substorm at lijima. T., and 1. Nagata. Signatures for substorm development of thc

0600 UT show growth phase features in their visual and mag- growth phase and expansion phase. Planet. Space Set.. 20. 1Q95.
netic signatures. However , other investigations show that 1972.

Kelley. M. C.. J. A. Starr . and F. S. Mozer . Relationshi p betweenmany substorms have occurred for which there is no classic magnetospheric electric fields and the motion of auroral forms . J. -

growth pattern and also that some growth phase patterns do Geophys . Res.. 76. 5269. 1971 .
not always result in a complete substorm sequence [Kokubun ci Kennel . C. F.. and H. E. Petschek . Limit on stabl y trapped particle
a!.. 1977]. Accordingly . we emphasize the usefulness of the fluxes. I. Geophys. Re.c., 71. I. 1 966.

King, J. H., Interp lanetary magnetic field data book , report . NASA ,growth phase concept in describing a magnetospheric condi- April 1975.tion which is initiated by a southward turning of the IMF but Kokubun , S.. and T. lijima. Time-sequence of polar magnetic sub.
stress that in general i t should not he expected to bear a one- storms. Plane:. Space Sd., 23. 1483. 1975.
to-one correspondence with the substorm expansive phase. Kokubun , S.. R. L. McPherron. and C. 1. Russell. Triggering of -

substorm by solar w ind discontinuities . J. Geophys. Rca.. 82. 74.
1977 ..4 -knowledgn:ent.c . We are indebted to H. Derhiom, lono- Lui . A. T. Y.. C. 0. Anger , and S- I. Akasofu . The equatorwardsfaerohservaioriet. Uppsala: S. I. lsaev . Polar Institute . Apat ity. Mur. boundary of the diffuse aurora and auroral substorms as seen by themans k; M. J. Neale . National Research Council (NRC), Canada: 3. Isis 2 auroral scanning photometer . J. Geophys. Res., 80. 3603. 1975.Sommer . Wor ld Data Center Cl , Copenhagen; and 0. Holt , Nordlys- McDiarmid , I. B., and 3. R. Burrows. Local time asymmetries in theobservatoriet. Troms~. for placing copies of records at our disposal .
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