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Figure 1: Propagation of the substorm injection re-

gion predicted b y (A) the Con v ection Surge mo del

and (B) the Curren t Disruption mo del.

w ard but is alw a ys b ounded on the earth w ard side

b y the assumed spatial limit on where the instabil-

it y can op erate. In this mo del the expansion of the

injection region do es not imply tailw ard con v ection

of the particles but rather the tailw ard propagation

of the region in whic h particles are energized. W e

note also that in the \curren t disruption" scenario

particles are energized lo cally through an in situ in-

stabilit y whereas in the \con v ection surge" scenario

particles migh t either b e energized fairly lo cally or b e

energized at a more distan t, do wn tail, lo cation and

con v ected in to the region where they are observ ed.

The t w o scenarios for the substorm injection mec h-

anism are related to what migh t b e the cen tral con-

tro v ersy in substorm studies, illustrated in Figure 2.

The top panel sho ws a scenario that is normally as-

so ciated with the Near-Earth Neutral Line mo del.

In this picture substorm onset b egins with recon-

nection in the middle magnetotail (at p erhaps 20-

30 RE ) and the e�ects propagate earth w ard, p er-

haps through burst y bulk 
o ws. In the b ottom panel
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Figure 2: This sc hematic represen ts a fundamen-

tal con tro v ersy in space plasma ph ysics. The Near-

Earth Neutral Line mo del prop oses that the sub-

storm initiates in the mid tail at a reconnection site

and that the e�ects subsequen tly propagate earth-

w ard. The Curren t Disruption mo del prop oses that

the substorm initiates near the inner edge of the

plasma sheet and that a tailw ard-propagating rar-

efaction w a v e could later pro duce reconnection in the

more distan t tail.

the substorm onset o ccurs in the closed �eld line re-

gion near geosync hronous orbit ( � 6 � 10 RE ) and

propagates tailw ard, p erhaps through a rarefaction

w a v e whic h migh t also cause reconnection in the tail.

This general picture is often referred to as the Cur-

ren t Disruption mo del. Both of these basic scenar-

ios no w accoun t for the widely accepted observ a-

tions of substorm-asso ciated plasmoids in the dis-

tan t tail (e.g. [Ref. 5 ]) and of the mapping of auro-

ral pro cesses to the near geosync hronous region (e.g.

[Ref. 6 ], [Ref. 7 ]). They di�er mainly in the relativ e

timing and radial propagation of substorm phenom-

ena.

2. DISPERSIONLESS INJECTIONS A T TW O

SA TELLITES

In order to determine the propagation direction of

substorm injection signatures in the near-earth mag-

netosphere w e compared the onset times of disp er-

sionless injection signatures seen at geosync hronous

orbit ( � 6 :6 RE ) with the onset times seen b y the CR-

RES satellite whic h w as in a geosync hronous trans-

fer orbit and therefore radially earth w ard of 6 :6 RE .

The CRRES data used here w ere obtained with the

EP AS instrumen t [Ref. 8 ] whic h measures electrons

with energies from 21 to 285 k eV and protons from 37

k eV to 3.2 MeV. The geosync hronous energetic par-

ticle data w ere obtained b y the Los Alamos National

Lab oratory CP A and SOP A instrumen ts whic h also

measure protons and electrons with energies ab o v e a
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Figure 3: An example of a disp ersionless injection

seen b y CRRES and b y LANL geosync hronous satel-

lites. CRRES w as lo cated 0 :5 RE earth w ard of 1990-

095 and observ ed the injection 2.5 min later.

few tens of k eV. (See [Ref. 9] for more details.)

W e b egan b y surv eying CRRES summary plots of

energetic electron and ion data to iden tify substorm

injections. W e then iden ti�ed the subset of injec-

tions that had no energy disp ersion, indicating that

CRRES w as within the injection region. F or eac h

of those ev en ts w e then surv ey ed the Los Alamos

geosync hronous energetic particle data to determine

if one of the four a v ailable satellites also observ ed a

disp ersionless injection.

Figure 3 sho ws one example of a disp ersionless sub-

storm injection that w as observ ed b y b oth CRRES

and one of the LANL geosync hronous satellites. The

relativ e lo cations of the t w o satellites is sho wn in the

b ottom panel. A t the time of onset the satellites

w ere separated b y 0 :5 RE and 0.8 hours of ML T. The

geosync hronous satellite 1990-095 observ ed a disp er-

sionless electron injection at 1708:00 UT. CRRES

observ ed a disp ersionless electron injection 2.5 min

later at 1711:36 UT. The CRRES data used in this

study w ere 1-min a v erages while the LANL data w ere

10-s a v erages. Therefore the uncertain ties in the tim-

ing of the injection onsets are � 1 min and � 10 s re-

sp ectiv ely . The 2.5 min dela y b et w een the injection
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Figure 4: Another example of a disp ersionless injec-

tion seen b y CRRES and b y LANL geosync hronous

satellites. Both satellites w ere at � L = 6 :6 RE

but w ere separated b y ab out 3 hours of lo cal time.

Both satellites observ ed a disp ersionless injection at

� 1410 UT.

times is signi�can t compared to the uncertain ties in

the timing and w e assume that it is due to the spatial

separation of the t w o satellites.

In Figure 3 the 
ux v ariations observ ed b y CRRES

after 1800 UT are not due to substorm activit y . They

are a result of the passage of CRRES through the

radiation b elts along its orbit.

Figure 4 sho ws another example of a disp ersion-

less substorm injection observ ed b y CRRES and the

geosync hronous spacecraft 1989-046. A disp ersion-

less substorm onset w as observ ed at 1410 UT b y

b oth spacecraft. A t that time b oth spacecraft w ere

at ab out 6 :6 RE but 1989-046 w as ab out 3 hours east

of CRRES. T o within the uncertain t y in the timing of

the CRRES onset ( � 1 min) b oth spacecraft observ ed

the injection sim ultaneously . F urthermore the tem-

p oral structure of the injection lo oks similar at the

t w o satellites { with a double-p eak ed structure ob-

serv ed at energies b elo w ab out 150 k eV { con�rming

that substorm injections can sometimes b e coheren t

o v er a fairly broad range of lo cal times.
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3. PR OP A GA TION ST A TISTICS

The en tire data set a v ailable from the CRRES mis-

sion w as surv ey ed for ev en ts suc h as that sho wn in

Figure 3. A n um b er of ev en ts had to b e eliminated

from the study b ecause of am biguous onset times.

This w as usually caused b y the presence of pseudo-

breakups or m ultiple onsets. W e iden ti�ed 29 ev en ts

for whic h there w ere clear, unam biguous, and dis-

p ersionless onsets observ ed b y CRRES and b y one

of the LANL geosync hronous satellites.

F or eac h of those 29 ev en ts w e calculated the dela y

b et w een the injection at geosync hronous orbit and

the injection seen b y CRRES. In Figure 5 the dela y

times are plotted as a function of the L-shell o ccupied

b y CRRES. Negativ e dela y times indicate that CR-

RES observ ed the disp ersionless injection later than

the LANL geosync hronous satellite. When CRRES

w as at L < 6 :6 RE this implies an in w ard or earth-

w ard propagation. Because of its orbit CRRES sp en t

almost all of its time inside geosync hronous orbit.

These results strongly suggest that the most com-

mon direction of propagation for the injection region

is earth w ard. The one ev en t that app ears to b e sub-

stan tially inconsisten t with that trend is un usual in

that CRRES w as at 23 :5

�
magnetic latitude. A t that

latitude the calculation of L is quite uncertain. If the

magnetic �eld is more stretc hed than the mo del used

to calculate L then CRRES could easily ha v e b een on

a �eld line that mapp ed to outside geosync hronous

orbit rather than just inside as the mo del �eld w ould

indicate.

While the results sho wn in Figure 5 are consisten t

with earth w ard propagation of the injection region

they also include the e�ects of azim uthal separation

of the satellites. In order to b etter asses the e�ects

of radial propagation w e plot in Figure 6 only those

nine ev en ts for whic h CRRES w as within � 1 hr of

the LANL geosync hronous satellite. The format of

Figure 6 is the same as Figure 5 but the scale is

expanded.

Figure 6 also sho ws the earth w ard propagation ap-

paren t in Figure 5 but m uc h of the scatter in the

dela y times is remo v ed. This con�rms that the scat-

ter in Figure 5 is most lik ely due to the azim uthal

separation of the satellites. More imp ortan tly , Fig-

ure 6 indicates that there is a systematic relationship

b et w een the dela y times and the radial separation of

the spacecraft. A straigh t line �t to the data giv es

a correlation co e�cien t of 77% and, coinciden tally ,

giv es zero dela y time for zero radial separation.

The slop e of the straigh t line �t to the data in Fig-

ure 6 giv es us the a v erage v elo cit y of the propaga-

tion of the injection region. That v elo cit y is appro x-

imately 24 km/s whic h means that it tak es the injec-

tion region ab out 4.5 min utes to mo v e earth w ard b y
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Figure 5: The time dela y b et w een disp ersionless in-

jections measured at geosync hronous orbit and at

CRRES are plotted as a function of the lo cation of

CRRES in L for all 29 ev en ts in this study . When

CRRES is at L < 6 :6 RE negativ e time dela ys imply

earth w ard propagation.
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Figure 6: The nine ev en ts for whic h the t w o space-

craft w ere within � 1 hr of lo cal time are plotted in

the same format as Figure 5. A linear �t to the data

giv es a v ery go o d correlation and implies an earth-

w ard propagation v elo cit y of appro ximately 24 km/s.

4. CONCLUSIONS

W e ha v e examined the en tire CRRES data set to �nd

ev en ts for whic h w e could determine the dela y time

b et w een disp ersionless substorm injections observ ed

b y CRRES and b y one of the Los Alamos geosyn-

c hronous satellites. W e found 29 ev en ts for whic h w e

could calculate the dela y time b et w een the onsets of

the injections seen at the t w o satellites. Essen tially

all of the ev en ts that w e analyzed w ere consisten t

with an in w ard propagation of the injection region

from geosync hronous orbit to w ard the earth. F or

the nine ev en ts for whic h the t w o satellites w ere sep-

arated b y less than one hour of lo cal time the dela y

time w as appro ximately linear with radial separa-

4



tion.

These observ ations are completely consisten t with

the predictions of the con v ection surge mo del of sub-

storm injections [Ref. 2], [Ref. 3 ]. According to that

mo del, particles are energized b y the dip olarization

of the magnetic �eld (or p ossibly some other source)

and are con v ected earth w ard b y the inductiv e elec-

tric �eld. A t �rst, our results app ear to con tradict

the predictions of the curren t disruption mo del whic h

assumes that the region of curren t disruption prop-

agates tailw ard along with a magnetic rarefaction

w a v e. W e note ho w ev er that this study only in v esti-

gates the propagation of the injection region inside

geosync hronous orbit. W e can assume that the prop-

agation w e observ e is the propagation of the inner

b oundary of the injection region. Therefore it is con-

ceiv able that the t w o mo dels are not m utually incom-

patible. It ma y b e that a curren t disruption region

forms somewhere near or outside geosync hronous or-

bit and that it generally propagates tailw ard. A t the

same time the dip olarization of the magnetic �eld

that is caused b y the disruption of curren t pro duces

an inductiv e electric �eld that con v ects the acceler-

ated particles earth w ard.

W e note ho w ev er that if injection is caused b y an

energization of the in situ plasma p opulations b y

dip olarization of the magnetic �eld then our results

suggest that the dip olarization itself w ould ha v e to

propagate earth w ard. In that case the propagation

sp eed is the sp eed of the compressional w a v e. On

the other hand if the particles are accelerated some-

where outside geosync hronous orbit and con v ected

earth w ard then the propagation sp eed is the actual

con v ection v elo cit y of the particles.

The second ma jor result of this study is the �rst cal-

culation of the v elo cit y of the radial propagation of

the injection region. Based on a linear �t to the ob-

serv ed dela y times as a function of radial separation

w e calculated that the injection region propagates

earth w ard at appro ximately 24 km/s.

A v elo cit y of 24 km/s is surprisingly slo w. The lo w

v elo cit y of propagation w ould app ear to rule out all

but con v ection as a p ossibilit y . Ho w ev er, attributing

the radial propagation of the injection region to con-

v ection p oses sev eral di�culties as w ell. One prob-

lem is quan titativ e. The inductiv e electric �elds pro-

duced b y dip olarization of the electric �eld ha v e b een

measured to b e ab out 20 mV/m whic h w ould pro-

duce a con v ection v elo cit y of sev eral h undred km/s

[Ref. 10 ]. Another problem is the sharpness of the

injection onset. If the injection is due to con v ection

then the 
ux pro�les as a function of time can b e con-

v erted to 
ux pro�les as a function of radius. There-

fore a rapid injection of particles implies that there

is a v ery steep gradien t at the b oundary with higher


uxes of energetic particles tailw ard of that b ound-

ary . A �nal problem in v olv es the azim uthal drift of

the particles while they are b eing injected. The in-

jection is usually assumed to b e v ery fast so that

azim uthal drifts are negligible during the injection.

If the injection is slo w then higher energy particles

w ould b e injected o v er a larger range of lo cal times

than lo w er energy particles. T o our kno wledge no

observ ations ha v e b een rep orted that w ould suggest

that this is the case.

Of course our study of dela y times b et w een the CR-

RES and LANL geosync hronous satellites can also

b e used to in v estigate the azim uthal propagation of

the injection region. Preliminary analysis has not re-

v ealed an y systematic propagation. Ho w ev er, w e are

con tin uing that analysis and will presen t the results

in a future publication.

Finally , w e note that our calculated v elo cit y for the

radial propagation of the injection region also has im-

plications for the source region of the injected parti-

cles. Numerous case studies ha v e sho wn that disp er-

sionless substorm injections are t ypically observ ed

within a few min utes of onsets seen on the ground

in auroral observ ations, Pi2 pulsations, and magne-

tometer data. If w e assume that w e can extrap olate

our calculated v elo cit y to regions just outside geosyn-

c hronous orbit then the short dela y time b et w een

\substorm onset" and \injection onset" at geosyn-

c hronous orbit implies that the source region for

the injected particles is within a few RE of geosyn-

c hronous orbit. T o in v estigate this p ossibilit y more

directly w e are curren tly analyzing the propagation

of substorm injections in the region outside geosyn-

c hronous orbit using data from AMPTE/CCE.
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