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Abstract. An outstanding topic in magnetospheric physics is whether substorms 
are always externally triggered by disturbances in either the interplanetary magnetic 
field or solar wind, or whether they can also occur solely as the result of an internal 
magnetospheric instability. Over the past decade, arguments have been made on 
both sides of this issue. Honvitz [1985] and McPherron et al. [1986] have shown 
examples of substorm onsets which they claimed were not externally triggered. 
However, as pointed out by Lyons, [1995a,b] there are several problems associated 
with these studies that make their results somewhat inconclusive. In particular, in 
the McPherron et al. study, fluctuations in the By component were not considered 
as possible triggers. Furthermore, Lyons suggests that the sharp decreases in the 
AL index during intervals of steady IMF/solar wind, are not substorms at all but 
rather that they are just enhancements of the convection driven DP2 current system 
that are often observed to occur during steady magnetospheric convection events. 
In the present study, we utilize a much more comprehensive dataset (consisting of 
particle data from the Los Alamos energetic particle detectors at geosynchronous 
orbit, IMP 8 magnetometer and plasma data, Viking UV auroral imager data, 
mid-latitude Pi2 pulsation data, ground magnetometer data and ISEEl magnetic 
field and energetic particle data) to show as unambiguously as possible that typical 
substorms can indeed occur in the absence of an identifiable trigger in the solar 
wind/IMF. 

Introduction 

The first observations to show a positive correla- 
tion between geomagnetic activity and the direction 
of the interplanetary magnetic field (IMF) were made 
by Fairfield and CahiZZ [1966] using data fiom the Ex- 
plorer 12 spacecraft together with data from several 
ground-based magnetometer stations. The results of 
that study (and of numerous other studies conducted 
over the decades since) show that geomagnetic distur- 
bances tend to occur when the IMF is directed south- 
ward while intervals of relative calm result when the 
IMF is directed northward indicating that the transfer 
of energy from the solar wind to the Earth’s magneto- 
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sphere is more efficient when the IMF B, component is 
negative, Therefore, extended intervals of -Bz can lead 
to a build up of energy in the magnetosphere which is 
typically (although not always) dissipated episodically 
in the form of substorms. Although the precise nature 
of the physical mechanism (or mechanisms) responsi- 
ble for the substorm expansion phase is still a topic of 
considerable on-going debate, it is reasonably well es- 
tablished that the onset of a substorm can frequently be 
related to disturbances in the solar wind and/or IMF. 

Early on it was recognized that sudden changes in the 
direction of the IMF couId trigger the expansion phase 
of substorms [Pudovkin et al., 1970; Aubry and McPher- 
Ton, 1971; Burch, 1972, 19731 - particularly when the 
IMF Bz component was directed southward for some 
time beforehand. Later, using superposed epoch anal- 
ysis techniques, Caan et al. [1975, 1977, 19781 showed 
that, in particular, substorm onsets tend to be trig- 
gered by northward turnings of the IMF (see also Fos- 
ter et al. [1971]). And additional support for these 
results has been provided by Rostoker et al. [1982], 
Pellinen et al. [1982], Rostoker [1983] and Rostoker et 
al. [1983] who examined individual events in more de- 
tail. As well, Kokubun [1977], showed that substorm 
onsets could also be triggered by magnetospheric com- 
pressions due to sudden changes in the solar wind dy- 
namic pressure - provided that the magnetosphere was 
already in a meta-stable state (eg. during the growth 
phase) prior to the arrival of the disturbance. And, 
to complicate matters, Boshichev et  al. [1986] pointed 
out that many substorm onsets which were apparently 
triggered by northward turnings of the IMF were also 
accompanied by sudden directional changes in the az- 
imuthal component and they showed that such pertur- 
bations (particularly when BEI turns from positive to 
negative values) could also trigger onsets by themselves. 
A statistical survey of the relative occurrence frequency 
of a variety of triggering disturbances was compiled for 
a 6 month interval by McPherron et al. [1986] and 
it was determined that northward turnings of the IMF 
were responsible for triggering ~545% of the onsets while 
~ 2 9 %  of them occurred when the IMF B, was steadily 
southward and only ~ 2 %  of the onsets were triggered 
by pressure pulses. However, their results did not al- 
low for the possibility of onsets triggered by sudden 
changes in the azimuthal component of the IMF. In- 
clusion of this additional category of potential triggers 
would quite probably have altered their results signifi- 
cant 1 y. 

Despite these complications, the fact that onsets can 
be triggered by disturbances in the solar wind and IMF 
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is quite well established and there appears to be little 
doubt that many substorms are indeed triggered in this 
manner. Nevertheless, Horwitz [1985] and McPherron 
et aZ. [1986] showed that substorm onsets could also oc- 
cur in the absence of major directional changes in the 
IMF. These observations are significant because they 
suggest that substorms can also occur as the result of 
a purely internal magnetospheric instability. These ob- 
servations are significant because they have important 
implications for substorm theories. Recently, however, 
the results of McPherron et al. have been called into 
question by Lyons [1995a, 1995bl who claims that one 
of their events actually is triggered by a reduction in 
B, while another one is likely not a substorm at all 
but is rather caused by some other type of disturbance 
(although no evidence to support this claim is offered 
by Lyons). While it is important to note that Lyons’ 
objections to the conclusions of McPhenon et al. are 
primarily motivated by a desire to reconcile their ob- 
servations with his recently proposed substorm model 
which requires a sudden reduction in the externally im- 
posed solar wind electric field, some of the objections 
he raises are d i d  and also apply to the Horwitz study. 

In the Horwitz study, the timing of the expansion 
phase onsets at Earth were determined solely on the 
basis of sharp perturbations in the AL and AE indices 
- a technique which is often unreliable, particularly 
during intervals of steady magnetospheric convection 
(SMC) (or convection bays) which occur when the IMF 
B,-component is directed southward for extended peri- 
ods of time. Kokubun et  aZ. [1977] found that during 
such times, large disturbances in ground based magne- 
tograms could occur that were not the result of sub- 
storm activity but rather appeared to be due to en- 
hancements of the DP-2 current system which is driven 
by magnetospheric convection. Furthermore, one of the 
events (the September 10,1979 case) presented by Hor- 
witz (see his figure l), actually does show small but 
significant directional changes in the B, and B, com- 
ponents that could be associated with the onset. Note 
that although this northward turning does not coincide 
precisely with the abrupt increase in the AE index, the 
use of a nominal time delay of 1 hour between ISEE 3 
and the Earth in that study could be off by as much as 
f 1 5  minutes depending on what the solar wind speed 

In the McPherron et al. study, although IMF data 
from the (much closer) IMP 8 spacecraft were used to- 
gether with the solar wind dynamic pressure, none of 
the three examples presented convincingly show that 
the onset occurred without an identifiable solar wind/IMF 
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trigger. The main reason for this is that they neglected 
to analyze the B, component for possible signs of a trig- 
ger, but ambiguities also exist in the substorm identifi- 
cation process because they also relied solely on sharp 
perturbations in the AL or AE indices. The three events 
shown in the McPherron et al. study are reproduced in 
figure 1 along with additional data not presented in the 
original study. From top to bottom, the panels in the 
stacked plots show: the three components of the inter- 
planetary magnetic field vector in GSM coordinates as 
measured by the IMP8 spacecraft, the field magnitude, 
the solar wind dynamic pressure (nmV2) and the AU 
and AL indices. The location of the IMP 8 spacecraft 
is shown in GSM coordinates at the bottom of each 
plot. The solid black points on the dynamic pressure 
plot represent values from the Los Alamos plasma in- 
strument while the open points connected by straight 
line segments represent values of the solar wind dynamic 
pressure derived from the MIT plasma instrument. We 
note that the large single-point increases in the MIT 
values for the April 3,1978 event are probably spurious 
but have been retained for completeness. 

A re-examination of the three events shown in the 
McPherron et al. study reveal the following observa- 
tions. For the April 3, 1978 case, it can be seen that; 1) 
although the B, component is relatively smooth com- 
pared to typical cases, all three components (including 
the B, component) show significant rapid fluctuations 
just prior to the onset (at 12:lO UT), and 2) the B, and 
B, components show small but clear directional changes 
just prior to the onset. Note that if the isolated spikes 
in the MIT plasma data are neglected, the solar wind 
dynamic pressure was fairly steady at the time of onset 
and was therefore not a liiely trigger for the substorm. 
For the January 15,1978 case, none of the IMF mmpo- 
nents are very smooth but more importantly, the onset 
(at 10:30 UT) is closely associated with a rather large 
directional change in the B, component. (There was no 
pressure data avaiIable for this event.) For the March 
31, 1978 event, although the solar wind dynamic pres- 
sure is steady, the magnetic field components are quite 
disturbed and show many small but significant direc- 
tional changes before and after the onset at 11:15 UT. 
These fluctuations cannot convincingly be ruled out as 
possible triggers for the substorm. 

The ambiguities which are raised by a more complete 
analysis of these events therefore casts some doubt on 
the assertion that some substorms are the result of a 
purely internal magnetospheric instability. The purpose 
of this paper is to re-assert as unambiguously as possi- 
ble that magnetospheric substorms can indeed occur in 
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the absence of an identifiable trigger in the IMF/solar 
wind. To show this, a comprehensive set of observa- 
tions from multiple locations in the magnetosphere and 
on the ground are presented for six Merent substorms. 

Observations 

Rather than relying solely on sharp decreases in the 
AL index or sharp increases in the AE index as indica- 
tors of substorm onset, the events presented here were 
initially identified as substorms based on multi-point 
observations of energetic particle injections at geosyn- 
chronous orbit provided by the Los Alamos energetic 
particle detectors. Data from a total of six geosyn- 
chronous spacecraft are used in the present study. Four 
of them (1982-019, 1984-037, 1984129, and 1987-097) 
were equipped with CPA (Charged Particle Analyzer) 
detectors and two of them (1989-046 and 1990-095) were 
equipped with SOPA (Synchronous Orbit Particle An- 
alyzer) detectors. The differential energy bands corre- 
sponding to the six lowest energy electron channels for 
each of these detectors are shown in table 1. For each of 
the cases, the solar wind dynamic pressure (nmV2) was 
computed from the plasma parameters determined by 
the Los Alamos plasma instrument onboard the IMP8 
spacecraft and the interplanetary magnetic field com- 
ponents were measured by the fluxgate magnetometer 
also onboard the IMP8 spacecraft. 

The primary initial selection criteria were such that: 
1) the energetic particle data had to show typical signa- 
tures of an injection, including the observation of dis- 
persed drifting populations away from midnight. 2) in a 
qualitative sense, both the solar wind dynamic pressure 
and the B, and B, components of the interplanetary 
magnetic field at IMP 8 were required to remain steady 
for at least 30 minutes prior to the onset. We note that 
fluctuations in B, were not considered to be as impor- 
tant since changes in that component do not lead to 
changes in the electric field as do changes in the B, and 
B, components. Nevertheless, all but one of the cases 
shown here occurred when B, was also very steady. 3) 
the IMP 8 spacecraft was required to be located approx- 
imately within f 4 5 O  of the noon-midnight meridian in 
order to reduce problems associated with spatial vari- 
ability of the IMF in the azimuthal direction. Of the six 
events shown here, four of them were closer than 20" to 
the noon-midnight meridian and five were closer than 
25". 

Although many events were found which meet these 
criteria, the final selection of events for inclusion here 
was primarily motivated by the fact that digital ground 
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magnetometer data (including Pi2 pulsation data) was 
readily accessible for them. Table 2 shows a list of the 
six events (with dates and onset times) that were ul- 
timately chosen. The first two events occurred during 
the 1986 PROMIS campaign while the third event oc- 
curred during the Viking era and the last three events 
occurred during the first two years of the STEP project 
(1990 and 1991). The locations and station codes for 
the ground magnetometer stations used in this study 
are shown in table 3. 

April 14, 1986 

Multi-point observations of an isolated substorm which 
occurred on April 14, 1986 are presented in Figure 
2. From top to bottom, the panels in the stack plot 
show: the energetic electron fluxes measured by the 
Los Alamos energetic particle detectors at three dif- 
ferent locations in geosynchronous orbit, the AL in- 
dex, the three components of the interplanetary mag- 
netic field vector in GSM coordinates (from the fluxgate 
magnetometer onboard IMP 8), the solar wind dynamic 
pressure (from the Los Alamos plasma instrument on- 
board IMP 8), Pil- and Pia-filtered high resolution H 
component magnetometer data from the Kakioka mid- 
latitude ground station, the 1.4-1.6 keV proton fluxes 
at ISEEl and the tail field inclination angle at ISEEl 
(tan-l(B,/B,)) The universal time (i hours) is given 
along the bottom axis along with the corresponding 
magnetic local times of the Los Alamos geosynchronous 
satellites and the locations of the IMP 8 and ISEE 
1 spacecraft in GSM coordinates. The dashed lines 
(drawn at 1105:06 UT) represent the main onset time as 
determined by the Pi1 and Pi2 pulsations at Kakioka. 
In the panels displaying parameters measured at IMP 
8, these lines have been shifted to account for the time 
delay between IMP 8 and the dayside magnetopause 
which was calculated based on the plasma parameters 
at IMP 8 and the location of the magnetopause as de- 
termined by the formula of Petn'nec and Russell [1995]. 

From this figure it can be seen that there was a clear 
onset at approximately 11:05 UT. At satellite 1984-129, 
the energetic electron fluxes increased dramatically at 
about this time and were dispersed slightly indicating 
that it was close to but east of the injection region. 
At 1982-019 and 1984-037, which were located progres- 
sively farther to the east, the amount of energy disper- 
sion had increased considerably and after ~ 1 2  UT, a 
very dispersed increase in the fluxes at 1984-129 was 
observed. This behavior is indicative of a drifting elec- 
tron population produced by the injection on the night- 
side which had been circulated completely around the 
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earth to produce a drift echo at 1984129. We note 
also, that there was some activity prior to this at 1984- 
129 beginning at about 1015 UT that was also associ- 
ated with weak enhancements in the Pi2 pulsations, al- 
though the AL index did not register any major pertur- 
bations between this time and the time of the main on- 
set at 1105:06 UT. These "precursorsy' were likely due to 
pseudo-breakup activity (see Koskinen et al. [1992] for 
a description of the characteristics of pseudo-breakups) 
occurring prior to the onset of the main auroral expan- 
sion phase. In the lowest panel, it can be seen that 
the tail field inclination at ISEEl (which was close to 
apogee and was situated near the noon-midnight merid- 
ian plane) decreased substantially over the time period 
leading up to the onset, indicating that the tail field 
was considerably stretched at that time. As well, begin- 
ning at about 1030 UT, the 1.4-1.6 keV proton fluxes 
at ISEE 1 show the occurrence of a series of plasma 
sheet dropouts and recoveries prior to the main onset 
at 1105:06 UT and again these are probably related to 
the pseudo-breakup activity. 

Figure 3 shows the H- or X-component magnetome- 
ter data from 29 ground stations distributed throughout 
the world. The traces have been divided up into three 
separate groups corresponding to the polar cap region, 
the auroral zone and the mid-latitude regions. Within 
each of these groups the stations have been organized 
such that the magnetic longitude decreases (relative to 
the first stations in each group) from top to bottom. 
The black filled circles above some of the curves denote 
the time at which the corresponding station crossed the 
local magnetic midnight meridian while the open circles 
denote the times at which the corresponding stations 
crossed the local magnetic noon meridian. As shown, 
the substorm disturbance at approximately 1105 UT 
was localized to the night-side sector in both the au- 
roral zone and at mid-latitudes and produced a weak 
increase in the H-component of only one of the polar 
cap stations. Thus, the ground magnetic perturbations 
during this event are consistent with what is typically 
observed during substoms and are not consistent with 
a global enhancement of the convection driven DP2 cur- 
rent sys tem . 

Finally, in Figure 4 we present a sequence of Viking 
ultraviolet auroral images showing the development of 
the northern auroral distribution during this event. All 
of the images shown were acquired with camera 0 which 
is sensitive to the Lyman-Birge-Hopfield band emissions 
of N2 (the passband of the camera is approximately 134 
- 180 nm). Although the sequence of images shown do 
not overlap with the onset time (at 1105:06 UT), they 
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do span a significant portion of the recovery phase of 
the substorm and clearly show the presence of classi- 
cal recovery phase signatures including a bright wavy 
arc system at the poleward edge of an expanded and 
relatively dark bulge. 

Taken together, these observations establish unam- 
biguously that this event was indeed a classical mag- 
netospheric substorm. Interestingly, however, during 
this entire interval all three components of the IMF (as 
shown in the fifth sixth and seventh panels of Figure 
2) remained quite steady with no readily identifiable 
perturbation that could reasonably be construed as a 
potential trigger for the substorm. The same is true 
when one examines the solar wind dynamic pressure. 

April 13, 1986 

Multi-point observations of a substorm which oc- 
curred on April 13,1986 are presented in figure 5. The 
format of the plot is identical to that of figure 2. As 
shown, the energetic electron fluxes at 1984-129 sud- 
denly increased just before 11 UT and remained ele- 
vated for a few hours afterward. This abrupt increase 
was also observed later on as drifting dispersed popu- 
lations at 1982-019 and 1984-037 which were situated 
progressively farther to the east of the midnight sec- 
tor. Thus, this behavior is entirely consistent with 
a substorm-associated particle injection event. The 
dashed vertical lines shown in figure 5 at 104748 and 
1053:06 UT represent the times at which significant 
Pi1 and Pi2 enhancements were observed at Kakioh 
(see the 9th and 10th panels). Although the second 
(stronger) Pi2 signal clearly appears to be associated 
with both the energetic electron flux increase at 1984- 
129 and an abrupt decrease in the AL index (see 4th 
panel), the first Pi1 signal at 1047:48 UT does not ap- 
pear to be associated with any feature in either the AL 
index or the geosynchronous electron fluxes. However, 
as shown in the second to last panel of figure 5,  both 
Pi2 signals appear to be associated with the recovery of 
the plasma sheet at ISEE 1 following dropouts which 
began a few minutes earlier. 

The global distribution of H- or X-component ground 
magnetic perturbations recorded during this event are 
shown in figure 6. As with the previous example, the 
black filled circles above some of the traces mark the 
times at which those stations passed through local mag- 
netic midnight. The primary thing to note from this 
figure is that the disturbance at the time of the pri- 
mary onset (1053:06 UT) was localized to the night-side 
of the earth and was not observed on the dayside or 
within the polar cap region. Therefore, this event was 
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not produced merely as the result of a global enhance- 
ment of the convection driven DP-2 system, but rather 
displays features of a typical magnetospheric substorm. 
Note however, that the ground magnetic perturbations 
did not recover substantially following the onset but in- 
stead remained perturbed until a t  least 13 UT. As noted 
above, this behavior was also observed in the AL index 
and in the energetic electron fluxes and is the typical 
signature of the “onset” of a magnetospheric convec- 
tion bay (or a so-called steady magnetospheric convec- 
tion intervd). Despite this, all of the observations taken 
together indicate definitively that the event at 1053:06 
UT was a substorm. Thus it appears that the substorm 
actually initiated the convection bay. Similar observa- 
tions were reported by McPherron et al., [1986] and it 
appears that convection bays are often activated in this 
manner. 

In figure 7 we present a sequence of 24 images ac- 
quired with the Viking UV imager showing the evolu- 
tion of the northern auroral distribution from a time 
before onset until well into the expansion phase. As 
with the previous example, only a selection of the LBH 
(Lyman-Birge-Hopfield) band images are shown and 
each image has been background and uniformity cor- 
rected before being converted to a common poIar view- 
point (with 12 MLT at top center and 18 MLT at right 
center). Note that the increasing “fuzziness” of the im- 
ages with time is due to the fact that the look direction 
of the V i n g  camera was becoming increasingly oblique 
as it moved away from the north polar region toward 
lower latitudes. Although, some activity was observed 
prior to the first Pi2 enhancement, the primary optical 
onset occurred between the fourth and fifth images of 
the sequence which is entirely consistent with the on- 
set time of 1053:06 UT derived fiom the second Pi2 
enhancement and the Los Alamos energetic particle de- 
tectors. After 1053:39 UT (fifth frame of figure 7), the 
auroral emissions in the midnight sector increased dra- 
matically and a classical auroral substorm bulge devel- 
oped. 

All of these observations together definitively show 
that this event was indeed a classical magnetospheric 
(and auroral) substorm and was not caused solely as 
the result of an enhancement of the convection driven 
DP-2 system. In addition, from figure 5 ,  it is clear that 
the onset at 1053:06 UT was not directly associated 
with any major fluctuation in either the IMF or the so- 
lar wind dynamic pressure. Although there was a clear 
northward turning of the IMF prior to the onset time, it 
occurred 27 minutes prior to the first Pi2 pulsation and 
32 minutes prior to the second Pi2 pulsation (which was 
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associated with the main onset). Therefore, this feature 
in the solar wind can not reasonably be identified as a 
direct trigger for the onset of the substorm, but could 
very well have produced a reconfiguration of the mag- 
netosphere which allowed some internal instability to 
grow. 

October 31, 1986 

Figure 8 shows energetic electron fluxes from three 
geosynchronous satellites (1982-129,1982-019, and 1984 
037), the AL index, the three components of the IMF, 
the solar wind dynamic pressure, and the Pia-filtered 
high resolution magnetometer data from Kakioka on 
October 31,1986. The locations of each of the satellites 
are indicated along the bottom axis. Two separate sub- 
storm intervals are evident from this plot; one occurred 
just after 7 UT and the other occurred after 8 UT. The 
only clear signature of the f i s t  interval of activity at 
geosynchronous orbit was the observation of a dispersed 
driftiig population at 1982-019. This is consistent with 
the occurrence of an injection near local midnight, be- 
tween 1984-129 and 1982-019. The onset time for this 
event as determined from the Pi2 pulsations observed 
at Kakioka was 0705:24 UT and is denoted by the fist 
dashed vertical l i e  in Figure 8. The second interval of 
substorm activity was an isolated multiple onset sub- 
storm with onset times of 0811:22 and 0829:OO UT as 
determined by the Pi2 pulsations at Kakioka and they 
are shown as the second and third dashed vertical lines 
in Figure 8. These onsets were clearly observed as sharp 
but slightly dispersed increases in the energetic electron 
fluxes at 1984-129 and were also observed as dispersed 
drifting populations at 1982-019 and 1984-037 which 
were located progressively farther to the east of the in- 
jection region. In addition, the AL index also displayed 
sharp decreases at or shortly after the onset times. 

The global behavior of the ground magnetic pertur- 
bations for this event are shown in Figure 9 and are 
presented in the same format as Figure 3. We note that 
both intervals of substorm activity were associated with 
disturbances that were quite localized to the night-side 
sector and that there was no indication of a global en- 
hancement of the DP2 current system. 

From figure 8, it can be seen that, for the second 
interval of substorm activity, all three components of 
the IMF as well as the solar wind dynamic pressure 
were very steady for quite some time before the onset 
at 0811:22 UT. The first interval of substorm activity 
was also associated with relatively steady IMF and solar 
wind conditions but we note that these conditions had 
not persisted for very long prior to the onset. 
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June 15-18,1990 

In Figure 10 we present multi-point observations of an 
isolated substorm which occurred on June 15-16,1990. 
Shown are: the energetic electron fluxes from three 
geosynchronous satellites (1984129,1989-046, and 1982- 
019), the X-component trace from Kiruna and the H- 
component trace from Leirvogur, the three components 
of the IMF in GSM coordinates, the solar wind dynamic 
pressure, and the Pi2-filtered high resolution magne- 
tometer data from the Faroe Islands. We show the 
Kiruna and Leirvogur magnetometer data here because 
the auroral electrojet indices are presently not yet avail- 
able for dates later than June of 1988. The Faroe Island 
station is one of seven magnetometer stations compris- 
ing the U.K. Sub-Auroral Magnetometer Network (or 
SAMNET). 

From the Pi2 pulsations observed at the Faroe Is- 
lands, the onset of this substorm occurred at 2324 UT 
on June 15 which agrees quite well with the X and H 
traces from Kiruna and Leirvogur. The satellite 1984 
129 was the closest of the three geosynchronous satel- 
lites to the east of the injection region and was sit- 
uated at approximately 4 MLT at the time of onset. 
As can be seen, the electron fluxes at 1984129 show 
a fairly dispersed increase which is consistent with its 
distance from the injection region. The other two satel- 
lites (1989-046 and 1982-019) were located even farther 
to the east of the injection region and show correspond- 
ingly increased energy dispersion. Thus, the energetic 
particle data show the typical signatures of a substorm- 
associated particle injection event. Figure 11 (the for- 
mat is the same as for figure 3) also shows that the 
ground magnetic perturbations were consistent with a 
localized disturbance on the night-side rather than a 
global change in the DP2 current system. And finally, 
we see from figure 10, that the IMF and solar wind dy- 
namic pressure were quite steady for at least 1 hour 
prior to the onset time. 

October 19, 1990 

Figure 12 shows: the energetic electron fluxes from 
the geosynchronous satellites, 1987-097, 1984-129, and 
1989-046, the H-component traces from Lerwick and 
Leirvogur, the three components of the IMF in GSM 
coordinates, the solar wind dynamic pressure, and the 
Pi2-fltered high resolution H-component magnetome- 
ter data from the Faroe Islands on October 19, 1990. 
From both the energetic partide data and the ground 
magnetometer data (shown in figures 12 and 13), it can 
be seen that this substorm was a multiple onset sub- 
storm where the first signs of onset occurred at 0120:51 
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UT as determined from the Pi2 pulsations at the Faroe 
Islands and the energetic particle fluxes at 1987-097. 
This initial injection of particles seen at 1987-097 was 
also observed as a dispersed drifting population at 1984- 
129 which was situated farther to the east of the in- 
jection region. The other (later) injections observed 
at  1987-097 were observed in both of the other satel- 
lites as dispersed drifting populations. The D- and H- 
component perturbations shown in figure 13, indicate 
that the central meridian for this substorm was located 
to the west of the SAMNET array and that the stations 
were likely located outside (i.e. to the east of) the cur- 
rent wedge for the first onset at 0120:51 UT. During the 
second onset at about 0208 UT, it appears as though 
the SAMNET array was also initially outside of the cur- 
rent wedge but that the current wedge later expanded 
eastward to envelope the array. 

From figure 12, it can be seen that the By and B, 
components of the IMF were very steady for a signifi- 
cant amount of time prior to the onset. Thus it is clear 
that the onset was not associated with any significant 
variations in the large-scale externally imposed electric 
field. While a small perturbation in the IMF B, com- 
ponent was observed in association with the onset (see 
the sixth panel), it is highly unlikely that this feature 
was a trigger for the substorm in large part because B, 
does not contribute to the imposed electric field. 

We note also from figure 12, that a relatively signifi- 
cant northward turning of the IMF occurred just after 4 
UT and was accompanied by perturbations in B,, B,, 
and the solar wind dynamic pressure. Nevertheless, no 
signatures of a substorm were detected in association 
with this feature in either the geosynchronous energetic 
particle fluxes, the ground-based magnetograms or the 
Pi2 data from the Faroe Islands. 

November 12-13,1991 

Multi-point observations of an isolated multiple on- 
set substorm which occurred on November 11-12,1991 
are presented in Figure 14. The top three panels show 
the energetic electron fluxes from the geosynchronous 
satellites, 1987-097, 1990-095, and 1989-046, the next 
two panels show the H-component magnetometer trace 
from Kiruna and the X-component magnetometer trace 
from Lerwick, the sixth, seventh, and eighth panels 
show the three components of the IMF and the bot- 
tom two panels show the solar wind dynamic pres- 
sure and the Pi-2 filtered high resolution H-component 
magnetometer data from Muonio which is part of the 
extensive IMAGE (International Monitor for Auroral 
Geomagnetic Effects) magnetometer network (see Luhr 
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[1994] for a description of the IMAGE magnetometer 
network). 

From the Pi2 pulsations at Muonio, the onsets were 
determined to have occurred at 2244:OO and 2302:40 
UT, and sharp increases in the energetic electron fluxes 
at 1987-097 were observed following each of these times. 
The first of these increases was dispersionless while the 
second one was slightly dispersed indicating that the 
spacecraft had likely moved from within the injection 
region to just east of it over the time period between 
the two injections. At satellite 1990-095, which was lo- 
cated farther to the east, the two flux increases can be 
seen displaced in time and with considerably more en- 
ergy dispersion, indicating that the flux increases were 
indeed caused by substorm associated injection events. 

The X- or H-component magnetometer traces from 
35 ground stations distributed throughout the polar cap 
region, auroral zone, and mid- and low-latitude regions 
are shown in figure 15 (the format is the same as that 
for figure 3). &om this plot, it is clear that the ground 
magnetic perturbations in all regions were well localized 
to the night sector and that there is no indication of a 
global enhancement of the DP2 current system. 

Together, these observations indicate unambiguously 
that this event was definitely a magnetospheric sub- 
storm and was not produced by some other type of dis- 
turbance. It is also clear from the IMP8 data shown in 
figure 14 that the substorm occurred during a period of 
extremely steady solar wind/IMF conditions and that 
no perturbations can be found in any of the compo- 
nents that could reasonably be identified as a trigger. 
It is also very interesting to note that this substorm 
occurred when the IMF B, component was positive. 

Discussion and Conclusions 

We have presented detailed observations for several 
events that clearly show that magnetospheric substorms 
can indeed occur in the absence of an identifiable trigger 
in either the IMF or the solar wind dynamic pressure. 
The only significant perturbation in any of the solar 
wind or IMF parameters occurred during the October 
19, 1990 event in which a minor perturbation in the 
IMP B, component was observed near the time of on- 
set. However, the B, component was steady for every 
other case shown and none of the events presented here 
were associated with any significant perturbations in ei- 
ther the Bv or B, component indicating that none of 
these events were triggered by fluctuations in the im- 
posed solar wind electric field. As well, the compre- 
hensive datasets compiled for each of the events indi- 
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cate definitively that they were true substorms and not 
some other type of disturbance that could potentially 
have been misidentified by examining the auroral elec- 
trojet indices alone. This is an important consideration 
when examining intervals of steadily southwardIMF be- 
cause, as mentioned in the introduction, steady magne- 
tospheric convection intervals (or magnetospheric ‘‘con- 
vection bays”) are often associated with such conditions 
and it has been shown that large ground magnetic per- 
turbations can occur during these events in the absence 
of particle injections or Pi2 pulsations (i.e. they are not 
substorm-related magnetic perturbations). 

Although the objective of the present study was only 
to demonstrate that substorms can indeed occur in the 
absence of significant perturbations in the solar wind 
and IMF, an important question that remains unan- 
swered is, how frequently do untriggered substorms oc- 
cur? Unfortunately, this is a very difficult question to 
answer because the solar wind and IMF are ordinarily 
quite disturbed. As shown by Rostoker et al. [1988] 
and Hapgood et al. [1991], the IMF B, component 
retains the same polarity for intervals of time greater 
than 2 hours only about 12-15% of the time while it 
retains the same polarity for time spans longer than 60 
minutes only about 34% of the time. Thus, it is rea- 
sonably difficult to find events even for which the B, 
component merely maintains the same polarity for sig- 
nificant periods of time. If, in addition, very steady 
conditions are required in all of the IMF components 
as well as in the solar wind pressure, the probability 
of finding candidate intervals diminishes dramatically. 
Nevertheless, as we have demonstrated here, they can 
be found. This indicates that at least some fraction of 
the total number of substorms that occur are the result 
of some process, phenomenon or mechanism intrinsic to 
the magnetosphere (i.e. they are ‘‘internally triggered” 
or “spontaneousy’). This also raises the possibility that 
many substorms which occur during not-so-steady IMF 
and solar wind conditions might dso be the resuIt of 
an internal magnetospheric instability. Thus, although 
we do not suggest that all substorms are untriggered, 
it is important to recognize that given the variability 
of the solar wind/IMF system, not all associations be- 
tween fluctuations and onsets are likely to be causal. As 
shown for the October 19, 1990 event (figure 12), it is 
certainly true that not all northward turnings result in 
substorms (see also examples presented by M c P h e m n  
et al. [1986]). 

The results of the present study are relevant to (and 
were in fact motivated by) the recently proposed sub- 
storm model of Lyons [1995a]. In this model, the onset 
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of the expansion phase is directly triggered by an exter- 
nally imposed reduction in the large-scale electric field 
due to a reduction in either the B,, or B, components of 
the IMF. Thus northward turnings or sharp reductions 
in B, can trigger the onset in this model. hr ther-  
more, Lyons [1995b] contends that “most, and perhaps 
all, expansions are triggered by IMF changes” of this 
sort implying that his model may be universally appli- 
cable. However, the results of the present study clearly 
indicate that triggering by reduction of the solar wind 
electric field certainly does not occur for all substorms. 
And as mentioned above, substorms may occur solely 
as the result of an internal magnetospheric instability 
much more frequently than we are able to determine. 
Furthermore, although we have only addressed the pos- 
sibility that substorms can occur without external trig- 
gering in the present study, it is also quite likely that 
externally triggered events can also be found which do 
not result in a reduction of the large-scale electric field 
(e.g. a sudden increase in IB,,l). Therefore, we conclude 
that the model of Lyons [1995a] does not successfully 
account for all of the substorms that are observed - 
either the model is incorrect or it operates only for a 
subset of all substorms. 
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Figure 1. The three examples of “triggerlessY’ substorm expansion phase onsets presented by McPherron et al. 
[1986]. The closed black circles represent values of the solar wind dynamic pressure as determined by the Los 
Alamos plasma instrument on the IMP8 spacecraft while the open circles connected by straight line segments 
represent values of the solar wind dynamic pressure as determined by the MIT plasma instrument. The large 
single point increases in the MIT values are likely spurious. 

Figure 2. Multi-point observations of a substorm which occurred on April 14, 1986. n o m  top to bottom the 
panels show: the Los Alamos energetic electron data from 3 geosynchronous satellites, the AL index, the three 
components of the interplanetary magnetic field vector in GSM coordinates, the solar wind dynamic pressure, 
Pi1 and Pi2 filtered magnetometer data from Kakioka, energetic electron data from ISEE1, and the tail field 
inclination angle at ISEE1. 

Figure 3. H-component (or X-component) magnetograms from selected polar cap, auroral zone, and mid- 
latitude ground magnetic observatories on April 14, 1986. The filled (open) circles represent the time at which 
the corresponding ground station passed through local magnetic midnight (noon). 

Figure 4. Viking ultraviolet auroral images showing the temporal development of the northern auroral distribu- 
tion during a substorm which occurred on April 14, 1986. All of the images shown were acquired with camera 0 
which is sensitive to the Lyman-Birge-Hopfield band emissions of N2 (134 - 180 nm). 

Figure 5. Multi-point observations of a substorm which occurred on April 13, 1986. The format is identical to 
that of figure 2. 

Figure 6. H-component (or X-component) magnetograms from selected polar cap, auroral zone, and mid-latitude 
ground magnetic observatories on April 13, 1986. The filled circles represent the time at which the corresponding 
ground station passed through local magnetic midnight. 

Figure 7. Viking ultraviolet auroral images showing the temporal development of the northern auroral distribu- 
tion during a substorm which occurred on April 13, 1986. All of the images shown were acquired with camera 0 
which is sensitive to the Lyman-Birge-Hopfield band emissions of N2 (134 - 180 nm). 

Figure 8. Multi-point observations of a substorm which occurred on October 31,1986. The format is similar to 
that of figure 2. 

Figure 9. H-component (or X-component) magnetograms from selected polar cap, auroral zone, and mid-latitude 
ground magnetic observatories on October 31, 1986. The f l e d  (open) circles represent the time at which the 
corresponding ground station passed through local magnetic midnight (noon). 

- 

Figure 10. Multi-point observations of a substorm which occurred on June 15, 1990. From top to bottom the 
panels show: the Los Alamos energetic electron data from 3 geosynchronous satellites, the X and H traces from 
Kiruna and Leirvogur respectively, the three components of the interplanetary magnetic field vector in GSM 
coordinates, the solar wind dynamic pressure, and the Pi2 filtered magnetometer data from Faroes. 

Figure 11. H-component (or X-component) magnetograms from selected polar cap, auroral zone, and mid- 
latitude ground magnetic observatories on June 15, 1990. The filled (open) circles represent the time at which 
the corresponding ground station passed through local magnetic midnight (noon). 

Figure 12. Multi-point observations of a substorm which occurred on October 19,1990. n o m  top to bottom the 
panels show: the Los Alamos energetic electron data from 3 geosynchronous satellites, the H traces from Lerwick 
and Leirvogur respectively, the three components of the interplanetary magnetic field vector in GSM coordinates, 
the solar wind dynamic pressure, and the Pi2 filtered magnetometer data from Faroes. 
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Figure 13. H- and D-component magnetometer traces from the U.K. Sub-Auroral Magnetometer Network 
(SAMNET) on October 19, 1990. 

Figure 14. Multi-point observations of a substorm which occurred on November 12, 1991. From top to bottom 
the panels show: the Los Alamos energetic electron data from 3 geosynchronous satellites, the X and H traces 
from Kiruna and Leirvogur respectively, the three components of the interplanetary magnetic field vector in GSM 
coordinates, the solar wind dynamic pressure, and the Pi2 filtered magnetometer data from Muonio. 

Figure 15. H-component (or X-component) magnetograms from selected polar cap, auroral zone, rnid-, and 
low-latitude ground magnetic observatories on November 12-13,1990. The filled (open) circles represent the time 
at which the corresponding ground station passed through local magnetic midnight (noon). 
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Table 1. Differential Energy Bands for the Los Alamos 
Energetic Electron Data. Note that the energies given 
are nominal and that small differences exist between the 
various spacecraft. See Higbie et al. [1978] and Belian 
et al. [1992] for more detailed descriptions of the CPA 
and SOPA detectors respectively. 

Channel CPAa SOPAb 

1 30-45 keV 50-75 keV 
2 45-65 keV 75-105 keV 
3 65-95 keV 105-155 keV 
4 95-140 keV 155-225 keV 
5 140-200 keV 225-320 keV 
6 200-300 keV 320-500 keV 

"CPA detectors were flown on: 1982-019, 1984-037, 
1984-129 and 1987-097. 

bSOPA detectors were flown on: 1989-046 and 1990- 
095. 



Table 2. Onsets Examined in This Study 

Date Onset Time(s) 
(Universal Time) 

April 13, 1986 

April 14,1986 
October 31,1986 

June 15,1990 
October 19, 1990 
November 11,1991 

10:47:48 
10:53:06 
11:05:06 
07:05:24 
08:11:22 
08:29:00 
23:24:00 
01:20:51 
22:44:00 
23:02:40 



Table 3. Ground Magnetic Observatories Used in this Study 

Observatory Code geo. lat. geo. Ion. mag. lat. mag. Ion. 
Peg.) Peg.)  (de9.1 @egJ 

Amserdam Island 
Arti 
Ashkabad 
Baker Lake 
Barrow 
Bay St. Louis 
Bjornoya 
Boulder 
Cape Chelyuskin 
Cape Wellen 
College 
Crozet 
Daneborg 
Dumont Durville 
Faroesa 
Fort Churchill 
Fort Simpson 
Fredricksburg 
Glenmorea 
Guam 
Hartland 
Hartebeesthoek 
Hermanus 
Honolulu 
Hopen 
Jan Mayen 
Kakioka 
Kevob 
Kilpisjarvib 
Kiruna 
Kvistaberga 
Leirvogur 
Lerwick 
Lunping 
Masib 
Meanook 
Minsk 
Muoniob 
Nordlia 
Nurmijarvia 
Ny- Aalesund 
Ottawa 

AMS 
ARS 
ASH 
BLC 
BRW 
BSL 
B JO 
BOU 
ccs 
CWE 
CMO 
CZT 
DNB 
DRV 
FAR 
FCC 
FSP 
FRD 
GML 
GUA 
HAD 
HBK 
HER 
HON 
HOP 
JAN 
KAK 
KEV 
KIL 
KIR 
KVI 
LRV 
LER 
LNP 
MAS 
MEA 
MNK 
MU0 
NOR 
NUR 
NAA 
OTT 

-37.8 
56.4 
38.0 
64.3 
71.4 
30.4 
74.5 
40.1 
77.7 
66.2 
64.9 

-46.4 
74.3 

-66.7 
62.1 
58.8 
61.7 
38.2 
57.2 
13.6 
51.0 

-25.9 
-34.4 
21.3 
76.5 
70.9 
36.2 
69.8 
69.1 
67.8 
59.5 
64.2 
60.1 
25.0 
69.5 
54.6 
54.5 
68.0 
64.4 
60.5 
78.8 
45.4 

77.6 
58.6 
58.1 

264.0 
203.7 
270.6 
19.0 

254.8 
104.3 
190.2 
212.2 
51.9 

339.8 
140.0 
353.0 
265.9 
238.8 
282.6 
356.3 
144.9 
355.5 
27.7 
19.2 

202.0 
25.0 
8.7 

140.2 
27.0 
20.7 
20.4 
17.6 

338.3 
358.8 
121.2 
23.7 

246.7 
27.9 
23.5 
13.4 
24.7 
11.9 

284.4 

-48.4 
48.7 
30.1 
71.6 
72.7 
38.2 
70.2 
47.1 
69.7 
65.8 
67.6 

-51.1 
74.8 

-79.3 
61.8 
66.1 
67.5 
45.8 
56.7 
4.1 

50.9 
-26.8 
-32.9 
21.5 
71.5 
68.0 
28.0 
64.9 
64.9 
63.8 
56.1 
65.8 
59.1 
14.4 
65.0 
61.0 
49.9 
63.6 
61.3 
56.2 
74.9 
52.8 

136.7 
133.0 
129.5 
334.0 
252.2 
343.7 
110.6 
325.8 
169.3 
244.6 
268.4 
105.1 
78.6 

239.3 
78.0 

337.1 
301.8 
356.7 
78.5 

215.0 
75.3 
89.3 
79.1 

273.0 
117.3 
98.8 

207.3 
112.5 
106.9 
105.8 
98.9 
65.3 
82.3 

189.5 
109.6 
314.0 
106.1 
108.5 
97.7 

105.5 
112.3 
359.1 



Table 3. (continued) 

Observatory Code mag. Ion. 

Oulu” 
Pamatai 
Petropavlovsk 
Port- Aux-France 
Poste de la Baleine 
San Juan 
St  Johns 
Tbilisi 
Tixie Bay 
Tromso 
Tucson 
Yellowknife 
York” 

OUL 
PPT 
PET 
PAF 
PDB 
S JG 
STJ 
TFS 
TIK 
TRO 
TUC 
YKC 
YOR 

65.1 
-17.6 
52.9 
-49.4 
55.3 
18.1 
47.6 
41.7 
71.6 
69.7 
32.2 
62.4 
54.0 

25.9 
210.4 
158.4 
70.2 
282.2 
293.8 
307.3 
44.8 
129.0 
18.9 
249.2 
245.5 
359.0 

60.5 
-16.5 
47.9 
-58.0 
62.6 
26.3 
53.6 
35.3 
64.5 
65.7 
38.8 
68.8 
53.3 

108.7 
289.1 
221.3 
122.8 
357.4 
7.7 
25.0 
118.0 
188.9 
106.0 
320.6 
309.9 
79.6 

“ n o m  the SAMNET array. 
%om the IMAGE array. 


