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GEOPHYSICAL RESEARCH LETTERS, VOL. 28, NO. 1, PAGES 107-110, JANUARY 1,2001 

Reconciliation of the substorm onset determined on the ground 
and at the Polar spacecraft 

P. K. Toivanen •,7 D N. Baker • W. K. Peterson 2 H. J. Singer a N. E. Turner 
X. Li • K. Kauristie 4 M. Syrj•isuo 4 A. Viljanen 4 T. I. Pulkkinen 4 A Keiling 
J. R. Wygant s, and C. A. Kletzing • 

Abstract. 

An isolated substorm on Oct. 17, 1997 during a close con- 
junction of the Polar spacecraft and the ground-based MIR- 
ACLE network is studied in detail. We identify signatures 
of substorm onset in the plasma sheet midway between the 
ionosphere and the equatorial plasma sheet, determine their 
timing relative to the ground signatures, and discuss their 
counterparts on the ground and in the equatorial plasma 
sheet. The substorm onset is determined as the negative bay 
onset at 2040:42(4- 5 sec) UT coinciding with the onset of 
auroral precipitation, energization of plasma sheet electrons 
at Polar, and strong magnetic field variations perpendicular 
to the ambient field. Such accurate timing coincidence is 
consistent with the Alfv6n transit time between Polar and the 

ionosphere. Furthermore, the timing of other field and parti- 
cle signatures at Polar showed clear deviations from the on- 
set time (q- 2 min). This suggests that the sequence of these 
signatures around the onset time can be used to validate the 
signatures predicted by various substorm onset models. 

1. Introduction 

Magnetospheric substorms are global events that are de- 
tected by various instruments on the ground and in space. 
The onset of a substorm is characterized by rapid tempo- 
ral and spatial changes of plasma and field parameters. The 
phenomenology and models of the substorm onset are based 
on well-established signatures, typically deduced from near- 
equatorial spacecraft or ground-based arrays [e.g., Baker et 
al., 1996; and Lui, 1996]. However, it has not yet been possi- 
ble to reconcile the time of the substorm onset on the ground 
and in the equatorial plasma sheet [e.g., Liou et al., 1999; 
Ohtani et al., 1999]. Thus the cause-and-effect relationship 
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among onset signatures is unclear and this greatly compli- 
cates the validation of the substorm onset models. 

The Polar spacecraft provides a valuable tool to address 
the substorm onset in the plasma sheet midway along field 
lines between the ionosphere and the equatorial plasma sheet. 
The ISEE-1 spacecraft, for example, also provided observa- 
tions in this region. Cattell et al., [1982] reported bursty 
electric fields during substorm activity using ISEE-1 mea- 
surements. The state-of-the-art instrumentation onboard Po- 

lar provides more complete measurements of various plasma 
and field parameters with higher time resolution than has 
previously been available. This is a key requirement for 
identification and timing of substorm onset signatures. 

2. Observations 

The event on Oct. 17, 1997 was an isolated substorm. The 
AE index showed that the substorm onset took place • 2041 
UT after a quiet period of over two hours. The Wind and 
Geotail spacecraft were located in the solar wind at rase • 
(65,0,5)/i•E and rGSE • (0,-30,0) /i•, respectively. They 
measured negative IMF B zcsM before and after the onset. 
The Los Alamos National Laboratory (LANL) particle sen- 
sors onboard a geostationary satellite in the local morning 
sector recorded two electron injections: at 2047 UT (0342 
LT) with energies up to 150 keV; and at 2114 UT (0409 LT) 
with energies up to 315 keV. An ion injection accompanied 
the first electron injection in the LANL data. 

Ground-based and Polar observations from 2020 UT to 

2120 UT are presented in Fig. 1. The north-south (positive 
toward geographic north) component of the magnetic field 
variations at the magnetic station of SOrOya (SOR; 67.24 
CGM lat., 106.71 CGM long.) (Fig. l a) indicates a negative 
bay onset at • 2041 UT (vertical line). The westward auro- 
ral electrojet was located near SOR: the vertical component 
(positive downward) at SOR fluctuated around the pre-onset 
baseline; and the variations in the vertical component were 
negative (positive) at stations magnetically south (north) of 
SOR. Occurrence of surge-type variations at nearby stations 
and a positive eastward component at the lower latitude sta- 
tions imply that the center of the substorm current wedge 
was located eastward of the IMAGE chain [Opgenoorth et 
al., 1983]. The thick horizontal lines along the time axis 
of Fig. 1 a show sequences of magnetic pulsations in the Pi2 
range. Fig. lb shows the intensity of the electron precip- 
itation deduced from the all-sky camera (ASC) at Muonio 
(MUO; 64.62 CGM lat., 105.70 CGM long.) [Syrjiisuo et 

107 



o 

-lOO 

-200 
-300 

1.0 
•., 0.8 
o ,_ 0. t5 

:B 0.4 

ß 

,, 

(c) 

]',oo (d) 

lO 4 

o 

,,, ,o•' ,, , tl • Iti { ' 
3000 2500 (f) 
•ooo ' 1•tr'•._ ' 
15oo 
•ooo •- A A. ¬.,•-,.. 
•øSL_-•. 
•or(•)' ' ' •' ' _, 

! 

100' •) ß 

•oo (j) 
,,- 

2o• (•) .•,• / 
-2O 

10' • 
10 ø • 
10 -• 
10-z 

10' • 10e,- 

,o 7 { 

106 • 
lo 5 

-4O 

2020 2026 2032 2038 2044 2050 2056 2102 2108 2114 2120 
UT 

Figure 1. Ground and Polar observations near the substorm 
onset. The vertical line throughout the panels indicates the 
substorm onset at 2040:42 UT. The yellow highlights the 
time range of various onset signatures at Polar. The red 
shading indicates the tail lobe. The observations shown are: 
(a) geographic north-south component of the magnetic field 
variation at SOR; the Pi2 pulsations (the thick lines along 
the time axis); (b) auroral intensity from station MUO; (c) 
CEPPAD/IPS proton energy spectrogram; (d) CEPPAD/IES 
electron energy spectrogram; (e) HYDRA electron energy 
spectrogram; (f) the mean electron energy determined from 
HYDRA; (g) YGSM and (h) ZGSM components of the mag- 
netic field after removal of model field values; (i) YGSM 
component of the perpendicular proton flow from TIMAS; 
(j) magnetic field-aligned proton flow from TIMAS; and (k) 
ZGSE component of the electric field. 

During the interval studied, Polar was located in the mid- 
night sector (Table 1; Polar location at the onset). Figs. l c- 
l e show energy spectrograms deduced from CEPPAD/IPS 
(17-235 keV protons), CEPPAD/IES (18-200 keV elec- 
trons), and HYDRA (0.01-20 keV electrons) instruments on 
Polar [Blake et al., 1995; Scudder et al., 1995]. They in- 
dicate that Polar was in the plasma sheet prior to and after 
the onset: the outer radiation belt was seen as high fluxes in 
CEPPAD/IES before ,--, 2029 UT; the plasma sheet was ob- 
served by HYDRA between ,--, 2025 UT and ,--, 2112 UT; the 
tail lobe appeared as low fluxes in HYDRA after ,,., 2112 UT. 
Prior to the onset, the particle data indicate that Polar was lo- 
cated clearly outside the 40-keV electron trapping boundary 
and close to the plasma sheet boundary (compare the CEP- 
PAD fluxes at 2040 UT to those observed at ,,., 2105 UT). 

The field measurements are shown in Figs. lg-lk. Mag- 
netic field measurements by MFE [Russell et al., 1995] are 
presented as 6BYcs,• (Fig. lg) and 6Bzcs,• (Fig. lh) after 
the removal of the magnetic field model (see the caption of 
Table 1) values from the actual measurements. At the on- 
set, the ambient magnetic field was essentially in the XGSM 
direction, and YGSM and ZGSM closely represent the coor- 
dinates perpendicular to the ambient field. The three bottom 
panels of Fig. I display the proton flow (Figs. l i and lj), 
and electric field (Fig. lk) measurements. The proton vector 
velocities were obtained from moments of the three dimen- 

sional ion distributions of the TIMAS instrument [Shelley et 
al., 1995]. They are consistent with the electric field mea- 
sured by the EFI instrument [Harvey et al., 1995]. Prior to 
the onset, Polar observed a sequence of perpendicular flow 
bursts (Fig. 1 i) and large field-aligned flows (Fig. lj), caused 
by proton beams with energies from ,,., 3 keV up to the up- 
per energy limit of TIMAS (33 keV). These signatures can 
be pre-cursors of the onset. Alternatively, they can be asso- 
ciated with the plasma sheet boundary and further support 
the Polar location near the plasma sheet boundary. 

At the onset, an abrupt enhancement in electron fluxes 
(Fig. le) and an increase in the electron mean energy (Fig. 
l f) were observed by HYDRA. In CEPPAD/IES, a sudden 
flux enhancement occurred ,,., 2 min later. CEPPAD/IPS 

measured a more gradual flux increase embedded in the pro- 
ton background of the plasma sheet. A sudden deviation (,--, 
40 nT) of the magnetic field from the model field was indi- 
cated by 6B¾ os•,. After the onset 6B¾•s•, fluctuated with 
a period of • 2.3 minutes. The deviation of the ZGSM com- 
ponent occurred ,-• 2 min later. The YCSM component of 
the perpendicular flow was reversed ,,., 3 min after the first 
appearance of flow bursts at ,,., 2038 UT (Fig. li). Note also 
the dynamical signature at ,-, 2030 UT, which has been in- 
terpreted as a pseudobreakup by Peterson et al., [2000]. 

Table 1. Polar location at the onset 

al., 1998]. This was determined from the MUO keogram 
by integrating intensity of the auroral emission from 100 km 
south of the station to 100 km north of the station. An abrupt 
enhancement in electron precipitation at MUO (Fig. lb) co- 
incided with the negative bay onset. Note that it was cloudy 
in northern Scandinavia during the event and the auroral ac- 
tivity was captured through the clouds. 

UT Height MLT Lat." Long." XosM b 

2040 4.0/rE 0015 65.9 ø 123.1 ø -8.3/rE 

aCorrected GeoMagnetic coordinates of Polar footpoint as deter- 
mined from a superposition of the T89 model [Tsyganenko, 1989] 
and the International Geomagnetic Reference Field, IGRE 

aMapping of the Polar field line in the equatorial plasma sheet. 



Table 2. 109 

Ground Polar Tail 

Formation of the auroral electrojet. 
Precipitation of energetic electrons. 

Onset of broad band Pi2 pulsation 

Field-aligned currents. 
Enhancement in the mean electron 

energy. 

Magnetic field fluctuations in the 
Pi2 frequency range. 
Sudden enhancement in Bzos M. 
Flux enhancement in energy ranges 
•> 75 keV. 
Fast flow bursts and impulsive 
electric field. 

Electron energization. 

Onset of dipolarization. 
Dispersionless particle injection. 

Fast bursty flow with northward 
B z in the near-Earth plasma sheet. 

3. Results' Onset at 2040:42 UT ergization in the equatorial plasma sheet. The flux increase 
measured by CEPPAD may be a signature of the particle 

The observations presented in Fig. 1 allow us both to iden- acceleration that leads later to the particle injection in the 
tify several onset signatures at Polar and to determine their energy ranges >• 75 keV observed at the geostationary orbit. 
timing with respect to the ground signatures. It is important Part of the flux increase is caused by the plasma sheet expan- 
that the onset have taken place in the local time sector cov- sion. The abrupt deviation of the YGSM component of the 
ered by Polar and MIRACLE. There are two facts that sup- residual magnetic field at the onset can be associated with 
port this: the westward traveling surge propagates typically. field-aligned currents and formation of the auroral electro- 
3-5 km/s [Opgenoorth et al., 1983]; and the Polar foot points 
were clearly east of the stations. Thus if the expansion onset 
was initiated earlier and further east than Polar, a time lag 
of 2-3 min should occur between the Polar and SOR data. 

Furthermore, the good correlation between the rise times of 
the precipitation at MUO (Fig. lb) and the mean electron 
energy at Polar (Fig. l f) also favor this interpretation. 

The particle flux enhancements, in principle, can be a 
combination of three (spatial/temporal) processes: the first 
is the plasma sheet expansion, which displaces Polar inward 
relative to the regions of higher fluxes (spatial); the second 
is the energization on the Polar field line (temporal); and the 
third is the drift of energized particle populations to the Po- 
lar location (spatial). Any definite separation between these 
three processes is difficult without an extensive analysis of 
particle spectra, which is beyond the scope of this paper. 
However, we anticipate that the observed flux enhancements 
were mainly caused by plasma sheet expansion and ener- 
gization. The plasma sheet expansion is apparent as a clearly 
larger extent of the post-onset plasma sheet (Figs. l c and 
1 e). The good agreement between the mean electron energy 
deduced from HYDRA (Fig. If) and the electron precipita- 
tion at MUO (Fig. lb) strongly argues for a temporal flux 
enhancement. Furthermore, the delay of the flux enhance- 
ment in CEPPAD/IES can be attributed to the energization 
reaching the instrument energy range. Finally, the Polar lo- 
cation in the tail prior to the onset indicates that Polar was 
unable to see any earthward propagating injection fronts. 

Table 2 lists the onset signatures at Polar and their coun- 
terparts on the ground and in the tail. Here, we mainly ad- 
dress the relationships between the signatures at Polar and 
on the ground as no data from the equatorial plane in the 
onset meridian were used. However, an outline of relation- 

ships between Polar and locations in the tail is added for 
discussion. The electron precipitation and the electron mean 
energy at Polar showed a strong positive correlation around 
the onset time. This can further be related to the electron en- 

jet. The magnetic fluctuations at Polar occurred in the Pi2 
frequency range and can thus be related to the Pi2 pulsations 
observed on the ground. Thus the field variations are most 
probably a signature of an Alfv6n wave propagating from the 
tail to the ionosphere. A similar conclusion was also drawn 
by Wygant et al. [2000]. The increase of 6BzcsM is a typi- 
cal signature of dipolarization, but the field-aligned currents 
significantly contribute to the total magnetic field at Polar al- 
titude. Flow bursts at Polar may be a signature of enhanced 
flows in the equatorial plasma sheet. 

We define the main onset time to be 2040:42 UT+5 sec 

as the negative bay onset at SOR. Fig. 2 summarizes the 
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Figure 2. Summary of the onset signatures. The short ver- 
tical lines gives the "best guess" of the onset time for each 
measurements. The black thick lines show the resolution of 

the corresponding data. The onsets at CEPPAD are derived 
from the energy channels 103-142 keV (protons) and 75 - 
105 keV (electrons) corresponding to the energy channels in 
which the injections were observed by the LANL spacecraft. 



timing of the other signatures relative to the onset. An im- 
portant feature of the timing is that the onset is simultaneous 
on the ground and at Polar to within the time resolution of 
the data. This is reasonable as the Alfv•n travel time from 

Polar to the ionosphere is typically less than 10 sec. Another 
important aspect of this event is that the timing of several 
signatures at Polar deviates from the onset, most notably, the 
flow bursts, the dipolarization, and the flux enhancement of 
higher energy electrons. This may indicate that the flows in 
the plasma sheet are enhanced before the dipolarization and 
electron injection at geostationary distances. 

4. Summary and Discussion 

We have identified a new previously unreported substorm 
onset signature in the particle and field measurements mid- 
way along field lines between the ionosphere and the equa- 
torial plasma sheet. The event reported was observed by 
the Polar spacecraft on October 17, 1997. Polar was able 
to capture the onset of an isolated substorm by entering the 
plasma sheet prior to, and remaining after, the onset. Fur- 
thermore, Polar was in a close conjunction with the ground- 
based MIRACLE array. 

These observations were used to define the substorm on- 

set time and to relate space-based signatures observed at Po- 
lar with those observed on the ground (Table 1). The sub- 
storm onset at 2040:42(+ 5 sec) UT was defined as the nega- 
tive bay onset coinciding with the onset of auroral precipita- 
tion. The onset signatures of electron energization and field- 
aligned currents at Polar were simultaneous with the ground 
onset within the Alfv•n transit time between the ionosphere 
and the Polar altitude (• 10 sec). The accurate timing of 
the signatures on the ground and at Polar suggests that the 
auroral breakup, the negative bay onset, and the initiation of 
auroral zone Pi2 pulsations are simultaneous signatures for 
the substorm expansion onset reaching the ionosphere. This 
naturally requires that the magnetic stations are located near 
the auroral breakup region [Rostoker et al., 1980]. 

The results of this paper give confidence to investigate 
substorm onsets for several more events, especially for those 
with observations available in the equatorial plasma sheet. In 
addition to the accurate onset determination, several dynam- 
ical features showed timing which deviated clearly from the 
onset. These deviations from the onset time suggest that not 
only the field-aligned propagating signatures are detected at 
Polar, but also features that are more confined in the equato- 
rial plasma sheet can remotely be monitored from the Polar 
altitude. This encourages similar use of our the data set to 
test ground truth for models that attempt to solve the prob- 
lem of substorm onset. 
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