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Abstract

We report on satellite, incoherent scatter radar, and ground magnetometer observations of the development of SAPS

during a stormtime substorm event on 25 September 1998. The substorm onset was determined from the data of the

ground magnetometer array and LANL satellites. The radar and Defense Meteorological Satellite Program (DMSP)

satellites identified the SAPS region. The pre-existing SAPS in the afternoon sector moved equatorward and intensified

within �10 min after the substorm onset. It is shown that this transition began when the westward traveling surge (WTS)

arrived at the adjacent auroral region. The observations indicate that the stormtime ring current responds to the substorm

expansion on a rapid timescale, characteristic for the dipolarization pulse and WTS development. A scenario for the

generation of the post-onset SAPS-wave structures is proposed.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Latitudinally narrow streams of enhanced sun-
ward convection ðVW40:5 km=sÞ, dubbed polariza-
tion jets (Galperin et al., 1974) or subauroral ion
drifts (SAID) (Spiro et al., 1979; Anderson et al.,
1993), are well-known subauroral signatures of
magnetic activity. They are driven by poleward
electric fields intensified in a low-conductance
ionosphere conjugate to the ring current-plasma-
sphere overlap. SAID are considered as a subset of
the subauroral polarization streams (SAPS) that
include plasma flow events both broad and narrow
e front matter r 2007 Elsevier Ltd. All rights reserved
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extents in latitude (Foster and Burke, 2002). Some-
times, SAPS are highly variable and structured
(Maynard et al., 1980; Erickson et al., 2002; Mishin
et al., 2002, 2003a, 2004; Foster et al., 2004; Mishin
and Burke, 2005). Especially strong SAPS-wave
structures (SAPSWS), in which V W -oscillations
reach �1–2 km/s and exceed the dc component,
follow stormtime substorm onsets.

The features of SAPSWS depend on the timespan
after substorm onsets. Fig. 1 shows the SAPSWS
events along three successive orbits of the DMSP F8
satellite on 5 June 1991 beginning at �16 : 35;
18 : 19, and 20 : 04 UT, respectively. The nearest in
time substorm onsets occurred at �15 : 15 and 16 :
54 UT. Note that the most equatorward boundary
of the auroral zone was near �55� MLAT (Mishin
and Burke, 2005). On average, the plasma density bn
in the first SAPSWS1 was not perturbed, however,
.
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Fig. 1. Development of the SAPSWS over three successive orbits

of the DMSP F8 satellite: 1-s averaged ion densities (top) and the

horizontal component of convection velocities (bottom) versus

the dipole MLat. 1, 2, and 3 indicate SAPSWS1,2,3 near

�16 : 38; 18 : 20, and 20 : 05 UT, respectively.
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there appeared distinct density irregularities
dn=bnp0:1. The second SAPSWS2, encountered after
the subsequent onset, intensified and moved equa-
torward relative to the SAPSWS1. A highly
irregular, dn=bn�0:3, density trough was established.
By the time of the third encounter, the SAPSWS
transformed into a SAID-like structure remaining
roughly at the same location. Strong oscillations in
the convection velocity and density disappeared.

It is well known that enhanced ionospheric
irregularities interfere communication and naviga-
tion. Irregularities intensify during magnetically
perturbed periods, usually in the auroral iono-
sphere. During magnetic storms the auroral zone
expands equatorward, and it is commonly believed
that mid-latitude scintillation events occur inside the
stormtime auroral zone. However, Basu et al. (2001)
observed strong scintillations in 250-MHz signals
well-equatorward of the expanded auroral oval.
Similar mid-latitude scintillation events were also
reported by Ledvina et al. (2002). Basu et al. (2001)
noted that the DMSP F13 and F14 satellites had
flown near the region of scintillations and observed
highly structured convection flows at subauroral
latitudes. Mishin et al. (2003b) analyzed the DMSP
F13 and 14 overflights and found that the subaur-
oral GPS scintillation events collocated with
SAPSWS-related, highly-irregular troughs. Short-
scale irregularities, the likely cause of the scintilla-
tions, seemed to develop and fade within about an
hour after substorm onsets (cf. Fig. 1). Thus,
specifying the post-onset dynamics of SAPS is
important for predicting space weather effects at
mid-latitudes (cf. Goldstein et al., 2005).

In this paper the SAPS’s response to the substorm
onset is determined from DMSP, LANL, incoherent
scatter radar (ISR), and ground magnetometer
observations during a stormtime substorm event
on 25 September 1998. Mishin et al. (2002) (here-
after M2002) have already used some of these
observations to study global ULF perturbations
driven by variations in the solar wind dynamic
pressure and IMF. Although M2002 noted that a
pre-existing SAPS moved equatorward and intensi-
fied after the onset, consequences of that were not
pursued. We show that this transition in the
afternoon sector followed the arrival of the west-
ward traveling surge at the adjacent auroral region
and completed within �10 min after the substorm
onset.

2. Results

2.1. The substorm development

M2002 described the development of the storm
initiated by an interplanetary shock at �23 : 45 UT
on 24 September 1998. Here we focus on a substorm
at the beginning of the recovery phase when the ring
current pressure was maximum near L ¼ 4 (Lie-
mohn et al., 2001). On average, the southward and
azimuthal IMF components, solar wind velocity,
AE and Dst indices were ’ 12 and 13 nT,
�800 km=s, ’ 1500 and �180 nT, respectively. The
substorm onset near 08 : 18 UT was likely triggered
by a brief northward turning of the southward IMF.
Figs. 2 and 3 display the salient features of the
substorm expansion phase.

Fig. 2 shows global-scale systems of equivalent
currents in MLAT–MLT coordinates at 08 : 10
(top) and 08 : 30 UT. They are obtained from the
data of globally distributed magnetometers by the
magnetogram inversion technique MIT2 described
in detail by Mishin (1991) and Mishin et al. (2000).
Here heavy-reddish (thin-black) lines and the �
numbers inside vortices indicate clockwise (anti-
clockwise) rotation and current intensities in kA,
respectively (the isolines are spaced by 80 kA). Stars
and squares indicate the location of the LANL
satellites and magnetic stations used in Fig. 3.
The arrow and dashed line show the Irkutsk
ISR backscatter region and the post-onset track of
the DMSP F13 satellite, respectively. Apparently,
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Fig. 2. The system of equivalent currents in MLAT–MLT

coordinates at 08 : 10 (top) and 08 : 30 UT. Heavy (thin) lines

indicate clockwise (anti-clockwise) direction. Shown in the center

of vortices are total intensities in kA. The location of the LANL

satellites (stars) and magnetic stations (squares) are indicated.

The arrow and dashed line show the coherent backscatter region

of the Irkutsk radar and the post-onset track of F13, respectively.
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before the onset the current system is an example of
a DP2 pattern, skewed because of the large
azimuthal IMF. The post-onset currents are domi-
nated by an enhanced westward electrojet in the
evening/duskside auroral ðL463�) ionosphere,
which is consistent with the substorm current wedge
and westward traveling surge (WTS) concepts (e.g.,
Akasofu, 1977). In turn, eastward currents and thus
poleward electric fields intensified in the adjacent
ðLo60�) subauroral ionosphere.

Top two panels in Fig. 3 show variations in
energetic ion populations from the LANL-97A
(�1300 MLT) and LANL 1994-084 (�1530 MLT)
geostationary satellites, respectively. The vertical
dashed line at �08 : 19 : 30 UT in the second panel
indicates dispersionless enhancements of the high-
energy ð�X113 keVÞ ion fluxes, the signature of a
substorm injection at geosynchronous orbit (e.g.,
Thomsen et al., 2001). In turn, dispersive ion
enhancements at 1300 MLT (top) are consistent
with gradient-curvature drifting ions with the
azimuthal speed �0:5eL2

e�?ðh� LTÞ=min (the dipole
approximation). Here e�? ¼ �?½keV�=100, �? is the
perpendicular kinetic energy, and eL ¼ L=6:6. How-
ever, note that at Dst�� 200 nT the magnetic field
in the dusk sector can substantially deviate from the
dipole (e.g., Tsyganenko et al., 2003), thus hamper-
ing quantitative evaluations. At any rate, these
features suggest (e.g., Birn et al., 1997; Liou et al.,
2001) that the dipolarization pulse ceased soon after
its arrival at 1530 MLT.

Pi2 (40–150 s) pulsations are one of the most
popular indicators for substorm onsets, accurate to
�1 min (e.g., Liou et al., 2000). Furthermore,
auroral Pi2 pulsations are closely associated with
the initiation of the WTS (e.g., Pytte et al., 1976).
Fig. 3 shows Pi2 waveforms obtained by applying
30–150-s bandpass filter to variations in the
horizontal magnetic component H from Magadan
(MGD, �54 MLat), Chokurdakh (CHD, 65 MLat),
Tixie Bay (TIK, 66 MLat) of the 210MM network
(Yumoto et al., 1996) and Dawson (DAW, 66
MLat) of the CANOPUS array. One can see that
the magnitude of Pi2 pulsations at each site
significantly increased after a local onset. Its
MLT-time dependence resembles a westward travel-
ing front, beginning near 21 MLT at �08 : 19 UT
and ending near 16 : 30 UT at �08 : 23 : 30 UT.
Overall, the magnetic observations suggest that at
� 08 : 24 UT the WTS reached its ‘terminal’ near 16
MLT and L�6:6. The lag �5 min behind the Pi2
onset in the evening sector suggests the mean
azimuthal speed in the magnetosphere �1ðh�
LTÞ=min, i.e. at the upper side of typical WTS
velocities (cf. Rothwell et al., 1984).

Having identified the substorm onset and the
WTS development, we turn to discuss the response
of the SAPS.

2.2. The SAPS’s response

Fig. 4 shows the SAPS pattern near 17 MLT
along two successive orbits of the DMSP F13
satellite, beginning, respectively, at 07 : 44 (before
the onset) and 09 : 26 UT (after). Here solid and
dotted lines show the in-track ð’ poleward)
electric component EH and deviation from the
IGRF model of the post-onset eastward magnetic
component DBZ (right axis), respectively. As
anticipated, the SAPS was embedded within the
region of the downward current �0:5mA=m2. Like-
wise the SAPSWS2 in Fig. 1, the SAPS region
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shifted equatorward, the electric field intensified and
became structured. Similar changes experienced also
the SAPS observed by F11 (1830 MLT), F12 (20
MLT), and F14 (1930 MLT) �15 min earlier and
later than the above snapshots, respectively. Note
that the available particle data from the DMSP
satellites indicate that the post-onset equatorward
boundary of the auroral zone was near 58� ILAT.

The horizontal dashed line in Fig. 4 indicates the
threshold ðEth�20mV=mÞ of the Farley–Buneman
(FB) instability that generates field-aligned irregula-
rities (FAI) in the E-region ionosphere (e.g., Farley,
1963). Indeed, sidelobe coherent backscatter from
�1�m FAI in the late-afternoon sector was observed
by the incoherent scatter radar (ISR), which has the
carrier frequency f 0 ¼ 150MHz and is located near
Irkutsk ð�47:1MLat and MLT � UTþ 7). The
temporal/spatial resolution of the backscatter ob-
servations was �2-min/20-km, respectively. From
general considerations it is clear that larger magni-
tudes of the electric field E04Eth should yield
stronger backscatter. Foster and Erickson (2000)
obtained the relation E0 � 2PcbðmV=mÞ=dB for the
Millstone Hill radar ðf 0 ¼ 440MHzÞ. Here
PcbðLðrÞ; tÞ ¼ 10 log10½AðLðrÞ; tÞ�dB is the coherent
backscatter power, corrected for variation of aspect
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angle (at altitude 110 km) with range r, and AðL; tÞ
is the backscatter amplitude (cf. Foster et al., 1992).
Such a mapping for the Irkutsk radar has not yet
been established.

Fig. 5 shows the SAPS electric field after the onset
and the (scaled) backscatter amplitude averaged
over 09 : 25–09 : 30 UT (circles). Since the radar
spatial resolution was �20 km, the SAPS field was
also averaged over 3 s or �22:5 km (heavy line).
Apparently, the radar and satellite observations are
in good agreement near the SAPS maximum.
Besides, as analyses show, the Foster and Erickson
(2000) relation holds near the maximum. Thus, the
Irkutsk ISR data can be safely used to specify the
SAPS’s dynamics. Variations of the corrected
backscatter power PcbðLðrÞ; tÞ are shown in Fig. 6
(the bottom panel). One can see that near 08 : 30
UT the backscatter power abruptly increased and its
region shifted equatorward, indicating emerging
over-threshold electric fields (cf. Erickson et al.,
2002). This is consisitent with the enhanced east-
ward currents (poleward electric fields) at Lo60� in
Fig. 2, although the large-scale MIT2 cannot
distinguish the small-scale SAPS region.

In order to reduce possible correction-related
errors, we also use relative amplitudes dAjðtÞ ¼

dAðLj ; tÞ ¼ AðLj ; tÞ=maxðAðLj ;TÞÞ, where T is the
period from 07 : 00 to 09 : 00 UT. The top panel in
Fig. 6 shows variations of hdAijL, i.e. dAjðtÞ

averaged about Lj over the range of �0:5�. One
can see that near 08 : 24 UT weak scattering from
L455� intensified, and in �223 min the back-
scatter region began expanding equatorward. Over-
all, the observations suggest that the SAPS’s
perturbation in the afternoon sector followed
the WTS arrival at the adjacent auroral region
and developed within �10 min after the substorm
onset.
3. Discussion

It is commonly accepted that the immediate cause
of SAPS is the downward FAC derived from the
product Gk ¼ ½rP� rPRC � 	 B=B. Here PRC is the
ring current pressure, P is the flux tube volume, and
B is the geomagnetic field (e.g., Vasyliunas, 1970).
From numerical simulations it follows that the
enhanced convection (dawn–dusk) electric field
builds the ring current pressure on a slow, i.e. a
few hours, timescale (e.g., Liemohn et al., 2001;
Garner et al., 2004). However, Ganushkina et al.
(2001) reported on the nose event, i.e. energetic ion
enhancements at L ¼ 426 exhibiting a ‘nose’ shape
in the energy-time spectrograms (Smith and Hoff-
man, 1974), which was observed within one hour
after the onset of a substorm.

In order to match the observations, Ganushkina
et al. (2001) accounted for transient electromagnetic
fields associated with the dipolarization process
(e.g., Birn et al., 1997; Liou et al., 2001). This
made it possible to move particles into the inner
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magnetosphere within some tens of minutes (see
also Ganushkina et al., 2005). Goldstein et al. (2005)
explored the ‘dipolarization pulse’ or ‘substorm
injection’ scenario to explain the post-onset ring
current pressure buildup in the evening sector and
westward moving ripples at the plasmapause,
closely correlated with the FUV aurora. Appar-
ently, the characteristic features of the post-onset
SAPS development are consistent with these results.
Furthermore, the magnetic observations suggest
that the increase of GkðPRCÞ at the duskside closely
followed the WTS arrival at the adjacent plasma
sheet. The time lag�5 min behind the dispersionless
ion injection at geosynchronous orbit implies the
radial (inward) speed of �70 km=s, i.e. within the
range of typical inward velocities of the dipolariza-
tion pulse (e.g., Birn et al., 1997).

We argue that the pulse motion across B is
essential for the formation of the SAPSWS.
Actually, Mishin and Burke (2005) discussed the
generation of the SAPSWS in terms of the current
convective instability (Kadomtsev, 1965; Ossakow
and Chaturvedi, 1979) developing at subauroral
latitudes. The instability relies on FACs ðjk)
destabilizing the plasma configuration similar to
that equatorward of the plasma sheet. Indeed, the
RC pressure gradient at the inner edge is parallel to
the centrifugal force acting on a particle in curved
magnetic field lines. This is opposite to the condi-
tion of the Rayleigh–Taylor instability. If, however,
the Doppler-shifted frequency f � kk 	 uk=ð2pÞ is
negative, the total wave energy turns to be negative
too. Here uk is the current velocity and kk is the
longitudinal component of the wave vector. As a
result, the collisionless damping increases the wave
energy, i.e. initial perturbations grow with time.
Note that whenever magnetic observations were
available during the SAPSWS events, downward
FACs 40:1mA=m2 were present (Mishin et al.,
2003a, b).

Volkov and Maltsev (1986) derived the instability
growth rate g�jk=ðSPBI Þ in the Region 2 FACs near
the plasma sheet boundary. Here SP and BI are the
Pedersen conductivity and magnetic field strength in
the conjugate ionosphere (subscript I), respectively.
In the quasi-static approximation jk ¼ r?ðSPEI Þ,
the expression for g can be reduced to �r? VWh i,
where hVW i is the average (dc) SAPS velocity. In
addition, in the (dipolarization pulse) frame of
reference, moving across B with the velocity U?, the
wave frequencies are shifted by k? 	U?=ð2pÞ, thus
favoring the generation of short-scale perturbations
(cf. Mishin, 1993). Further, the SAPS-associated
FACs decrease with time, i.e. jkðtÞ ! 0 (e.g., Rich
et al., 1980; Anderson et al., 1993). The presence of
the factors jkðtÞ and U? suggests the occurrence of
the SAPSWS during the post-onset period of
(stormtime) substorms, in agreement with the
observations.

It is worth noting that the ionospheric feedback is
likely to amplify the instability growth (e.g.,
Streltsov and Mishin, 2003). Additional investiga-
tions are needed to address this problem, which is
beyond the scope of this study.

4. Conclusion

Satellite, incoherent scatter radar, and ground
magnetometer observations during the magnetic
storm of 25 September 1998 specified the SAPS’s
response to a stormtime substorm. Following the
substorm onset, the pre-existing SAPS in the after-
noon sector moved equatorward and intensified
within �10 min. It is shown that this transition
followed the arrival of the westward traveling surge
at the adjacent auroral region. The observations
indicate that the stormtime ring current responds to
the substorm expansion on a rapid timescale,
characteristic for the dipolarization pulse and
WTS development. We propose a scenario for the
generation of the post-onset SAPS-wave structures
by the current convective instability developing at
the front of the RC ion cloud picked up by the
dipolarization pulse.
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