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Formation and evolution of subauroral ion drifts in the course 

of a substorm 
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Abstract. We propose a physical mechanism that explains how "polarization jets" (PJ) 
or "subauroral ion drifts" (SAID) are formed in the course of a substorm and how they 
evolve. A PJ/SAID is considered to be the ionospheric signature of an inward moving 
injected plasma front. The flow shear that exists across this interface when it arrives in 
the vicinity of the plasmapause is responsible for the generation of intense electric fields 
in the premidnight sector, where PJ/SAID are observed. Quantitative simulation of this 
mechanism accounts for PJ/SAID width and peak drift velocity. The mechanism explains 
why PJ/SAID are observed poleward of or in the vicinity of the plasmapause. The inward 
traveling time of the injected plasma agrees with the delay between substorm onset and 
the apparition of PJ/SAID; the evolution of the ionospheric signature is consistent with 
observations as well. 

1. Introduction 

Substorms often lead to the formation of narrow layers of 
intense westward drift in the subauroral ionosphere. These 
structures are known as "polarization jets" (PJ) or "subau- 
roral ion drift layers" (SAID) [Galperin et al., 1973; Burch 
et al., 1976; Smiddy et al., 1977; Maynard, 1978; Spiro et 
al., 1979; Rich et al., 1980;Anderson et al., 1991; Yeh et al., 
1991; Karlsson et al., 1998]. They have a narrow latitudi- 
nal extent and are characterized by a westward drift speed 
in excess of 1 km s -1, by a temperature peak due to col- 
lisions between the drifting particles and neutral atoms, and 
by an ionospheric density trough. PJ/SAID are located equa- 
torward of the nightside auroral zone and poleward of or in 
the vicinity of the plasmapause (PP). PJ/SAID are usually 
observed more than half an hour after the onset of a magne- 
tospheric substorm and last less than 3 hours. Although the 
ionospheric signature of PJ/SAID is reasonably well under- 
stood [Galperin et al., 1986; Filippov et al., 1989; Rodger 
et al., 1992; Anderson et al., 1993], the electromotive force 
driving the phenomenon has not yet been identified satisfac- 
torily. 

The theory of magnetospheric convection based on tracing 
the drift paths of individual charged particles in the magne- 
tospheric electric field predicts an energy-dependent evolu- 
tion of the "injection boundary" [Mcllwain, 1974] because 
of the dispersion of ions and electrons of different temper- 
atures. This leads to the formation of a space-charge layer 
(Alfv6n layer), which carries shielding currents because of 
the nonzero ionospheric conductivity [Block, 1966; Jaggi 
and Wolf, 1973; Gurevich et al., 1976; Southwood and Wolf, 
1978]. Attempts have been made to relate the ionospheric 
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phenomena observed in PJ/SAID to properties of this Alfv6n 
layer [Spiro et al., 1981;Anderson et al., 1993; Ober et al., 
1997]. It appears, however, that the dispersion of particles 
injected at a given point in the near-Earth tail is significant. 
Karlson [1971] obtains an Alfv6n layer thickness of the or- 
der of 1 /i•E. Moreover, the injection process deposits these 
particles in a certain volume rather than at a single point. The 
space-charge layer will therefore be relatively thick, making 
it hard to adequately explain the narrow latitudinal extent of 
PJ/SAID layers. 

In the present paper we focus on the microphysics of the 
injected particle front. We demonstrate that finite gyroradius 
effects at this interface [Lemaire et al., 1998; De Keyser et 
al., 1998] are responsible for creating fine-scale structure, 
allowing us to view the narrow PJ/SAID as the ionospheric 
signature of such an earthward moving magnetospheric in- 
terface between cold plasma trough and hot injected parti- 
cles. The azimuthal shear flow between the injected plasma 
and the partially corotating plasma trough in the vicinity of 
the plasmapause and the thermoelectric effects at the inter- 
face are identified as the key ingredients for the formation of 
the intense electric fields inside PJ/SAID. 

This paper is organized as follows: We first discuss the 
nature of a magnetospheric interface between cold plasma 
trough and hot injected plasma. We then explain the origin of 
the electric field inside such an interface and its ionospheric 
signature. We present simulations confirming the quantita- 
tive agreement of this mechanism with observations. We end 
with a discussion of the implications of the proposed mech- 
anism. 

2. PJ/SAID as Ionospheric Signature 
of a Magnetospheric Interface 

PJ/SAID are layers of intense westward ion drift (> 1 km 
s -1) and poleward electric field (> 50 mV m -1), observed 
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in the F region and higher. Collisional heating inside such 
layers can cause the formation of a stable auroral red arc 
[Foster et al., 1994]. The production of NO + [Schunketal., 
1975] and its fast recombination with electrons depletes the 
charge carriers, thereby reducing the ionospheric conductiv- 
ity [Banks and Yasuhara, 1978; Anderson et al., 1993]. The 
physicochemical timescale of these processes is of the order 
of minutes [Anderson et al., 1991 ]. 

PJ/SAID are associated with magnetospheric substorms 
[Spiro et al., 1979; Anderson et al., 1993; Karlsson et al., 
1998]. While increased drifts are observed during the ex- 
pansion phase, the spike signature typical of PJ/SAID ap- 
pears only in the early recovery phase, more than half an 
hour after substorm onset [Anderson et al., 1993]. PJ/SAID 
generally last less than 3 hours [Maynard et al., 1980; An- 
derson et al., 1991], although an occasional lifetime of 6 
hours has been reported [Yeh et al., 1991 ]. PJ/SAID occur 
between 1600 and 0300 hours local time (LT), most often in 
the dusk and premidnight sectors [Spiro et al., 1979; Karls- 
son et al., 1998]. Their azimuthal extent ranges from about 
1 to 6 hours LT. The poleward electric field inside PJ/SAID 
implies the existence of a potential drop across the layer. 
PJ/SAID are threaded to the magnetosphere by highly con- 
ducting magnetic field lines; in the absence of a possible 
ionospheric driver, it is therefore natural to look for a driv- 
ing electromotive force in the magnetosphere. Simultane- 
ous observations of conjugate PJ/SAID in the Northern and 
Southern Hemispheres [Anderson et al., 1991 ] also suggest 
a common magnetospheric source. 

2.1. Electric Circuit 

Figure 1 shows, for the Northern Hemisphere, how the 
dipolar ionospheric magnetic field Biono points down (where 

Bion o -- Beq(1 + 3sin 2/•)1/2/(1 + h/RE), where ,X is the 
invariant latitude (ILAT), h is the altitude, and Beq -- 3.11 x 
10 -5 T is the equatorial field strength at the Earth's surface), 
while the ion drift Viono is directed westward. Given the low 
ionospheric collision rate, the drift is mainly the result of a 
poleward electric field Eiono' 

Viono = Eiono X Biono/B•ono. 

Similarly, a poleward electric field exists in PJ/SAID in the 
Southern Hemisphere. Because Biono does not vary ap- 
preciably across the PJ/SAID, the Viono and Eiono profiles 
are similar. The ionospheric electric potential difference 
A<I, ranges from a few to tens of kilovolts [Smiddy et al., 
1977; Spiro et al., 1979; Karlsson et al., 1998]. In mag- 
netic latitude aligned PJ/SAID whose azimuthal extent is 
much larger than their width (the usual case), we can ig- 
nore border effects; the azimuthal current is zero. Down- 
ward field-aligned currents flow on the equatorward side of 
the PJ/SAID, Pedersen currents flow through the ionosphere 
(a resistive load), and field-aligned currents flow upward on 
the poleward side. The height-integrated current along the 
latitude-aligned drift band is 

A• E 

2AA Rz + h ' 

where AA is the latitudinal width of the PJ/SAID and E is 

the height-integrated ionospheric Pedersen conductivity. For 
typical values E = 0.3 S, A<I, = 20 kV, AA - 0.5 ø, and 
h = 400 km, the current is O r = 0.05 A m -• along the west- 
ward drift band [Smiddy et al., 1977; Rich et al., 1980; An- 
derson et al., 1993]. A PJ/SAID can therefore be regarded 
as the ionospheric footprint of a field-aligned current sheet 

Eo 
lono 

Figure 1. Schematic view of the current sheet connecting the nightside ionosphere where a PJ/SAID is 
observed to the magnetosphere. The ionospheric magnetic field Biono points down, the ionospheric drift 
Viono is westward, and the electric field Eiono is directed poleward. The arrows indicate the direction of 
the field-aligned and ionospheric currents. 
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connecting the PJ/SAID to its magnetospheric source. The 
power deposited in the ionosphere is J A • • 1000 W m -• 
along the PJ/SAID band. Accounting for the reduced iono- 
spheric conductivity inside PJ/SAID, the field-aligned cur- 
rents and the power drawn from the source can be some- 
what smaller [Banks and Yasuhara, 1978; Anderson et al., 
1993]; the lifetime of the source is correspondingly longer. 
Whenever one of both ionospheric footprints is sunlit (where 
the ionospheric conductivity is not negligible), the dissi- 
pated power remains considerable. This may help to explain 
the semi-annual variation in observed PJ/SAID electric field 

strength [Karlsson et al., 1998]. 

2.2. Observation of Injected Plasma 

A magnetic substorm can be triggered by a change of the 
interplanetary magnetic field direction. The development of 
an X-type neutral line in the near-Earth tail (at 20 - 30 Re) 
leads to the acceleration of plasma both sunward and tail- 
ward and is responsible for the "bursty bulk flow" in the 
magnetotail [Angelopoulos et al., 1992]; earthward flows 
exceeding 100 km s -• have been reported [Frank et al., 
1994; Hoet al., 1994]. 

Storm-time observations of flux dropouts in geostationary 
orbit (L = 5.7) prior to or during observations of PJ/SAID 
events in the ionosphere in the same local time sector [An- 
derson et al., 1993] suggest the presence of hot injected 
plasma sheet material in the inner magnetosphere. Simi- 
lar flux dropouts are reported by Shiokawa et al. [1997]. 
Precipitation of energetic particles all the way down from 
the auroral region to the PJ/SAID latitude [Anderson et al., 
1993] confirms the presence of hot plasma on the tailward 
side of the interface. 

Maynard et al. [1980] report the observation by ISEE 1 
of PJ/SAID-like electric fields at a magnetospheric interface 
just outside the plasmapause, at about 2300 LT, near the 
L = 4 drift shell. De Keyser et al. [ 1998] have shown that 
such electric fields can indeed be generated at a premidnight 
interface between hot injected plasma and the cold plasma 
trough. 

2.3. Lifetime of the Electrostatic Field 

The hot and cold ions and electrons at the magnetospheric 
interface have different gyroradii. The resulting charge sep- 
aration provokes a polarization electric field inside the layer. 
The field-aligned currents closing through the ionosphere act 
so as to neutralize this charge separation. The polarized 
interface can be regarded as a capacitor that is discharged 
through the ionospheric resistance. Willis' [1970] study of 
a similar resistance-capacitance (RC) circuit for the mag- 
netopause is applicable to PJ/SAID as well. He found the 
discharge time to be 

d eeoA ln(1 + ), 
d E (Re + h) cos A 

with a dielectric constant e • [1 + (COe/•"•e)2ll/2d/• D. For 
a PJ/SAID at A - 60 ø invariant latitude (at L - 4, where 
B •-, 490 nT), the surface of the magnetospheric interface 
with an azimuthal extent A•p is A • (A•p/2•r) x2x 10 TM m 2. 

The Debye length is ,'•D • 2 m for a 1 eV plasma with a 
number density of 10 cm -3. The electron plasma frequency 
is We • 2 x 10 • rad s -• and the electron gyrofrequency 
f•e • 10 s rad S-•o With a distance d m 10 km between 
the polarization charges (length scale in between the hot and 
cold proton gyroradii) and a height-integrated conductivity 
E m 0.1-1 S, we find r • 10-100 s. The discharge time 
cannot be much smaller, as the propagation of electromag- 
netic signals at Alfv6n speed along the magnetic field lines 
connecting the source to the load already takes several sec- 
onds. 

An alternative way to compute the discharge time is the 
following [De Keyser et al., 1998]. The gradients respon- 
sible for the electrostatic field at the interface will disappear 
when a significant fraction (say, 50 %) of the particles within 
the interface layer is evacuated; evacuation is slowest for 
the cold particles. With a plasma trough density of N = 
10 cm -a at the outer edge of the plasmapause, at L - 4, a 
flux tube with unit cross section in the equatorial plane con- 
tains 10 •5 particles (adopting an r -4 plasmaspheric density 
profile). Assuming thermal particle transport away from the 
equator and toward the ionosphere and adopting the maxi- 
mum precipitation loss (a full loss cone), the flux tube evac- 
uation rate is Rloss -- N Vth ,'• 6 x 10 • m -2 s -• for 
0.75 eV electrons and 2 x 10 • m -2 s -• for 1.5 eV protons. 
A field-aligned potential drop can further enhance this rate, 
so that Rloss m 10 •2 m -2 s -•. Precipitating protons and 
electrons both contribute to a field-aligned current density 
2eRioss m 3 x 10 -7 A m -2. The observed ionospheric field- 
aligned current densities of the order of 1 •uA m -2 [Smiddy 
et al., 1977] do indeed imply a current density of 10 -7- 
10 -8 A m -2 in the equatorial magnetosphere. From the flux 
tube particle content and the loss rate we derive an evacu- 
ation time r - 102-10 a s, comparable to the result found 
earlier. 

The discharge timescale r is too short to account for the 
observed lifetime of PJ/SAID. Because of the inward mo- 

tion of the magnetospheric interface, however, the polariza- 
tion charges are continuously replenished from the plasma 
reservoirs on either side. In a frame comoving with the in- 
terface, the plasma on either side is flowing toward the cur- 
rent sheet and is ejected along the field lines. The influx of 
cold particles into the flux tube at L - 4 is determined by 
the projected surface of the flux tube in the inward direction 
(Am 107 m 2 per unit length along the azimuthal direction), 
by the plasma trough number density (N - 10 cm-a), and 
by the thickness of the layer (Dm 1000 km, projected from 
the observed ionospheric PJ/SAID width). As the particle 
loss equals the number of cold particles swept up by the in- 
ward moving front, the velocity of the interface must be 

V•n - RlossD /AN, 

which is • 10 km s -•. Such a modest inward velocity is 
sufficient to maintain the current circuit. The structure of the 

magnetospheric interface is not essentially modified by the 
field-aligned currents as long as the injected plasma reser- 
voir is not exhausted and its inward motion is not completely 
stopped. The ionospheric conductivity therefore is not nec- 
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essarily the most important element determining the lifetime 
of the PJ/SAID structure. The long-lived dynamic equilib- 
rium in which the effects of ionospheric discharge and con- 
stant replenishment cancel can then be modeled in a first ap- 
proximation by a tangential discontinuity (TD) equilibrium 
in which discharge and replenishment are ignored. 

2.4. Inward Motion of Injected Plasma 

Anderson et al. [1993] state that minor ionospheric sig- 
natures are observed during substorm expansion, at progres- 
sively lower latitudes, until finally a PJ/SAID appears. At 
the same time, the precipitation region is observed to extend 
to progressively lower latitudes. We interpret these obser- 
vations as manifestations of the inward motion of the in- 

jected plasma. The injected plasma front pushes aside the 
cold plasma trough plasma on its way inward. When the az- 
imuthal extent of the injected plasma front is large, sideways 
motion of the cold plasma is only important at the flanks 
of the plasma front; the cold plasma is pushed away mainly 
along the magnetic field lines and will precipitate. Since 
the particle content of plasma trough flux tubes ahead of the 
plasma front increases on its way inward, while the plasma 
trough temperature and the loss rate decrease, the interface 
must slow down. At the plasmapause, where the density 
increases up to 1000 cm -s [Carpenter, 1963], the inward 
speed drops to only 0.1 km s-i; that is, the interface is not 
expected to propagate far across the plasmapause. Observa- 
tions of energetic particle penetration during substorms up to 
and slightly beyond the plasmapause into the plasmasphere 
corroborate this scenario [Ejiri et al., 1980]. This argument 
implies that once the ionospheric signature has developed 
into a PJ/SAID, the equatorward motion of this signature has 
essentially stopped. 

One can model the plasma front as an Alfv6n wave, which 
propagates inward with a speed 

Bn 

Vin V/l•om+ N (1) 

At- V/t•øm+ f•tm, v/-•dr; Bn dr=Rps 

/•pp and/•PS denote the positions of the plasmapause and 
the beginning of the plasma sheet, respectively. We model 
the density profile by N(r) = Npp exp [(r - Rpp)/6], 
where Npp is the plasmaspheric density and 6 • I RE is 
the length scale of the density change; this choice mimics 
the observed density profile for moderate Kp. We then find 

25 V//•om+Npp[1 _ exp(- At- • 
Rps -- Rpp 

25 )]. 

With Npp ---- 1000 cm -3,/•pp = 4 Rz, and/•PS = 10 Rz, 
the traveling time is At m 1430 s. This result is not very 
sensitive to Rpp and Rps but strongly depends on B, and 
•. Associating the time of plasma injection with substorm 
onset, this traveling time is consistent with the observed half 
an hour delay between onset and PJ/SAID apparition [An- 
derson et al. , 1993]. 

2.5. Precipitation Boundary 

Observations show that during substorm expansion the 
precipitation region extends down to lower latitudes, but the 
precipitation boundary remains always slightly poleward of 
the PJ/SAID band. This can be understood from the present 
model by the following reasoning. The PJ/SAID ionospheric 
electric field is an almost instantaneous signature of the mag- 
netospheric electric field (Alfv6n waves travel along the field 
lines in a matter of seconds). We now estimate the timescale 
of precipitation. Because of the conservation of the magnetic 
moment, the perpendicular velocity of the injected particles 
increases proportional to L s. Conservation of the second 
adiabatic invariant implies a parallel velocity proportional to 
the field line length. The velocity distribution of the injected 
particles therefore becomes "pancake" shaped, with maxi- 
mum phase space density near 90 ø pitch angle. Because of 
this flattening of the pitch angle distribution, the mean paral- 
lel velocity is an order of magnitude lower than the average 

if one ignores temperature anisotropy. Below, we always thermal velocity, which is 19,000 and 1400 km s -1 for 1 keV 
evaluate this expression using the plasma trough density; electrons and 10 keV protons of plasma sheet origin. For 
strictly speaking, some average of the plasma trough and in- L - 4 we find precipitation times of 20 and 300 s for these 
jected plasma densities should be used. A velocity Vin = 
10 km s-1 at L - 4 implies a normal magnetic field com- 
ponent of only B,• = 1.4 nT, that is, B,•/B = 0.003, jus- 
tifying the TD model as a first approximation for describing 
the internal structure of such a current layer. A rotational 
discontinuity (RD) model with small B,• implies that parti- 
cles from the plasma trough as well as injected plasma can 
cross the interface, but their drift in the normal direction is 

so slow (relative to the interface) that they remain confined 
to a rather narrow layer: This is very similar to a TD geom- 
etry with appropriately chosen "trapped" populations [Roth 
et al., 1996]. 

We now use equation (1) with a constant B,• = 1 nT to 
trace the inward motion of the injected plasma from the 
plasma sheet to the plasmapause. The time it takes for the 
injected plasma to arrive at the plasmapause is given by 

electrons and protons. For an inward velocity of the plasma 
front of 10 km s-l, this implies that the precipitation signa- 
ture lags behind the electric field signature over an equiva- 
lent magnetospheric distance of 200-3000 km, which is of 
the order of the transition thickness: the precipitation bound- 
ary is located poleward of the PJ/SAID but not far away. 

3. Electric Field at the Interface 

We have already shown that the magnetospheric interface 
can be modeled in a first approximation as a TD. In order 
not to complicate the discussion unnecessarily, we assume it 
to be locally planar with its normal in the radial direction. 
The structure of such a TD depends on the nature of the ve- 
locity distribution functions of the particles in the interface 
[Whipple et al., 1984; Roth et al., 1996]. An important de- 
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termining factor is the electric field inside the layer. There 
are two main contributions to this electric field: A polariza- 
tion field due to finite gyroradius effects and a convection 
electric field arising from tangential flow on both sides of 
the interface. 

3.1. Finite Gyroradius Effects 

Finite gyroradius effects associated with the different en- 
ergies of the ions and electrons involved lead to thermoelec- 
tric charge separation; this effect is particularly important 
because of the strong temperature gradient at the interface. 
Consider cold plasma trough plasma (T• = 0.75 eV and 
T• - 1.5 eV [Comfort, 1996]) and hot injected plasma of 
plasma sheet origin (Ti• = 1 keV and Tin + = 10 keV). The 
transition lengths œ, the length scales over which the popula- 
tion densities vanish across the current sheet, are of the order 
of the corresponding gyroradius or larger (œ _> p) [Roth et 
al., 1996]. We have taken the same values of œ+/p+ and 
E-/p+ for the hot and cold protons and electrons, respec- 
tively. Note that œ+/œ- - 0.1...10 in order to avoid exces- 
sive electric fields that would provoke instabilities. We made 
the choice œ+/p+ = 50 and E-/p+ = 10. The thickness 
of the layer is determined by the hot protons; it is of the or- 
der of Ei+n • 50Pi+n • 1500 km, which maps down to about 
AA = 1 ø ionospheric latitudinal width. The choice of œ+ 
therefore matches the observed PJ/SAID thickness. The the- 

oretical minimum thickness is obtained for œ +/p+ = 1, and 
then D = 30 km, and AA = 0.02ø; the observed thickness 
is consistently larger. 

Figure 2a sketches the electrostatic field in the transition 

when there is no flow shear, for the case œ•-t < œp+t < œ•n < 
Ei+n that corresponds to the chosen transition length values. 
The electric field peaks inside the layer. As the excess space 
charge 6N is usually of the order of 10-6N, the peak ther- 
moelectric field is Ex,th-el • ffp+teJN/eo • 3 mV m -•. 

3.2. Velocity Shear 

The electric field in the injected plasma region must van- 
ish in a comoving reference frame. This is accomplished by 
collective polarization effects inside the injected plasma re- 
gion, generating surface charges in a thin shell at the injected 
plasma boundary. The hot particles are (partially) "shielded" 
from the external magnetospheric electric field; only parti- 
cles in the surface layer experience this external field. Con- 
sequently, the hot plasma will not follow the drift trajectories 
traced by individual particles' Its deceleration and deflection 
upon approaching the plasmapause are retarded, and it can 
"hit" the plasmapause (see Figure 3). An azimuthal velocity 
shear AV therefore develops across the interface. Assuming 
that the injected plasma (moving sunward with velocity Vin) 
decelerates in the immediate vicinity of a circular plasma- 
pause (where the corotation velocity is Vpt = 2•rRpp/T, 
with T = 1 day, in the case of a rigidly corotating plasmas- 
phere), this velocity shear is 

/•V ((/9): V•n sin qo + Vp•. 

(a) 

Ex 

(b) 

(c) 
E x 

Figure 2. The electric field inside the magnetospheric in- 
terface layer: (a) thermoelectric field (no flow shear); (b) 
convection electric field for negative A V (thin line, pre- 
midnight configuration) and total electric field (thick line), 
where the electric field inside the layer is intensified; and 
(c) convection electric field for positive A V (thin line, post- 
midnight configuration) and total electric field profile (thick 
line). From De Keyser et al. [1998]. 

'rhe injected plasma velocity and the corotation velocity are 
parallel at the dawnside; at the duskside, however, they are 
antiparallel, so that a large flow shear may develop there; the 
premidnight-postmidnight asymmetry is evident. 

Figure 2b illustrates what happens when a shear flow 
corresponding to the premidnight configuration is present. 
In the frame of reference corotating with the cold plasma, 
the positive convection electric field/•x,conv = A V B •-, 
5 mVm -• (for B - 490 nT and AV - 10 km s -•) in- 
tensifies the electric field peak inside the layer to E• • 
8 mV m -•. In the postmidnight local time sector the con- 
vection and thermoelectric fields tend to cancel (Figure 2c). 
..This asymmetry in the intensity of the electric fields in- 
side the layer, depending on the sense of the shear flow, 
also contributes to the premidnight-postmidnight asymme- 
try. Particularly intense fields are produced for the sense 
corresponding to the premidnight configuration and can even 
prohibit the existence of TD equilibrium [De Keyser and 
Roth, 1997]; as the inward motion of the injected plasma is 
decelerated at the plasmapause, while the plasma catches up 
with the azimuthal corotation, the velocity shear decreases, 
so that the TD equilibrium approximation always becomes 
justified from some point on. 

In conclusion, the flow shear tends to be largest in the 
premidnight sector, and there it also has the sense most apt to 
produce a strong electric field peak. Both effects can explain 
the premidnight occurrence of PJ/SAID. 
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dawn 

noon midnight 

dusk 

Figure 3. Motion of the injected plasma front through the 
magnetosphere. The thin lines sketch the global magneto- 
spheric electric equipotentials (similar to Mcllwain's [ 1986] 
E5D model for moderate Kp). Because of collective effects, 
the injected plasma does not follow individual charged par- 
ticle trajectories (that is, the equipotential surfaces) but de- 
celeration and deflection upon approach of the plasmapause 
(PP) are delayed. In the premidnight sector, the injected 
plasma front may hit the plasmapause. 

terface to be quasi-stationary; that is, subsequent snapshots 
correspond to equilibrium configurations. This is justified 
since the lifetime of the PJ/SAID phenomenon is of the or- 
der of hours, larger than the discharge time and the iono- 
spheric physicochemical timescale. Quasi-stationarity im- 
plies pressure balance across the interface. We use a ki- 
netic one-dimensional equilibrium TD model to compute the 
electric structure of the interface. The magnetic field is ev- 
erywhere parallel to the sheet, and there is no plasma flow 
across it; the electric field points along the TD normal. We 
will use a right-handed reference frame comoving with the 
plasma trough, with z directed away from Earth and z to 
the north. The TD model is a simplified version of the more 
general model discussed by Roth et al. [1996] and is similar 
to magnetopause TD models [Kuznetsova et al., 1994; De 
Keyset and Roth, 1997]. The velocity distribution functions 
in this model belong to a class of truncated Maxwellian 
distribution, parameterized by a transition length œ. The 
Vlasov-Maxwell equations are solved numerically using a 
variable-step integrator, as the problem involves widely dif- 
ferent length scales. 

4.2. Properties of Plasma Trough and Injected Plasma 

Figure 4 shows the profiles of equatorial magnetospheric 
magnetic field, plasma trough density, and plasma trough 

3.3. Ionospheric Signature 

The potential difference A• across the magnetospheric 
interface maps down into the ionosphere if the field-aligned 
potential drop is negligible; that is, if the magnetospheric re- 
sistivity and/or the field-aligned currents are small. As the 
dipolar magnetic field lines converge toward the ionosphere, 
the electric field across the interface at L = 4 is amplified by 
a factor 2Lv/L - I • 14 when projected to the ionosphere. 
For a magnetospheric peak of 8 mV m -x the ionospheric 
field becomes Eiono = 110 mV m -x. The corresponding 
drift velocity ]/•ono = -Eiono/Biono (Biono • 6 x 10 -5 T) 
is -2 km s-x. Such ionospheric electric fields and westward 
drifts are actually observed in PJ/SAID. Note that the map- 
ping factor for an interface farther tailward is larger (for ex- 
ample, the factor is about 42 for L = 8). Weak electric fields 
at a distant interface can become significant when projected 
into the ionosphere and can give rise to secondary signatures 
[Spiro et al., 1979]. 

4. Quantitative Model 

In this section we quantitatively compute the electric field 
at the magnetospheric interface and the corresponding iono- 
spheric drift. This requires a microscopic description of the 
interface. 
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4.1. A Quasi-Stationary Current Sheet Model 

As discussed in section 2.3, the magnetospheric interface 
can be regarded as a TD. We take the evolution of the in- 

Figure 4. Typical midnight profiles of the magnetic field, 
the density, and the proton and electron temperatures (see 
also Table 1). The density gradient near L = 4 corresponds 
to the plasmapause. 



DE KEYSER: SUBAURORAL ION DRIFTS 12,345 

proton and electron temperatures that we adopt in the model 
calculations (see also Table 1). These profiles correspond 
to moderate Kp values, with the plasmapause at L = 3-4. 
We consider the plasma trough and the injected plasma to 
consist each of one proton and one electron population. The 
plasma trough probably is better modeled by including a mi- 
nor fraction of warm plasma [Comfort, 1996], but this would 
not alter the structure of the transition much. The proper- 
ties of the injected plasma are less well known. We have 
adopted constant density and temperature values; this may 
not completely be justified because of adiabatic heating and 
a possible compression or expansion of the injected plasma 
on its way inward. Numerical experiments have confirmed, 
however, that the obtained electric fields and ion drifts are 
not very sensitive to these choices, as long as the injected 
plasma is outnumbered by the plasma trough plasma and is 
much hotter. In order to focus on the role of the electric 

field at the interface, we limit ourselves to the case where 
the magnetic field remains unidirectional; that is, it does not 
change orientation across the transition. 

4.3. Injected Plasma Near the Plasmapause 

Consider injected plasma reaching the plasmapause (L - 
4) in the premidnight sector with a typical flow shear AV = 
-10 km s -• (this simulation is taken from De Keyser et al. 
[1998]). Figure 5a shows the number density profiles of 
the plasma trough protons and the less numerous injected 
protons. The hot particles affect the mean ion temperature 
over a distance of 4000 km earthward of the interface (Fig- 
ure 5b). As the reference frame comoyes with the plasma 
trough, the electric field (Figure 5c) is zero earthward of the 
interface and is positive in the injected plasma region. A 
strong peak is formed inside the layer, similar to the struc- 
ture described in Figure 2b. The peak is about 1200 km wide. 
The ionospheric electric field is amplified owing to the con- 
vergence of the magnetic field lines, with a peak well over 
100 mV m -1 (Figure 5d). We obtain a westward velocity 
peak exceeding 2 km s -1 concentrated in a region about 1 ø 
in latitude, located near 60 ø ILAT (Figure 5e). This is typi- 
cal of PJ/SAID. It is remarkable that both PJ/SAID thickness 

and peak drift match the observations for a single value of 
œ+lp+. 

Figure 6 considers the same injected plasma as before but 
now situated in the postmidnight sector. The shear flow 
has the opposite sense and is somewhat smaller (AI r = 
+6 km s -1). The density and temperature gradients again 
reflect the disparity in transition lengths of the cold and 
hot populations (Figures 6a and 6b). The convection elec- 
tric field is negative (Figure 6c). In agreement with the 
qualitative picture of Figure 2c, a pronounced electric field 
peak is absent. The ionospheric signature of this bound- 
ary layer (Figures 6d and 6e) therefore displays no ion drift 
velocity peak. This simulation confirms the ability of the 
proposed mechanism to explain the observed premidnight- 
postmidnight asymmetry. 

4.4. Time Evolution of P J/SAID Structure 

We have traced the evolution of the ionospheric signature 
of the injected plasma front as it approaches the plasmapause 
by computing the drift profile for L = 10 down to L = 4 
(parameters listed in Table 1; see also Figure 4). Successive 
drift profiles are shown as a ribbon plot in Figure 7. Invari- 
ant latitude ranges from 55 ø to 75 ø ILAT. The time elapsed 
since substorm onset (the time of injection) is obtained from 
equation (1). When the injected plasma is far away, the flow 
shear is zero, and there is no net electric potential drop across 
the interface (situation corresponding to Figure 2a). The 
magnetospheric electric field must then have a bipolar pro- 
file, which is reflected by the ionospheric drift velocity. The 
layer thickness is the combined result of the large magneto- 
spheric width (small magnetic field implies large gyroradii) 
and the large mapping factor. As the injected plasma front 
moves inward, the latitude of the drift layer shifts equator- 
ward. The flow shear increases, a potential drop develops 
across the transition, and the magnetospheric electric field 
as well as the ionospheric drift profiles become unipolar, 
leading to substantial ionospheric drifts. Strong and narrow 
drift peaks exceeding 1 km s -• are formed only close to the 
plasmapause. This evolution fully agrees with observations 
[Anderson et al. , 1993]. 

As the plasmapause location depends on Kp, this scenario 
predicts that PJ/SAID will occur at lower latitudes when the 
plasmapause is closer to Earth, that is, when Kp is high. 

Table 1. Magnetic Field and Plasma Data Used in the Simulations 

L B, nT Npt, cm -a T. + eV T• eV Nin, cm -a Ti+,,keV Ti• keV A V, kms -• pt, , , 

2 3887 2000 1.0 0.70 .... 
3 1152 700 1.2 0.70 .... 

4 486 10 1.5 0.75 1.00 10 1 -10.0 
5 249 1 2 0.80 0.50 10 1 -6.5 
6 144 0.50 5 1 0.30 10 1 -3.5 
7 91 0.40 50 5 0.25 10 1 -2.0 
8 61 0.35 2000 200 0.23 10 1 -1.0 
9 43 0.31 3500 350 0.21 10 1 -0.5 

10 31 0.30 4000 400 0.20 10 1 0 
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Figure 5. Structure of an injected plasma front in the pre- 
midnight sector at œ - 4 computed with the tangential dis- 
continuity model: (a) proton densities (dashed line shows 
cold magnetospheric plasma, and solid line shows injected 
plasma), (b) mean proton temperature, and (c) normal elec- 
tric field as a function of geocentric distance, and (d) iono- 
spheric electric field and (e) ionospheric drift as a function 
of invariant latitude (ILAT). From De Keyset et al. [1998]. 

Such a trend has indeed been observed [Karlsson et al., 
1998]. 

Yeh et al. [1991] discuss the westward drift bands in a 
double PJ/SAID event observed during a major substorm. 
The drift speed peak of the earthward PJ/SAID reached max- 
imum intensity when the hot plasma first arrived at its inner- 
most position, and it gradually decays afterward: The shear 
velocity is indeed expected to be largest upon arrival of the 
injected plasma close to the plasmapause but then decreases 
as energy is dissipated. 

The evolution sketched above is also consistent with the 

observed broadening of the energetic electron precipitation 
region during a substorm; precipitation extends from the au- 
roral zone down to the PJ/SAID latitude (see, for instance, 
Figure 1 of Anderson et al. [1993]), thus tracing the region 
pervaded by injected plasma. 

5. Discussion and Conclusions 

The purpose of this paper was to examine a scenario that 
explains the formation and evolution of subauroral ion drift 
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Figure 6. Structure of an injected plasma front in the post- 
midnight sector at L - 4 computed with the tangential dis- 
continuity model: (a) proton densities (dashed line shows 
cold magnetospheric plasma, and solid line shows injected 
plasma), (b) mean proton temperature, and (c) normal elec- 
tric field as a function of geocentric distance, and (d) iono- 
spheric electric field and (e) ionospheric drift as a function 
of invariant latitude (ILAT). 
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Figure 7. Evolution of the ionospheric drift as the injected plasma front moves in from L = 10 down to 
L = 4 (see Table 1 for simulation parameters). The ionospheric projection moves toward lower invariant 
latitudes (ILAT) as the injected plasma front moves inward while its width decreases and its strength 
increases. The time elapsed since onset is computed from equation (1). 

layers in the storm-time magnetosphere: (1) Substorm onset 
leads to the injection of hot plasma sheet plasma. (2) In ad- 
dition to global storm-time changes in the magnetospheric 
convection, thermoelectric effects produce a localized elec- 
tric field at the injected plasma front, thus creating struc- 
ture on the scale of the gyroradii of the particles involved. 
(3) An azimuthal flow shear develops across the interface as 
it moves inward, especially in the premidnight sector; the 
corresponding convection electric field enhances the electric 
field in the premidnight sector, but cancels electric field vari- 
ations in the postmidnight sector. (4) As the inward motion 
proceeds, the ionospheric signature of the plasma front shifts 
equatorward. The drift profile develops a strong peak only 
when the front arrives in the vicinity of the plasmapause; 
this happens after an inward traveling time of about half an 
hour. (5) At the same time, the precipitation region reaches 
down to ever lower latitudes, with the precipitation bound- 
ary located slightly poleward of the ionospheric signature of 
the plasma front. (6) When the interface reaches the plasma- 
pause, the inward motion slows down and intense electric 
fields are generated, leading to the apparition of a PJ/SAID. 
(7) The PJ/SAID structure progressively disappears while 
energy is dissipated in the ionosphere. 

We have shown that the injected plasma front can be mod- 
eled in a good approximation as a tangential discontinuity. 
Qualitative and quantitative modeling demonstrates that the 
proposed scenario can account for many observed features of 

PJ/SAID: the width and peak intensities of the drift profile, 
the electric field, the field-aligned current densities, the grad- 
ual increase of the westward drifts as the phenomenon devel- 
ops during substorm expansion, the observation of electric 
fields and flux dropouts in the magnetosphere in conjunction 
with PJ/SAID, the widening of the precipitation region, the 
delay between substorm onset and apparition of PJ/SAID, 
the latitude of PJ/SAID always poleward of or in the vicin- 
ity of the plasmapause, their premidnight occurrence, and 
the tendency of PJ/SAID to occur at lower latitudes with in- 
creasing Kp. While we have focused on the magnetospheric 
driver of the phenomenon, we have largely ignored the dy- 
namics of the ionosphere by considering the unloaded elec- 
tric circuit. Deminov and $hubin [1987, 1988], on the con- 
trary, did not study the magnetospheric source but examined 
the dynamical response of the ionosphere to a plasma front 
that moves earthward instantaneously at the time of onset, 
with a prescribed potential drop across the front. Further 
progress could be made by studying the coupled system. 

The merit of the present paper lies in its self-consistent 
kinetic calculation of the electric structure of the injected 
particle front, thus offering an explanation for the fine spatial 
structure of the PJ/SAID phenomenon. This microscopic de- 
scription of the front can supplement, in principle, any global 
magnetospheric electric field model that defines the overall 
convection pattern in which the injected plasma front is em- 
bedded. In particular, it could be incorporated into mod- 
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els based on the energy-dependent guiding center motion, 
which lead to the formation of a broadened Alfv6n layer 
and the associated shielding currents [Southwood and Wolf, 
1978; Harel et al., !981a, b; Spiro et al., 1981]. 

The proposed scenario has profound implications for the 
dynamics of the ring current and the plasmasphere. A better 
understanding of the evolution of the injected particle front 
could clarify the origin of storm-time ring current enhance- 
ments [Smith and Hoffman, 1974; Ejiri et al., 1980]. The 
scenario might contribute to an explanation of the observed 
penetration of the corotation electric field into the outer re- 
gions of the plasmasphere: Some plasma in the outer shells 
of the plasmasphere could be the remainder of plasma sheet 
material that has not yet acquired full corotation. The sce- 
nario also suggests that the PJ/SAID phenomenon plays a 
role in creating fine structure at the plasmapause, an idea 
that has been advanced before [Spiro et al., 1981; Ober et 
al., 1997]. 
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